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Abstract 

The N-myristoyltransferase (NMT) proteins catalyse the irreversible fatty acylation of >200 

substrates with myristate on N-terminal glycines, modulating multiple protein properties 

including localisation, stability, and activity. NMTs are promising targets in cancer, 

however an understanding of the mechanism of action of NMT inhibitors (NMTi) is still 

emerging. It has been shown that deregulated MYC sensitises lymphoma cells to NMT 

inhibition in part through effects on respiratory complex I. However, the applicability and 

biological consequences of NMTi in other cancer contexts is still unclear. 

In this thesis, the applicability of NMTi in neuroblastoma, the most common paediatric 

extracranial solid tumour, was investigated. Amplification of MYCN, the neural analogue 

of MYC, is both prevalent and associated with poor outcome in neuroblastoma. Using a 

panel of neuroblastoma cell lines, MYCN amplification was found to sensitise cells to NMTi. 

Multiple -omics based analyses of the effects of NMT inhibition in a MYCN-regulatable 

isogenic cell line revealed that NMT inhibition affects multiple pathways, with effects more 

rapidly induced in high MYCN cells. In particular, strong depletion of respiratory complex I 

was identified, associated with loss of the NMT substrate NDUFAF4. To validate this 

association in MYCN-amplified neuroblastoma, a NDUFAF4 G2A knock-in mutant was 

generated, which confirmed the importance of NDUFAF4 N-myristoylation alone on 

oxidative phosphorylation and indicated that the effects of NMTi on oxidative 

phosphorylation are mediated primarily through respiratory complex I. However, this 

mutation did not alter sensitivity to NMTi, indicating that the cytotoxicity of NMTi in MYCN-

amplified neuroblastoma is not mediated primarily by effects on NDUFAF4, but is likely 

instead by simultaneous modulation of multiple biological pathways. 

In total, this work suggests that NMTi would be effective in MYCN-amplified 

neuroblastomas, expanding the possible clinical applications of this compound class, and 

identifies pathways through which NMTi may exert its cytotoxic effects in neuroblastoma. 

  



 

4 

 

Acknowledgements 

Firstly, I would like to thank by supervisors, Ed and Lou, for giving me the opportunity and 

trust to work on this research project and to explore new ideas. In particular, I am thankful 

for the patience and encouragement I received when struggling with failed experiments 

and negative results; your guidance has been invaluable over the past four years. 

Having joined this biological project with only chemistry skills – even identifying a cell under 

the microscope was difficult the first time I tried – any successes I have had in the lab is 

only thanks to those people who took the time to patiently teach me every single biology 

skill I have today, and especially during COVID times, when there was little time or space 

to do so: Josephine, Wouter, Sebastian, Leran, Jack, Anne and Manuel. A particularly big 

thank you to team NMT – Wouter, Josephine and Folake – for your guidance and chats, 

scientific or otherwise, over the years. Thank you also to past and present members of the 

Tate group, who have helped me in the lab and made the lab such a friendly and supportive 

environment to be in: Sachi, Ravi, Elena, Archie, Patrycja, Cyrille, Ana, Edward, Dasha, 

Erika, Tom, Fangyuan, Efthymios, Aidan, Adam, Zhangping, Sarah, Amrita, Vincent, Matt, 

Amina, Daisy and all those I have missed out for space reasons. A special mention to the 

weekend crew who made that time that much more enjoyable. To the Chesler group – 

while my time with you was only sporadic, all of you went out of your way to make me feel 

welcome, for which I am truly grateful: Evon, Sara, Lizzie, Sumana, Chiara and Federica.  

I would also like to thank all the collaborators who have supported my project, specifically 

Myricx Bio and the Crick Core Facilities (in particular ASF, Proteomics, BABS, 

Metabolomics), who have patiently answered the many questions I have asked them and 

helped mature both the research project and myself as a scientist. 

An additional thank you to the St. Mary’s Hospital team, who have taken (are taking) 

excellent care of me this year, restoring my hand function to an astonishing degree. 

Finally, a heartfelt thank you to all the friends and family who have supported me 

throughout this degree – I would not have gotten through without you. In particular, thank 

you to Ann and Victor, for your unconditional support (and food!) and for making your home 

available to me this past year, while I recovered use of my hand. Fynn, Sam and Isabelle, 

your friendship has buoyed me through many a low. Finally, but certainly not least, thank 

you to Alex, for your steadfast emotional support, for always keeping me grounded and for 

pushing me to be the best version of myself.  



 

5 

 

Statement of collaboration 

The results of this thesis have been supported by collaborations with members of the Tate 

Group at Imperial College London, the Chesler Group at the Institute of Cancer Research, 

and the Francis Crick Institute. The key contributions from these collaborations are listed 

below. 

 

• Dr. Jack Houghton optimised the chromatography and mass spectrometer settings 

for the timsTOF HT and data processing pipelines. He also conducted the sample 

preparation for the SHEP21N YnMyr optimisation experiment. 

• Daria Berezina assisted in the sample preparation for the SHEP21N YnMyr 

experiment and with sample loading onto Evotips. 

• Dr Jianan Lu ran proteomics samples on the timsTOF HT.  

• Dr. Ashley Fowler (ASF Core facility at the Crick) prepared cDNA libraries for 

mRNA sequencing and Dr. Gavin Kelly (BABS Core facility at the Crick) processed 

the raw fastq files to provide a raw gene count matrix file. 

• Dr. Helen Flynn and Dr. Mark Skehel (Proteomics Core facility at the Crick) ran 

proteomics samples on the Orbitrap Eclipse. 

• Dr Evon Poon and Dr Barbara Costa conducted the in vivo tests of IMP1320 in 

Th-MYCN syngeneic model and harvested tumour samples. 

• Dr. Anne Schuhmacher carried out the western blotting and in-gel fluorescence 

studies for the NDUFAF4 G2A and control cell lines and extracted the RNA for the 

RT-qPCR assay. 

• Erika Bernardini aided in the scaling up of NDUFAF4-G2A and control single cell 

clones, prepared the NDUFAF4 and control cells for Seahorse and Incucyte 

analysis and aided in their maintenance. 

  



 

6 

 

Publications and presentations 

Publications: 

• Lueg G.A*, Zhang J*, Faronato M*, Gorelik, A*, Kallemeijn W.W, Falciani F, Walton 

J, Houghton J, Vannini S, Poon E, Costa B.M., Solari R, Carr R, Bell A.S, Bartlett 

E, Brzezicha B, Janz M, Chesler L, Calado D.P., Tate E.W. MYC deregulation 

sensitizes cancer cells to N-myristoyltransferase inhibition. Under review 

* Equal contributions 

 

Oral presentations: 

• Zhang J, Chesler L, Tate, E.W. Deciphering the Mode of Action of N-

Myristoyltransferase (NMT) Inhibitors in MYCN-amplified Neuroblastoma 

using –omics Technologies. Presented at Imperial College London Postgraduate 

Symposium 2023 

• Zhang, J. et al. Dysregulation of MYC-family proteins sensitizes cancers to 

NMT inhibition: identification of NMTi sensitivity and mechanism. Presented 

at New Insights into Lipidation in Cell Biology 2023 

 

Poster presentations: 

• Zhang J, Chesler L, Tate E.W. Investigating the mode of action of NMT 

inhibitors in neuroblastoma. Presented at the Imperial College London 

Postgraduate Symposium 2022 

• Zhang, J. et al. Dysregulation of MYC-family proteins sensitizes cancers to 

NMT inhibition: identification of NMTi sensitivity and mechanism. Presented 

at AACR Annual Meeting 2023 

• Zhang, J. et al. 269: MYCN-amplified neuroblastomas are highly and 

selectively sensitive to inhibition of N-myristoyltransferases. Presented at 

ANR Meeting 2023 

 



 

7 

 

Table of Contents 

 

Abstract  ........................................................................................................ 3 
Acknowledgements ............................................................................................ 4 
Statement of collaboration ................................................................................ 5 
Publications and presentations ........................................................................ 6 
Table of Contents ............................................................................................... 7 
Table of figures ................................................................................................. 11 
List of tables... .................................................................................................. 16 
Abbreviations .................................................................................................... 17 
Chapter 1.Introduction ..................................................................................... 20 

1.1 The diversity of the human proteome ................................................... 20 
1.2 A general overview of protein lipidation ............................................... 21 
1.3 Protein N-myristoylation: Biology ......................................................... 23 

1.3.1 N-myristoylation overview ................................................................... 23 
1.3.2 N-myristoyltransferases: redundant or unique? .................................. 23 
1.3.3 The structure and mechanism of action of NMTs ................................ 24 
1.3.4 NMT substrate specificity .................................................................... 26 
1.3.5 Regulation of N-myristoylation ............................................................ 27 
1.3.6 The impact of N-myristoylation on proteins ......................................... 29 
1.3.7 Probing N-myristoylation ..................................................................... 31 

1.4 Targeting N-myristoylation in disease .................................................. 35 
1.4.1 Targeting NMT in infectious diseases ................................................. 35 
1.4.2 N-myristoylation as a liability in cancer ............................................... 36 
1.4.3 Current outlook of NMTi for the clinic .................................................. 40 

1.5 MYCN and neuroblastoma ..................................................................... 41 
1.5.1 Neuroblastoma background ................................................................ 41 
1.5.2 The molecular background of neuroblastoma ..................................... 42 
1.5.3 MYC family proteins ............................................................................ 44 
1.5.4 MYCN in neuroblastoma ..................................................................... 47 
1.5.5 Targeting MYCN ................................................................................. 49 

1.6 NMT inhibition in MNA neuroblastoma: a new strategy? .................... 52 
1.7 Project aims ............................................................................................. 54 

Chapter 2.MYCN sensitises neuroblastomas to NMT inhibition .................. 56 
2.1 Validation of MYCN as a sensitising factor to NMTi in neuroblastoma56 

2.1.1 Choice of cytotoxicity assay ................................................................ 56 
2.1.2 NMTi efficacy correlates with MYCN status ........................................ 56 
2.1.3 NMTi-induced cell death is not due to MYCN downregulation ............ 60 

2.2 Investigating the contribution of ferroptosis to NMTi-induced cell death
  ................................................................................................................ 62 

2.2.1 Introduction to ferroptosis.................................................................... 62 
2.2.2 Ferroptosis does not contribute to NMTi-induced cell death ............... 62 

2.3 Investigating the contribution of ER stress and the UPR to NMTi-induced 
cell death ................................................................................................. 64 

2.3.1 Introduction to the UPR ....................................................................... 64 



 

8 

 

2.3.2 The UPR is not activated by NMTi in MNA neuroblastomas to induce cell 
death ................................................................................................... 65 

2.4 YnMyr profiling of NMT substrates in IMR5 cells ................................. 67 
2.4.1 Introduction ......................................................................................... 67 
2.4.2 Direct detection of NMT substrates ..................................................... 67 
2.4.3 Initial profiling of NMT substrates: protein enrichment in YnMyr-treated 

samples relative to Myr-treated controls ............................................. 68 
2.4.4 Validation of identified CoT NMT substrates: identification of 

NMTi-responsive proteins ................................................................... 70 
2.4.5 Comparison with the HeLa N-myristoylated proteome ........................ 71 

2.5 YnMyr profiling of NMT substrates in SHEP21N cells ......................... 72 
2.5.1 Re-optimisation of the proteomic workflow ......................................... 72 
2.5.2 NMT substrate profiles in SHEP21N cells ........................................... 74 
2.5.3 Comparison of NMT substrate profiles in high and low MYCN contexts75 

2.6 Chapter conclusions and future work ................................................... 79 
Chapter 3.Global -omic approaches to study NMTi-induced cellular changes in 

high and low MYCN cells ............................................................ 82 
3.1 Introduction ............................................................................................. 82 
3.2 mRNA sequencing analysis of IMP1088 treated SHEP21N cells ........ 83 

3.2.1 Experimental design and workflow ...................................................... 83 
3.2.2 Effects of MYCN on the transcriptome ................................................ 84 
3.2.3 Effects of NMTi on the transcriptome .................................................. 84 
3.2.4 Applicability of mRNA sequencing to measure NMTi-induced cellular 

changes .............................................................................................. 89 
3.3 Global proteomic analysis of IMP1088 treated SHEP21N cells ........... 90 

3.3.1 Effects of NMTi on the global proteome .............................................. 90 
3.4 Investigating the effects of NMTi in an in vivo model of MNA 

neuroblastoma ........................................................................................ 95 
3.4.1 NMTi is efficacious in a mouse model of MNA neuroblastoma ........... 95 
3.4.2 Proteomic profiling of IMP1320-treated TH-MYCN mice ..................... 96 

3.5 Chapter conclusions and further work ............................................... 101 
Chapter 4.Application of Triton X-114 phase separation to investigate the 

effects of NMTi at membranes ................................................. 104 
4.1 Introduction ........................................................................................... 104 
4.2 Proteomic experimental design and initial validation ........................ 104 
4.3 Pilot proteomics experiment ................................................................ 106 

4.3.1 The sample preparation workflow is applicable for proteomics ......... 106 
4.3.2 Initial insights into the effects of NMT inhibition at membranes......... 109 
4.3.3 NMTi affects multiple protein complexes at the membrane............... 111 

4.4 A time-course study of NMT inhibition in detergent-enriched membrane 
fractions ................................................................................................. 115 

4.4.1 Correlation of biological replicates .................................................... 115 
4.4.2 Effects of NMTi in high MYCN cells .................................................. 118 
4.4.3 Effects of NMTi in low MYCN cells .................................................... 118 
4.4.4 Summary of affected clusters identified ............................................ 121 

4.5 Validation of the effects of NMTi on OxPhos ...................................... 123 
4.5.1 NMTi induces oxidative phosphorylation defects in selectively in high 

MYCN cells ....................................................................................... 123 



 

9 

 

4.5.2 NMTi induces loss of NDUFAF4 selectively in high MYCN contexts 124 
4.6 Investigating the specific role of NDUFAF4 N-myristoylation on 

NMTi-mediated OxPhos disruption and cell death ............................. 125 
4.6.1 Development of non-N-myristoylatable NDUFAF4 mutants .............. 125 
4.6.2 Initial validation and assessment of the impact of the G2A mutation in 

NDUFAF4 ......................................................................................... 127 
4.6.3 Loss of NDUFAF4 N-myristoylation induces OxPhos defects but abolishes 

further changes induced by NMT inhibition ....................................... 129 
4.6.4 The NDUFAF4 G2A mutant does not alter sensitivity to NMTi.......... 131 

4.7 Chapter conclusions and further work ............................................... 132 
Chapter 5.Conclusions and future directions .............................................. 139 

5.1 Thesis conclusions ............................................................................... 139 
5.2 Future directions ................................................................................... 140 

Chapter 6.Materials & Methods ..................................................................... 142 
6.1 General methods ................................................................................... 142 

6.1.1 Cell culture ........................................................................................ 142 
6.1.2 SHEP21N MYCN modulation ............................................................ 142 
6.1.3 Cell lysis ............................................................................................ 142 
6.1.4 SDS-Page ......................................................................................... 143 
6.1.5 Western Blot ..................................................................................... 143 
6.1.6 Chloroform-methanol protein precipitation ........................................ 144 
6.1.7 SP4 precipitation ............................................................................... 144 
6.1.8 Click reaction .................................................................................... 144 
6.1.9 In-gel fluorescence ............................................................................ 145 
6.1.10 Triton X-114 pre-condensation ....................................................... 145 
6.1.11 Public data ...................................................................................... 145 

6.2 Cellular assays ...................................................................................... 145 
6.2.1 Incucyte cytotoxicity assay ................................................................ 145 
6.2.2 Assessment of NMT target engagement by YnMyr metabolic labelling146 
6.2.3 Western blot analysis of MYC, MYCN and NDUFAF4 expression upon 

NMTi ................................................................................................. 146 
6.2.4 Western blot analysis of ER stress upon NMTi ................................. 147 
6.2.5 Western blot analysis of Triton X-114 membrane fractionation ......... 147 
6.2.6 Western blot analysis of proteasomal degradation of NDUFAF4 ...... 147 
6.2.7 Cell-Titer Glo assay .......................................................................... 147 
6.2.8 Oxygen consumption rate (OCR) measurements ............................. 148 
6.2.9 RT-qPCR .......................................................................................... 148 

6.3 Assessment of IMP1320 in vivo ........................................................... 149 
6.3.1 Ethical approval ................................................................................ 149 
6.3.2 Assessment of IMP1320 efficacy in the Th-MYCN syngeneic mouse model

  ........................................................................................................ 149 
6.4 Generation of the CRISPR-Cas9 knock-in NDUFAF4 cell lines ......... 149 

6.4.1 Design of sgRNA, primers and donor DNA ....................................... 149 
6.4.2 SHEP21N transfection ...................................................................... 150 
6.4.3 Single-cell clone growth .................................................................... 150 
6.4.4 gDNA extraction ................................................................................ 150 
6.4.5 PCR screening .................................................................................. 151 
6.4.6 Sequencing ....................................................................................... 151 



 

10 

 

6.5 Transcriptomic sample preparation protocol ..................................... 151 
6.6 Proteomic sample generation .............................................................. 152 

6.6.1 YnMyr enrichment proteomic sample generation .............................. 152 
6.6.2 Global proteomic sample generation (in vitro samples) .................... 152 
6.6.3 Proteomic sample generation (in vivo samples) ................................ 152 
6.6.4 TX-114 fractionated proteomics sample generation .......................... 153 
6.6.5 TX-114 based phase separation ....................................................... 153 

6.7 Proteomic sample preparation ............................................................. 153 
6.7.1 Peptide desalting (stage tipping) ....................................................... 153 
6.7.2 TMT loading check ............................................................................ 154 
6.7.3 NeutrAvidin bead dimethylation ........................................................ 154 
6.7.4 YnMyr pull-down profiling .................................................................. 154 
6.7.5 Global proteomics profiling................................................................ 155 
6.7.6 Sortase A proteomic profiling ............................................................ 157 

6.8 Proteomic processing protocols ......................................................... 157 
6.8.1 LC-MS conditions: QExactive ........................................................... 157 
6.8.2 LC-MS conditions: timsTOF HT ........................................................ 158 
6.8.3 LC-MS conditions: Orbitrap Eclipse .................................................. 158 
6.8.4 MaxQuant data analysis ................................................................... 159 
6.8.5 FragPipe data analysis ..................................................................... 160 

6.9 Data analysis of -omics experiments .................................................. 160 
6.9.1 Proteomic data analysis .................................................................... 160 
6.9.2 GSEA ................................................................................................ 161 
6.9.3 EnrichmentMap analysis ................................................................... 161 
6.9.4 Ingenuity Pathway Analysis .............................................................. 161 
6.9.5 Contaminant analysis ........................................................................ 162 
6.9.6 Protein localisation analysis .............................................................. 162 
6.9.7 STRING PPI analysis ........................................................................ 162 

6.10 Key resource tables ............................................................................ 163 
Chapter 7.Appendix ........................................................................................ 165 
Reference List ................................................................................................. 182 



 

11 

 

Table of figures 

 

Figure 1.1 Protein S-prenylation and S-acylation. .......................................................... 22 

Figure 1.2 Co-translational protein N-myristoylation. ...................................................... 24 

Figure 1.3 NMT catalytic cycle. ...................................................................................... 25 

Figure 1.4 The conventional N-myristoylation motif. ....................................................... 27 

Figure 1.5 Regulation of N-myristoylation. ..................................................................... 28 

Figure 1.6 Two-signal membrane binding model. .......................................................... 30 

Figure 1.7 Proteomic methods to assay N-myristoylation. ............................................. 32 

Figure 1.8 Commonly used NMT inhibitors. ................................................................... 35 

Figure 1.9 NMT substrate functions in pro-oncogenic pathways. ................................... 37 

Figure 1.10 Loss of mitochondrial function in high MYC P493-6 cells upon NMTi is due to 

effects on NDUFAF4. ..................................................................................................... 39 

Figure 1.11 Genetic and epigenetic background of neuroblastoma. .............................. 43 

Figure 1.12 MYCN protein structure. .............................................................................. 45 

Figure 1.13 Current models for MYCN oncogenic signalling through transcriptional 

upregulation. .................................................................................................................. 46 

Figure 1.14 MYCN regulates many processes in neuroblastoma. .................................. 48 

Figure 1.15 Strategies to target MYCN. ......................................................................... 50 

Figure 2.1 The Incucyte platform allows assessment of time and concentration-dependent 

effects of NMTi. .............................................................................................................. 57 

Figure 2.2 MYCN correlates with NMTi sensitivity in a panel of neuroblastoma cell lines.

 ....................................................................................................................................... 58 

Figure 2.3 The time required for NMTi-induced cell death is a measure of NMTi sensitivity.

 ....................................................................................................................................... 59 

Figure 2.4 IMP1088 is more potent than DDD86481. ..................................................... 60 



 

12 

 

Figure 2.5 The cytotoxicity of IMP1088 is not due to downregulation of MYC family proteins.

 ....................................................................................................................................... 61 

Figure 2.6 IMP1088 does not induce ferroptosis in IMR5 cells but synergises with RSL3.

 ....................................................................................................................................... 63 

Figure 2.7 ER stress and the UPR do not initiate cell death in high MYCN SHEP21N cells 

upon NMT inhibition. ...................................................................................................... 66 

Figure 2.8 YnMyr proteomics in IMR5 cells confirms five proteins as endogenous CoT 

NMT substrates. ............................................................................................................. 69 

Figure 2.9 Streptavidin contamination in YnMyr pull-down samples. ............................. 73 

Figure 2.10 YnMyr proteomics in SHEP21N cells identifies no novel NMT substrates. .. 75 

Figure 2.11 Multiple NMT substrates are differentially sensitive to NMTi depending on 

cellular MYCN status...................................................................................................... 76 

Figure 3.1 Schematic of the sample preparation workflow for mRNA sequencing. ........ 83 

Figure 3.2 Time-dependent separation of SHEP21N cells treated with IMP1088........... 84 

Figure 3.3 Impact of MYCN on the transcriptome. ......................................................... 85 

Figure 3.4 IMP1088 does not cause major transcriptomic effects at the 2 h timepoint. .. 86 

Figure 3.5 Effects of IMP1088 on the transcriptome generally relate to cell cycle arrest.

 ....................................................................................................................................... 87 

Figure 3.6 Transcript and protein fold changes upon IMP1088 treatment do not correlate.

 ....................................................................................................................................... 90 

Figure 3.7 Affected Canonical Pathways upon IMP1088 treatment in high MYCN 

SHEP21N cells include induction of mitochondrial dysfunction. ..................................... 91 

Figure 3.8 Affected Canonical Pathways upon IMP1088 treatment in low MYCN SHEP21N 

cells. ............................................................................................................................... 94 

Figure 3.9 The NMTi IMP1320 is efficacious in the Th-MYCN syngeneic mouse model.95 

Figure 3.10 SrtA profiling of IMP1320 treated mice confirms target engagement in tumour 

samples. ........................................................................................................................ 97 

Figure 3.11 Robust immune activation is observed upon IMP1320 treatment. ............... 98 



 

13 

 

Figure 3.12 IMP1320 is highly effective in Th-MYCN tumour cells in vitro. .................... 99 

Figure 3.13 IMP1320 induces mitochondrial dysfunction in Th-MYCN tumour cells in vitro.

 ..................................................................................................................................... 100 

Figure 4.1 Schematic of the TX-114 fractionation protocol. .......................................... 105 

Figure 4.2 TX-114 fractionation successfully enriches for membrane proteins. ........... 106 

Figure 4.3 A pilot proteomic experiment confirms the suitability of TX-114 fractionation for 

proteomics. .................................................................................................................. 107 

Figure 4.4 TX-114 fractionation globally enriches for membrane associated proteins, 

particularly those associated with organelles. .............................................................. 108 

Figure 4.5 Summary volcano plots for the pilot TX-114 fractionation proteomic experiment 

compared to the global experiment. ............................................................................. 109 

Figure 4.6 Protein abundance changes in detergent fractions reflect both abundance and 

localisation effects. ....................................................................................................... 110 

Figure 4.7 The effects of NMTi in detergent fractions in high MYCN cells in the pilot study.

 ..................................................................................................................................... 112 

Figure 4.8 The effects of NMTi in detergent fractions in low MYCN cells in the pilot study.

 ..................................................................................................................................... 114 

Figure 4.9 Depleted clusters in high MYCN cells in the time course study. .................. 116 

Figure 4.10 Enriched clusters in high MYCN cells in the time course study. ................ 117 

Figure 4.11 Depleted clusters in low MYCN cells in the time course study. ................. 119 

Figure 4.12 Enriched clusters in high MYCN cells in the time course study. ................ 120 

Figure 4.13 18 h treatment with IMP1088 affects mitochondrial respiration only in high 

MYCN cells. ................................................................................................................. 123 

Figure 4.14 18 h treatment with IMP1088 reduces NDUFAF4 levels only in high MYCN 

cells. ............................................................................................................................. 125 

Figure 4.15 Schematic of the CRISPR-Cas9 knock-in approach to generate the NDUFAF4 

G2A and G2G mutants................................................................................................. 126 

Figure 4.16 Identification of a homozygous NDUFAF4 G2A mutant. ........................... 127 



 

14 

 

Figure 4.17 Initial validation of generated monoclonal cell lines reveals severe impacts on 

NDUFAF4 expression. ................................................................................................. 128 

Figure 4.18 Loss of the NDUFAF4 G2A mutant protein is post-transcriptional but not 

proteasomal. ................................................................................................................ 129 

Figure 4.19 The NDUFAF4 G2A mutant induces OxPhos defects and prevents further 

NMTi-induced effects on respiration. ............................................................................ 130 

Figure 4.20 The NDUFAF4 G2A mutation does not affect sensitivity to IMP1088. ....... 131 

 

Appendix Figure 1 Raw cytotoxicity and proliferation plots for IMP1088 Incucyte assays.

 ..................................................................................................................................... 167 

Appendix Figure 2 Effects of IMP1088 on SHEP cells over 10 days. ........................... 167 

Appendix Figure 3 Sensitivity of neuroblastoma cell lines to DDD86481. .................... 168 

Appendix Figure 4 Validation of UAMC-3203 as a tool compound to inhibit ferroptosis.

 ..................................................................................................................................... 168 

Appendix Figure 5 Optimisation of treatment conditions with known UPR inducers. .... 169 

Appendix Figure 6 The UPR is not majorly activated in IMR5 cells upon NMT inhibition.

 ..................................................................................................................................... 170 

Appendix Figure 7 IMR5 proteomic samples separate based on treatment condition. . 170 

Appendix Figure 8 SHEP21N samples separate by treatment condition. ..................... 171 

Appendix Figure 9 Effects of IMP1088 on transcripts in SHEP21N cells. ..................... 172 

Appendix Figure 10 Similar effects of MYCN expression are observed at each timepoint.

 ..................................................................................................................................... 173 

Appendix Figure 11 IMP1088 induces mitochondrial dysfunction in SHEP21N cells. .. 174 

Appendix Figure 12 Canonical Pathways are more significantly affected in high MYCN 

cells than low MYCN cells. ........................................................................................... 175 

Appendix Figure 13 Effect of IMP1320 after three days in Th-MYCN syngeneic mice. 175 

Appendix Figure 14 Clustering of tumours extracted from Th-MYCN mice treated with 

vehicle or IMP1320. ..................................................................................................... 175 



 

15 

 

Appendix Figure 15 Protein quantification is generally reproducible in each fraction. .. 176 

Appendix Figure 16 Clustering of SHEP21N pilot proteomic detergent fractions. ........ 176 

Appendix Figure 17 Protein fold changes in detergent fractions are more pronounced than 

for global abundance changes. .................................................................................... 176 

Appendix Figure 18 NMT substrates are both destabilised and mislocalised by NMTi in low 

MYCN cells. ................................................................................................................. 177 

Appendix Figure 19 Clustering of SHEP21N time course detergent fractions. ............. 177 

Appendix Figure 20 Fold changes seen in the low MYCN pilot samples are the most 

dissimilar from the other samples after 18 h of IMP1088 treatment. ............................ 178 

Appendix Figure 21 NDUFAF4 is a direct transcriptional target of MYCN. ................... 178 

Appendix Figure 22 The NDUFAF4 site is not affected by the CRISPR-Cas9 protocol in 

SHEP21N control cells. ................................................................................................ 179 

Appendix Figure 23 Raw cytotoxicity and proliferation plots for IMP1088 Incucyte assays 

in control, NDUFAF4 G2A and parental SHEP21N cells. ............................................. 180 

Appendix Figure 24 The effects of NMTi in detergent fractions in P493-6 cells............ 181 

 



 

16 

 

List of tables... 

 

Table 1.1 Neuroblastoma cells are dependent on a subset of NMT substrates.............. 53 

Table 2.1 Sensitivity to DDD86481 also correlates with MYCN status. .......................... 60 

Table 2.2 Protein input for YnMyr proteomics can be scaled down without loss of depth 

using a timsTOF HT mass spectrometer. ....................................................................... 73 

Table 3.1 Time-dependent effects of IMP1088. ............................................................. 85 

Table 6.1 List of antibodies and their dilutions used in this study. ................................ 163 

Table 6.2 Primers used for RT-qPCR. ......................................................................... 163 

Table 6.3 sgRNA, DNA templates and primers used to generate NDUFAF4 G2A CRISPR-

Cas9 knock-ins. ........................................................................................................... 164 

Table 6.4 Proteomic experiments in this study and their analysis method. .................. 164 

 

Appendix Table 1 Genetic background of the neuroblastoma cell line panel. .............. 167 

Appendix Table 2 Proteins for which the YnMyr-labelled peptide was directly identified by 

MS/MS in IMR5 cells. ................................................................................................... 171 

Appendix Table 3 Proteins for which the YnMyr-labelled peptide was directly identified by 

MS/MS in SHEP21N cells. ........................................................................................... 171 

 



 

17 

 

Abbreviations 

aa    Amino acid 

ABHD    α/β hydrolase domain 

ACSL    Acyl-CoA synthetase 

ADC    Antibody-drug conjugate 

ADRN    Adrenergic 

ALK    Anaplastic lymphoma kinase 

ALT    Alternative lengthening of telomere 

APT    Acyl protein-thioesterase 

Aq    Aqueous 

AURKA   Aurora-A kinase 

AUC    Area under the curve 

BET    Bromodomain and extra terminal domain 

BFA    Brefeldin A 

bHLH-LZ   basic helix-loop-helix leucine zipper domain 

CDK    Cyclin-dependent kinase 

CI    Combination Index 

COG    Conserved oligomeric Golgi 

CRC    Core regulatory circuitry 

CV    Coefficient of variation 

DDA    Data-dependent acquisition 

Det    Detergent 

DFMO    Difluoromethylornithine 

DLBCL   Double hit B-cell lymphoma 

ER    Endoplasmic reticulum 

ERAD    ER-associated degradation 

ETC    Electron transport chain 

FASN    Fatty acid synthase 

FATP2    FA transport protein 2 

FTase    Farnesyltransferase 

gDNA    Genomic DNA 

GEM    Genetically modified mouse 

GGTase   Geranylgeranyltransferase 

GNAT    GCN5-related N-acetyltransferase 



 

18 

 

GPCR    G protein-coupled receptor 

GSEA    Gene set enrichment analysis 

GTP    Guanosine triphosphate 

iMET    Initiator methionine 

IPA    Ingenuity Pathway Analysis 

KD    Knockdown 

KO    Knockout 

i.p    Intraperitonially 

LFQ    Label-free quantification 

LLE    Liquid-liquid extraction 

LoF    Loss of function 

MES    Mesenchymal 

MetAP    Methionine aminopeptidase 

MHC    Major histocompatibility complex 

Mitoribosome   Mitochondrial ribosome 

MNA    MYCN-amplified 

MoA    Mechanism of action 

MS    Mass spectrometry 

Myr    Myristic acid 

Myr-CoA   Myristoyl-CoA 

NAC    Nascent polypeptide-associated complex 

Nat    N-α-acetyltransferases 

nGF    Nanographite fluoride 

NMT    N-myristoyltransferase 

NMTi    NMT inhibitor 

N-TAILS   N-terminal amine isotopic labelling of substrates 

OCR    Oxygen consumption rate 

ODC1    Ornithine decarboxylase 

ORA    Overrepresentation analysis 

OS    Overall survival 

OxPhos   Oxidative phosphorylation 

Pal-CoA   Palmitoyl-CoA 

PCA    Principal component analysis 

PCD    Programmed Cell Death 

PKA    Protein kinase A 



 

19 

 

PPI    Protein-protein interaction 

PROTAC   Proteolysis-targeting chimeras 

PTM    Post-translational modification 

RC1    Respiratory complex I 

Ribi    Ribosome biogenesis 

Ribo-Seq   Ribosome sequencing 

ROS     Reactive oxygen species 

RTK    Receptor tyrosine kinase 

SFK    Src family kinase 

siRNA    small interfering RNA 

SP4    Solvent precipitation SP3 

SrtA    Sortase A 

TAM    Tumour-associated macrophage 

Tg    Thapsigargin 

Tm    Tunicamycin 

TMT    Tandem-mass Tag 

UPR     Unfolded protein response 

YnMyr    Alkyne myristate 

 



Introduction 

20 

 

Chapter 1. Introduction 

1.1 The diversity of the human proteome 

Proteins are responsible for the vast majority of cellular processes. However, with up to 6 

million possible proteoforms but only 20,000 protein-coding genes in the human genome1, 

the complexity of the proteome is not described by genetic encoding alone. Proteome 

complexity arises at the genetic level by mutations, the transcript level by alternative 

splicing and mRNA processing and the translational level by alternative translational start 

sites2. However, the greatest contribution to proteome expansion arises from co- and 

post-translational modifications (PTMs) of protein primary sequences, which increases 

proteome diversity by orders of magnitude3.  

Over 600 PTMs are currently described and multiple PTMs can be simultaneously present 

on a single protein4. PTMs can alter the activity, localisation, stability and interactions of a 

protein and the specific effects of the modification will vary by both type and site of the 

modification and its co-occurrence with other PTMs. As almost every eukaryotic protein is 

expected to be post-translationally modified, PTMs therefore play a central role in diverse 

biological processes and cellular phenotypes. Certain PTMs are irreversible and therefore 

influence the baseline function of the protein, however most are enzymatically reversible 

and therefore dynamically control protein function. These modifications occur on a 

timescale shorter than protein turnover and therefore allow cells to rapidly adapt to 

changing conditions and stimuli4.  

The importance of PTMs is highlighted by the numerous pathologies associated with 

abnormal protein modifications. For example, hyperphosphorylation of tau proteins can 

lead to neurodegenerative disorders including Alzheimer’s disease5 and continuous 

activation of multiple pro-oncogenic signalling pathways is mediated by altered 

phosphorylation in cancer4. As such, PTMs represent a rich area for therapeutic 

intervention, as the activity of potentially undruggable proteins can be modulated6. As 

examples, an estimated third of all drug development endeavours are targeted towards 

protein kinases7 and therapeutic interest in developing proteolysis-targeting chimeras 

(PROTACs), which induce protein ubiquitination and degradation, has recently 

intensified8. 
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1.2 A general overview of protein lipidation 

Uniquely among the known protein PTMs, a key aspect of protein lipidation is to directly 

target proteins to cellular membranes through the hydrophobicity of the lipid moiety3. Such 

protein-membrane interactions are vital to many biological processes including 

vesicle-mediated protein transport and protein signalling, although the lipid group can also 

directly affect protein function. As a result, protein lipidation is a generally biologically 

essential process, with global ablation of key lipidation pathways poorly tolerated6. In 

disease contexts, roles of protein lipidation have been identified for infection, cancer, and 

cardiovascular and neurological diseases, among others9. As many key oncogenic 

proteins are lipidated and the lipid group is often essential for their function, the clinical 

development of lipid transferase inhibitors has been pursued, with recent successes6.  

Many different protein lipidation events have been identified, however protein 

S-prenylation, S-acylation and N-myristoylation are generally the most studied. The first 

two are briefly described here, whereas N-myristoylation, the focus of this thesis, is 

described in more detail in section 1.3.  

S-prenylation is the irreversible post-translational attachment of either a farnesyl (C15) or 

geranylgeranyl (C20) isoprenoid group onto cysteines located near the protein C-terminus3 

(Figure 1.1A). The modification is catalysed by four heterodimeric enzymes, 

farnesyltransferase (FTase) and three geranylgeranyltransferases (GGTase 1-3). Proteins 

modified by FTase and GGTase I are mono-prenylated on C-terminal CaaX boxes, where 

“a” represents aliphatic residues and “X” can be any amino acid; the type of prenylation is 

generally determined by the identity of the X residue. GGTase II recognises C-terminal CC 

or CXC motifs and modifies Rab proteins, usually as a double geranylgeranylation event, 

while the full substrate scope of the recently identified GGTase III is yet to be determined. 

Due to the clinical importance of known S-prenylated proteins including the Ras 

oncogenes, and the requirement of the prenyl group for their oncogenic activity, multiple 

prenyltransferase inhibitors have been developed10. These have generally been limited in 

clinical trials by low efficacy or high toxicity11,12, although the farnesyltransferase inhibitor 

lonafarnib has recently obtained FDA approval for use in progeria13. This is the first 

clinically approved lipid transferase inhibitor, providing proof that targeting such enzymes 

provides therapeutic value in the correct contexts. 
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Figure 1.1 Protein S-prenylation and S-acylation. A) S-Prenylated proteins are defined 
by recognition motifs (CaaX, CXC and CXXX) and are modified by FTase or GGTase I-III. 
The full substrate scope of GGTase III is still unknown. B) S-Acylated proteins are modified 
by zDHHC proteins. The zDHHC is first auto-acylated, followed by lipid transfer onto a 
substrate protein. The acyl group may be removed by APT/ABHD proteins. X: any residue, 
a: aliphatic residue. 
 

S-acylation is the only major reversible lipidation event and is the post-translational 

attachment of long chain fatty acids, generally 14 to 20-carbon long, to the thiol of protein 

cysteines3 (Figure 1.1B). Although a heterogenous lipidation, attachment of palmitate 

(C16:0) is most common, and the modification is often referred to as S-palmitoylation as a 

result. This modification is catalysed by the 23-member zDHHC family of protein 

acyltransferases. S-acylation is widely prevalent in cells, with over 5000 putative 

substrates identified in human palmitoyl-proteomes across a range of cell types 

(SwissPalm)14, although a consensus sequence for the modification has not been 

identified15. On the other hand, various acyl protein-thioesterase (APT) or α/β hydrolase 

domain (ABHD) proteins can remove the acyl chain from modified cysteines, thereby 
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subjecting S-acylated proteins to an additional level of dynamic regulation3. This PTM has 

been implicated in a variety of disease states, including neurodegenerative diseases16 and 

cancer6, however the field of S-acylation is less developed in terms of therapeutic 

intervention relative to the other types of major lipidation (S-prenylation, N-myristoylation). 

This can be attributed to two main factors. Firstly, specific and selective zDHHC inhibitors 

are lacking and their development is challenging17. The widely used 2-bromopalmitate also 

inhibits general lipid metabolism18, while inhibition of specific zDHHCs is likely to be difficult 

given the conserved nature of the zDHHC active site19. Secondly, conventional techniques 

are poorly optimised to characterise S-acylation, with the integral membrane nature of 

zDHHCs and the labile and complex nature of the S-acylated group complicating structural 

and proteomic studies respectively3,20. Indeed, the first structures for zDHHCs21,22, as well 

as methods to identify specific substrates for individual zDHHCs, have only recently been 

reported23. It is likely, however, that advances in cyro-EM and chemical genetic techniques 

will help overcome these obstacles. 

1.3 Protein N-myristoylation: Biology 

1.3.1 N-myristoylation overview 

N-myristoylation is the irreversible attachment of myristate (C14:0) onto the free amine of 

the N-terminal glycine of over 200 proteins3 and is catalysed by N-myristoyltransferase 

(NMT) enzymes (Figure 1.2). The modification usually occurs co-translationally at the 

ribosome following excision of the initiator methionine (iMet) by methionine 

aminopeptidases (MetAPs) early in translation (<100 residues polymerised)24. However, 

the modification is also known to occur post-translationally after protease cleavage to 

reveal an internal glycine at neo-N-termini25,26. The modification has been shown to 

influence a range of protein properties, discussed further in section 1.3.627. 

1.3.2 N-myristoyltransferases: redundant or unique? 

NMT enzymes are ubiquitous in eukaryotes28, and have been characterised in all such 

species investigated, including pathogenic fungi29-31 and protozoa32,33, yeast34 and 

mammals27. Lower eukaryotes express only one NMT, whereas mammals express two 

NMT isozymes (NMT1 and NMT2)35. Furthermore, two different isoforms of NMT1 can be 

expressed as a result of alternative splicing or translation initiation at a later initiation site36. 
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Figure 1.2 Co-translational protein N-myristoylation. The initiator methionine is first 
removed from nascent peptides by MetAPs to reveal a N-terminal glycine. Subsequently, 
NMT1 or NMT2 transfers a myristoyl group from the Myr-CoA co-substrate onto the N-
terminal amino group of selected proteins. The myristoyl group regulates multiple protein 
properties including localisation, stability, and function. 
 
N-myristoylation is highly important in eukaryotes; NMTs are essential for survival in 

yeast37, fungi38, and parasitic protozoa39,40, and is required for normal development in D. 

melanogaster41. In mammals, whether NMT1 and NMT2 are redundant or have 

specialised functions has been a matter of some investigation. Genetically, NMT1 and 

NMT2 share 77% sequence identity, however the homology between mouse and human 

NMTs is 96-97%, suggesting evolutionarily conserved, distinct roles for each isozyme35. 

The two isozymes differ mainly in the N-terminal region, which is dispensable for catalysis 

but is thought to mediate ribosomal targeting42. Indeed, in vitro peptide assays have 

identified almost complete overlap in the substrate specificity and catalytic efficiency of the 

two isozymes35,43, although there appears to be minimal differences in their localisation. 

Both isoforms are present in the cytosol and plasma membrane, whereas NMT2 is 

reportedly also present in the Golgi44. However, cellular N-myristoylation in mammals 

appears to be catalysed primarily by NMT1 and homozygous Nmt1 knockout (KO) is 

embryonic lethal in mice despite Nmt2 expression45-47. In line with this hypothesis, CRISPR 

essentiality screens have identified that NMT1 is essential in most (cancer) cell lines, 

whereas no lines appear to require NMT248-50. Indeed, proteomic studies in NMT1 and 

NMT2 knockout Panc-1 cells identified significant changes only in NMT1 KO cells, in both 

total protein levels and N-myristoylation state51. Therefore, NMT2 appears to be 

dispensable for global N-myristoylation under normal conditions. However, differential 

roles of the two isozymes may arise during apoptosis, as caspase cleavage leads to 

predominantly cytosolic localisation of NMT1 but membrane localisation of NMT252.  

1.3.3 The structure and mechanism of action of NMTs 

NMT enzymes are structurally well characterised, with 147 crystal structures of NMTs 

across all species listed on the Protein Data Bank, including 43 structures of human NMT1 
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(HsNMT1)53. HsNMTs belong to the GCN5-related N-acetyltransferase (GNAT) family and 

possess two GNAT domains joined by a loop region54. Myristoyl-CoA (Myr-CoA) binds to 

the N-terminal GNAT domain, whereas both domains contribute to peptide substrate 

binding55. The catalytic cycle of NMTs has also been investigated and was found to be a 

sequential, ordered Bi:Bi mechanism based off of initial data from S. cerevisiae NMT56. 

More recently, the catalytic mechanism of HsNMT1 was elucidated by a series of crystal 

structures of the protein in complex with reactive substrates (Figure 1.3)43,57. First, the 

Myr-CoA co-substrate binds to NMT, which induces a conformational change to form the 

peptide acceptor site. A peptide can then bind, with the protonated Gly2 positioned by 

multiple contacts with the Thr282 residue and connected to the Gln496 catalytic base by 

a water molecule from a solvent channel. Peptide binding induces a conformational 

change which distorts the Myr-CoA thioester and triggers the nucleophilic substitution 

reaction by concerted deprotonation of the Gly2 and nucleophilic attack by the Gly2 amine 

onto the thioester of Myr-CoA. After product formation, the CoA product is released first, 

followed by the Myr-peptide species; product release is likely the rate determining step57,58.  

 

 

Figure 1.3 NMT catalytic cycle. Binding of Myr-CoA to NMT induces a conformational 
change forming the peptide binding pocket. The nascently translated NMT substrate then 
binds. NMT facilitates a nucleophilic attack of the N-terminal amine onto the thioester of 
Myr-CoA. CoA is released first, followed by the N-myristoylated peptide. After further 
translation and folding, the mature N-myristoylated protein is formed. 
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1.3.4 NMT substrate specificity 

The myristoyl-CoA binding site has been extensively investigated, predominantly in 

S. cerevisiae NMT (ScNMT), although the pocket is highly conserved across species27. 

The chain length of the acyl-CoA species appears to be the main determinant of whether 

it is accepted by NMT59; the acyl-CoA binds in a bent conformation, such that the length 

of the acyl chain is measured60,61. Therefore, apart from Myr-CoA, C13:0 and C15:0 

acyl-CoAs, which are physiologically rare, are well tolerated, but other chain lengths are 

not, ensuring selectivity in vivo62. Interestingly, cases of heterogeneous acylation on 

N-terminal glycine have been reported63,64, although the consequences of this have not 

yet been thoroughly investigated. 

Multiple studies investigating peptide substrate specificity have also been carried out 

(Figure 1.4). A comprehensive N-myristoylation motif has proved elusive, although amino 

acid preferences for residues 2-7, which reside inside or at the peptide binding pocket, 

have been identified through crystal structures43. A N-terminal glycine is required; for 

co-translational N-myristoylation, this is usually at position 2 (except in the case of 

MRPS36, which has a N-terminus with two methionines and is presumably processed 

twice by MetAPs to reveal a N-terminal Gly3)64,65.  

The small and acidic nature of the binding pocket for the next amino acid (aa3), preventing 

the inclusion of large (Arg, Phe, Tyr, Trp) and negatively charged (Glu, Asp) residues43. 

Proline is also prohibited, due to steric restraints34,66. Minimal restrictions on amino acid 

identity are placed by the aa4 pocket, whereas the hydrophobic nature of the aa5 binding 

pocket excludes charged (Asp, Glu, Lys, Arg) amino acids. Finally, aa6 again favours small 

residues, although Ser6 is most common (~60% of known NMT substrates)54, and aa7 

favours positively charged residues (Lys, Arg) due to formation of a salt bridge with three 

conserved aspartic acid residues at the mouth of the binding pocket. However, selectivity 

for peptide substrates may rely also on residues outside of the binding pocket, up to aa18; 

these residues either interface with the surface of NMT (aas8-11) or act as a hydrophilic 

linker without secondary structure (aas12-18)67. It is important to note that the above 

preferences are not absolute. As examples, ARF1 lacks a conventional recognition motif 

but is N-myristoylated68, while ARL2 is not, although other ARFs and ARLs are NMT 

substrates69. Therefore, experimental evidence for N-myristoylation is still required. 
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Figure 1.4 The conventional N-myristoylation motif. A N-terminal glycine is the only 
requirement. The nature of the binding pockets for positions 3, 5 and 6 restrict the accepted 
amino acids at these positions, while the presence of three adjacent Asp residues favours 
positively charged amino acids at position 7. Positions 8-11 interact with the surface of 
NMT and are less important for substrate selectivity but tend to be small and polar. Red: 
disfavoured amino acids, Green: favoured amino acids. 
 

Classically, N-myristoylation occurs only on glycines, however recent reports have 

suggested that NMTs may catalyse post-translational N-myristoylation of lysine ε-amino 

groups57,70,71, and that such a modification is reversible due to the ability of sirtuins or 

histone deacetylases to remove the myristate group72-75. It is speculated that such a 

modification may regulate signal transduction or act as a protein quality control 

mechanism57. Indeed, one report suggests that ARF6 is dynamically N-myristoylated on 

lysines in vivo, modulating its GTPase cycle70. However, to date, lysine N-myristoylation 

has only been unambiguously detected in cells using overexpression or knockout systems 

with high (50 μM) levels of exogenous myristic acid added. Whether this modification 

occurs under physiological conditions therefore remains unproven. 

1.3.5 Regulation of N-myristoylation 

The mechanisms by which NMT activity is regulated have not been well defined, although 

various methods have been suggested (Figure 1.5). The most obvious regulatory 

mechanism is the availability of the co-substrate Myr-CoA. Myr-CoA is generated from 

myristic acid by acyl-CoA synthetases (ACSLs). However, myristic acid is rare in cells 

(<1% of total fatty acid content in cells)76 and its availability may therefore limit NMT 

activity61,77. Indeed, knockdown (KD) of ACSL4 may limit global N-myristoylation in 

prostate cancer models78. A major source of myristic acid is from the diet, however it can 

be synthesised de novo from acetyl-CoA by fatty acid synthase (FASN)79. Other sources 
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Figure 1.5 Regulation of N-myristoylation. Protein N-myristoylation is likely regulated on 
multiple levels, including by regulation of Myr-CoA availability and delivery to NMT and 
spatiotemporal regulation at the ribosome, for example potential competition with NatA. In 
the context of S. flexneri infection, ARF proteins are demyristoylated by the bacterial 
protease IpaJ. 
 

of myristic acid include β-oxidation of the highly abundant palmitic acid or chain elongation 

of lauric acid (C12:0).  

In contrast with to Myr-CoA, palmitoyl-CoA (Pal-CoA) is not accepted as a lipid donor by 

NMTs, although it can still enter the Myr-CoA binding pocket61. As the physiological 

concentration of Pal-CoA is much higher than that of Myr-CoA80, Pal-CoA may therefore 

act as a competitive inhibitor of NMT, leading to the hypothesis that NMT requires 

protection from endogenous Pal-CoA. The acyl-CoA binding protein ACBD6 has been 

suggested to promote selective Myr-CoA binding through its interaction with NMT81-83. 

ACBD6 may bind to Myr-CoA to for delivery to NMTs, whereas its binding of Pal-CoA may 

prevent its access to NMT. Indeed, bi-allelic loss-of-function (LoF) mutations in ACBD6 or 
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ACBD6 KO affects the incorporation of exogenous myristate probes into NMT substrates 

without affecting overall protein abundance, suggesting that ACBD6 regulates 

N-myristoylation through direct or indirect mechanisms84. 

As the majority of N-myristoylation occurs co-translationally, it is expected that an 

additional layer of regulation arises at the ribosome. NMTs need to act in a coordinated 

fashion with other co-translational and nascent chain factors, such as MetAPs, N-α-

acetyltransferases (Nats) and the nascent polypeptide-associated complex (NAC)85. 

Although no studies examining the structure of NMT bound to ribosomes have been 

reported, other co-translational factors are known to bind to the ribosome as well as the 

nascent peptide chain. These include MetAPs86 and NatA87, which catalyses N-terminal 

glycine acetylation and shares a GNAT fold with NMT43. Recent studies have also shown 

that the NAC spatiotemporally recruits and controls MetAP/NatA activity to regulate 

co-translational activity88,89. Therefore, it is possible that NMT binds to the ribosome in a 

similar position to NatA, and indeed may compete with NatA. The substrate preferences 

of NMT and NatA are different; NatA prefers acidic N-termini, which is disfavoured for 

NMT43. However, the degree of N-myristoylation for a given substrate in cells is not 

necessarily stoichiometric and some NMT substrates also exist in a N-terminally 

acetylated or unmodified state in cells43,90. Competition of NMTs and NatA for ribosome 

binding, in addition to their inherent affinities for the polypeptide chain, may therefore 

determine the modification state of these proteins. 

Finally, although N-myristoylation is conventionally irreversible, the S. flexneri enzyme 

IpaJ can catalyse demyristoylation through the recognition and cleavage of the 

N-myristoylated glycine91. Although promiscuous in vitro, IpaJ is remarkably selective for 

ARF proteins in the context of Shigella infection92, and is the only known demyristoylase 

to date. 

1.3.6 The impact of N-myristoylation on proteins 

As already mentioned, a key function of the myristate group is to increase the local 

hydrophobicity of the modified protein to target otherwise cytosolic proteins to membranes. 

Although an irreversible modification, N-myristoylation alone does not necessarily mediate 

stable membrane localisation. The modification is often essential but not sufficient for 

protein membrane localisation as the Gibbs free binding energy of myristate to membranes 
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Figure 1.6 Two-signal membrane binding model. In addition to N-myristoylation, 
membrane association can be induced through additional S-acylation of the NMT 
substrate, polybasic domains which interact with the negatively charged phospholipid head 
groups, ligand binding or protein-protein interactions. These secondary signals are usually 
reversible, allowing dynamic control of protein localisation.  
 

(8 kcal/mol) is insufficient for stable membrane insertion93. Therefore, a second signal is 

often required, producing a two-signal membrane binding model (Figure 1.6). These 

secondary signals can be modulated, giving rise to “myristoyl switches” that dynamically 

regulate protein localisation27. In this way, the activity of signal transduction pathways can 

be controlled. Multiple potential secondary signals are possible and are described below. 

Protein S-acylation is a common mechanism by which N-myristoylated proteins are 

anchored into the membrane, with examples including most Src family kinases (SFKs)94 

and GNAI (Gαi) proteins95. As zDHHCs are integral membrane proteins96, S-acylation 

occurs after initial N-myristoylation, which likely directs the protein to the membrane for 

zDHHC processing. It has been shown that N-myristoylation of proteins such as CCNY97 

and the SFK Fyn98, among others, is required for S-acylation, supporting this model. 

Removal of the S-acyl group by APTs or ABHDs can cause membrane disassociation95. 

Stable membrane association can also be achieved by the presence of polybasic domains 

in the modified protein, which electrostatically interact with the negatively charged head 

groups of membrane phospholipids; examples of proteins exploiting this mechanism 

include c-Src99 and MARCKS100. Phosphorylation of residues in the polybasic site ablates 

their associated positive charge and leads to loss of membrane localisation. 

Ligand-induced myristoyl switches have also been described. In these cases, the myristoyl 

group is sequestered in an internal hydrophobic pocket. Binding of the protein ligand 

induces a conformational change, extruding the myristoyl group and allowing it to insert 
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into the membrane. This mechanism has been demonstrated for various proteins including 

recoverin101, which binds Ca2+, and ARF1102, which exchanges GDP with GTP to expose 

the myristate group and activate signalling. 

In addition to localisation, the myristate group often controls protein stability. In the case 

of cAMP-dependent protein kinase (PKA), this is due to direct stabilisation by the myristate 

group103. More generally, N-myristoylation protects proteins from the recently described 

N-degron pathway in which two Cullin-RING E3 ubiquitin complexes, Cul2ZYG11B and 

Cul2ZER1, recognise and direct proteins with free N-terminal glycines to the proteasome104. 

This pathway may play a role in quality control of N-myristoylation, as mutation of ZYG11B 

and ZER1 partially rescues destabilisation of NMT substrates in NMT1/2 KO contexts.  

N-myristoylation also directly regulates protein catalytic activity, most notably for the 

tyrosine protein kinase c-Abl. Crystal structures have revealed that myristate binds at the 

base of the kinase domain, docking the SH2 domain in an auto-inhibitory conformation105. 

Indeed, loss of N-myristoylation in the BCR-ABL fusion protein is responsible for its 

constitutive and oncogenic activity. On the other hand, c-Src N-myristoylation directly 

enhances its kinase activity, showcasing the diverse effects of the modification106.  

Finally, the myristate group may be directly involved in protein-protein interactions (PPIs). 

Crystal structures of calmodulin and UNC119A in complex with N-myristoylated, 

N-terminal substrate peptides have identified hydrophobic channels in each protein which 

bind the myristoyl group107,108. Furthermore, photo-crosslinking experiments have also 

suggested that the myristate of CHP1 directly interacts with and activates GPAT4109. 

1.3.7 Probing N-myristoylation 

Early methods to assess analyse N-myristoylation were limited to metabolic labelling with 

radiolabelled myristic acid and immunoprecipitation of targeted proteins, which was lowly 

sensitive and low throughput, given the low immunogenicity and reactivity of the lipid 

group3. The development of biorthogonal “click” reactions and chemical proteomics 

therefore represented a significant advance into the study of lipidation as a whole, 

including for N-myristoylation. Specifically, incorporation of alkyne or azide groups into 

myristic acid analogues, followed by metabolic incorporation into cells, allows the global 

labelling of N-myristoylated proteins at endogenous levels (Figure 1.7A). Such tools, in 

particular the alkyne analogue of myristic acid (YnMyr), have been applied to investigate 
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Figure 1.7 Proteomic methods to assay N-myristoylation. A) Chemical proteomic 
methods to identify NMT substrates. Top, metabolic labelling of cells with e.g. YnMyr labels 
newly translated NMT substrates with an alkyne functional group. After cell lysis, these 
proteins are ligated via a “click” reaction to a capture (biotin) or visualisation (TAMRA) 
group (AzTB, with both groups, is shown here). Tagged proteins are enriched by pull-down 
on Neutravidin beads, digested and analysed by LC-MS/MS. Bottom, cells treated with 
NMTi generates NMT substrates with unmodified N-termini. These can be tagged with 
biotin using SrtA enzyme and enriched by Neutravidin pull-down. B) Proteomic methods 
to identify endogenous N-myristoylated N-terminal peptides. Top, cells are lysed, proteins 
digested and N-myristoylated peptides enriched by LLE. Bottom, cells are lysed, proteins 
digested and N-terminal peptides enriched using N-TAILS. N-myristoylated peptides are 
then enriched using nGF. For both methods, peptides are analysed using optimised LC-
MS/MS conditions to improve detection of lipidated peptides. 
 

the N-myristoylated proteome in multiple experimental models, including human cell lines, 

parasites, zebrafish, and frogs26,40,84,110. In such experiments, cells are treated with YnMyr. 

Cellular uptake of YnMyr and conversion to the acyl-CoA species allows it to act as a 

co-substrate to NMT and label native NMT substrates. Following YnMyr incorporation, 

cells are lysed and proteins subjected to a biorthogonal click reaction; the incorporated 

alkyne tag may be selectively ligated to a variety of azide-conjugated reporters, such as 

fluorophores (e.g. TAMRA) or capture tags (e.g. biotin). Total cellular N-myristoylation can 
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therefore be visualised through in-gel fluorescence or biotin blots, whereas enrichment of 

tagged proteins (e.g. by pull-down of biotinylated proteins onto Neutravidin beads) allows 

the visualisation of specific NMT substrates by Western blotting. Alternatively, enriched 

proteins can be digested by trypsin and the peptides submitted for LC-MS/MS analysis for 

global identification of N-myristoylated proteins.  

However, it must be noted that such experiments will always be non-physiological, as 

supra-physiological concentrations of myristate analogue are used. This may induce 

physiologically non-significant N-myristoylation through increased cellular (alkyne) 

myristoyl-CoA concentrations or alterations in fatty acid metabolism pathways. 

Furthermore, incorporation of myristate analogues into proteins is not unequivocal 

evidence for N-myristoylation, unless site-level information is obtained. Such analogues 

may be further processed in the cell, for example by incorporation into GPI anchors or 

conversion into other lipid species and then ligated to proteins e.g. by zDHHCs26. 

Unfortunately, detection of the lipid-modified peptide is challenging owing to the low 

abundance of such peptides, retention of the modified peptide on avidin beads and the 

detrimental effects of the lipid on peptide ionisation111. In this regard, two enhancements 

to this protocol aid identification of true NMT substrates. First, trypsin-cleavable capture 

reagents, such as AzRB, allow the elution of probe-tagged peptides from streptavidin 

beads and improves peptide ionisation through the incorporation of an extra arginine 

residue, giving access to site-level information110. Second, the development of potent and 

selective NMT inhibitors have greatly aided identification of the N-myristoylated proteome, 

as pre-incubation of cells with NMT inhibitors prior to YnMyr treatment prevents protein 

incorporation of YnMyr only for native NMT substrates26.  

Although the above approach is very powerful, it requires metabolically active samples, 

preventing its use in ex vivo and tissue samples. Furthermore, the amount of YnMyr 

required quickly precludes its use in many in vivo models. As a result, a complementary 

method to profile N-myristoylation was also developed by the Tate lab, which exploits the 

ability of the Sortase A (SrtA) enzyme to selectively ligate a peptide substrate onto free 

N-terminal glycines112. Fluorescence or capture tags can be incorporated into the peptide 

substrate, and NMTi-treated samples will be enriched in NMT substrates possessing free 

N-terminal glycines, allowing identification of NMT substrates through mass-shift assays, 

or by mass spectrometry (MS) following enrichment.  
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Recently, two publications have reported methods to enrich for endogenous 

N-myristoylated peptides without the requirement for protein labelling, allowing the 

unequivocal identification of endogenous N-myristoylation and classification of NMT 

substrates in any sample64,113 (Figure 1.7B). Both these methods depend on hydrophobic 

enrichment of the myristoyl group, as well as a high MeCN chromatographic gradient 

during LC-MS/MS analysis, to overcome the challenges of low peptide abundance and 

solubility preventing detection by mass spectrometry. The first method implements parallel 

processing of the same sample by three different digestion enzymes (trypsin/LysC, GluC 

and chemotrypsin), followed by liquid-liquid extraction (LLE) to enrich N-myristoylated 

peptides and maximise identifications, whereas the second method first enriches for 

N-termini using N-terminal amine isotopic labelling of substrates (N-TAILS), followed by 

enrichment of N-myristoylated peptides using nanographite fluoride (nGF). Indeed, these 

studies each identified over 50 N-myristoylated N-termini, comparable to the number of 

NMT substrates inferred by the metabolic labelling and SrtA methods and provided direct 

evidence for N-myristoylation of 8 and 9 previously unknown or low confidence substrates, 

respectively. 

The above methods have been leveraged to identify multiple NMT substrates, both co-

translational and post-translational. Since N-myristoylation is predominantly co-

translational, as indicated by the incorporation of radiolabelled myristate in nascent 

polypeptide chains114 and the interaction of NMT with the ribosome, it is useful to clarify 

the classification criteria for co- or post-translational substrates. Generally, N-myristoylated 

proteins which possess a N-terminal glycine are considered co-translational substrates, 

whereas proteins for which N-myristoylation is detected at internal glycines (usually by 

metabolic labelling) are considered post-translational substrates25,26,115. 

Finally, it should be mentioned that while selective NMTi are available, a recent study has 

shown that commonly used tool NMTi are not bona fide NMT inhibitors (Figure 1.8), 

including the commonly used 2-hydroxymyristic acid and D-MAPPD (B13)116. While the 

inactivity of B13 as a NMT inhibitor in this study has been attributed to the commercial 

compound tested being an enantiomer of the originally synthesized compound117,118, 

comprehensive validation of the correct enantiomer has not been carried out. Furthermore, 

as other publications have used the commercially available compound, interpretation of 

such studies should still be approached with caution.  
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Figure 1.8 Commonly used NMT inhibitors. Validated (top row) and invalidated (bottom 
row) NMT inhibitors. DDD86481 is currently being evaluated in clinical trials under the 
tradename zelenirstat119. IMP1088 is highly used as a tool compound in the Tate group. 

1.4 Targeting N-myristoylation in disease 

1.4.1 Targeting NMT in infectious diseases 

Pharmacological inhibition of NMTs has been suggested as a therapeutic strategy for 

decades. Initial efforts at developing clinical NMTi were focused on their anti-fungal 

potential, as NMT is essential for clinically relevant species and current anti-fungal 

treatments are limited by toxicity and resistance120. A range of NMTi with high potencies 

against purified fungal NMTs were developed based on multiple scaffolds, including 

peptidomimetics, benzofurans and benzothiazoles. Unfortunately, none of these proved 

successful, with low anti-fungal efficacy or narrow spectrum as major reasons121. More 

recent efforts to develop anti-fungal NMTi have therefore focused on repurposing more 

recently developed NMTi or in silico studies to identify novel scaffolds121-123. 

Similarly, NMT has been investigated as a drug target against parasitic protozoa, including 

those from the genus Leishmania39, Trypanosoma39, Plasmodium40,124-126 and 

Cryptosporidium127, which are responsible for multiple tropical diseases, namely  

leishmaniasis, Chagas disease, sleeping sickness and malaria. Many high-throughput 

screens and structure-activity relationship studies have been published, giving rise to 

many different scaffolds124,125,128-131. Notably, multiple potent parasitic NMTi have been 

developed, including the pyrazole sulfonamides DDD85646129 and DDD100097132 and the 
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aminomethylindole IMP1002133. However, these compounds have low selectivity for the 

parasite NMT over HsNMT134, which currently limits the translational potential of such 

inhibitors. 

Although viruses do not possess NMTs, multiple viral proteins are N-myristoylated by host 

NMTs which is essential for their function28. For example, the HIV-1 protein Gag requires 

this modification for membrane localisation and processing, with NMT inhibition preventing 

the formation of infectious HIV-1 particles135. Furthermore, picornaviruses, which include 

the common cold, require N-myristoylation of the capsid protein VP4 to complete capsid 

assembly136. NMT inhibition therefore prevents the production of infectious particles and 

protects against virus-induced cytotoxicity. This was shown using the highly potent and 

selective NMTi IMP1088, which possesses sub-nanomolar affinities to HsNMTs137. Most 

recently, IMP1088 was demonstrated also to be effective against the vaccinia virus, further 

expanding the anti-viral potential of NMTi to poxviruses138. Due to the requirement of 

targeting host NMTs, the therapeutic window is a concern. However, the anti-viral effects 

of IMP1088 occurred before cytotoxicity in host cells, in which washout of NMTi rapidly 

restored NMT activity, suggesting NMTi are viable anti-viral agents137,139.  

1.4.2 N-myristoylation as a liability in cancer 

Currently, the most active translational area of research for NMTi is in cancer. NMT was 

originally suggested as a cancer target given that the major proto-oncogene c-Src is 

regulated by N-myristoylation, and subsequent studies linked increased NMT1 expression 

to increased cancer grade in a range of cancers such as gallbladder and breast140,141. 

Indeed, genetic ablation of Src N-myristoylation inhibits Src-mediated tumorigenesis in a 

mouse model of prostate cancer77 and loss of phosphorylation downstream of Src has 

been observed upon NMT inhibition142, indicating that NMTi may mediate some of their 

effects through Src. However, it is now known that many more pro-oncogenic pathways 

involve proteins regulated by N-myristoylation (Figure 1.9) and effects on these proteins 

will also affect cell viability. To take some specific examples, the anti-ferroptotic role of 

FSP1 (formerly known as apoptosis-inducing factor 2, AIMF2) is dependent on its 

myristate-induced membrane localisation143,144 and this has been associated with 

resistance to platinum chemotherapies in ovarian cancer145. Furthermore, the mTORC1 

complex is anchored to the lysosome through interactions with the Ragulator complex  
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Figure 1.9 NMT substrate functions in pro-oncogenic pathways. Pathways through which 
NMT substrates have been identified to support oncogenic growth are shown here. 
Enhanced Src signalling leads to pro-survival, pro-proliferative and pro-angiogenic 
responses via the PI3K/AKT, STAT3 and RAS/ERK/MAPK pathways. LAMTOR1 anchors 
mTOR to the lysosome and promotes signalling of the mTORC1 complex. ARF and ARL 
proteins mediate ER-Golgi vesicle trafficking and maintain the integrity of both 
compartments. AMPK is recruited to mitochondria upon damage and induces mitophagy. 
NDUFAF4 promotes respiratory complex I assembly to support oxidative phosphorylation. 
FSP1 inhibits cell death through ferroptosis, which may otherwise be induced by increased 
ROS generation. 
 
through dually N-myristoylated and S-acylated LAMTOR1. Mislocalisation and 

degradation of LAMTOR1 due to NMT inhibition therefore inhibits mTORC1 signalling and 

reduces tumour growth in bladder and lung cancer models146,147. N-Myristoylation of 

numerous Golgi proteins, including ARF and ARL proteins, supports protein sorting and 

trafficking through the ER-Golgi pathway148. There, NMTi treatment inhibits protein 

secretion and thereby provokes both ER stress and the unfolded protein response (UPR) 

in cancer and senescent cells149,150. In the latter context, cellular IpaJ expression was 

shown to be sufficient to induce defects and cell death, indicating a particular dependence 
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of senescent cells on ARF1 N-myristoylation. Recent reports have also linked 

dysregulation of lipid metabolism, mediated by upregulation of ACSLs, with a general 

increase in cellular N-myristoylation capacity, increased metastatic potential and treatment 

resistance78,151, further indicating a role for N-myristoylation in cancer. 

It is therefore not surprising that genetic and pharmacological targeting of NMT is 

efficacious in multiple cancer models both in vitro and in vivo66,117,118,142. However, a major 

current obstacle in the use of NMTi for cancer treatment is selectivity. Specifically, it is 

anticipated that the pleiotropic effects of NMT inhibition will limit the therapeutic window of 

systemic NMTi6. To address this issue, the dosing schedule and intensity will need to be 

carefully optimised and those cancer subtypes most sensitive (or resistant) to NMTi 

identified to increase the therapeutic window. Furthermore, the key underlying biological 

pathways driving responses to NMTi should be identified; previous mechanistic studies 

have largely focused (somewhat arbitrarily) on individual preselected NMT substrates, with 

only a few exceptions66,149,152. To identify NMTi sensitive cancers, large-scale cell line 

screens against various NMTi have been carried out. These have identified a particular 

sensitivity of haematological cancers to NMTi142,153, although expression of NMT1 and 

NMT2 do not generally correlate with NMTi IC50 values66,152, in contrast with previous 

claims that NMT2 deficiency correlates with NMTi sensitivity. Furthermore, analyses 

conducted by a previous Tate group member Dr. Gregor Lueg identified a subset of genes 

which were enriched in NMTi sensitive cell lines, called the NMTi sensitivity signature66. 

Further analysis using this signature revealed a key finding, namely that NMT inhibitors 

were highly active in MYC-deregulated cells such as Burkitt’s lymphoma, which is driven 

by chromosomal translocations involving MYC154. MYC is a ubiquitously expressed 

transcription factor which has been extensively linked to cancer and drives protein 

translation155. Additionally, another NMTi sensitivity signature, termed the MISS-54, has 

been recently described152. Interestingly, MYC target proteins are overrepresented in the 

MISS-54 and MYC itself is present in this signature.  

Mechanistically, NMT inhibition induces apoptosis in highly MYC expressing lymphoma 

cells in part due to loss of NDUFAF4 N-myristoylation, which is a MYC-regulated 

mitochondrial respiratory complex I (RC1) assembly factor, leading to its proteasomal 

degradation and subsequent mitochondrial dysfunction not seen in cells with low MYC 

expression (low MYC) (Figure 1.10)66. This result was identified in the MYC-modulatable 

P493-6 cell line, a model for Burkitt’s lymphoma in which MYC expression is turned off in  
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Figure 1.10 Loss of mitochondrial function in high MYC P493-6 cells upon NMTi is due 

to effects on NDUFAF4. A) Under normal conditions, NDUFAF4 is N-myristoylated and 
assists in assembly of respiratory complex I, the first complex of the electron transport 
chain, enabling oxidative phosphorylation. B) Upon NMT inhibition in high but not low MYC 
conditions, newly synthesized NDUFAF4 is not N-myristoylated leading to its proteasomal 
degradation. Respiratory complex I is partially/not assembled causing loss of oxidative 
phosphorylation.  
 

the presence of doxycycline. Similar results have been reported very recently in HAP1 

(chronic myelogenous leukaemia) and MV-4-11 and U937 (acute myeloid leukaemia) cells, 

confirming that this occurs in a range of haematopoietic cancers152,156. These observations 

are in line with the known function of MYC to upregulate mitochondrial biogenesis157 and 

with the recently observed efficacy of RC1 inhibitors in MYC-driven lymphomas158.  

The work described above have marked a shift in our understanding of NMT biology, 

however questions still remain. For example, how else do NMT substrates interact with 

MYC-driven biology to induce NMTi sensitivity and what other mechanisms underlie the 

cytotoxic effects of NMTi in MYC-deregulated cancers? Is the increase in sensitivity in 

MYC driven cancers due to a general increase in protein turnover or reliance on general 

N-myristoylation, or an increased reliance on specific pathways, as appears to be the case 

in senescent cells150? Furthermore, do currently identified pathways mediating the effects 

of NMTi represent general MYC vulnerabilities, or cancer-type specific effects, given that 

a majority of mechanistic studies have focused on haematological cancers? And most 

importantly, is it possible to expand the use of NMTi beyond haematological cancers with 

MYC deregulation? To investigate these questions, this thesis assesses the use of NMTi 

in MYCN-amplified (MNA) neuroblastomas, a solid tumour cancer with unmet need which 

NMTi has the potential to address. 
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1.4.3 Current outlook of NMTi for the clinic 

The first clinically approved drug targeting a N-myristoylation event, asciminib, was not an 

NMTi, but instead a selective inhibitor of the leukaemia driver BCR-ABL159. Asciminib binds 

the myristate pocket to induce allosteric inhibition of the kinase, mimicking the function of 

the endogenous myristate group. Importantly, this inhibitor is efficacious in patients 

resistant to previous BCR-ABL inhibitors, which have all targeted the kinase domain. 

To bring NMTi to the clinic, however, two main approaches are being advanced. First, 

zelenirstat (also known as PCLX-001 or DDD86481) has recently completed Phase I 

tolerability studies (NCT04836195) and is now being assessed in Phase II trials as a 

systemic single agent for refractory and relapsed B-cell non-Hodgkin’s lymphoma and in 

advanced refractory colorectal cancer patients119. The maximum tolerated dose was 

determined to be 210 mg when given once daily, a dose expected to provide efficacious 

concentrations. Although no objective responses were observed, stable disease was seen 

over a minimum of 16 weeks in 8/29 patients enrolled, albeit none of the four 

relapsed/refractory B cell lymphoma patients were among this cohort.  

Secondly, a spin-out from the Tate group and the Francis Crick Institute, Myricx Bio, is 

leveraging NMTi as novel payloads for antibody-drug conjugates (ADCs), with preclinical 

proof-of-concept studies showing that NMTi-ADCs are able to eliminate tumours in three 

different solid cancer models (breast, gastric and prostate) in vivo without toxicity160. These 

cancers are generally considered insensitive to systemic NMTi, but efficacy likely arises 

from prolonged inhibition of an essential lipid modification, with tolerability driven by the 

targeted delivery of NMTi to the tumour. These results indicate that this modality will 

improve the scope and therapeutic index of NMTi. 

Finally, it is important to note that all current NMTi are dual NMT1/2 inhibitors with equal 

potency. Development of selective NMT1 inhibitors may be a strategy to improve the 

therapeutic index of NMTi6. While the structural similarities of NMT active sites makes 

development of selective inhibitors difficult, this may be alleviated through the ability of 

PROTACs to turn promiscuous binders into selective degraders161.  
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1.5 MYCN and neuroblastoma 

1.5.1 Neuroblastoma background 

Neuroblastoma is the most common extracranial paediatric solid tumour162 and accounts 

for ~15% of all deaths caused by childhood cancers163. Neuroblastomas originate from 

neural crest cells in the developing sympathetic nervous system and are most commonly 

found in the abdomen, in either the adrenal glands or sympathetic nerve ganglia164. 

Neuroblastoma is a clinically heterogenous disease and patients are classified as low, 

medium and high-risk upon diagnosis. While low and intermediate-risk neuroblastomas 

have excellent prognosis (>95% 5-year overall survival), with some cases of such 

neuroblastomas spontaneously regressing, patients with high-risk disease have a 5-year 

overall survival rate of only 50-60%165. As approximately half of neuroblastomas at 

diagnosis are high-risk, improved treatment strategies for this cohort of patients is currently 

a highly active area of research in neuroblastoma.  

Currently, the treatment of high-risk neuroblastomas is multi-modal and involves intensive 

chemotherapy, tumour resection, myeloablative surgery followed by autologous stem cell 

transplantation, radiotherapy and finally maintenance therapy using isotretinoin and 

anti-GD2 antibodies. The recent development and approval of anti-GD2 antibodies 

(dintuximab) for high-risk neuroblastoma in particular represents a significant milestone 

and is predicted to reduce the 70-month relapse rate by 32% (COG ANBL0931). 

However, there is still an urgent need for improved treatments for high-risk patients. While 

outcomes have improved for this cohort of patients in the past two decades (5-year event 

free survival (EFS) of 36.1% to 57.2%165,166) due to the introduction of autologous stem 

cell transplantation and anti-GD2 therapies, these treatments are associated with high 

acute toxicities. For example, the full therapeutic benefit of anti-GD2 therapies is limited 

by on-target, off-tumour neuropathic pain167. In addition, 40% of high-risk patients develop 

relapsed disease, for which the survival rate is <10%168. Furthermore, current multimodal 

therapies are associated with adverse long-term effects. Severe therapy-related late onset 

adverse effects such as hearing loss and learning difficulties are observed in >50% of 

survivors162. A recent study of neuroblastoma survivors (>5 years) also found that grade 

3-5 chronic health conditions were enriched in high-risk patients (hazard ratio of 16.1) 

compared to low risk patients (hazard ratio of 1.8)169. Importantly, the 25-year cumulative 

incidence of mortality in survivors of high-risk disease was 22.6%, compared to ~3% for 
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survivors of low and intermediate disease; the majority of these (50/69) were due to late 

recurrence of disease. Therefore, novel treatments which minimise toxicities and improve 

both initial and long-term outcomes are still needed. 

To further improve high-risk neuroblastoma treatment, multiple other modalities are being 

developed. These include immunotherapies, such as bispecific antibodies170 and CAR-T 

cells167, antibody-drug conjugates171,172, targeted radiotherapies (through neuroblastoma-

selective uptake of 131I-metaiodobenzylguanidine)173, anti-angiogenic therapies174 and in 

particular precision therapies against validated targets in neuroblastoma. 

1.5.2 The molecular background of neuroblastoma 

From a molecular standpoint, neuroblastoma, like all paediatric cancers, is characterised 

by a low mutational burden (0.6 mutations per megabase)162. Instead, chromosomal 

alterations are common, occurring in 90% of tumours, with segmental chromosomal 

alterations (especially 1p loss, 11q loss and 17q gain) associated with a worse prognosis. 

However, significant genetic alterations are known in neuroblastoma (Figure 1.11). For 

example, activating mutations or amplification of anaplastic lymphoma kinase (ALK) 

occurs in 15% of newly diagnosed neuroblastomas, 80% of familial neuroblastomas, and 

are enriched in relapsed disease163. ALK activation primarily increases signalling through 

the RAS-MAPK and PI3K-AKT pathways resulting in increased cellular proliferation and 

survival. Advanced ALK inhibitors such as lorlatinib, originally developed for adult cancers, 

are currently being trialled, with promising results so far175,  and will be given as a first-line 

treatment in a phase III trial (TITAN) in 2025.  

Telomere maintenance is also upregulated in high-risk neuroblastoma. Chromosomal 

rearrangements can bring TERT under the control of super-enhancers causing its 

overexpression in a quarter of high-risk neuroblastomas, and alternative lengthening of 

telomere (ALT) mechanisms have been identified a further 25%162. The most common 

genetic event associated with ALT (~60% of cases) is mutation of ATRX, a transcriptional 

regulator, generally causing loss of function176. Targeting such mechanisms in 

neuroblastoma is currently being investigated at the pre-clinical stage.  

Although not a genetic event, it is worth mentioning that neuroblastoma cells exist in two 

major cellular states, namely adrenergic or mesenchymal, between which cells can 

interconvert177-179. These are defined by separate feedforward networks of master  
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Figure 1.11 Genetic and epigenetic background of neuroblastoma. Selected highly 
prevalent aberrations identified in neuroblastoma. 1: MYCN amplification increases MYCN 
protein concentration and activity, leading to multiple pro-oncogenic effects. 2: 
Neuroblastoma cells exist in two cellular states (mesenchymal and adrenergic) maintained 
by feed-forward super enhancer networks. 3: Segmental chromosomal alterations are 
common in neuroblastoma; 1p loss, 11q loss and 17q gain in particular are associated 
with high-risk disease. 4: Known mechanisms of telomere maintenance in neuroblastoma 
include TERT rearrangements which increase TERT expression and inactivating mutants 
in ATRX to promote alternative lengthening of telomeres. 5: Activating mutations in ALK 
support tumour growth via increased PI3K/AKT and RAS/ERK/MAPK signalling. Common 
mutation sites are indicated. TF: transcription factor. 
 
transcription factors, called the core regulatory circuitry (CRC), which include for example 

PHOX2B, GATA2 and HAND2 for the adrenergic state and for the mesenchymal state, 

PPRX1 and AP-1. Importantly, the cellular state influences drug sensitivities. 

Mesenchymal cells are more resistant to standard chemotherapies and are enriched in 

relapsed tumours, but may be more responsive to immunotherapies178,180. 

However, by far the most important alteration in neuroblastoma is MYCN amplification. 

MYCN is the neural analogue of MYC and MYCN amplification is a driver of 
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neuroblastoma; ectopic MYCN expression is sufficient to generate neuroblastomas in 

mouse and zebrafish models181,182. MYCN amplification almost always classifies the 

tumour as high-risk and is highly prevalent in patients (~25% of all tumours, and 40% of 

high-risk patients)183. Patients with MYCN amplification often relapse after initial treatment 

and this is almost always fatal184. In addition, a further 10% of high-risk neuroblastomas 

are associated with MYC overexpression, which appears to cause similar effects as MYCN 

amplification185. The effects of MYCN amplification are extensive and discussed further in 

section 1.5.4, after a brief introduction to the MYC protein family. 

1.5.3 MYC family proteins 

The proto-oncogenic MYC family is comprised of three paralogues: MYC, MYCN and 

MYCL. These are general transcription factors – up to 15% of all genes may be direct MYC 

targets – which drive pro-survival and pro-growth cellular programs and have been 

implicated in many of the hallmarks of cancer155. MYC deregulation is widespread in 

cancer, occurring in up to 70% of cancers, whereas MYCN deregulation is more restricted, 

generally occurring in tumours of neuronal and neuroendocrinal origin, and MYCL is 

implicated mainly in small cell lung cancer186. Given the ubiquitous expression of MYC and 

observed similarities between MYC and MYCN (described below), it is the most studied 

paralogue. Therefore, while the focus of this section will be on MYCN, insights from MYC 

biology will be mentioned where relevant. 

Structurally, MYC paralogues possess high conservation in only specific regions (Figure 

1.12), namely their basic region, helix-loop-helix and leucine zipper domain (bHLH-LZ), as 

well as six regions termed “MYC boxes,” which are the main mediators of MYC PPIs187. 

Both the N- and C-termini are intrinsically disordered and require interacting proteins for 

stable folding155. To mediate their function, MYC proteins interact with related families of 

bHLH-LZ proteins, termed the “proximal MYC network”188. The most important interaction 

of MYC proteins is that with MAX to form a heterodimer which then binds to DNA and 

modulates gene expression. MAX is crucial for MYC protein function and MYC-mediated 

transformation189. The sequence 5'-CACGTG-3' defines canonical, high affinity MYC 

binding sites (E-boxes), however MYC proteins do not bind exclusively to these sites and 

this is mediated by other factors such as PPIs; for example, WDR5, which binds to 

methylated H3K4, is a MYC and MYCN interactor and therefore localises them generally 

to active promoters190.  
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Figure 1.12 MYCN protein structure. MYC proteins dimerise with members of the proximal 
MYC network and are recruited to DNA through their bHLH-LZ domain. MYC boxes 0-IV 
primarily mediate protein-protein interactions. MYC box I additionally controls protein 
stability through the presence of a phosphodegron at T58; the MYCN-AURKA interaction 
prevents ubiquitination of MYCN by FBXW7 leading to its stabilisation.  
 

The biochemical and phenotypic effects of MYC and MYCN are similar. Homozygous loss 

of either paralogue is embryonic lethal in mice and both induce cell cycle progression and 

transformation191,192. MYCN can also compensate for MYC and vice versa; the normal 

morphology and proliferation rates of mouse embryonic stem cells homozygous for MYC 

or MYCN loss is attributed to this effect. Additionally, MYCN expression at the MYC locus 

(MYCN-N) rescues mice from the embryonic lethality of MYC deletion193. This has led to the 

suggestion that the main difference between MYC paralogues is their spatiotemporal 

expression183. MYC is generally ubiquitously expressed across tissues and developmental 

stage whereas MYCN expression is more prevalent generally in tissues of neuronal origin 

and is largely not expressed in adult mice. However, there do appear to be intrinsic 

biochemical differences between MYC and MYCN which leads to distinct phenotypes 

depending on the paralogue expressed. MYCN-N mice, although viable, suffer from skeletal 

muscle dystrophy193. MYC and MYCN amplifications are also associated with different 

molecular subgroups of medulloblastoma and this has been associated with the differential 

affinities of MYC and MYCN with MIZ-1 to mediate gene repression194,195. Furthermore, 

MYCN recruits BRCA1 to chromatin to clear stalled RNA Pol II to a greater extent than 

MYC, suggesting differential responses to transcriptional stress196. 

While it is clear that MYC proteins are central for tumorigenesis and tumour maintenance 

in many cancers, the molecular mechanisms through which these proteins are oncogenic 

is still not known. The prevailing assumption over the past few decades involves activation 

of a transcriptional program downstream of oncogenic levels of MYC proteins, although  
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Figure 1.13 Current models for MYCN oncogenic signalling through transcriptional 

upregulation. A) Global amplifier model. Oncogenic levels of MYCN invade all active 
promoters, globally increasing transcriptional output. B) Specific gene regulation model. 
MYCN binding at promoters does not necessarily modulate transcription in this model. 
Instead, only specific gene sets are modulated by MYCN. C) Affinity-dependent model. At 
physiological MYCN levels, only promoters (or enhancers) with high MYCN affinity are 
bound. As MYCN levels increase, lower affinity promoters and enhancers are also bound 
by MYCN. Genes whose promoters are saturated at physiological MYCN levels will not be 
further regulated by oncogenic MYCN levels. 
 

three separate models have been proposed to describe the effects of MYC (Figure 1.13). 

First, MYC proteins accumulate at all active promoters, and some enhancers, in the cell, 

therefore acting as a global amplifier of the existing transcriptional program in the cell and 

increasing overall cellular mRNA concentrations197,198. Alternatively, it has been observed 

in some models that only a subset of MYC-bound genes are regulated by changing MYC 

levels199,200, and therefore MYC selectively regulates only a subset of transcribed genes. 

The third model suggests that a promoter or enhancer’s affinity to MYC is the key 

determinant for MYC activity201,202. Therefore, at physiological MYC levels, only the high 

affinity promoters will be bound, possibly at saturating levels. However, at oncogenic levels, 

MYC invades lower affinity promoters and enhancers, and it is these genes, defined by 

lower MYC affinity, which are responsible for the oncogenic effects of MYC proteins. To 

date, there is still a lack of consensus on which model best describes MYC protein activity. 

This picture is further complicated by difficulties in defining oncogenic MYC target genes. 
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While consensus sets of MYC target genes have been defined203,204 and appear to be 

related primary to translation and purine biosynthesis, direct MYC targets are largely tissue 

and cell-type specific; this has been associated with the expression of tissue-specific 

transcription factors which co-localise with MYC or MYCN at enhancers202. The 

mechanisms by which MYCN mediates gene repression are also poorly characterised but 

may involve increased transcription of microRNAs205. Recently, there is rising interest in 

the pro-oncogenic functions of MYC proteins which are unrelated to increased target gene 

transcription but instead to genome maintenance and resolution of transcriptional stress. 

MYCN-mediated resolution of torsional stress206, R-loop formation196 and 

transcription/replication conflicts207 have all now been proposed to maintain viability of 

MYCN-amplified neuroblastoma, without effects on the transcriptome. Such effects are 

consistent with the global binding of MYCN to all active promoters and may be mediated 

by phase separation of MYCN, although the relevance of this process is still unclear208,209.   

1.5.4 MYCN in neuroblastoma 

Consistent with MYCN’s status as a master transcription factor, its deregulation in 

neuroblastoma is associated with modulation of many biological pathways. As these have 

been comprehensively described in the literature, only selected pathways are briefly 

discussed below (Figure 1.14). 

MYC and MYCN are best described to drive enforced flux through the cell cycle and MNA 

neuroblastomas fail to arrest in the G1 phase upon irradiation210. Indeed, direct targets of 

overexpressed MYCN which also correlated with poor overall survival (OS) were enriched 

in cell cycle proteins211 and MYCN knockdown reduces expression of cell cycle related 

genes212. MYCN therefore mediates its effects on cell cycle through many effectors, such 

as the E2F transcription factors213, which also directly mediate the MYC-induced G1-S 

transition214.  

An increased rate of cell proliferation requires concomitant increases in macromolecular 

biosynthesis. MYC proteins increase the transcription of ribosomal and transfer RNAs by 

RNA Pol I and III, therefore directly contributing to global increases in protein synthesis, in 

addition to their effects on mRNA transcription155. Various mechanisms for how MYCN 

promotes the latter have been identified, and the most prominent appears to be via 

promoter-proximal pause release of RNA Pol II215. Additionally, MYCN increases the 
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Figure 1.14 MYCN regulates many processes in neuroblastoma. The transcriptional 
program induced by MYCN regulates many cellular processes to support tumour growth 
and maintenance. 
 
uptake of exogenous fatty acids through upregulation of FA transport protein 2 (FATP2), 

likely to support both membrane lipid synthesis and energy generation216. In this respect, 

it has been shown that MYCN significantly alters the metabolic profile of neuroblastoma, 

for example inducing glutamine addiction217 and altering amino acid metabolism218. 

Notably, MYCN significantly increases energy generation by upregulating both glycolysis 

and oxidative phosphorylation (OxPhos)219. Multiple studies have confirmed the increased 

glycolytic nature of MNA neuroblastomas, consistent with the Warburg effect, through 18F-

fluorodeoxyglucose imaging or -omic studies of cell lines and primary tumours220-222. This 

is at least in part due to the upregulation of multiple glycolytic enzymes such as HK2 and 

LDHA by MYCN223. The role of OxPhos in MNA neuroblastoma is less well characterised, 

although some MNA cell lines appear to have a greater dependence on OxPhos224. 

Interestingly, fatty acids were identified as the predominant mitochondrial fuel in at least 

one MYCN-modulatable neuroblastoma model, and treatment with etomoxir, a fatty acid 

oxidation inhibitor, controlled tumours in mouse xenograft models of MNA neuroblastoma, 

albeit modestly219. 

Additionally, MYCN expression in neuroblastomas is inversely related to their 

differentiation state183, consistent with its ability to promote transformation of fibroblasts 

into induced pluripotent stem cells225. MYCN promotes a stem-like state in neuroblastoma 
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both through the upregulation of pluripotency genes, such as KLF2 and KLF4, and 

suppression of differentiation pathways183. Accordingly, single cell transcriptomic analyses 

have shown that MNA neuroblastoma cells most closely resemble early but not late normal 

neuroblasts226. 

Paradoxically, a pro-apoptotic effect has been ascribed to both MYC and MYCN. TP53 is 

a direct MYC and MYCN target227 and mediates MYC-induced apoptosis228; furthermore, 

MYCN amplification sensitizes neuroblastoma cells to apoptosis in part through 

upregulation of NOXA229. Therefore, cancers driven by MYC and MYCN must acquire 

apoptosis avoidance mechanisms and multiple have been proposed. While TP53 mutation 

is rare upon diagnosis in neuroblastoma183, alterations in its regulatory pathway have been 

observed. For example, MDM2, an E3 ligase which marks TP53 for degradation, is directly 

transcriptionally activated by MYCN230. Additionally, caspase 8, which cleaves Bid to 

induce apoptosis upon Fas stimulation, is often silenced in MNA neuroblastoma, 

contributing to their survival231. 

Finally, MYCN amplification has also been associated with non-cell-autonomous effects. 

MYCN appears to promote angiogenesis through both the secretion of pro-angiogenic 

factors, such as VEGF232 and repression of angiogenesis inhibitors, as conditioned media 

from a MYCN normal neuroblastoma cell line contained inhibitors of endothelial cell 

proliferation absent in media from a MYCN overexpressing cell line233. Furthermore, 

MYCN contributes to immune evasion in neuroblastoma through the downregulation of 

multiple factors including major histocompatibility complex (MHC) Class I proteins234 and 

the cytokines CCL2235 and CXCL10236, leading to reduced (cytotoxic) lymphocyte 

infiltration in MNA neuroblastomas compared to non-MNA neuroblastomas. 

1.5.5 Targeting MYCN 

Given the importance of MYCN in MNA neuroblastomas, MYCN inhibitors would have an 

strong therapeutic impact in neuroblastoma, a conclusion supported by studies targeting 

MYCN using antisense oligonucleotides237 or small interfering RNA (siRNA)238. 

Furthermore, its limited expression in regular tissues suggests that such drugs would 

possess a wide therapeutic window. To date, three approaches have largely been 

explored to target MYCN: direct targeting, indirect targeting, and inhibition of 

MYCN-induced dependencies (Figure 1.15). 
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Direct targeting of MYC proteins has proven difficult as they are considered “undruggable” 

due to the unstructured nature of their N- and C-termini, the lack of conventional small 

molecule binding pockets and their lack of enzymatic activity239. Currently, the most 

advanced approach to directly inhibiting MYC is through the use of a negative dominant 

mini-protein termed “Omomyc.” This is a synthetic MYC mutant, comprising of the bHLH-

LZ domain, which binds to all MYC proteins as well as MAX, forming inactive dimers240,241. 

An analogue of Omomyc, OMO-103, has advanced to phase I trials for MYC-driven solid 

tumours (NCT04808362, NCT06059001) and was well tolerated, with indications of 

on-target efficacy, albeit no objective responses were recorded242. Small molecules 

targeting the MYCN/MAX interaction have also been developed, such as 10058-F4 and  

 

 

Figure 1.15 Strategies to target MYCN. Multiple strategies to inhibit MYCN have been 
developed, including inhibition of MYCN transcription, MYCN/MAX dimerization, 
destabilization of the MYCN protein and inhibition of MYCN-induced dependencies. 
Improvements in degrader technologies may represent a new avenue to target MYCN. 
Bold: possible therapeutic interventions. 
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MYCi975, although these are limited by the high concentrations required for activity, up to 

100 μM243. Finally, recent advances in protein degrader technology, namely molecular 

glues and PROTACs, have generated optimism that MYCN may be targetable through 

such an approach, although no such degraders have yet been reported239. 

Indirect targeting of MYCN takes the form of inhibiting MYCN transcription and promoting 

its degradation. Abrogation of MYC transcription by bromodomain and extra terminal 

domain (BET) protein inhibition has been extensively investigated and this approach has 

been extended to MYCN244,245. However, BET proteins also generally regulate 

transcription and indeed MYC status does not always correlate with BET inhibitor 

sensitivity246. BET inhibitors have been limited by toxicity or low efficacy in clinical trials 

thus far. Other approaches targeting MYCN transcription include the stabilisation of a 

G-quadruplex in the first intron of MYCN247 and inhibition of cyclin-dependent kinases 

(CDKs)248. Of note, the dual CDK2/9 inhibitor CYC065 (fadraciclib) is now available to 

neuroblastoma patients under the ESMART clinical trial (NCT02813135). CDK9 inhibition 

by CYC065 inhibits MYCN transcription, although notably CDK2 inhibition is required for 

apoptosis and more generally the adrenergic cellular state is also affected independent of 

MYCN expression248.  

MYCN expression is also highly regulated on a post-translational level, with a half-life of 

only 30 minutes249. This is primarily due to the presence of a phospho-degron in MYC Box 

I. Phosphorylation of Thr58 by GSK3β occurs subsequent to Ser62 phosphorylation by 

CDK1. After PP2A-mediated pSer62 dephosphorylation, the E3 ligase FBXW7 binds to 

pThr58 and mediates the proteasomal degradation of MYCN186. Aurora-A kinase (AURKA) 

antagonises the FBXW7-MYCN interaction through its own interaction with MYCN and 

AURKA inhibitors can disrupt this PPI, inducing MYCN degradation. As such, AURKA 

inhibitors such as alisertib have been extensively investigated for efficacy in 

neuroblastoma, including in a Phase II clinical trial250, although dose-limiting toxicities were 

identified, suggesting combination treatments would be required. Furthermore, mTOR 

inhibitors promote MYCN turnover through the stimulation of GSK3β and inhibition of 

PP2A and selectively induces apoptosis in MNA neuroblastoma cells251, suggesting this 

may be a viable approach. 

Many approaches have been proposed to target MYCN-induced dependencies. These 

include inhibition of epigenetic regulators252, global transcription253, RNA splicing254, cell 

cycle255 and fatty acid uptake216, or induction of apoptosis229 and ferroptosis256-258. The 
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most successful of these approaches thus far is the inhibition of polyamine synthesis by 

difluoromethylornithine (DFMO), which has recently been approved by the FDA as a 

maintenance therapy259. DFMO inhibits ornithine decarboxylase (ODC1), the rate-limiting 

enzyme for polyamine synthesis, and was prioritised as many MNA neuroblastomas 

upregulate this pathway to support proliferation260.  

1.6 NMT inhibition in MNA neuroblastoma: a new strategy? 

It is evident from the above that many therapies to target MYCN are in preclinical and 

clinical development. However, development of novel therapies is still desirable, given the 

high attrition rates in drug development and the fact that preclinical efficacy does not 

necessarily translate into clinical success. For example, despite the initial promise of BET 

and AURKA inhibitors, these have not yet translated into approved therapies246,250. In 

addition, the recently approved DFMO is again associated with high toxicity and is currently 

only indicated as a maintenance therapy for patients who responded to initial therapy261. 

Notably, this drug is cytostatic and therefore may not reduce the rate of late disease 

recurrence. Therefore, there is still a need for improved induction therapies, especially for 

primary refractory disease, and for improved clearance of residual cancer cells. NMTi may 

be able to address this need. Firstly, NMT inhibition is expected to act pleiotropically 

through multiple pathways, which may allow NMTi to control currently refractory disease6. 

Secondly, a common mechanism of therapy avoidance in cancer cells is induction of 

senescence. This may not be an issue for NMTi as senescent cells are highly sensitive to 

NMT inhibition150. While a possibly low therapeutic index is a general concern for systemic 

NMTi, the tolerance of NMTi in a Phase I trial119 and the identification that MYC-

deregulated cancers are especially sensitive to NMTi66 suggests that an actionable 

therapeutic window may be present in MNA neuroblastoma.  

The notion that NMTi may be especially efficacious in MNA neuroblastoma leads to the 

question of how selectivity over non-MNA neuroblastomas may arise, and which NMT 

substrates would mediate the cytotoxicity of NMTi. The simplest hypothesis would be that 

MNA neuroblastomas have an increased dependence on the N-myristoylation of specific 

NMT substrates. To investigate this, publicly available CRISPR essentiality screening data 

(Dependency Map, DepMap) in 37 neuroblastoma cell lines (26 MNA, 11 non-MNA) was 

examined48,50. Gene effect scores, a measure of the essentiality of a gene in a given cell 

line, were compared between the MNA and non-MNA samples. However, neither NMT1 
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nor NMT2 were identified as selectively dependent in MNA cell lines. This was due to the 

general importance of NMT1 (average gene effect score of -0.74 and -0.71 in MNA and 

non-MNA cell lines respectively; the mean gene effect score of all common essential genes 

is -1) especially at the long timepoint used (21 days), and a general lack of essentiality of 

NMT2 (average gene effect score of 0.18 and 0.15 in MNA and non-MNA cell lines). 

Additionally, no selective dependence on any NMT substrate based on MYCN status was 

seen. However, several NMT substrates were important in all screened neuroblastoma 

lines, suggesting that these may be relevant for general NMTi cytotoxicity in 

neuroblastoma cells (Table 1.1). Similar results were also seen from a siRNA essentiality 

screen256, which aimed to identify MYCN-specific protein dependencies in an isogenic cell 

line. One NMT substrate was identified as a MYCN-specific dependency in this screen: 

FMNL2, also a direct MYCN transcriptional target, perhaps due to a specific dependency 

in the cell line used. Overall, these results indicate that MNA neuroblastomas do not have 

an increased dependence on NMTs or any one NMT substrate over a long-term period. It 

also implies that extended, constitutive loss of N-myristoylation will be toxic in all cancer 

cells and further suggests that careful optimisation of clinical NMTi dosing schedules will 

be necessary. However, such inferences from CRISPR screen analyses only consider a 

      Average Gene Effect Score 

NMT/NMT 
substrate 

N-myristoylation 
evidence 

References 
MNA lines 

(n=26) 
non-MNA lines 

(n=11) 
All 

(n=37) 

CHMP6 1,2,4 26,262 -1.66 -1.58 -1.62 

TOMM40 1,2,4 26,263 -1.42 -1.33 -1.38 

PSMC1 1,2,3,4 26,43,264 -1.21 -1.12 -1.17 

NMT1 N/A N/A -0.74 -0.70 -0.72 

DNM2 3 113 -0.71 -0.06 -0.63 

NDUFB7 1,2,3,4 26,43,265 -0.56 -0.44 -0.50 

ARF4 1,2,3 26,43 -0.50 -0.58 -0.54 

 
Table 1.1 Neuroblastoma cells are dependent on a subset of NMT substrates. Average 
gene effect scores for the NMTs/NMT substrates most essential in neuroblastoma cell 
lines in CRISPR essentially screens (DepMap) by MYCN status. Only NMT substrates with 
a gene effect score <-0.5 are included. Evidence for N-myristoylation is as follows: 1; 
protein is enriched upon YnMyr treatment by mass spectrometry, 2; protein enrichment by 
YnMyr is abolished upon NMTi treatment by mass spectrometry, 3; direct identification of 
the N-myristoylated peptide (native or YnMyr labelled) by mass spectrometry, 4; 
incorporation of myristic acid analogues (3[H]-myristate, YnMyr or AzMyr) is abolished by 
the G2A mutant.  
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very simplified scenario. For one, all NMT substrates will be affected simultaneously, and 

it is likely that a combination of substrates would mediate increased sensitivity in MNA 

contexts. For another, NMT substrate essentiality does not imply importance of protein N-

myristoylation. In addition, it is also plausible that toxic gain-of-function effects of non-N-

myristoylated substrates could contribute to increases in NMTi sensitivity of MNA 

neuroblastomas, perhaps because of their upregulation by MYCN. 63 NMT substrates are 

annotated as direct MYCN targets in aggregated ChIP-X datasets266, including the protein 

phosphatase subunits PPM1A, PPM1B and PPM1G. Excessive deregulated protein 

phosphatase activity could therefore contribute to increases in NMTi sensitivity.  

1.7 Project aims 

While there is an initial rationale for using NMTi in MNA neuroblastoma based off the 

findings in MYC-deregulated lymphoma cells, prior to the initiation of the work described 

in this thesis, no mechanistic studies of NMTi in MNA neuroblastoma had been carried 

out, and the sensitivity of only one neuroblastoma cell line to NMTi was investigated66. 

Therefore, it remained necessary to first confirm that NMTi would be efficacious in MNA 

neuroblastoma, and also to identify the effects downstream of NMT inhibition that 

contribute to cell death in a MYCN-dependent manner. An additional important question 

to answer is whether the effects identified in MNA neuroblastoma correlate with those in 

MYC-deregulated lymphoma cells, given the role of tissue-specific enhancers in defining 

MYC/MYCN target proteins202. Therefore, this work attempted to address these gaps using 

the following approaches: 

 

• Chapter 2: Verification of the broad NMTi-sensitising effects of MYCN using a 

panel of neuroblastoma cell lines. Furthermore, the contributions of several 

cell-death inducing mechanisms to NMTi MoA were investigated based off their 

proven relevance to NMT inhibition. Finally, the NMT substrate landscape in 

neuroblastoma cells were profiled to provide an initial understanding of the effects 

of NMTi in these cells. 

• Chapter 3: Global transcriptomic and proteomic profiling in a MYCN-modulatable 

cell line was carried out to identify NMTi-mediated effects in a MYCN dependent 

manner. 
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• Chapter 4: Application of detergent-based cell fractionation to investigate the 

effects of NMTi with a focus on the membrane proteome. A follow up functional 

study on OxPhos, which was highly affected upon NMT inhibition was also 

conducted. 
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Chapter 2. MYCN sensitises neuroblastomas to NMT 

inhibition 

2.1 Validation of MYCN as a sensitising factor to NMTi in 

neuroblastoma 

2.1.1 Choice of cytotoxicity assay 

The cellular response to NMT inhibition was studied using a cytotoxicity assay developed 

by a previous Tate lab member, Dr Andrea Goya Grocin, which uses the Incucyte S3 live 

cell imaging platform to monitor cells in real time using both phase and fluorescent 

imaging51 (Figure 2.1). Importantly, the proportion of dead cells in a population can be 

quantified by the use of SYTOX Green, a nucleic acid stain which strongly fluoresces only 

upon DNA binding. This reagent is cell impermeable, meaning that it will only bind to DNA 

when the membrane is compromised, a characteristic of dead cells. Normalised cell death 

is then calculated as the green area over the phase area, a measure of cell number. Both 

time and concentration-dependent effects of NMTi can therefore be assessed using this 

assay and IC50 values obtained from dose-response curves calculated from the area 

under the curve (AUC) for each concentration.  

2.1.2 NMTi efficacy correlates with MYCN status 

Using the above assay, the effects of IMP1088116, a highly potent and selective NMTi and 

a commonly used tool compound in the Tate group, was assessed over 5 days of treatment 

in a panel of four MNA and three non-MNA neuroblastoma cell lines (Appendix Figure 1). 

The engineered SHEP21N cell line267 (parental line SHEP), was also included in the panel. 

MYCN is exogenously expressed in these cells under the control of a tetracycline-off 

promoter, allowing the assessment of MYCN effects in an isogenic cell model (Figure 

2.2A). Overall, absolute IC50s (henceforth IC50) for IMP1088 strongly correlated with 

MYCN status compared with other common genomic alterations in neuroblastoma (Figure 

2.2B, Appendix Table 1). Less than 50% total cell death was observed for the 3 non-MNA 

cell lines even at 1 μM IMP1088, the highest concentration used in this assay, whereas 

greater amounts of cell death were observed for MNA cell lines. Furthermore, the IC50 of 

IMP1088 increased 6.2-fold in SHEP21N cells upon repression of MYCN expression (434 



MYCN sensitises neuroblastomas to NMT inhibition 

57 

 

 

Figure 2.1 The Incucyte platform allows assessment of time and concentration-

dependent effects of NMTi. Schematic of the cytotoxicity assay used to assess NMTi 
efficacy. Cells were plated, allowed to adhere overnight, and treated with 2X 
concentrations of NMTi and SYTOX Green. Phase and green fluorescent images were 
taken every 4 h. Normalised cell death was plotted as the green area over phase area. To 
obtain absolute IC50s, the AUC of each curve was calculated, normalised to the puromycin 
AUC and 1-AUC was plotted against concentration. Curves were fitted in Prism using the 
absolute IC50 method. 
 

vs 70 nM, Figure 2.2C). The CHP-212 cell line was the only slight exception, with maximal 

cell death of only 40-60% observed despite being MNA. This may be due to their cellular 

state, as they are the only MNA cell line which exist the mesenchymal state, associated 

with drug resistance180. All non-MNA cells assayed were also mesenchymal. However, this 

may also be due to other genetic alterations in CHP-212 cells as SHEP21N cells are also 

mesenchymal but were highly sensitive to IMP1088 when expressing MYCN. Therefore, 

an association between the cellular state and NMTi sensitivity is not clear cut and further 

studies to investigate this possible association, for example by expanding the panel to 

include mesenchymal MNA and adrenergic non-MNA cell lines, would be necessary. 

However, CHP-212 cells were still more sensitive to high concentrations of IMP1088 

compared to non-MNA cells, confirming the overall trend that MYCN amplification 

sensitises to IMP1088.  

Inspection of the cytotoxicity plots generated by this assay further revealed that a reduced 

time required for the onset of cell death upon NMTi treatment was another indicator of 

increased sensitivity to NMTi, as exemplified by the SHEP21N model (Figure 2.3A). Cell 

death was induced in MNA cells after only one day of IMP1088 treatment, whereas two or 
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Figure 2.2 MYCN correlates with NMTi sensitivity in a panel of neuroblastoma cell lines. 
A) Western blot for MYCN in SHEP21N cells treated with 0.5 μg/mL doxycycline (24 h). 
B) Dose-response curves for IMP1088 in a panel of neuroblastoma cell lines. Curves have 
been fitted to cell lines for which IC50 values were calculatable using the absolute IC50 
method in Prism. One representative biological repeat, carried out in technical triplicate, is 
shown as mean ± s.e.m.; only error bars larger than the symbol are plotted. C) MYCN 
status, cell state and absolute IC50 values for each cell line in the panel. C.I.: confidence 
interval. ADRN: Adrenergic, MES: Mesenchymal 
 

three days of NMTi treatment was required for low MYCN cells. Additionally, while the 

degree of cell death was low at 5 days, it had not plateaued at this point for the non-MNA 

SKNAS (Figure 2.3B) and SKNSH (Appendix Figure 1) cell lines in part due to the 

delayed onset of cell death in these cells. Further monitoring of SKNAS cells over a 10-day 

period revealed significant amounts of cell death at higher concentrations of IMP1088 

which was not attributable to overconfluency or lack of nutrients (Figure 2.3C and D). 

These results indicate that sustained NMT inhibition can eventually lead to robust cell 

death even in non-MNA neuroblastoma contexts and that both time and concentration 

factors are reflective of NMTi sensitivity. On the other hand, the extent of cell death in 

SHEP cells had plateaued by 5 days of NMTi treatment and did not increase even with 

extended (10 day) treatments with IMP1088 (Appendix Figure 2). A possible explanation 
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Figure 2.3 The time required for NMTi-induced cell death is a measure of NMTi 

sensitivity. (A) Cytotoxicity of IMP1088 in SHEP21N cells. High MYCN cells begin to die 
after 24 h treatment whereas low MYCN cells begin to die after 48 h treatment (arrows). 
(B) Cytotoxicity of IMP1088 in SKNAS cells. Cell death had not plateaued after 5 days of 
NMTi treatment. (C) Confluency of SKNAS cells treated with IMP1088 over 10 days. (D) 
Cytotoxicity of IMP1088 in SKNAS cells over 10 days. Data are represented as mean ± 
s.e.m. 
 

for these differences could be the overall MYC family protein expression in these cells; 

SKNAS and SKNSH cells express MYC, whereas SHEP cells do not express MYC or 

MYCN185. Since N-myristoylation is predominantly co-translational, cells with higher 

protein synthesis and turnover rates should be more sensitive to NMT inhibition; MYC 

family proteins promote protein synthesis and drive cell cycle progression155. Possibly, 

SHEP cells transition into a protective quiescent state upon NMTi challenge, in which 

protein synthesis is blunted, due to the lack of MYC or MYCN-enforced cell cycle 

progression. This may be prevented in MYC or MYCN-expressing cells, but in the context 

of neuroblastoma MYCN appears to induce a greater sensitivity to NMTi than MYC. This 

could be due to differences between MYC and MYCN-mediated transcriptional programs, 

such as their differential binding to MIZ-1195. Therefore, it may be that in the context of 

neuroblastoma, the cellular state induced by MYCN expression is particularly sensitive to 

NMTi, whereas MYC-expressing cells eventually also succumb to NMT inhibition. Lack of 

any MYC or MYCN expression may allow a cellular response blunting the effects of NMTi. 
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Table 2.1 Sensitivity to DDD86481 also correlates with MYCN status. Abs IC50 values 
for DDD86481 in the indicated cell lines. * Extrapolated IC50s 
 

Finally, to confirm that these results are due to on-target NMT inhibition, the effects of the 

chemically distinct NMTi DDD86481/PCLX-001142 was investigated. As expected, 

DDD86481 was efficacious in high but not low MYCN cells in a dose-dependent manner, 

with a 3.9-fold increase in IC50 upon MYCN ablation in SHEP21N cells (Table 2.1, 

Appendix Figure 3). The IC50 values obtained for DDD86481 were also higher than those 

for IMP1088, consistent with IMP1088 being more potent than DDD8648166 (Figure 2.4). 

2.1.3 NMTi-induced cell death is not due to MYCN downregulation 

As discussed in the introduction, induction of MYCN degradation is considered a 

therapeutically viable strategy in neuroblastoma, given the oncogenicity associated with 

MYCN in this disease. As mTOR inhibitors can stimulate MYCN degradation251, and as 

NMT inhibition has been shown to induce mTORC1 inhibition through degradation of the 

NMT substrate LAMTOR1146,147, the potential contribution of MYCN depletion to 

NMTi-mediated cell death was investigated in a reduced panel of neuroblastoma cell lines 

 

Figure 2.4 IMP1088 is more potent than DDD86481. Dose-response curves for IMP1088 
and DDD86481 in A) IMR5 and B) high MYCN SHEP21N cell lines. One representative 
biological replicate, carried out in technical triplicate, is shown. Curves were fitted in Prism 
using the absolute IC50 method.  
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Figure 2.5 The cytotoxicity of IMP1088 is not due to downregulation of MYC family 

proteins. A) Schematic of the target engagement workflow. Cells were pre-treated with 
100 nM IMP1088 or DMSO for 30 min, treated with YnMyr for 18 h and lysed. YnMyr-
tagged proteins were ligated to a TAMRA azide fluorophore and metabolic incorporation 
assessed by in-gel fluorescence. NMT inhibition results in reduced fluorescence. B) Initial 
target engagement assessment and western blots for MYC family proteins. The presence 
of a higher MW band in ARL1 blots corresponds to YnMyr-tagged and clicked ARL1. C) 
Western blots for MYC family proteins across a panel of neuroblastoma cell lines.  
 
(IMR5, SKNAS and SHEP21N). Cells were treated with DMSO or 100 nM IMP1088, 

sufficient to induce robust cell death, and labelled with YnMyr for 18 h to measure target 

engagement (Figure 2.5A). Under these conditions, robust inhibition of cellular 

N-myristoylation was seen in all cell lines, as identified by in-gel fluorescence and the loss 

of a higher molecular weight band for ARL1; this corresponds to YnMyr-labelled and 

TAMRA-modified ARL1 (Figure 2.5B)116. Initial results were mixed on the effect of MYCN, 

with a decrease in SHEP21N but not IMR5 MYCN levels upon NMTi treatment observed 

and an absent MYC signal in the DMSO treated SKNAS samples, indicating technical 

issues with the western blot workflow. Subsequent repeats of western blots for MYC and 
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MYCN across a range of neuroblastoma cell lines revealed however that MYC proteins 

were not depleted by NMTi treatment (Figure 2.5C). Therefore, MYC protein depletion 

does not contribute to NMTi cytotoxicity, consistent with a mechanism of action 

downstream of MYCN expression.  

2.2 Investigating the contribution of ferroptosis to NMTi-induced 

cell death 

2.2.1 Introduction to ferroptosis 

While apoptosis is the best characterised form of programmed cell death (PCD), multiple 

other mechanisms of PCD have been characterised, including necroptosis, pyroptosis and 

ferroptosis268. In particular, interest in ferroptosis induction as an anti-cancer strategy has 

risen significantly in recent years due to the finding that both conventionally drug-resistant 

and metastatic cells are sensitised to ferroptosis269,270. Mechanistically, ferroptosis is a 

form of iron-dependent cell death, in which intracellular iron promotes the generation of 

reactive oxygen species (ROS, Figure 2.6A). These then oxidise membrane 

phospholipids containing polyunsaturated fatty acids to generate lipid peroxides and 

thence lipid peroxyl radicals, which induces membrane damage and cell death. Ferroptosis 

can be prevented on the one hand by the system xc-/GSH/GPX4 axis, in which GPX4 

catalyses the reduction of lipid peroxides using glutathione (GSH)271, or alternatively by 

trapping of peroxyl lipid radicals by ubiquinone, which is regenerated by FSP1143,144. 

Notably, FSP1 is a NMT substrate and N-myristoylation is required for its activity. 

2.2.2 Ferroptosis does not contribute to NMTi-induced cell death 

 As MNA neuroblastomas have recently been reported to be highly sensitive to ferroptosis 

induction256-258, whether NMTi induced ferroptosis in the MNA IMR5 cell line was studied 

using the ferroptosis inhibitor UAMC-3203, which inhibits lipid peroxidation272. UAMC-3203 

alone (1 nM to 1 μM) did not affect the viability or proliferation of IMR5 cells, however 

UAMC-3203 did inhibit RSL3-induced ferroptotic cell death in a dose-dependent manner 

at low nanomolar concentrations (Appendix Figure 4), verifying its suitability as a tool 

compound. However, UAMC-3203 was not able to inhibit IMP1088-mediated cell death 

even at 1 μM, indicating that cell death due to NMT inhibition is not ferroptotic, although 

notably the combination of IMP1088 and RSL3 displayed synergistic effects (Figure 2.6B). 
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Figure 2.6 IMP1088 does not induce ferroptosis in IMR5 cells but synergises with RSL3. 
A) The ferroptosis pathway and its major regulatory pathways. Intracellular iron catalyses 
the formation of phospholipid radicals, which can propagate, resulting in membrane 
damage and cell death. GPX4 is the main antioxidant system regulating ferroptosis and 
reduces lipid peroxides using glutathione to prevent radical formation. Alternatively, 
ubiquinol traps phospholipid radicals and is regenerated by the NMT substrate FSP1. 
RSL3 induces ferroptosis by direct inhibition of GPX4, while the myristate group is critical 
for FSP1 activity. (B) Effects of the indicated compounds on IMR5 proliferation (left) and 
survival (right). Data are plotted as mean ± s.e.m. 
 

Synergy was quantified using the Bliss independence model, which assumes that the two 

drugs are independent and do not mechanistically overlap273. As RSL3 induces ferroptosis 

through direct inhibition of GPX4274, which is not a NMT substrate, this was considered a 

reasonable assumption. The combination index (CI) of 50 nM RSL3 with 100 nM IMP1088 

was 0.55, whereas a CI<1 indicates synergy. Inspection of the cytotoxicity curves (Figure 

2.6B) showed that the main contribution to this effect was an increase in the early peak of 

cell death corresponding to RSL3-induced ferroptosis, indicating that IMP1088 treatment 

induces lipid peroxidation in a relatively short timeframe. However, it is likely that such 

levels of lipid peroxidation are rescued by GPX4 upon IMP1088 treatment alone, 

precluding ferroptosis. Furthermore, triple treatment of IMR5 cells with RSL3, IMP1088 
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and UAMC-3203 showed a distinct profile of cell death, with an earlier and greater 

induction of cell death than IMP1088 treatment alone. This is notable given that a 

significant indicator of sensitivity to NMTi is the time required to induce cell death. 

Therefore, GPX4 inhibition potentiates NMTi-induced cell death even in the absence of 

lipid peroxidation, possibly by accelerating general oxidative damage. Such an effect was 

probably not seen in the RSL3/IMP1088 double treatment due to induction of ferroptosis. 

Overall, these results indicate that ferroptosis does not contribute to NMTi-induced cell 

death, which is likely apoptotic as has been previously observed in multiple models142,149, 

although it has recently been reported that NMTi can induce parthanatos in lung cancer 

models275. Regardless, the results also indicate that NMTi induces oxidative stress and 

synergise with ferroptosis inducers to elicit a greater degree of cell death compared to 

single agent treatments in MNA neuroblastomas cells.  

2.3 Investigating the contribution of ER stress and the UPR to 

NMTi-induced cell death 

2.3.1 Introduction to the UPR 

Previous mechanistic studies have linked induction of endoplasmic reticulum (ER) stress 

and subsequent activation of the unfolded protein response (UPR) to NMT inhibition142,149. 

Notably, NMTi are potent senolytics and induce ER accumulation of cytokines in 

senescent (cancer) cells, leading to UPR induction and cell death150. Therefore, the 

induction of the UPR in neuroblastoma was also investigated.  

Mechanistically, ER stress, arising from the accumulation of misfolded or unfolded proteins 

in the ER lumen, is detected by the three sensor proteins IRE1α, PERK and ATF6 via the 

chaperone protein BiP276. While BiP usually associates with these sensors, it preferentially 

binds to misfolded proteins. BiP disassociation therefore allows PERK and IRE1α to 

self-dimerise and auto-phosphorylate, and for ATF6 to translocate to the Golgi under 

conditions of ER stress. These changes then induce UPR activation to promote clearance 

of misfolded proteins, or apoptosis if ER stress is unresolvable.  
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2.3.2 The UPR is not activated by NMTi in MNA neuroblastomas to induce cell 

death 

In order to assay UPR activation, western blotting against canonical UPR markers was 

carried out. Additionally, three ER stress inducers were used as positive controls: 

tunicamycin (Tm), thapsigargin (Tg) and Brefeldin A (BFA), as it has been reported that 

the UPR may be differentially activated depending on the mechanism of ER stress 

induction277. The treatment conditions for the positive controls were first optimised and 

18 h treatment with each control most robustly induced the UPR in SHEP21N cells 

(Appendix Figure 5). It was also noted that the signal for phosphorylated eIF2α, which is 

downstream of PERK activation, was very low when 20 μg of total protein input was used, 

and therefore 40 μg was subsequently used when blotting for phosphorylated proteins.  

Next, the effect of 100 nM IMP1088 (18, 36 and 60 h treatment) was investigated in high 

MYCN SHEP21N cells. Overall, the UPR did not appear to be activated, except only 

slightly after 60 h of IMP1088 treatment, well after initial induction of cell death (Figure 

2.7). This was clearly demonstrated by the lack of upregulation of BiP, CHOP and ATF4, 

contrary to the results in the positive controls. Both ATF4 and CHOP are upregulated by 

PERK signalling; ATF4 mediates transcription of genes involved in protein folding and 

amino acid metabolism whereas CHOP mediates apoptosis276. CHOP is also upregulated 

downstream of IRE1α activation. Similar results were also observed for eIF2α 

phosphorylation. While these showed a clear lack of UPR signalling, the interpretation of 

the IRE1α and PERK blots was less clear. Total IRE1α was not affected by IMP1088 but 

was greatly increased in the Tg and BFA treated positive controls, indicating a lack of UPR 

induction by IMP1088 in a similar fashion to these positive controls. The phospho-IRE1α 

blot also showed accumulation of a higher molecular weight band ~250 kDa in size upon 

IMP1088 treatment, which was apparent even after 18 h treatment and was also present 

upon Tm but not Tg or BFA treatment, suggesting that effects on IRE1α activation by 

IMP1088 are more similar to the effects of Tm. This molecular weight corresponds to 

dimerised IRE1α, potentially due to incomplete denaturing prior to SDS-PAGE. As 

dimerised, phosphorylated IRE1α is the active form, this suggests IRE1α activation by 

IMP1088, although the results should be interpreted with caution given that this higher 

molecular weight band is not seen in the total IRE1α blots. This could be because the 

antibody against total IRE1α is unable to bind to the dimeric form; the antibody binds 

residues around His963, which is relatively close to the dimer interface. As normalisation  
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Figure 2.7 ER stress and the UPR do not initiate cell death in high MYCN SHEP21N cells 

upon NMT inhibition. Western blots for proteins involved in the UPR upon treatment with 
100 nM IMP1088 for 18-60 h. Tunicamycin (5 mg/mL), thapsigargin (100 nM) and brefeldin 
A (2 μg/mL) were used as positive controls. 
 

of phospho-blots against total protein amounts is necessary to quantify phosphorylation 

activation, robust interpretation of the current results is not possible. This likely contributes 

to the differences seen in the positive controls, although the cells may also be at different 

stages of the UPR depending on the positive control used. For example, Tg or BFA treated 

cells may be in a more apoptosis committed state than Tm treated cells, as suggested by 

the higher levels of CHOP in these samples. Such a state may also correspond to 

attenuated IRE1α phosphorylation but increased total protein accumulation. When 

considering the PERK results, it was not possible to draw a definitive conclusion about its 

phosphorylation due to the low signal. This is a known difficulty for direct measurement of 

PERK phosphorylation by western blot278 due to the low total abundance of the proteins 

and variable phospho-antibody performance. Additionally, total PERK levels increased in 

NMTi treated samples which has been seen to correlate with UPR induction279, although 

this was only the case with the BFA positive control in this study. Finally, western blots in 

IMP1088-treated IMR5 cells showed similar effects, with slight induction of UPR only after 

60 h treatment with 100 nM IMP1088, although 1 μM IMP1088 may induce UPR in this 

cell line at earlier timepoints (Appendix Figure 6). 

Taken together, these results indicate that the UPR does not contribute significantly to 

initiating IMP1088-induced cell death in high MYCN neuroblastoma contexts. Some 

indications of possible IRE1α or PERK activation was seen, although these do not 
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translate into activation of downstream signalling and indeed further validation of their 

activation is required. As western blotting for phosphorylation status has proved difficult, 

alternative approaches such as the use of Phos-tag gels or measurement of XBP1 splicing 

directly downstream of IRE1α should constitute better approaches278. A likely explanation 

for the lack of observed UPR activation in the neuroblastoma context comes from the 

duration of NMTi treatment. UPR activation was observed after three (HeLa)149 or five 

(senescent cells)150 days of NMTi treatment whereas the latest timepoint measured in this 

study was 60 h (2.5 days), when UPR induction was just beginning to occur, consistent 

with the time-dependent induction of UPR in HeLa cells. While NMTi may therefore 

eventually induce the UPR in MNA neuroblastoma cells, it appears that other effects of 

NMTi induce cell death first. 

2.4 YnMyr profiling of NMT substrates in IMR5 cells 

2.4.1 Introduction 

As mentioned in the introduction, metabolic tagging of NMT substrates using YnMyr and 

subsequent LC-MS/MS based proteomic analysis is a powerful technique to interrogate 

the N-myristoylated proteome. As N-myristoylation has not been profiled in neuroblastoma 

to date, this method was applied to IMR5 cells as a representative MNA cell line to identify 

NMT substrates possibly unique to neuroblastoma and investigate the NMT substrate 

profile in neuroblastoma. Following previously established protocols111, three biological 

conditions were prepared in triplicate for LFQ proteomic analysis: myristic acid (Myr) 

treated (negative control), YnMyr treated, and both YnMyr and IMP1088 treated. Cells 

were pre-treated with DMSO or 100 nM IMP1088 for 30 min followed by an 18 h incubation 

with YnMyr before cell lysis. Proteins were then ligated to AzRB, biotin-labelled proteins 

enriched on neutravidin beads, digested, and submitted for analysis. 337 proteins were 

identified in at least one replicate, and principal component analysis (PCA) plots showed 

that the samples segregated well based on experimental condition (Appendix Figure 7). 

2.4.2 Direct detection of NMT substrates 

The most unambiguous method to identify NMT substrates is direct detection of the 

modified peptide; in this case, the AzRB-YnMyr adduct. Direct detection of 14 such 

peptides, corresponding to 15 proteins, were identified in YnMyr labelled samples 
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(Appendix Table 2). These all corresponded to NMT substrates for which direct detection 

of the N-terminally modified peptide had already been identified, further indicating that the 

experiment worked well. All but three peptides were previously identified in analogous 

YnMyr proteomic experiments26,110, whereas the native N-myristoylated peptide for the 

other three (PRKAB2, FMNL2, PRKACB) had been identified in human brain extracts43.  

2.4.3 Initial profiling of NMT substrates: protein enrichment in YnMyr-treated 

samples relative to Myr-treated controls 

Due to the limitations on detecting modified peptides, measuring protein enrichment upon 

YnMyr labelling remains the predominant way to identify NMT substrates. As an initial 

approach, CoT NMT substrates were assayed by comparing the Myr-treated samples with 

the YnMyr-treated samples. A stringent filtering strategy was initially tested (requiring 2 

valid values in each condition to exclude low confidence protein identifications), but this 

only yielded 70 proteins, including just one canonical NMT substrate, MARCKS, which 

was highly enriched in the YnMyr-treated condition (log2FC=10.26; FC=fold change) 

(Figure 2.8A). The next most enriched proteins did not possess a Gly2. However, many 

of the proteins were filtered out due to missing values in the Myr-treated group, indicative 

of selective pull-down only upon metabolic labelling. As a result, this filtering strategy was 

considered to be too stringent and a more permissive filter (3 valid values in at least one 

condition, which was always at least the YnMyr treated sample) was used. 198 proteins 

passed this filter including 62 canonical NMT substrates, confirming that selective 

enrichment of YnMyr-labelled NMT substrates was a major cause of the missing values. 

Missing values were imputated from a downshifted normal distribution as default in 

Perseus, the processing software used, and the results visualised in a volcano plot (Figure 

2.8B). 

In order to avoid over-interpretation of the results due to the use of imputation, significantly 

enriched proteins were classified as those proteins with a p-value<0.05 (-log10(p-

value)>1.3), a standard significance cut-off used in such experiments, and a log2FC>3.18. 

This FC cut off corresponded to that of YWHAE, which was the most enriched non-NMT 

substrate using the stringent filtering threshold and 80% of identified canonical NMT 

substrates passed this threshold. This resulted in the identification of 55 canonical CoT  
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Figure 2.8 YnMyr proteomics in IMR5 cells confirms five proteins as endogenous CoT 

NMT substrates. Volcano plots showing proteins enriched upon YnMyr treatment 
compared to Myr control using a stringent (A) or a relaxed (B) filter or compared to samples 
pretreated with 100 nM IMP1088 for 30 minutes using a stringent (C) or a relaxed (D) filter 
threshold. Stringent filter thresholds required two valid values in both conditions. Relaxed 
filter thresholds required three valid values in at least one condition with missing values 
imputated. Proteins in the top right sector were considered significantly enriched in YnMyr 
samples. Volcano plots were constructed in Perseus using a two-tailed student’s t-test. 
CoT Myr; proteins with a N-terminal glycine which incorporate YnMyr in a NMTi-dependent 
manner or for which the N-myristoylated N-terminal peptide has been identified, PTM Myr; 
proteins lacking a N-terminal glycine which incorporate YnMyr in a NMTi-dependent 
manner during e.g. apoptosis, CoT Myr (low confidence); proteins with a N-terminal glycine 
which incorporate YnMyr in an NMTi-independent manner. All assignments are based 
primarily from in-house and previously published proteomic datasets (references 
26,43,110,112,116). 
 
NMT substrates as well as 5 glycine starting proteins (Gly2) not previously verified in our 

in-house high confidence NMT substrate list: FAM84A (also known as LRATD1), 

TRAPPC3, LZTS1, EEPD1 and PLGRKT. It is relevant to re-iterate here that enrichment 
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upon YnMyr treatment by itself is not enough to qualify a Gly2 starting protein as a native 

high confidence CoT NMT substrate, due to possible incorporation of YnMyr through 

alternative lipid processing methods and co-enrichment of NMT substrate interactors26. 

However, four of the five non-high confidence Gly2 proteins identified had all been 

annotated as potential NMT substrates: previous YnMyr proteomic datasets had identified 

both PLGRKT and EEPD1 as enriched upon YnMyr incorporation26,110. Wild type, but not 

G2A EEPD1 additionally incorporated radiolabelled myristate ([3H]Myr) when transfected 

in HEK293 cells280. Similarly, [3H]Myr labelled wild type but not G2A rat LZTS1 expressed 

in COS7 cells281; rat and human LZTS1 only differ at one amino acid in the first 20 amino 

acids. Finally, LRATD1 was previously suggested to be a NMT substrate based on peptide 

studies43, but evidence for its N-myristoylation was only shown in cells for the first time 

shortly before this study. Transiently expressed LRATD1 was labelled by YnMyr, which 

was abolished by treatment with the NMTi DDD85646 or the G2A mutation282. These 

evidence show that the aforementioned proteins are NMT substrates under the 

experimental conditions tested, although the use of overexpression systems can induce 

non-physiological lipidation. Therefore, confirmation that these proteins are endogenous 

NMT substrates is still desirable. 

2.4.4 Validation of identified CoT NMT substrates: identification of 

NMTi-responsive proteins 

To verify the results of the above analysis, the YnMyr treated condition was then compared 

with the YnMyr + IMP1088 treated condition. Stringent filtering of proteins as above yielded 

163 proteins and showed robust enrichment of known CoT NMT substrates in 

YnMyr-treated samples over IMP1088-treated samples (p<0.05, log2FC>1, 22/38 

identified substrates) including FAM84A, confirming it as a CoT NMT substrate at 

physiological concentrations. This fold-change cut off, although arbitrary, corresponds to 

a 2-fold difference in abundance and again is a commonly used threshold for differential 

proteomics to represent a meaningful abundance change. However, TRAPPC3 intensities 

were not affected by NMT inhibition, disqualifying it as a NMT substrate (Figure 2.8C). 

Two other proteins were also significantly enriched in this analysis, PSMD2 and PSMC2, 

although they were likely enriched through their interactions with PSMC1, a known NMT 

substrate283.  
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When the more relaxed filter was used (3 valid values in at least one condition), a further 

38 proteins were identified, with a majority (27) of these again annotated as canonical NMT 

substrates. Using this dataset, 47 canonical NMT substrates were significantly NMTi 

responsive (Figure 2.8D). Furthermore, EEPD1, LZTS1 and PLGRKT were also identified. 

These were significantly NMTi responsive and more robustly so than multiple canonical 

NMT substrates, confirming them as endogenous NMT substrates. In addition, one further 

low-confidence NMT substrate was identified as NMTi sensitive: PCMTD2, which was 

previously only identified as enriched upon YnMyr treatment. This protein did not meet the 

required FC threshold in the previous YnMyr vs Myr analysis to be considered enriched, 

however this is likely due to stochasticity introduced by imputation, as no PCMTD2 was 

detected in the Myr treated samples.  

2.4.5 Comparison with the HeLa N-myristoylated proteome 

To investigate whether an altered expression profile of NMT substrates could affect NMTi 

sensitivity, the NMTi sensitive NMT substrates identified in IMR5 cells were compared with 

those previously identified in HeLa cells, which are less phenotypically sensitive to 

NMTi116,149. A majority of such NMT substrates were identified in both cell lines, with only 

5 substrates only identified in IMR5 cells: 

 

CHCHD6: This protein is part of the core of the MICOS complex, which maintains the 

cristae in the mitochondrial inner membrane and maintains ATP production through 

oxidative phosphorylation284. 

 

EEPD1: EEPD1 has been suggested to be important to maintain genomic stability through 

the repair of oxidative damage at replication forks285 and appears to promote homologous 

recombination over non-homologous end-joining. Furthermore, EEPD1 induces 

cholesterol efflux in macrophages to inhibit inflammatory signalling286. 

 

FAM84A/LRATD1: This is a poorly characterised protein, although interestingly expression 

of this protein is undetectable in normal tissues but upregulated in certain cancer 

contexts287. Assays have demonstrated that LRATD1 expression upregulates the 

migratory, but not proliferative, capacity of cells, suggesting a role in metastasis. 
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LZTS1: The canonical role of this protein is to inhibit cell cycle progression and mitosis. 

Under normal conditions, LZTS1 interacts with the CDK1-Cyclin B complex and 

assembled microtubules in late G2-M phase, however LZTS1 destabilisation induces exit 

from mitosis and increased proliferation and hypertetraploidy288. Accordingly, LZTS1 is an 

established tumour suppressor; an estimated 60% of tumours downregulate LZTS1 and 

LZTS1-/- mice spontaneously develop neoplasms289. 

 

PCMTD2: This protein appears to be part of an Elongin B and C–Cul2 or Cul5–SOCS box 

protein (ECS) E3 ubiquitin ligase complex and therefore mediates protein quality control290. 

In CD8+ T cells, PCMTD2 appears to solely mediate aspects of CUL5 function and 

promote protein ubiquitination leading to T cell activation.  

 

However, as only a few differences were observed in HeLa and IMR5 cells, it was 

considered that the NMT substrate scope in IMR5 cells did not significantly differ from 

those in HeLa cells and that the effects of NMTi are mediated through generally similar 

pools of NMT substrates. While LZTS1 is not expressed in HeLa cells291, which would 

explain its selective detection in IMR5 cells, the other proteins are expressed in HeLa cells. 

Selective detection in these cases most probably arises from technical factors, including 

differences in the sample preparation workflow, LC-MS/MS conditions such as run time 

and in particular the use of data-dependent acquisition (DDA)292. DDA selects a given 

number of precursor (peptides) for ionisation for MS/MS analysis, generally the top N most 

abundant peptides in a given retention time and m/z window. Alongside inherently biasing 

quantification towards more abundant proteins, this method introduces stochasticity 

between separate LC-MS/MS runs and therefore missing values.  

2.5 YnMyr profiling of NMT substrates in SHEP21N cells 

2.5.1 Re-optimisation of the proteomic workflow  

To further assess NMTi mechanism of action (MoA) and differences between high and low 

MYCN conditions, the SHEP21N cell line was chosen as the main cell model due to its 

isogenic nature. Therefore, the NMT substrate profile and their response to NMTi was also  
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Table 2.2 Protein input for YnMyr proteomics can be scaled down without loss of depth 

using a timsTOF HT mass spectrometer. The number of CoT NMT substrates identified 
in the optimisation experiment (n=1) in Myr and YnMyr treated samples respectively. 
 
assessed in this cell line. Due to the acquisition of a new timsTOF HT mass spectrometer, 

which has increased sensitivity compared to the QExactive used in the IMR5 study, the 

experimental protocol was first reassessed. The goal was to minimise the protein input 

amount without loss of NMT substrate detection while also reducing avidin contamination, 

which was prevalent in the previous experiments and contributes to reduced protein 

identifications and lowered LCMS/MS performance. If a reduced protein input is tolerated, 

then automation of this workflow, of growing interest in the Tate group, would also be 

enabled. Cells were treated with Myr or YnMyr for 18 h and different protein input 

amountswere tested (100, 250, 500, 750 and 1000 μg), whereas the bead volume ratio 

was kept as 1:10 bead volume:input protein. For input amounts requiring <30 μL beads,  

 

 

Figure 2.9 Streptavidin contamination in YnMyr pull-down samples. Peak area of 
peptides corresponding to streptavidin contaminant peptides identified in the YnMyr pull-
down optimisation samples. A global proteomics sample prepared without streptavidin 
beads is used as a negative control (rightmost sample, not pulldown). The peptide species 
(mass/charge) are shown. 
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blank agarose beads up to 30 μL were added. Samples were then processed using an 

updated protocol described in the Methods section, although the general steps were the 

same; Dr Jack Houghton assisted with the sample preparation. The results of this 

optimisation experiment showed that the number of identified NMT substrates (~90) was 

similar across all input amounts in YnMyr, and highly increased over Myr treated control 

samples (generally <10), confirming that protein identification and quantification using a 

timsTOF HT enables scaling down of input amounts without loss of depth (Table 2.2). 

Although only one replicate was prepared per condition, comparable results were 

observed for other pull-down protocols in the Tate group. Additionally, the amount of avidin 

contamination was relatively similar for all samples, but lowest for the 100 and 250 μg 

protein conditions, which use the lowest number of beads (Figure 2.9). Therefore 100 μg 

protein input was taken forward for pull-down proteomics. 

2.5.2 NMT substrate profiles in SHEP21N cells 

To assess NMT substrates in SHEP21N cells, only the more robust comparison between 

the YnMyr treated and the YnMyr/IMP1088 treated samples was considered. Cells were 

treated as for IMR5 cells, except quadruplicates were prepared for each condition, and 

samples prepared using the optimised protocol. Sample preparation was conducted with 

Daria Berezina. Generally, the PCA plots for both MYCN conditions showed reasonable 

separation of the samples by treatment condition especially by PC2, although some 

intra-group variation was seen (Appendix Figure 8). Seven modified N-terminal peptides 

corresponding to canonical NMT substrates were detected and these again corresponded 

to those previously identified (Appendix Table 3). For differential enrichment analysis, 

proteins were filtered against the requirement for three valid values in at least one condition 

and the missing values imputated as for the IMR5 experiment. Significantly NMTi 

responsive proteins, according to the same criteria used in the IMR5 experiment 

(log2FC>1, p<0.05, 88% confidence interval), in high MYCN cells that were not known 

NMT substrates did not possess N-terminal glycines apart from SCFD1 (Figure 2.10A), 

where a Gly2 is present in a secondary isoform due to the absence of amino acids 1-67 of 

the canonical sequence. However, the peptides responsible for this enrichment were 

residues 2-16 of the canonical sequence, disqualifying it as a CoT NMT substrate. 

Similarly, the only non-canonical NMT substrate with a N-terminal glycine in the low MYCN 

condition was YARS1 (Figure 2.10B), which was previously non-NMTi responsive in HeLa 
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Figure 2.10 YnMyr proteomics in SHEP21N cells identifies no novel NMT substrates. 
Volcano plots showing proteins enriched upon YnMyr treatment compared to samples 
pretreated with 100 nM IMP1088 for 30 minutes in high (A) or low (B) MYCN SHEP21N 
cells. Protein filter thresholds required three valid values in at least one condition and 
missing values imputated. Proteins in the top right sector were considered significantly 
enriched. Volcano plots were constructed in Perseus using a two-tailed student’s t-test. 
 
cells and thus classified as not a NMT substrate26. However, this is most likely a false 

positive resulting from imputation, as the p-values and fold changes were close to the 

thresholds used (log2FC=1.10, p=0.03) and the protein was lowly abundant in the YnMyr 

samples to begin with. Furthermore, YARS1 is not NMTi-responsive in the high MYCN 

state, where it was detected in at least two replicates for each condition and most 

importantly the N-terminal peptide of YARS1 has previously been detected as 

N-acetylated but not N-myristoylated43. Therefore, no new NMT substrates were detected 

in SHEP21N cells.  

2.5.3 Comparison of NMT substrate profiles in high and low MYCN contexts 

Finally, because abundance depletion upon NMTi treatment reflects how sensitive a given 

protein’s N-myristoylation state is to NMT inhibition, which may provide a rationale for 

observed phenotypic differences, the fold changes for known substrates in the high and 

low MYCN cells were compared. Indeed, multiple NMT substrates were differentially NMTi 

sensitive depending on MYCN status (Figure 2.11). In this figure, the effect of IMP1088 

on the N-myristoylated proteoform of NMT substrates is compared in the high and low 

MYCN states. For the proteins on the left-hand side of the graph, loss of the N-

myristoylated proteoform (as indicated by the enriched YnMyr-labelled subpopulation) is 
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Figure 2.11 Multiple NMT substrates are differentially sensitive to NMTi depending on 

cellular MYCN status. Ranked responses of NMT substrates to IMP1088 as measured by 
loss of YnMyr enrichment. Positive values indicate greater depletion upon IMP1088 
treatment in high MYCN states. Data are shown as mean + s.e.m. of n = 4 biological 
replicates. 
 

greater in the high MYCN state than the low MYCN state upon NMTi treatment. The 

pathways regulated by these proteoforms may therefore be disproportionally affected in 

the high MYCN state and could explain the greater sensitivity of the high MYCN state to 

NMT inhibition. The functions for the proteins most differentially affected in the high and 

low MYCN states are highlighted below: 

 

More affected in high MYCN: 

DMAC1 This is an essential assembly factor for RC1 of the electron transport 

chain (ETC)293. Notably, loss of N-myristoylation in the G2A mutant is 

associated with significant loss of protein expression, although it does 

not affect its localisation265. 

SVIP SVIP is an interactor of p97/VCP, a widely expressed protein with key 

roles for protein maintenance, being known to regulate protein 

ubiquitination and autophagy. In particular, SVIP has been shown to 
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regulate VCP localisation, promoting lysosomal recruitment and 

inhibiting ER-associated degradation (ERAD)294,295. N-myristoylation of 

SVIP is necessary for its S-acylation and subsequent localisation and 

may also modulate protein interactions with VCP296. Therefore, SVIP 

appears to regulate VCP in a N-myristoylation dependent manner. 

DEGS1 This fatty acid desaturase participates in sphingolipid metabolism and 

catalyses the last step of ceramide biosynthesis297. DEGS1 is localised 

in the ER and mitochondria and therefore DEGS1 deficiency is 

associated with mitochondrial dysfunction and defective lipid 

metabolism298. The myristoyl group of DEGS1 promotes mitochondrial 

localisation of the protein and also increases the enzyme’s activity. 

LRRC57 This is a broadly uncharacterised protein with unknown function. 

Structurally, the protein contains leucine rich repeats, which primarily 

facilitate protein-protein interactions (PPIs)299. 

NDUFB7 This is a functionally relevant accessory component of RC1; an intronic 

mutation in this gene which depletes NDUFB7 also reduces activity of 

RC1 and is associated with severe congenital lactic acidosis in 

humans300. N-myristoylation of NDUFB7 is required for its mitochondrial 

localisation and acts as an anchor to the intermembrane space 

leaflet301. The myristoyl group also participates in PPIs, binding in a 

groove in MT-ND5, although the functional importance of this 

interaction has not been investigated. 

More affected in low MYCN: 

GORASP2 This is a protein which regulates multiple aspects of Golgi structure. 

Most prevalently, the Golgi exists as stacks of cisternae, and 

GORASP2 appears to link cisternae together through protein-protein 

interactions with GORASP domains on adjacent cisternae, although 

some debate over the exact function of GORASP proteins exists302,303. 

GORASP2 has also been linked to multiple other functions including 

formation of Golgi ribbons, disassembly and reassembly of the Golgi 

after mitosis and unconventional secretion of proteins304. Studies on the 
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function of GORASP2 N-myristoylation have been limited to in vitro, 

non-cellular contexts, but indicate its importance in membrane 

localisation and dimerisation305. 

GNAI1 Binding of G protein-coupled receptors (GPCRs) by a ligand trigger the 

activation of GTP binding small heterotrimeric G-proteins, consisting of 

α, β and γ subunits306. This is an inhibitory α subunit (Gαi), meaning 

that upon activation, it inhibits cAMP production by adenylate cyclase 

and therefore downregulates protein kinase A (PKA) signalling, leading 

to a variety of effects. The myristoyl group is required for membrane 

association. 

PPM1B This is a protein phosphatase 2C (PP2C) serine/threonine protein 

phosphatase; these phosphatases negatively regulate cell stress 

pathways. PPM1B has multiple targets, including CDKs, AMPK and 

IKKβ, through which it regulates cell cycle, metabolism and NF-κB 

signalling, among others307. The myristoyl group appears to be involved 

in PPM1B substrate recognition, decoupled from its effects on 

localisation308.  

ARF5 A member of the GTP binding ADP-ribosylation factor (ARF) family 

which are primarily active at the Golgi. Active ARFs recruit a variety of 

effectors in their active state, in particular vesicle coat proteins and lipid 

modifying proteins, to regulate vesicular transport and membrane 

composition309. N-myristoylation is important for ARF proteins to 

maintain membrane localisation and therefore activity. 

PTK7 A receptor tyrosine kinase (RTK), PTK7 notably does not possess 

intrinsic catalytic ability, but acts as a dimerisation scaffold to potentiate 

active RTKs310. The best characterised role of PTK7 is its participation 

in the Wnt signalling pathway through which it has been implicated in 

cytoskeletal reorganisation and cell proliferation. PTK7 is 

overexpressed in multiple cancers and has been linked to metastatic 

disease and worse prognosis, including in breast, lung, and cervical 

cancers. 
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It is notable that of the proteins most selectively affected in high MYCN cells upon NMT 

inhibition, two were directly related to RC1, and a third related to mitochondrial 

organisation, suggesting that the mitochondria may be disproportionately affected in high 

MYCN states. Conversely, Golgi-associated functions or general signalling may be more 

perturbed in low MYCN states, although whether selective dysregulation of specific 

pathways contributes to differences in NMTi sensitivity requires further validation.  

2.6 Chapter conclusions and future work 

A range of phenotypic assays investigating the impact of NMTi, as well as chemical 

proteomic profiling of NMT substrates in neuroblastoma cell models was described in this 

chapter. Cytotoxicity assays in a panel of neuroblastoma cell lines, including the isogenic 

SHEP21N cell line, confirmed that MYCN expression sensitises to NMTi in neuroblastoma 

cells (Figure 2.2). One consideration, however, is that the assay protocol used involved 

treatment of cells with NMTi for at least 5 days without media replacement. Therefore, it is 

possible that depletion of some media nutrients, especially in the longer assays, would 

alter the metabolic profile of the cells and contribute to the cellular responses observed. 

Therefore, repetition of these experiments in the future with media replenishment would 

be beneficial. Additionally, when considering the results in the SHEP21N cell line, the 

effect of doxycycline on the cells, independent of its effect on MYCN expression, was not 

considered. This could be addressed in future experiments by treatment of the parental 

SHEP cell line with doxycycline and NMTi simultaneously. However, generally, the results 

are consistent with the sensitivity previously observed in MYC-deregulated cells66 and 

more generally for haematopoietic cancers such as Burkitt’s lymphoma, in which 

MYC-associated chromosomal translocations are known drivers154. Therefore, the 

mechanisms mediating increased sensitivity to NMTi are likely to be similar between MYC 

paralogues and are downstream of MYC/MYCN themselves in tumours, as MYCN levels 

were not affected by NMTi (Figure 2.5). This latter result was also demonstrated for MYC 

in the P493-6 cell line (manuscript under review). 

As recent reports have demonstrated significant sensitivity of MNA neuroblastomas to 

ferroptosis induction, the contribution of this PCD mechanism in the context of NMTi was 

assessed but found to be negligible (Figure 2.6). This is probably because any loss of 

anti-ferroptotic mechanisms by loss of FSP1 N-myristoylation is compensated by a still 

functional GSH/GPX4 antioxidant pathway; indeed, similar results were recently reported 
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in a lung cancer cell model275. However, it is possible that ferroptosis will contribute to 

NMTi-mediated cell death in GPX4-deficient contexts. In particular, IMP1088 synergised 

with RSL3, a GPX4 inhibitor, to increase the amount of ferroptosis-associated cell death, 

indicating that NMT inhibition does induce oxidative stress. This could be further verified 

by the measurement of ROS or lipid peroxidation levels using BODIPY 581/591 C11. 

Combination treatments with ferroptosis inhibitors would therefore be an interesting 

avenue to further investigate, and synergy could extend to a range of interventions 

affecting cellular anti-oxidation, such as cystine deprivation or transsulfuration inhibition 

(both of which support glutathione synthesis)256. To confirm the exact mechanism through 

which NMTi-treated neuroblastoma cells die, analogous experiments using apoptosis, 

necroptosis and pyroptosis inhibitors should be carried out, or activation of these PCD 

mechanisms measured. It is expected that these cells will die by apoptosis, although 

NMTi-induced parthanatos has been reported275. Notably, parthanatos shares similarities 

with apoptosis, meaning that standard methods to measure apoptosis, such as Annexin V 

staining, do not distinguish between the two mechanisms, requiring further assays to 

measure the contribution of apoptosis and parthanatos in different contexts. 

The contribution of the UPR to NMTi cytotoxicity in this study was also determined to be 

negligible, with no UPR activation observed prior to the onset of cell death (Figure 2.7). 

This is contrary to previous reports149,150 but is probably due to the shorter duration of NMTi 

treatment used and different cell-type dependencies on this pathway; senescent cells are 

particularly sensitive to ER stress due to their high dependence on protein secretion, 

termed the senescent-associated secretory phenotype150. Hence, NMTi cytotoxicity in 

MNA neuroblastoma is primarily due to its other effects and their intersection with the 

MYCN-defined cell state.  

Finally, the NMT substrate profile was profiled in neuroblastoma for the first time in this 

chapter: in IMR5 cells (Figure 2.8) and high and low MYCN SHEP21N cells respectively 

(Figure 2.10). These profiles were highly similar to those previously generated, although 

five proteins, namely FAM84A, EEPD1, PLGRKT, LZTS1 and PCMTD2 were confirmed 

as endogenous NMT substrates (that is, without protein overexpression, which may lead 

to non-physiological N-myristoylation) for the first time. Indeed, the native N-myristoylated 

N-terminal peptide for PCMTD2 was recently identified113, confirming this result. 

Furthermore, an altered NMT substrate expression profile does not underlie the 
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heightened sensitivity of IMR5 cells to NMTi, as the expression profile was highly similar 

to HeLa cells. 

Differences in the apparent sensitivity of individual NMT substrates was identified between 

high and low MYCN SHEP21N cells (Figure 2.11). Assuming these substrates are N-

myristoylated at similar stoichiometries, these differences could arise as a result of 

differential synthesis or degradation rates. Alternatively, cellular N-myristoylation could 

also be controlled by MYCN-dependent cofactors. In terms of selectively affected 

biological processes, mitochondrial substrates appeared to be particularly NMTi sensitive 

in high MYCN cells, whereas Golgi and general signalling proteins were more affected in 

the low MYCN cells. These experiments therefore provide initial insights into which NMT 

substrates are most affected by NMT inhibition in the given cell lines, although it should 

be noted that complete coverage of NMT substrates was not obtained and that the use of 

imputation introduces a degree of uncertainty on the accuracy of these fold changes. 

Whether the differences in NMTi sensitivities translates to selective regulation of biological 

processes depending on MYCN state and phenotypes therefore requires further validation 

by e.g. microscopy or global transcriptomics or proteomics. The latter two methods are 

used in the next chapter to investigate global effects of NMTi. 
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Chapter 3. Global -omic approaches to study NMTi-

induced cellular changes in high and low MYCN cells  

3.1 Introduction 

Previous studies into the downstream effects of NMTi have included a range of global 

analyses, including transcriptomics, both mRNA-sequencing and total RNA sequencing153, 

global proteomics149 and phosphoproteomics153. These global analyses have primarily 

been carried out in two main cell lines, BL-41 and HeLa, and have identified important 

effects of NMTi. However, cell type specific effects have been observed. For example, a 

main finding in BL-41 cells, defective splicing, was not observed in similar studies in HeLa 

cells, whereas the UPR was not transcriptionally activated in BL-41 cells. This is congruent 

with previously published studies identifying cell type specific effects of drugs311,312. As 

NMTi may have different impacts depending on the pathways present in diverse cell 

lineages and disease states, it was therefore considered necessary to conduct global 

profiling analyses in a neuroblastoma background to account for such effects. 

Furthermore, previous studies have focused on identifying pathways which contribute to 

cell death in sensitive contexts but have not examined the effect of NMTi in less sensitive 

contexts, which would help define a rationale for differential sensitivity to NMTi. Therefore, 

the effects of NMTi in high and low MYCN SHEP21N cells have been assessed in this 

chapter by mRNA sequencing and global proteomics. These are complementary 

techniques widely used to characterise drug mode of action, with separate advantages. 

mRNA sequencing is highly sensitive, being able to profile transcripts corresponding to all 

protein-coding genes313. However, it is proteins which directly regulate the majority of 

cellular processes and only a moderate correlation between protein and transcript levels 

exists, especially when the system is not at steady state314,315. On the other hand, mass 

spectrometers have been generally limited by both their cost and their sensitivity, with only 

~3000-5000 proteins (out of ~20,000 expected) detected per sample run by commonly 

used protocols and spectrometers149,316. Improvements in instrumentation317-320 and data 

analysis pipelines321 have however recently significantly addressed this limitation, with 

~10,000 proteins now identifiable using standard 24-minute methods (reference 319 and in-

house data). Additionally, the effects of NMTi in an in vivo, immunocompetent mouse 

model of MNA neuroblastoma was assessed by global proteomics in this chapter.  
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3.2 mRNA sequencing analysis of IMP1088 treated SHEP21N cells 

3.2.1 Experimental design and workflow 

To assay the transcriptomic effects of NMTi in neuroblastoma, SHEP21N cells (high and 

low MYCN) were treated in quadruplicate with 50 nM IMP1088 for 2, 6 and 18 h (Figure 

3.1). This concentration of IMP1088 was chosen as it induces cell death selectively in high 

but not low MYCN SHEP21N cells (Figure 2.3A), whereas the timepoints were chosen to 

give insight into early, intermediate and late effects of NMTi before the onset of cell death, 

as cellular changes induced by apoptotic programs were otherwise expected to interfere 

with downstream analyses. RNA was extracted and purified from cells using the Qiagen 

RNeasy kit and submitted to the Advanced Sequencing Facility (ASF) for library 

preparation and sequencing. cDNA libraries were prepared by Ashley Fowler and Gavin 

Kelly from the Bioinformatics and Biostatistics (BABS) team processed the raw reads to 

provide a raw gene count matrix. This count matrix was processed using DESeq2322 for 

differential expression analysis of the conditions of interest, namely with or without NMTi 

at each timepoint in each MYCN condition (Appendix Figure 9). An initial examination of 

the data using PCA revealed that samples segregated primarily by MYCN status, as 

expected from a master transcription factor (Figure 3.2). The effects of IMP1088 were 

much smaller in comparison and only clearly separated samples after 18 h of treatment, 

although a small degree of separation was observed at 6 h. 

 

 

Figure 3.1 Schematic of the sample preparation workflow for mRNA sequencing. 
SHEP21N cells were first induced into high or low MYCN states, then treated with DMSO 
or 50 nM IMP1088 for 2, 6, or 18 h. Cellular RNA was extracted, purified, and submitted 
for library preparation and sequencing by the ASF at the Francis Crick Institute. 
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Figure 3.2 Time-dependent separation of SHEP21N cells treated with IMP1088. PCA plot 
for the samples submitted for mRNA sequencing. Samples predominantly separate by 
MYCN state. Sample separation due to IMP1088 increases with incubation time. Hi: High 
MYCN, Lo: Low MYCN, T: Time 
 

3.2.2 Effects of MYCN on the transcriptome 

The effects of MYCN depletion by doxycycline was first examined by comparing the 

DMSO-treated samples at each timepoint. As similar results were observed for each 

timepoint (Appendix Figure 10), only the results of the 2 h timepoint will be presented 

here. As expected, MYCN transcripts were highly (almost 5-fold) depleted in 

doxycycline-treated samples, and more generally many genes were significantly and 

highly differentially expressed (adj. p-value<0.05, |log2(FC)|>1). The biological relevance 

of these changes was assessed using gene set enrichment analysis (GSEA)323 against 

the Hallmark and KEGG_Legacy canonical pathway gene sets203 (Figure 3.3). As 

expected, pathways most significantly enriched in high MYCN cells were those already 

associated with MYC or MYCN expression, including in a previous analysis of SHEP21N 

cells155,276,324. These included upregulation of the cell cycle, MYC targets, transcription, 

OxPhos, the UPR and mTORC1 signalling. 

3.2.3 Effects of NMTi on the transcriptome 

3.2.3.1 NMTi cause minimal transcriptomic effects after 2 h of treatment 

The PCA indicated that the effects of NMTi on the transcriptome were relatively modest 

(in comparison to the effect of MYCN) and time-dependent (Figure 3.2). Accordingly, the  
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Figure 3.3 Impact of MYCN on the transcriptome. (A) The top 15 pathways enriched in 
high MYCN over low MYCN SHEP21N cells by GSEA (2 h timepoint results). (B) GSEA 
enrichment profiles for selected gene sets enriched in (A). NES: Normalised Enrichment 
Score, FDR: false detection rate, K: KEGG, H: Hallmark. 
 

number of significantly affected transcripts and the magnitude of the fold changes 

increased over time (Table 3.1). There was a bias towards downregulation of transcripts 

upon NMTi, consistent with previous studies153, and the effects of NMTi were generally 

slightly larger in high MYCN cells. Of note, 2 h treatment with IMP1088 caused extremely 

few significant transcriptomic effects. This was particularly the case in low MYCN cells, 

where apart from one protein (KLF10, log2FC = 0.31), the |log2FC| values were all less 

than 0.01 (Figure 3.4A, Appendix Figure 9B); in high MYCN cells, only two proteins 

(FOS/EGR1, log2FCs of -0.91 and -0.68) had a |log2FC| greater than 0.11 (Figure 3.4B). 

 

 

Table 3.1 Time-dependent effects of IMP1088. Summary statistics for transcripts affected 
by IMP1088 treatment in SHEP21N cells. 
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Figure 3.4 IMP1088 does not cause major transcriptomic effects at the 2 h timepoint. 
Histograms of transcript fold changes in low (A) and high (B) MYCN SHEP21N cells at the 
2 h timepoint. 
 
Therefore, it was concluded that 2 h treatment with NMTi was too short to cause any major, 

concerted transcriptomic responses, likely because the primary effects of NMTi are on 

nascently translated proteins, requiring time to filter down to the transcriptome.  

3.2.3.2 Assessment of impacted biological processes by GSEA 

To obtain further biological insight, GSEA was performed on the 6 and 18 h datasets 

against the Hallmark and the KEGG gene sets. A particular advantage of GSEA in this 

case is that this method better considers incremental contributions from multiple genes 

acting in concert323, and therefore is able to identify affected pathways without the need 

for genes to be highly affected, as is implicit for overrepresentation analysis (ORA) 

approaches such as GO enrichment.  

In high MYCN cells, 6 h of NMTi treatment only significantly (FDR q-value<0.05) affected 

two gene sets, namely translation initiation (upregulated) and TNFα signalling by NF-κB 

(downregulated). Many more gene sets however were significantly affected at 18 h, 

although again only gene sets relating to translation initiation were upregulated. 

Downregulated gene sets were related to multiple biological processes, and 

EnrichmentMap clustering325 and analysis of these gene sets revealed three main themes 

(Figure 3.5A): 

- Cell cycle and mitosis, in agreement with the observation that NMTi induces cell 

cycle arrest149 and prevents proliferation even at lowly cytotoxic doses (Appendix 

Figure 1) 
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- DNA replication and repair; downregulation of DNA replication is consistent with 

cell cycle arrest and therefore reduced flux through S-phase. This may also 

contribute to the downregulation of DNA repair, as these processes act co-

ordinately, and genes associated with these processes often overlap. 

- Microtubule dynamics: This would again be consistent with cell cycle arrest, as 

microtubules are essential for cytokinesis, being involved in mitotic spindle 

assembly and cellular contraction306. Microtubules additionally regulate other 

processes including apoptosis326. 

In addition to these themes, it is also interesting to note that MYC Targets (both V1 and 

V2) are downregulated upon NMTi, suggesting that NMTi may induce the shutdown of 

various MYCN-driven pathways, placing the effects of NMTi in direct opposition to the 

cellular state induced by MYCN and ultimately inducing apoptosis. Also in this context, the 

robust downregulation of E2F targets is interesting (Figure 3.5B), as E2F transcription 

factors mediate MYC protein-induced cell cycle progression212,214 and inhibition of E2F 

activity has been shown to be lethal in a MYC-overexpressing osteosarcoma model327. 

 

 

Figure 3.5 Effects of IMP1088 on the transcriptome generally relate to cell cycle arrest. 
EnrichmentMap analysis of significantly enriched gene sets (FDR<0.05) in high (A) and 
low (C) MYCN cells at the 18 h timepoint. Example GSEA enrichment profiles are shown 
for high (B) and low (D) MYCN comparisons.  
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Similar analysis in the low MYCN samples identified no significantly affected pathways at 

the 6 h timepoint, but at 18 h gene sets related to translation were again upregulated, while 

cell cycle, DNA replication and repair, and microtubule gene sets were downregulated 

(Figure 3.5C). However, the number of downregulated gene sets relating to microtubule 

dynamics was much higher in low MYCN cells. This may be a result of the high MYCN but 

not low MYCN cells undergoing apoptosis-related cytoskeletal rearrangements at this 

timepoint. Proteasomal and OxPhos gene sets were downregulated selectively in low 

MYCN cells (Figure 3.5D), which could also contribute to the differential phenotypes seen 

in these cells. 

Overall, these results show that major transcriptomic effects only occur at 18 h but not 6 h 

of NMTi treatment. The transcriptomic response of cells irrespective of MYCN status is 

predominantly cell cycle arrest, whereas gene sets corresponding to translation (generally 

ribosomal proteins) are enriched, suggesting additional translational responses to NMTi. 

The effects of NMTi were highly similar in both cell states, suggesting increased sensitivity 

in high MYCN cells may primarily be due to their increased reliance on the affected 

pathways such as E2F or MYCN targets, or perhaps due to their more inherently stressed 

basal state which predisposes them to apoptosis229,276. However, oxidative 

phosphorylation and the proteasome were downregulated selectively in low MYCN cells, 

which could represent pro-survival adaptive responses to NMTi challenge. High MYCN 

cells may not have the capacity to respond in the same way if these pathways are critical 

in this context and indeed both were upregulated by MYCN in this cell model (Figure 3.3). 

For example, MNA neuroblastomas predominantly rely on OxPhos over glycolysis in both 

basal and stressed conditions219,224. In particular, previous analyses of MYCN induction 

have shown that RC1 is the most broadly upregulated component of the respiratory ETC 

by MYCN, which was similarly seen here324. RC1 is also a major site of ROS generation, 

which when uncontrolled leads to oxidative damage328. Multiple NMT substrates are 

mitochondrially located and contribute to OxPhos such as the importers SAMM50 and 

TOMM40263, but it is notable that three NMT substrates are directly connected to RC1: the 

assembly factors NDUFAF426 and DMAC1293 and accessory component NDUFB7265. 

NDUFAF4 is generally required for assembly of functional RC1293 and notably is the most 

upregulated RC1-associated transcript upon MYCN induction in this study, while NDUFB7 

and DMAC1 proteins were highly affected by NMTi in high MYCN cells as shown in the 

previous chapter (Figure 2.11). These factors combine to give a possible explanation of 
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how OxPhos downregulation could act as a pro-survival response in low MYCN cells: NMTi 

may generate dysfunctional or misassembled RC1 due to its effects on N-myristoylated 

RC1-associated proteins, leading to an increase in ROS generation (as has been shown 

in high-MYC P493-6 cells66), oxidative damage and apoptosis. Downregulation of OxPhos 

would therefore limit the amount of oxidative damage induced. A possible protective role 

of proteasome downregulation is also possible but considered less likely. This complex is 

responsible for the majority of cellular protein degradation and is essential in protein 

homeostasis and quality control329. As such, proteasomal upregulation generally promotes 

cancer cell viability and indeed proteasomal inhibitors are clinically approved for the 

treatment of myeloma and lymphoma330. However, it is possible that proteasomal 

downregulation could result in stabilisation of certain pro-survival proteins in the context of 

NMTi, although no evidence for such a causal relationship exists as present. 

3.2.4 Applicability of mRNA sequencing to measure NMTi-induced cellular 

changes 

While the mRNA-Seq data showed some interesting results, its applicability to describe 

the NMTi-induced changes in cell state was uncertain. As previously mentioned, generally 

the correlation between mRNA and protein is only moderate, due to the contribution of 

many regulatory factors, such as translational control (e.g. through miRNA interactions or 

charged ribosomal availability), post-translational regulation of protein stability or protein 

buffering331. Yet, proteins are the primary functional molecules in a cell and are therefore 

closest to the phenotype. Furthermore, primary effects of NMTi are mainly on a 

co-translational level given the nature of the N-myristoylation modification, and this may 

lower the correlation between protein and transcript levels even further, as has been 

suggested for other drugs operating on the post-translational level312. This is supported by 

the observation that transcripts of most NMT substrates (87%) were lowly affected (less 

than 20% change, |log2FC|<0.26) by 18 h treatment of NMTi in high MYCN cells, although 

multiple are expected to be depleted upon NMT inhibition e.g. LAMTOR1146. An increase 

in ribosomal protein transcripts upon NMTi also suggested a translational response to 

NMTi. As a result, global proteomics was also employed to assess the effect of NMTi.  
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3.3 Global proteomic analysis of IMP1088 treated SHEP21N cells 

3.3.1 Effects of NMTi on the global proteome 

Samples were prepared in triplicate using the same conditions as in the mRNA sequencing 

experiment, except only the 18 h timepoint was used, identifying fold changes for ~3600 

protein groups after filtering (2 valid values in each group) in each MYCN condition (Figure 

3.6A) First, the transcript and protein fold changes were compared. This revealed that the 

transcriptome changes do not accurately reflect protein-level changes, with a Pearson 

correlation coefficient of only ~0.1 in both MYCN states, shown for the high MYCN state 

in Figure 3.6B. Additionally, NMT substrates known to be destabilised by loss of N-

myristoylation, such as GNAI2, PRKAB1 and LAMTOR1104,146,332 were depleted by NMTi 

by at least 20% (|log2FC|>0.26) on the protein but not the transcript level. Therefore, while 

the transcriptomics may reflect subsequent adaptations that the cell makes, it does not 

describe the current cell state. The results of the global proteome experiment were then 

analysed by ORA using Ingenuity Pathway Analysis (IPA). Distinct from most ORA 

software, IPA integrates information from both up and downregulated proteins to predict 

whether a statistically enriched pathway is activated or repressed. This is quantified by a 

z-score, in which negative values represent repression and positive values, activation. 

Additionally, IPA enriches against a manually curated database, which increases statistical 

 

 

Figure 3.6 Transcript and protein fold changes upon IMP1088 treatment do not correlate. 
(A) Volcano plots for total protein abundance in IMP1088 treated cells (50 nM, 18 h) 
compared to DMSO treated cells in high and low MYCN states. The number of significantly 
differentially expressed proteins (p-value<0.05, |log2FC|>0.26) is indicated. (B) 
Correlation of protein and transcript fold changes upon IMP1088 treatment in high MYCN 
SHEP21N cells. The Pearson correlation coefficient is shown.  
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Figure 3.7 Affected Canonical Pathways upon IMP1088 treatment in high MYCN 

SHEP21N cells include induction of mitochondrial dysfunction. The top 20 significantly 
(adj. p-value<0.01) affected Canonical Pathways in high MYCN SHEP21N cells. A positive 
z-score indicates pathway activation upon IMP1088 treatment. 
 

power by reducing the number of redundant gene sets. Proteins with a p-value<0.05 and 

|log2FC|>0.26 were submitted for analysis, yielding 68 proteins (45 downregulated, 23 

upregulated) and 75 proteins (50 downregulated, 25 upregulated) for the high and low 

MYCN states respectively. This fold change threshold was chosen as it was considered 

that even small but concerted abundance changes in interacting proteins may lead to 

significant biological effects. Of these, 14 were commonly downregulated in both MYCN 

conditions, including 10 NMT substrates, reflecting the role of the myristoyl group on their 

stability, and only 1 protein was commonly upregulated.  

The results of the IPA analysis in high MYCN cells (Figure 3.7) revealed that a range of 

pathways were affected. In particular, mitochondrial dysfunction was induced upon NMT 

inhibition. This may be a result of many factors. In this analysis, loss of multiple RC1 

proteins was identified (Appendix Figure 11A), suggesting loss of ATP generation 
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through RC1 function, consistent with predicted downregulation of two further 

OxPhos-related pathways. Also contributing to the mitochondrial dysfunction phenotype 

were downregulation of MGST3 and CYB5R3, a NMT substrate. Both have antioxidant 

activities333,334, suggesting oxidative damage. In the context of mitochondrial dysfunction, 

it is interesting that three major metabolic sensing pathways were identified as significantly 

affected, suggesting that NMTi induces energetic dysfunction: 

Sirtuin signalling: Sirtuins have been shown to regulate ETC function through their NAD+ 

dependent deacetylase activity. For example, SIRT3 deacylation has been reported to 

increase the activity of respiratory complexes I, II and IV335. Sirtuin activation may therefore 

be a compensatory mechanism, although RC1 dysfunction would lead to a decrease in 

NAD+ and may therefore eventually attenuate such a response. 

 

AMPK: AMPK is a major ATP sensor composed of a catalytic α subunit and regulatory β 

and γ subunits336. AMP binding activates AMPK and induces its relocalisation from the 

cytosol to organellar membranes to promote ATP generation and catabolism. AMPK is a 

master regulator of mitochondria, mediating both mitochondrial biogenesis and mitophagy. 

Notably, AMPK is N-myristoylated on its β-subunit26,337,338. The role of N-myristoylation of 

AMPK is of some debate, however it represses AMPK activity in vivo and modulates AMPK 

localisation332. Indeed, AMPK-mediated mitophagy has been described to be reliant on 

recruitment of the protein to mitochondrial membranes by the myristoyl group339.  

 

mTOR: A master regulator of cell growth, this protein is activated in high ATP conditions 

and activates an anabolic program, promoting translation, macromolecule synthesis and 

mitochondrial biogenesis340. The effects of mTOR are often opposite of those of AMPK; 

for example, ULK1 phosphorylation by mTORC1 prevents its activation by AMPK341. 

Therefore, AMPK and mTOR together regulate cellular metabolism. As mentioned in the 

introduction, mTORC1 activity is also dependent on its lysosomal localisation, mediated 

by the NMT substrate LAMTOR1146. 

In addition to the above pathways, other signalling pathways were also downregulated, 

including the apelin pathway. This pathway is involved in angiogenesis342, which would be 

consistent with reported anti-angiogenic effects of NMTi343. However, these results should 

not be over-interpreted. Only a small number of proteins were submitted for ORA analysis 
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and close inspection of the proteins responsible for the pathways enriched showed that a 

small core of proteins with broad function were responsible for most of these results: 

- GNAI1-3 (Gαi proteins) and their interactor GNB1  

- The AMPK subunits PRKAA1 and PRKAB1 

- Respiratory complex I associated proteins (NDUFA12, NDUFA9, NDUFAF4, 

NDUFS1 and NDUFS7) 

- LAMTOR1 

These proteins all NMT substrates or close interactors of NMT substrates, which suggests 

enriched pathways are primary effects of NMTi. However, some pathways were enriched 

exclusively due to these proteins. For example, GNAI1-3 and GNB1 were the only proteins 

contributing to the enrichment of the pathways “Signal Amplification”, “GPER1 signalling”, 

“G alpha (z) signalling events” and “GABA receptor activation”. Many other pathways 

signal through these proteins and these are likely not statistically enriched in this study 

due to a technical limitation, namely that smaller gene sets are more likely to be statistically 

significant. This would increase the number of false negatives identified in the analysis. 

Overall, the enrichment analysis on this dataset suggested disruption of Gαi signalling and 

energetic dysfunction. Both effects may contribute to NMTi-mediated cell death in these 

cells. For example, GPCRs are upregulated in a range of cancers and are validated 

therapeutic targets, with 35% of all FDA-approved drugs targeting GPCRs344. Interestingly, 

while therapeutic control of cancer by targeting a single GPCR is challenging, pertussis 

toxin reduces tumour growth in breast cancer cell lines presumably through the global 

ablation of Gαi/o signalling and simultaneous inhibition of multiple GPCRs345; similar 

effects may occur upon loss of Gαi protein N-myristoylation. Additionally, mitochondrial 

dysfunction may contribute to NMTi-induced cell death in MNA neuroblastoma cells in a 

similar way as in MYC-deregulated lymphoma cells66.  

When the same analysis was applied to the low MYCN results, the enriched pathways 

identified were similar to those in the high MYCN state, including induction of mitochondrial 

dysfunction and downregulation of mTOR regulation by AMPK, further indicating that NMTi 

causes generally similar global effects regardless of MYCN status (Figure 3.8, Appendix 

Figure 11B). The extent of regulation of these pathways was generally similar, although 

consistently more significant in the high MYCN state (Appendix Figure 12). One pathway 

which was more downregulated in low MYCN cells was the Rho GTPase cycle (z-score of 
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Figure 3.8 Affected Canonical Pathways upon IMP1088 treatment in low MYCN SHEP21N 

cells. Significantly (adj. p-value<0.01) affected Canonical Pathways in low SHEP21N cells. 
A positive z-score indicates pathway activation upon IMP1088 treatment. 
 
 (-2.1 vs -1.1 in high MYCN cells). These are master regulators of the cytoskeleton and 

therefore regulate multiple functions including apoptosis346. Notably, a previous study 

showed that the cytotoxicity of metformin in neuroblastoma cells was mediated in part 

through activation of the CDC42 and RAC1 GTPases but repression of RHOA GTPase 

activity347. Therefore, low MYCN cells could protect against apoptosis through the 

downregulation of CDC42 and RAC1 activity. This would also be consistent with the mRNA 

sequencing results in which cytoskeletal effects were more depleted in low MYCN cells. 

GNAI-regulated pathways were also downregulated much more in high MYCN cells. 

However, the low number of proteins submitted for ORA means that caution should be 

used to interpret these results, as differences of only one or two proteins in the lists used 

for ORA can lead to these observed differences. 
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3.4 Investigating the effects of NMTi in an in vivo model of MNA 

neuroblastoma 

3.4.1 NMTi is efficacious in a mouse model of MNA neuroblastoma 

Concurrent with the work above, Myricx Bio, a spin out from Imperial College London and 

the Francis Crick Institute developing NMTi for use in the clinic, were separately 

collaborating with the Chesler group to test NMTi in vivo in a mouse model of MNA 

neuroblastoma. Initial experiments tested the efficacy of IMP1320, a NMTi from the same 

chemical class as IMP1088 with similar potency (IMP1320 KD: 0.09 nM; IMP1088 KD: 0.10 

nM) but improved pharmacokinetic properties66, in the immunocompetent Th-MYCN 

syngeneic mouse model. Drs Evon Poon and Barbara Costa carried out this experiment. 

The Th-MYCN genetically engineered mouse (GEM) model overexpresses MYCN in the 

neural crest to spontaneously induce tumours phenotypically similar to clinical human 

neuroblastoma and is the most widely used transgenic mouse model of neuroblastoma181. 

Tumour cells from this GEM model are extracted, expanded in vitro, and engrafted into  

 

 

Figure 3.9 The NMTi IMP1320 is efficacious in the Th-MYCN syngeneic mouse model. 
(A) Generation of the syngeneic Th-MYCN mouse model. (B) Efficacy of intraperitoneally 
administered IMP1320 in the Th-MYCN syngeneic mouse model. Only timepoints where 
>50% of vehicle-treated mice are alive are plotted. (C) Body weight of vehicle and 
IMP1320 treated mice. Significance was determined by mixed-effects analysis. ns: not 
significant; * p<0.05, ** p<0.01; *** p<0.001 
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129SvJ mice to develop the syngeneic model (Figure 3.9A). Mice were dosed 

intraperitonially (i.p.) with IMP1320 (25 mg/kg QD) on a three day on, four day off cycle. 

NMTi treatment led to robust tumour reduction compared to vehicle treated mice (Figure 

3.9B), which all reached the humane endpoint and were sacrificed after two weeks of 

treatment.  Further, no significant effect on body weight was observed (Figure 3.9C), 

indicating IMP1320 was tolerable at efficacious doses in vivo.  

3.4.2 Proteomic profiling of IMP1320-treated TH-MYCN mice  

3.4.2.1 Confirmation of IMP1320 target engagement by Sortase A labelling 

NMTi are clearly directly cytotoxic to cancer cells, as demonstrated by the in vitro 

cytotoxicity assays from the last chapter and the robust tumour elimination seen in 

xenograft models of double hit B-cell lymphomas (DLBCL)66,142. However, NMTi can also 

repolarise macrophages from a M2-like phenotype, which promotes tumour proliferation, 

to a M1-like phenotype possessing anti-tumour activity348. Macrophage repolarisation, and 

more generally immune activation, may therefore support NMTi efficacy in vivo. To 

investigate the mechanism of action of NMT inhibition in vivo, global proteomics of tumours 

isolated from Th-MYCN syngeneic mice treated with IMP1320 or vehicle (n=4 per group) 

was carried out. To maximise the amount of tumour material obtained in IMP1320-treated 

mice, tumours were harvested after three days of IMP1320 treatment (25 mg/kg, QD, i.p.), 

at which point tumours had shrunk by 25-50% (Appendix Figure 13).  

Target engagement was first assayed using the SrtA assay112; tumours were lysed and 

proteins ligated to biotin-ALPET-HAA. Western blotting indicated target engagement 

through the appearance of a higher molecular weight form of ARL1 in IMP1320-treated 

mice, corresponding to biotin-labelled ARL1, although the bands were low intensity in 

multiple samples (Figure 3.10A). Therefore, target engagement was further assessed by 

proteomics. Proteins were enriched on dimethylated Neutravidin-agarose beads and 

digested. Peptides were then labelled with tandem-mass tag (TMT) reagents, fractionated, 

and submitted for LC-MS/MS analysis. TMT-based proteomics was used for these in vivo 

samples due to the higher sensitivity, precision and coverage (i.e. fewer missing values) 

obtained by this quantification method compared to the standard label-free quantification 

(LFQ) method used in the previous in vitro analyses292. This is because the TMT tags are 

isobaric at the MS1 level but generate unique reporter ions depending on the TMT tag 
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Figure 3.10 SrtA profiling of IMP1320 treated mice confirms target engagement in 

tumour samples. (A) Western blot for ARL1 in tumour samples from Th-MYCN syngeneic 
mice. The higher MW form of ARL1 (dagger) corresponds to biotin-labelled ARL1 
indicative of NMT target engagement. (B) Volcano plot of proteins identified after SrtA 
labelling and enrichment in tumours from IMP1320 vs vehicle treated mice. CoT N-
myristoylated proteins are defined as human NMT substrates which also have a N-terminal 
glycine in the mouse homolog.  
 
used upon peptide fragmentation at the MS2 level, allowing sample multiplexing and 

simultaneous analysis in a single LC-MS/MS run. PCA analysis indicated that the samples 

generally clustered well by treatment condition except one outlier in the control sample 

(Appendix Figure 14). However, there was a clear trend of CoT NMT substrates being 

enriched in the NMTi-treated samples, indicating on-target NMT inhibition (Figure 3.10B). 

For these protein groups, the intensities for all IMP1320 treated mice clustered well, 

confirming target engagement in all treated mice. While only 10 protein groups 

corresponding to CoT NMT substrates were significantly enriched by SrtA labelling 

(p-value<0.05, log2FC>1, the same thresholds as YnMyr proteomic experiments in the 

previous chapter which also measures NMT target engagement in a similar but 

complementary manner), the reported fold changes are underestimates of the true fold 

change due to protein quantification by TMT isobaric labelling at the MS2 level which 

introduces ratio compression292. This arises as a result of the low dynamic range of MS2 

intensities and co-elution of near isobaric peptides at the MS1 level, increasing the 

noise-to-signal ratio. Annotation of the identified proteins revealed that highly affected 

NMT substrates included Arf and Arl proteins as well as neuronal calcium sensors, pointing 

towards potential disruption of calcium signalling and Golgi vesicular transport. These may 

not necessarily be the most functionally disrupted NMT substrates, however, as the 

detection power of SrtA for NMT substrates by this method is relatively low and crucially 
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requires a free N-terminal glycine. Therefore, NMT substrates which are degraded or 

alternatively N-terminally processed upon NMT inhibition would not be identified as 

differentially affected in this analysis112.  

3.4.2.2 NMTi induces immune infiltration of tumours in vivo 

Having confirmed target engagement, global proteomics was next carried out on the 

tumour lysates, again using TMT quantification, and significantly differentially expressed  

 

 

Figure 3.11 Robust immune activation is observed upon IMP1320 treatment. (A) Volcano 
plot for total protein abundance in tumours from IMP1320 vs vehicle treated mice. The 
number of proteins with p<0.05 and |log2FC<0.585| are indicated. (B) Significantly (adj. p-
value<0.01) affected Canonical Pathways in Th-MYCN mice. A positive z-score indicates 
pathway activation in tumours from IMP1320 treated mice. (C) Cell types enriched in 
IMP1320-treated tumours as revealed by GSEA.  
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proteins (p-value<0.05, |log2FC<0.585|) were submitted to IPA for analysis. A more 

stringent fold change cut-off was used here to try and reduce noise in the subsequent 

analysis due to the more pronounced effects of IMP1320 compared to vehicle, with now 

hundreds of proteins significantly up- and down-regulated (Figure 3.11A). Notably, the 

strongest effect in the proteomics directly implicated immune infiltration and activation 

(Figure 3.11B). Neutrophil degranulation was by far the most significantly enriched 

pathway (adj. p-value <10-20), followed by phagocytosis by macrophages. Additionally, 

multiple actin-based pathways were activated as well as the CLEAR signalling pathway 

which promotes lysosomal biogenesis, both of which also support phagocytosis306,349. To 

further investigate this finding, GSEA was carried out against the proteomics results using 

mouse cell type signature gene sets curated from single cell studies203 (Figure 3.11C). 

This analysis also indicated a strong enrichment of immune cells in tumour tissue upon 

NMT inhibition, including of monocytes,  

 

 

Figure 3.12 IMP1320 is highly effective in Th-MYCN tumour cells in vitro. (A) Dose-
response curves for IMP1320 in Th-MYCN tumour cells at the indicated timepoints. 
Concentrations of IMP1320 that induce significant viability loss relative to DMSO control 
are indicated. ⊗ p<0.01, ∅ p<0.001, † p<0.0001 
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macrophages, and granulocytes. NMTi may induce immune activation in several ways. 

First, repolarisation of M2-like tumour associated macrophages (TAMs) to a more M1-like 

phenotype may induce direct phagocytosis of tumour cells and recruitment other immune 

cells with an anti-tumour phenotype. Alternatively, NMTi may first directly induce 

immunogenic cell death in tumour cells. This is a form of PCD in which damage-associated 

molecular patterns are released, recruiting immune cells to the tumour and activating an 

adaptive immune response350.  

When considering possible tumour-intrinsic effects of IMP1320, it was notable that none 

of the pathways identified in the SHEP21N in vitro study were re-identified. To examine 

the possibility that this was due to intrinsic differences in response between Th-MYCN and 

SHEP21N cells, the effects of IMP1320 on Th-MYCN tumour cells in vitro was 

investigated. Cell viability upon IMP1320 treatment was first assessed by the CellTiter-Glo 

assay (Figure 3.12). These cells were highly sensitive to NMTi, with <20% viable cells 

present after only 18 h treatment with 100 nM IMP1320 and statistically significant cell 

death observed after only 14 h treatment with higher concentrations of IMP1320. Next, 

Th-MYCN tumour cells were treated with 10 nM IMP1320 for 14 h in vitro and changes in 

the global proteomic profile measured (Figure 3.13A). These conditions were used as 

10 nM is the minimum IMP1320 concentration to induce significant cell death at 18 h 

treatment, but not at 14 h. IPA analysis of the significantly differentially expressed proteins  

 

 

Figure 3.13 IMP1320 induces mitochondrial dysfunction in Th-MYCN tumour cells in 

vitro. (A) Volcano plot for total protein abundance in IMP1320 vs vehicle treated Th-MYCN 
tumour cells. The number of proteins with p<0.05 and |FC>1.2| are indicated. (B) 
Significantly (adj. p-value<0.01) affected Canonical Pathways in Th-MYCN tumour cells 
as assessed by IPA analysis. A positive z-score indicates pathway activation in IMP1320 
treated mice. 
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(p<0.05, |log2FC<0.26|, in line with the previous in vitro experiments) identified only three 

significantly (adj. p-value<0.01) affected pathways, perhaps due to species-specific 

differences in protein association for a given pathway. However, those identified 

represented inhibition of autophagy and induction of mitochondrial dysfunction (Figure 

3.13B) in line with the SHEP21N study (Figure 3.7). Therefore, it is likely that such 

cell-intrinsic effects were masked by the prominent immune-related signals in the in vivo 

study.  

3.5 Chapter conclusions and further work 

This chapter reports the results of global -omics analyses carried out on neuroblastoma 

cells treated with NMTi in vitro as well as in vivo to elucidate the global biological 

consequences of NMT inhibition. Initially, mRNA sequencing was carried out in high and 

low MYCN SHEP21N cells to identify the effects of NMT inhibition. IMP1088 treatment 

caused generally similar transcriptomic effects in both MYCN states after 18 h treatment, 

predominantly a cell cycle arrest phenotype (Figure 3.5). This suggested that high and 

low MYCN cells responded similarly to NMTi and that high MYCN cells may therefore be 

more sensitive as a result of increased reliance on the affected pathways, such as 

enforced cell cycle progression through E2F transcription factor activity or transcription of 

canonical MYC targets. Bulk mRNA sequencing only identified limited effects of NMTi after 

6 h of treatment, which may be in part due to biological variance within the bulk sample, 

for example the cells initially being in different cell cycle stages. Single-cell transcriptomics, 

or synchronisation of cells prior to NMTi treatment, may therefore provide more insights 

into the effect of NMTi at earlier stages. However, the transcriptomic changes were not 

representative of the proteomic changes at the protein or the pathway level (Figure 3.6B). 

As translation is not instantaneous, any change on the transcript level will not immediately 

be reflected on the protein level, giving rise to lower mRNA-protein correlations at any 

given timepoint331. However, the direct effects of NMT inhibition on the proteome are 

mediated at the co-translational level. Therefore, it was still considered that effects on the 

transcriptomic level would not be the most informative proxy to assess the direct 

phenotypic consequences of NMT inhibition. The effects of NMT inhibition on the global 

proteome in vitro under the conditions of this study are modest, exemplified by the low 

number of proteins passing the significance and fold change cut-offs implemented for 

downstream analysis (Figure 3.6A), but again indicate that high and low MYCN cells 
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respond similarly to NMTi, pointing towards mitochondrial dysfunction and loss of energy 

homeostasis as a general effect in particular. Notably, as impacts on RC1 upon 

perturbation of cellular N-myristoylation by NMTi or NMT1 KO have been noted in prior66,149 

and recently reported152,156 analyses in different cell models, this appears to be a 

conserved and cell-agnostic effect of NMTi. Furthermore, this would be consistent with the 

reported high turnover of RC1 proteins351, which should selectively sensitise this complex 

to effects induced by NMT inhibition. The effects of NMT inhibition on OxPhos in a MNA 

neuroblastoma model are investigated further in the next chapter.  

One factor limiting the global proteomics analysis was the confident identification of only a 

few differentially expressed proteins, and only ~3500 proteins overall. This meant that 

differences in only one or two proteins in the protein lists submitted for ORA significantly 

influences the pathways identified and that those identified require targeted validation. As 

an example, Granzyme A activation was identified, however this is a serine protease 

released from cytotoxic lymphocytes352. This mechanism would not function in this cell 

culture model, however it is enriched in this analysis as RC1 proteins are part of this gene 

set. Future efforts to identify the cellular reprogramming induced by NMT inhibition by 

global proteomics in neuroblastoma may benefit from multiple different strategies. First, 

processing of these samples by data-independent analysis on the timsTOF HT instrument 

would increase the proteome depth to ~10,000 proteins and facilitate the identification of 

significantly differentially regulated but less abundant proteins which may have biological 

relevance. Furthermore, the low effect size (protein log2FC) of NMT inhibition under the 

conditions used could be addressed by assaying its effects in a cell line panel followed by 

aggregation analysis, which emphasises proteins which are consistently regulated in the 

same way in each cell line. This approach has been reported to increase the 

signal-to-noise ratio of affected proteins and identify known effects of inhibitors which were 

not detectable in single cell line experiments312. To further help MoA deconvolution, the 

effects of NMTi on the proteome (a proteome fingerprint) could also be compared to those 

of drugs with known function, with the rationale that drugs that induce similar cellular 

changes will have similar proteomic fingerprints. Such approaches have been successfully 

applied on the transcript353 and protein311,312,354,355 level. An initial comparison of the 

IMP1088-induced proteomic changes in high MYCN SHEP21N cells with an online 

database of proteomic fingerprints (http://wren.hms.harvard.edu/DeepCoverMOA/) 
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yielded only poor correlations, although this is likely due to differences in study design and 

cell line models. 

Additionally, protein abundance alone is only one part of the picture. Protein localisation 

and PTMs such as phosphorylation add an extra layer of biological regulation, and it has 

recently been shown that profiling of PTM changes in a dose-dependent manner gives 

insight into drug MoA356. Given the relevance of key pathways such as Gαi and Src family 

protein signalling to NMT biology, investigating changes in the phosphoproteome would 

likely also be illuminative. An initial investigation on the effect of NMTi on protein 

localisation is conducted in the next chapter.  

Finally, this chapter also reports investigations into the effects of NMTi in vivo in MNA 

neuroblastoma models, in which NMTi displays significant efficacy. In particular, global 

proteomics indicated immune activation upon NMTi treatment, although further 

experiments to confirm these findings are necessary. These would include confirmation of 

immune cell infiltration and type by immunohistochemistry or cytometry, comparative 

assessment of NMTi efficacy in (partially) immunodeficient contexts generated through 

macrophage or neutrophil depletion or in immunodeficient allograft mouse models, and in 

vivo vaccination assays. While the pathways found in this analysis did not overlap with the 

in vitro results in SHEP21N cells, this is most likely due to the prominence of the immune 

signal in this study, although the drastic differences in cell growth conditions (cells grown 

in nutrient-rich media compared to the 3D architecture of a tumour in vivo) will undoubtedly 

also contribute.  
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Chapter 4. Application of Triton X-114 phase separation 

to investigate the effects of NMTi at membranes 

4.1 Introduction 

While global proteomic and transcriptomic profiles have been successfully leveraged to 

elucidate drug MoA, as mentioned in the previous chapter, protein activity is also controlled 

on the post-translational level by multiple methods including by PTMs or control of 

subcellular localisation357. For example, NF-κB is usually held inactive in the cytosol by 

interaction with IκB proteins but translocates to the nucleus upon IκB phosphorylation, 

inducing transcription of its target genes358. Such mechanisms are particularly relevant to 

N-myristoylation, given the importance of this modification in dynamic membrane 

localisation to regulate protein activity, for example in the case of ARF1102. However, 

systematic investigation of such effects are not widely applied to drug discovery. The 

global proteomic analysis in the previous chapter, while identifying some affected 

pathways, was characterised by a small global impact, limiting the power of subsequent 

analyses and suggesting that effects on overall protein abundance may not reveal the 

major effects of NMT inhibition under the conditions used. Further, the baseline expression 

of a subset of membrane proteins was able to predict sensitivity to NMTi with 90% 

accuracy in a panel of 245 cancer cell lines (unpublished data). We therefore hypothesized 

that a key downstream effect of NMT inhibition may be to prevent the localisation of NMT 

substrates and their interactors at membranes, without necessarily affecting protein 

abundance, to inhibit their function and induce cellular dysfunction. In this chapter, the 

effects of NMTi on membrane localised proteins was studied in SHEP21N cells. This 

revealed loss of RC1 associated with depletion of NDUFAF4. The causal relationship 

between N-myristoylation of NDUFAF4, oxidative phosphorylation and NMTi cytotoxicity 

in SHEP21N cells was further investigated. 

4.2 Proteomic experimental design and initial validation 

In order to effectively probe membrane-resident proteins, two key challenges must be 

addressed. First, their hydrophobic nature promotes protein aggregation, complicating 

extraction and solubilisation359. Secondly, these proteins are lowly abundant, contributing 

to their underrepresentation in proteomic datasets. A protocol to selectively enrich for the 
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Figure 4.1 Schematic of the TX-114 fractionation protocol. After treatment, cells are first 
lysed in a homogenous buffer containing 2% pre-condensed TX-114 at 4 ºC. Lysates are 
then phase separated by incubation at 37 ºC for 10 minutes to obtain detergent-rich 
(detergent) and detergent-poor (aqueous) phases respectively, which are consolidated by 
centrifugation. Hydrophilic (cytosolic) proteins mainly partition to the aqueous fraction and 
hydrophobic (membrane) proteins to the detergent fraction. Proteins in these fractions can 
be further analysed by standard techniques. 
 

membrane proteome was therefore required, and enrichment by Triton X-114 (TX-114) 

phase partitioning was chosen due to its accessibility and proven efficacy in membrane 

protein enrichment360-364 (Figure 4.1). TX-114 is a non-ionic, non-denaturing detergent 

which disrupts lipid-lipid and lipid-protein interactions, but less so protein-protein 

interactions, by forming mixed lipid/detergent micelles containing detergent-protein 

interactions. At temperatures below 22 ºC, the cloud point of TX-114, these micelles are 

homogenously distributed within the solution, whereas above this temperature the solution 

separates into two distinct phases, a detergent-rich and a detergent-poor phase, due to 

the formation of micellar aggregates. Partitioning of hydrophobic (generally membrane) 

proteins in the detergent-rich phase and hydrophilic (generally cytosolic) proteins in the 

detergent-poor phase therefore allows analysis of these subcellular fractions upon phase 

isolation and further processing, in this case by LC-MS/MS based proteomics. These 

phases will be referred to as the aqueous fraction, or the detergent or detergent-enriched 

membrane fraction, respectively. Given the mildness of the detergent, as well as the low 

temperatures at which phase partitioning occurs (the cloud point for a similar detergent, 

Triton X-100, is 65 ºC), it was thought that protein-protein interactions could be kept intact 

using this detergent, which would be an advantage for these experiments. 

The fractionation ability of this protocol was first confirmed by western blot for the integral 

membrane protein Na⁺/K⁺ ATPase, the peripheral membrane protein Rab27a and 

GAPDH, a cytosolic protein (Figure 4.2). The membrane proteins were strongly enriched 

in the detergent fraction but depleted in the aqueous fraction as compared to lysates  
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Figure 4.2 TX-114 fractionation successfully enriches for membrane proteins. Western 
blot for GAPDH, Rab27a and Na+/K+ ATPase in P493-6 cells in detergent (Det) and 
aqueous (Aq) fractions or global proteome lysates (global). 
 

obtained using the 0.1% (w/v) SDS and 1% Triton X-100 lysis buffer used to solubilise the 

global proteome in this thesis (global samples), confirming successful fractionation. 

GAPDH was depleted in but not excluded from the detergent fraction, although this was 

not considered a major issue as many proteins, including GAPDH, are transiently 

associated with the membrane as a result of activated signalling44.  

4.3 Pilot proteomics experiment 

As the fractionation worked well, a pilot proteomics experiment was prepared, in which 

SHEP21N cells were induced into different MYCN states and treated with 50 nM IMP1088 

or DMSO for 18 h, analogous to the global proteomic experiment (Figure 4.3A). Aqueous 

and detergent fractions were extracted and prepared for LC-MS/MS analysis; these were 

further compared with the unfractionated global proteomic samples presented in the 

previous chapter. The primary goal of this experiment was to assess the technical 

suitability of the protocol. The secondary goal was to obtain initial insights into the 

biological effect of NMTi under these conditions. 

4.3.1 The sample preparation workflow is applicable for proteomics 

Three assessments were carried out to assess the suitability of this workflow for 

LC-MS/MS analysis: PCA, coefficient of variation (CV) and contaminant analysis. PCA  
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Figure 4.3 A pilot proteomic experiment confirms the suitability of TX-114 fractionation 

for proteomics. A) Schematic of the sample preparation workflow for the pilot proteomic 
experiment. SHEP21N cells were induced into the respective MYCN states, then treated 
with 50 nM IMP1088 or DMSO for 18 h. Cells were then lysed in 2% TX114 in PBS and 
subjected to phase separation. Proteins in the detergent and aqueous phases were then 
processed for LC-MS/MS analysis. B) PCA plot for the pilot proteomic fractions, 
additionally compared to the global proteomics samples from the previous chapter. 
Samples cluster primarily by fraction type. C) CV analysis of proteins identified in each 
fraction. D) Skyline analysis for Triton contamination in a representative detergent fraction 
sample. All MS1 signals assigned to Triton contamination are shown. 
 

confirmed high reproducibility and separation of these samples, with sample fraction 

followed by MYCN status accounting for the majority of separation as expected (Figure 

4.3B). CV values are also a measure of protocol reproducibility. Although CV values for 

the log2 LFQ intensities tended to be higher in the detergent phase, the proportion of 

proteins with CV<20%, a common threshold for proteomic reproducibility365, is similar 

across all fraction types indicating general reproducibility (Figure 4.3C). Furthermore, the 

median CVs for all fractions was <10% (Appendix Figure 15). Finally, although samples 

were cleaned up by solvent precipitation SP3 (SP4)366, which efficiently removes 

detergents, residual TX-114 contamination was a possibility due to the high concentrations  
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Figure 4.4 TX-114 fractionation globally enriches for membrane associated proteins, 

particularly those associated with organelles. A) Venn diagram of identified proteins in 
each fraction. The number and percentage of membrane-associated proteins in each 
fraction is indicated in the table below. B) Pathway enrichment results for identified 
proteins against the cytosol, plasma membrane and organelle membrane gene sets from 
the GO Cellular Compartment database. The fractions with the highest enrichment for a 
given compartment are shaded in green. 
 

used (~12% in the detergent fraction). However, contaminant analysis indicated that no 

residual TX-114 was present. One high intensity MS1 peak was assigned to TX-114, but 

this is likely to be a misassigned peak due to its early retention time and lack of a repeating 

peak envelope characteristic of progressive loss of Triton C2H4O subunits367 (Figure 

4.3D). Therefore, this protocol was considered compatible with LC-MS/MS analysis. 

Next, differences in the identified proteins in each fraction were compared. The global 

samples and aqueous fractions shared the biggest overlap, with >3000 shared protein 

groups, whereas 1113 protein groups were only found in the detergent fraction (Figure 

4.4A). Localisation annotation was retrieved for 981 of these 1113 proteins and revealed 

that 856 were membrane associated, confirming identification of an alternate, 

membrane-associated proteome. Correspondingly, the total percentage of proteins with 

membrane annotation was highest in the detergent fractions (68%), compared to 51% in 

the global sample and 45% in the aqueous sample. GO enrichment (PantherDB)368 further 

showed that proteins associated with organelle membranes were more enriched by this 

protocol compared to plasma membrane-associated proteins; this may be due to 

differences in membrane composition or protein hydrophobicity affecting extraction 
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(Figure 4.4B). Consistent with N-myristoylation promoting membrane association, 

identification of canonical CoT NMT substrates almost doubled in the detergent fraction 

compared to the global samples (81 vs 45) but were depleted in the aqueous fraction, 

where only 34 were identified. Overall, these results show the suitability of this protocol for 

LC-MS/MS based assessment of membrane-associated proteins. 

4.3.2 Initial insights into the effects of NMT inhibition at membranes 

The differences upon NMT inhibition in the detergent fractions was next investigated. It is 

important to note, however, that this enrichment method does not isolate pure intact 

membranes and therefore is most accurately an assessment of the detergent-enriched 

proteome. However, these results are still a useful surrogate for a membrane-associated  

 

 

Figure 4.5 Summary volcano plots for the pilot TX-114 fractionation proteomic 

experiment compared to the global experiment. Volcano plots for NMTi-induced effects 
in the global samples, detergent fractions, and aqueous fractions. The number of 
significantly differentially expressed proteins (p<0.05, |log2FC|>0.26) is indicated. 
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proteome, as such proteins are inherently more likely to be membrane localised and as 

TX-114 enriches for proteins predominantly by disrupting lipid-protein interactions369. 

Therefore, differential abundance in these analyses may arise from changes in enrichment 

efficiency, total protein abundance and protein localisation upon NMTi treatment. The 

predominant effect of NMTi, regardless of fraction, is to deplete CoT NMT substrates. This 

is most prevalent in the detergent fraction but less so in the aqueous fraction compared to 

global samples (Figure 4.5). On the other hand, post-translational NMT substrates did not 

show a strong trend of upregulation or downregulation in any fraction, suggesting that the 

effects of NMT inhibition are mediated primarily through CoT NMT substrates. Proteins 

were classified as significantly differentially affected using the same thresholds as the 

global analysis to enable comparison between these two datasets (p-value<0.05, 

|log2FC|>0.26), although the minimum biologically significant fold change likely differs 

between global and subcellular contexts. The number of significantly differentially affected 

proteins was much higher in the detergent fractions of low MYCN samples than high 

MYCN samples due to better sample separation by treatment in the former as shown by 

PCA (Appendix Figure 16). While it is possible that this is due to true biological 

differences in response depending on MYCN condition, variability introduced by sample 

preparation or instrumentation drift likely also contributes. 

 

Figure 4.6 Protein abundance changes in detergent fractions reflect both abundance 

and localisation effects. A) Comparison of protein fold changes in global proteome 
samples (total abundance) against detergent fractions (membrane-associated) in high 
MYCN cells. Proteins outside the thresholds shown have a log2FC difference greater than 
0.26, the threshold for differential expression in single experiments. B) Comparison of 
protein fold changes for NMT substrates in aqueous and detergent fractions in high MYCN 
cells. Proteins in the bottom left quadrant are depleted in both fractions and proteins in the 
top left are depleted in the detergent fraction but enriched in the aqueous fraction upon 
NMT inhibition. A line of origin is shown.  
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To investigate the extent to which changes in protein localisation contribute to the effects 

seen in detergent fractions, fold changes upon IMP1088 treatment in the detergent fraction 

and global samples were compared in the high MYCN samples. Greater fold changes were 

generally identified in the detergent fraction compared to the global samples (Appendix 

Figure 17). Additionally, the fold changes of 24% of proteins identified in both fractions 

differed by over 20% (|Δlog2FC|>1.2), the threshold taken as a significant differential fold 

change (Figure 4.6A). This may be due to localisation changes also contributing to the 

fold changes seen in the detergent fraction for these proteins. This was the case for 13 

NMT substrates, the majority of which were more depleted in the detergent fraction than 

in the global proteome samples. These included PSMC1 and SAMM50, for which it has 

been demonstrated that loss of N-myristoylation primarily affects their localisation but not 

total abundance104,264.  

To further characterise the effects of NMT inhibition on NMT substrate localisation, the fold 

changes for NMT substrates in the detergent and aqueous fractions were compared 

(Figure 4.6B). Many substrates were depleted in both fractions to some degree indicating 

overall protein degradation, likely by the glycine N-degron pathway. A smaller subset was 

depleted in detergent fractions but enriched in aqueous fractions upon NMTi treatment, 

indicating mislocalisation of non-N-myristoylated proteoforms into the cytosol without 

efficient degradation. This was particularly obvious for ARL1, although ARF1/4 and 

MRPS36 also behave similarly; these four proteins were also not highly downregulated in 

the previous global proteomic analysis. Similar results were also found in the low MYCN 

condition (Appendix Figure 18). Therefore, for these proteins, the myristate group 

appears to be important for protein localisation but not stability.  

4.3.3 NMTi affects multiple protein complexes at the membrane 

Loss of cellular N-myristoylation may inhibit the recruitment of protein complexes to 

membranes to cause biologically relevant perturbations. In particular, protein clusters 

which are depleted in membranes and interact with NMT substrates likely mediate primary 

effects of NMT inhibition. In order to identify these complexes, significantly differently 

affected proteins (depleted and enriched) in the detergent fraction were separately 

analysed by STRING PPI analysis, considering only high confidence (STRING score>0.7) 

physical interactors370. If the resulting network did not result in defined clusters, data were 

clustered using the in-built MCL algorithm. Clusters were manually inspected and functions 
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Figure 4.7 The effects of NMTi in detergent fractions in high MYCN cells in the pilot 

study. Results of STRING analysis for significantly affected (p<0.05, |log2FC>0.26|) 
proteins with negative (left) and positive (right) fold changes in high MYCN detergent-
enriched membrane fractions after IMP1088 treatment (50 nM, 18 h). Rectangles with 
purple outlines: CoT NMT substrates, ellipses: non-N-myristoylated interactors. 
 

annotated, using STRING pathway enrichment analysis as a guide where necessary. 

Application of this analysis workflow for the high MYCN samples (Figure 4.7) revealed 

four clusters which were depleted upon NMTi treatment; these were all associated with 

NMT substrates. The largest cluster by far were proteins associated with RC1, consistent 

with the global proteomics results in the previous chapter, and this was again linked to 

depletion of NDUFAF4. In addition, SFKs were depleted, which as previously mentioned 

mediate pro-proliferative and pro-survival pathways and whose N-myristoylation status 

have been associated with cancer progression77,371. Also depleted were Gαi proteins and 

components of the Ragulator complex (LAMTOR proteins), consistent with previous 

studies of NMT biology and the global proteomics experiment95,146,147. Notably, non-NMT 

substrates were identified in the RC1 and Ragulator clusters, indicating generalised effects 

on these complexes. Although a lack of such interactors in the Src kinase or Gαi signalling 

clusters was seen, this does not rule out wider effects on these signalling pathways; such 

interactions may be missing due to weaker or more transient binding, which would be 

consistent with the signalling functions of these proteins. However, only one cluster was 

enriched in high MYCN cells, which related to vesicle-mediated transport, particularly of 

GLUT4. In normal physiology, proteins in this cluster mediate the translocation of GLUT4 

to the plasma membrane to promote cellular glucose uptake in response to insulin372. 

Taken together, these data support the global proteomics analysis suggesting that a major 

effect of NMTi is energetic dysfunction, likely through direct effects on RC1. 

When this analysis was applied to the low MYCN results, more clusters were identified as 

a direct result of the higher number of proteins used for STRING analysis (Figure 4.8). 

Similar to the high MYCN results, multiple proteins relating to RC1 were depleted upon 
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NMTi, as were clusters relating to Gαi, Src and Ragulator proteins. However, multiple 

clusters were uniquely affected in low MYCN samples. Vesicle-mediated trafficking was 

robustly depleted, and indeed the largest affected cluster consisted of SNARE proteins, 

whose primary function is to mediate vesicle fusion to membranes373. Other affected 

clusters relating to vesicular transport included TMED proteins, which function in the early 

signalling pathway of the ER/Golgi374, Rab proteins, which are implicated in all steps of 

vesicular transport375 and COPII coat proteins, which mediate anterograde transport from 

the ER to Golgi376. ARF downregulation perturbs vesicle trafficking in senescent cells150 

and ARF proteins are also depleted in this dataset. However, ARF-regulated vesicular 

transport does not appear in this analysis despite co-ordinately regulating vesicle transport 

as they are not high-confidence physical interactors of each other with the exception of 

ARF1/6. This is a limitation of this study. Apart from these clusters, integrins, which 

regulate cell adhesion and proliferation, were also depleted; this may be a negative 

feedback response to Src kinase depletion, which are major mediators of integrin 

function371. Depletion of α6 and β4 integrin subunits could also inhibit apoptosis, as the 

heterodimer α6β4 promotes apoptosis in wild-type p53 contexts, as is the case here377. 

Mirroring the global proteomic results, Rho GTPase signalling was also downregulated, 

and specifically the RAC1 and CDC42 GTPases, again possibly to prevent apoptosis. 

Enriched clusters in low MYCN cells upon NMT inhibition also represented several distinct 

themes. Again, clusters relating to vesicular transport, such as clathrin-mediated transport 

and the conserved oligomeric Golgi (COG) complex, which functions in retrograde 

transport at the Golgi378, were identified, in this case probably as a compensatory response 

to restore homeostasis. Ribosomal proteins, tRNA ligases and initiation factors were also 

enriched, altogether indicating an increase in translation at the ER membrane. As such an 

increase was not seen in the global proteomics analysis, this is likely a selectively 

upregulated ER translational program. ER-associated ribosomes translate membrane, 

organellar or secreted proteins306 and this is consistent with the hypothesis that NMT 

inhibition disrupts membrane proteomes. This is also supported by enrichment of proteins 

involved in ubiquitin-dependent protein catabolism such as E3 ligases and deubiquitinating 

enzymes, perhaps to support membrane-anchored proteasome function264. 
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Figure 4.8 The effects of NMTi in detergent fractions in low MYCN cells in the pilot study. 
Results of STRING analysis for significantly affected (p<0.05, |log2FC>0.26|) proteins with 
negative (top) and positive (bottom) fold changes in low MYCN detergent-enriched 
membrane fractions after IMP1088 treatment (50 nM, 18 h). Rectangles with purple 
outlines: CoT NMT substrates, ellipses: non-N-myristoylated interactors. 
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Overall, this analysis identified common effects on RC1, the Ragulator complex and Src 

and Gαi signalling in the detergent fraction in both high and low MYCN cells; these likely 

represent primary effects of NMT inhibition. Enrichment of GLUT4 membrane trafficking in 

high MYCN cells further indicated energetic dysfunction, whereas many more protein 

interaction networks were affected in low MYCN cells, especially those relating to vesicular 

transport, protein translation and ubiquitin-dependent protein catabolism. These may be 

selectively affected in low MYCN cells due to a greater reliance of these cells on the 

associated pathways or NMT substrates; multiple Golgi proteins were also more sensitive 

to NMT inhibition in the YnMyr profiling experiment in low MYCN cells (Figure 2.11), or as 

a pro-survival adaptive response. However, as previously mentioned, these extra 

identifications are also a direct result of identifying more significantly affected proteins in 

the low MYCN state. To verify these effects, a second biological replicate of 

detergent-enriched membrane proteomes was prepared, this time as a time-course to 

obtain insights in a time-resolved manner. 

4.4 A time-course study of NMT inhibition in detergent-enriched 

membrane fractions 

4.4.1 Correlation of biological replicates 

To prepare the time-course experiment, SHEP21N cells were first induced into the 

respective MYCN states and then treated with DMSO or 50 nM IMP1088 for 6, 18 or 36 

hours. The 36 h timepoint was assayed to investigate NMTi-induced cellular states in both 

MYCN states at a timepoint which induced cell death only in high MYCN cells. PCA plots 

showed that for all MYCN and timepoint combinations, samples separated by NMTi 

treatment status (Appendix Figure 19). However, clustering of the 18 h timepoints with 

the pilot experiment using Pearson coefficients revealed only a low degree of similarity 

between the two replicates (Appendix Figure 20). Samples clustered primarily by 

replicate, except the low MYCN results in the pilot study which were highly dissimilar to all 

other samples. This suggests differences introduced during sample preparation 

contributed to the changes seen in these samples. Therefore, in subsequent analyses, 

pathways that were either seen in both pilot and time-course data or consistently observed 

across timepoints were considered as higher confidence effects. 
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Figure 4.9 Depleted clusters in high MYCN cells in the time course study. Results of 
STRING analysis for significantly depleted (p<0.05, log2FC<-0.26) proteins in detergent-
enriched membrane fractions from high MYCN cells after treatment with 50 nM IMP1088 
for 6 h (A), 18 h (B) or 36 h (C). Rectangles with purple outlines: CoT NMT substrates, 
ellipses: non-N-myristoylated interactors. 
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Figure 4.10 Enriched clusters in high MYCN cells in the time course study. Results of 
STRING analysis for significantly enriched (p<0.05, log2FC>0.26) proteins in detergent-
enriched membrane fractions from high MYCN cells after treatment with 50 nM IMP1088 
for 6 h (A), 18 h (B) or 36 h (C). 
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4.4.2 Effects of NMTi in high MYCN cells 

Effects were already apparent at 6 h (Figure 4.9, Figure 4.10), with multiple clusters 

involving NMT substrates. All clusters depleted in the pilot study were also depleted here, 

alongside ARF (vesicle-mediated transport) and proteasomal proteins. While effects on 

the proteasome were not seen in the pilot study, a subset of proteasomes are anchored 

at membranes by N-myristoylated PSMC1 and the PSMC1 G2A mutant is embryonic lethal 

in mice, indicating biological importance of this modification264. In addition, 

nucleolar-localised ribosomal biogenesis (RiBi) and rRNA processing proteins were 

depleted. This was surprising as nucleolar-localised proteins were depleted in detergent 

fractions relative to global proteome lysates. In addition to supporting protein synthesis, 

ribosomal biogenesis is highly energy intensive and depletion may therefore reflect 

responses to energetic stress379. Clusters enriched in the detergent fraction at this 

timepoint (Figure 4.10A) related to translation, similar to the low MYCN pilot study, 

oxidative phosphorylation through upregulation of ETC components or the mitochondrial 

ribosome (mitoribosome) and vesicle-mediated transport. 

IMP1088 treatment for 18 and 36 h also depleted similar clusters (Figure 4.9B, C) and 

notably the cluster corresponding to RC1 grew in size at each timepoint, revealing a 

time-dependent effect of NMTi. However, only two small clusters were enriched at 18 h, 

which related to the TCA cycle and proteasomal function respectively (Figure 4.10B). 

Increased flux through the TCA cycle may represent a compensatory response upon RC1 

dysfunction. Indeed, DLST, which was upregulated here, has been found to support 

neuroblastoma growth through OxPhos upregulation380. Meanwhile, at 36 h, upregulated 

clusters were again highly associated with oxidative phosphorylation, with upregulation of 

mitoribosomal proteins, ETC components and synthesis of ubiquinone, the main 

respiratory electron shuttle, identified (Figure 4.10C).  

4.4.3 Effects of NMTi in low MYCN cells 

Contrary to high MYCN SHEP21N cells, only a few clusters were depleted upon 6 h of 

NMT inhibition (Figure 4.11A) and only the Src and Gαi signalling clusters were 

associated with NMT substrates. Similar to the high MYCN results, increases in ribosomal 

proteins was identified alongside clusters related to splicing and tRNA aminoacylation 

(Figure 4.12A). Despite no depletion of a RC1 associated cluster, mitoribosomal proteins 
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Figure 4.11 Depleted clusters in low MYCN cells in the time course study. Results of 
STRING analysis for significantly depleted (p<0.05, log2FC<-0.26) proteins in detergent-
enriched membrane fractions from low MYCN cells after treatment with 50 nM IMP1088 
for 6 h (A), 18 h (B) or 36 h (C). Rectangles with purple outlines: CoT NMT substrates, 
ellipses: non-N-myristoylated interactors. 
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Figure 4.12 Enriched clusters in high MYCN cells in the time course study. Results of 
STRING analysis for significantly enriched (p<0.05, log2FC>0.26) proteins in detergent-
enriched membrane fractions from low MYCN cells after treatment with 50 nM IMP1088 
for 6 h (A), 18 h (B) or 36 h (C). 
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and mitochondrially translated proteins were both enriched at this timepoint. This is 

therefore potentially a response for general energetic effects of NMTi at this timepoint, 

although it is notable that the RC1 assembly factor DMAC1 is already over two-fold 

depleted (log2FC = -1.35) at this timepoint. Subsequent late-stage misassembly of RC1 

without loss of membrane localisation, for example by accumulation of a previously 

observed 600 kDa intermediate subcomplex293, may therefore induce mitoribosomal 

upregulation at this timepoint. While MRPS36, which was previously annotated to be a 

mitochondrial ribosomal protein, was also highly depleted (log2FC = -0.86), mitoribosomal 

upregulation should not be a direct response to its depletion as it does not appear to be a 

true mitoribosomal protein, instead operating in the TCA cycle381. Enrichment of nodes 

related to clathrin-coated vesicle transport and proteasomal processing were also 

identified. The clusters depleted after 18 h of NMTi treatment (Figure 4.11B) resembled 

those depleted in high MYCN cells after 6 h treatment (Figure 4.9A). This indicates that 

low MYCN cells generally respond slower, perhaps due to reduced overall protein 

synthesis rates. Contrary to the pilot experiment, only one cluster was enriched at this 

timepoint (Figure 4.12B), which was again associated with ubiquitin-mediated protein 

processing. After 36 h of treatment (Figure 4.11C), RC1 was now the largest depleted 

complex, and uniquely a robust depletion in ribosomal proteins was observed, pointing 

towards a differential translational response in low MYCN cells. Enriched clusters at this 

timepoint (Figure 4.12C) matched previously observed themes, most notably 

mitochondrial translation, vesicle transport through the upregulation of the COG complex 

and ER protein homeostasis. 

4.4.4 Summary of affected clusters identified 

Overall, the time-course in the high MYCN cells revealed several findings. Multiple clusters 

were depleted by NMTi across all timepoints and were associated with NMT substrates, 

including those previously identified also in the pilot study, suggesting these are legitimate 

primary effects of NMT inhibition: Loss of Src and Gαi signalling, and the Ragulator and 

RC1 complexes at the membrane. In addition, loss of proteasomal subunits was identified 

at all timepoints, associated with the NMT substrate PSMC1. Ribosome biogenesis also 

appeared to be depleted at all timepoints, suggesting this may also be a significant effect 

of NMT inhibition, although this requires verification due to its nucleolar localisation. 

Enriched clusters strongly represented various functions relating to oxidative 
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phosphorylation, probably as a compensatory mechanism to the depletion of RC1. Protein 

clusters involved in protein homeostasis were also enriched, indicative of altered 

membrane proteomes due to mislocalisation or degradation of NMT substrates, or loss of 

membrane-anchored proteasomes. The effects on OxPhos appear to be particularly 

prominent, consistent with the results of the whole proteome analysis. A large 

accumulation of ribosomal proteins was also identified in the detergent fraction at 6 h, 

suggesting induction of an early, ER-focused translational response. 

Similarly, analysis of changes in low MYCN samples revealed that the Src, Gαi, Ragulator, 

RC1 and proteasome clusters were also consistently depleted, although effects on the 

latter three only began to appear after 18 h of NMTi treatment under the conditions used. 

On the other hand, enrichment of OxPhos related clusters, as well as ER-associated 

proteostasis and vesicle-mediated transport across these timepoints suggests cellular 

compensation and biological relevance of these functions. For example, upregulation of 

the COG complex at 36 h, which was not seen in high MYCN cells, may contribute to 

preservation of Golgi function and contribute to cell survival. However, continuity in the 

specific identified proteins associated with the latter themes in particular was not observed. 

This may represent differential temporal timescales of activation (and deactivation) 

although this also requires validation. There is again a major enrichment of ribosomes in 

the detergent fraction after 6 h of treatment, although they are depleted after 36 h, 

suggesting adaptation of the translational response not seen in high MYCN cells. 

While the above processes have been highlighted by this analysis, it is clear that overall 

NMT inhibition induces a plethora of simultaneous effects which span multiple important 

pathways. Indeed, the polypharmacology of NMTi likely underlies their robust anticancer 

properties. However, the significant effects on OxPhos via RC1 loss observed in the 

proteomics experiments suggested that this could be a major single contributor to cell 

death in these cells. If so, the selectivity of NMTi for high MYCN cells may be explained 

by their greater dependence on this pathway. Indeed, likely compensatory enrichment of 

OxPhos-related clusters was more prevalent in high MYCN over low MYCN cells upon 

extended (36 h) treatment with IMP1088. Therefore, the functional relationship between 

NMTi and OxPhos, and the causal effects of loss of NDUFAF4 N-myristoylation was further 

investigated. 
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4.5 Validation of the effects of NMTi on OxPhos 

4.5.1 NMTi induces oxidative phosphorylation defects in selectively in high MYCN 

cells  

First, the effects of IMP1088 on mitochondrial respiration in SHEP21N cells was 

functionally validated by use of the Mito Stress Test assay, which measures the oxygen 

consumption rate (OCR) upon sequential treatment with various respiratory modulators. 

Changes in the OCR after such treatment allows quantification of multiple respiratory 

parameters. High and low MYCN SHEP21N cells were therefore pre-treated with 100 nM 

IMP1088 for 18 h and mitochondrial parameters measured. MYCN expression increased 

respiratory parameters as expected219, however IMP1088 treatment significantly affected 

respiration only in the high MYCN condition (Figure 4.13). In these cells, NMTi significantly 

 

 

Figure 4.13 18 h treatment with IMP1088 affects mitochondrial respiration only in high 

MYCN cells. A) Normalised OCR of SHEP21N cells (high and low MYCN) upon treatment 
with DMSO or IMP1088 (100 nM, 18 h). B) Mitochondrial respiratory parameters 
calculated from A). O: oligomycin; F: FCCP, R/A: Rotenone/Antimycin A 
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lowered the maximal respiration and spare respiratory capacity, which was completely 

abolished for many of the treated cells. A downshift of basal respiration, although not 

significant, was also observed. RC1 depletion, as observed in the proteomics data, should 

significantly lower the basal respiratory rate. The unexpectedly non-significant effects may 

be due to compensatory increased activity of the other complexes in the respiratory ETC 

to sustain ATP generation by OxPhos. Similar effects have been seen upon dNDUFAF4 

KD in Drosophila, which disrupts RC1 activity but post-translationally upregulates 

respiratory complex II and IV activity382. However, one implication of the often-total loss of 

spare respiratory capacity is that mitochondrial ATP generation after NMT inhibition may 

not be able to supply the energetic demands of the cell. As a low, non-significant effect on 

basal ATP generation was seen, this implies loss of mitochondrial fitness, saturation of the 

usual cellular mechanisms which activate mitochondrial respiration and an increased 

energetic demand of the cell as a result of other NMTi-induced effects. 

Overall, these results indicate that at the time frame just before cell death, high MYCN 

cells suffer from reduced respiratory parameters and energetic stress, whereas low MYCN 

cells do not at this same timepoint. These results are also consistent with the degree of 

RC1 depletion in membrane fractions at this timepoint.  

4.5.2 NMTi induces loss of NDUFAF4 selectively in high MYCN contexts  

Next, the effect of IMP1088 on NDUFAF4 was verified. High and low MYCN SHEP21N 

cells were treated with 100 nM IMP1088 for 18 h, total protein lysates generated and 

NDUFAF4 levels probed by western blotting (Figure 4.14). MYCN expression correlated 

with a ~3-fold increase in NDUFAF4 levels, as expected from the transcriptomics data, in 

which MYCN upregulated NDUFAF4 mRNA levels by >2-fold. To confirm a direct effect, 

publicly available ChIP-Seq data for MYCN in SHEP21N cells was re-examined. This 

revealed that MYCN binds to the promoter region of NDUFAF4, confirming it as a direct 

target of MYCN202 (Appendix Figure 21). At this timeframe, IMP1088 induced significant 

loss of total NDUFAF4 in the high but not low MYCN state, consistent with the degrees of 

depletion of NDUFAF4 in membrane fractions at this timepoint. The loss of NDUFAF4 

seen is likely due to proteasomal degradation of the non-N-myristoylated proteoform as 

previously shown66 and may not significantly occur in low MYCN cells due to a lower 

synthesis rate. In total, the above results are consistent with a model in which MYCN 

increases NDUFAF4 levels to promote aerobic ATP generation. Upon NMT inhibition, loss  
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Figure 4.14 18 h treatment with IMP1088 reduces NDUFAF4 levels only in high MYCN 

cells. Western blot and quantification of total NDUFAF4 in SHEP21N cells (high and low 
MYCN) treated with IMP1088 (100 nM, 18 h). One representative biological replicate is 
shown. Three biological replicates were used to quantify NDUFAF4 changes. 
 

of lipidation of newly synthesised NDUFAF4 induces its proteasomal degradation. High 

MYCN cells therefore cannot meet their energetic requirements and in conjunction with 

other NMTi-induced effects, die. Low MYCN cells are not affected at the same timepoint 

perhaps due to lower protein synthesis rates, and also may be less dependent on OxPhos 

(and other affected pathways), contributing to survival at longer timepoints. Notably, these 

results are also comparable to those identified in the P493-6 model, indicating at least 

partially conserved mechanisms across MYC paralogues66. 

4.6 Investigating the specific role of NDUFAF4 N-myristoylation on 

NMTi-mediated OxPhos disruption and cell death 

4.6.1 Development of non-N-myristoylatable NDUFAF4 mutants 

Having shown that NMTi-induced mitochondrial dysfunction is concomitant with loss of 

NDUFAF4 and occurs just prior to cell death in high MYC cells, the causal contribution of 

NDUFAF4 N-myristoylation to mitochondrial dysfunction and NMTi cytotoxicity in  

neuroblastoma was further investigated. Previously, an A3P mutation in NDUFAF4 has 

been associated with loss of NDUFAF4 expression and RC1 assembly defects to cause 

Leigh’s syndrome and developmental delay in human patients383. Work in the Tate group 

further identified that this mutant is not N-myristoylated, indicating the importance of this 

modification alone66. 
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To assess the effects of loss of N-myristoylation for endogenous NDUFAF4 protein in the 

neuroblastoma context, a CRISPR-Cas9 knock-in approach was used to generate the 

G2A mutant in SHEP21N cells to maintain model continuity (Figure 4.15). In addition, the 

parental SHEP line has no copy number changes in chromosome 16, where NDUFAF4 is 

located384, increasing the probability of a homozygous edit. In addition to the G2A mutant, 

generation of a cell line with the silent NDUFAF4 G2G mutation was also attempted. This 

cell line would serve as a control for the NDUFAF4 mutation but minimise phenotypic 

differences which may be a result of the CRISPR-Cas9 process. Guide RNAs and donor 

templates were designed using the ThermoFisher TrueDesign application and cells were 

transfected as described in the method section. To assess the efficiency of the CRISPR 

protocol, negative (no sgRNA) and mock (no donor template) controls were also prepared. 

Amplicon sequencing of the NDUFAF4 locus revealed that the protocol was successful, 

with ~2.5% uptake of the desired base edit in the total cell population of both G2A and 

G2G conditions, whereas edits at this locus were not enriched in the mock controls. Single 

cell clones were then isolated. Clones were first screened for the presence of the desired 

modification using PCR, which identified one clone possessing the G2A edit 

homozygously (Figure 4.16A) but no single cell clones with the G2G modification. 

Subsequently, successful gene editing was confirmed for the NDUFAF4 G2A candidate  

 

 

Figure 4.15 Schematic of the CRISPR-Cas9 knock-in approach to generate the NDUFAF4 

G2A and G2G mutants. SHEP21N cells were transfected with sgRNA, Cas9 and donor 
DNA containing the G2A or G2G mutation template respectively. The sgRNA guides the 
Cas9 protein to the desired PAM site (here, the start of the NDUFAF4 coding sequence) 
allowing it to make a double-stranded break. The donor DNA is then used as a template 
for homology-directed repair to incorporate the desired mutation. 48 h after transfection, 
single cell clones were isolated, expanded and screened for the mutation by PCR. 
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Figure 4.16 Identification of a homozygous NDUFAF4 G2A mutant. A) Genomic DNA 
(gDNA) was extracted from single cell clones. gDNA was amplified by PCR using primers 
against the wild type and target mutation sequence. Clone 4A3 was successfully amplified 
by the G2A primer and not the wild type primer indicating homozygous knock-in. B) Sanger 
sequencing results for clone 4A3 in the region surrounding the NDUFAF4 start site. The 
start codon is underlined in blue. Red box, the target mutation site with the desired base 
changes also highlighted in red. 
 

by Sanger sequencing (Figure 4.16B). As no NDUFAF4 G2G clone was isolated, a clone 

which underwent the CRISPR-Cas9 editing protocol but did not show changes in the target 

sequence (Appendix Figure 22) was used in subsequent phenotypic assays as a control 

cell line (henceforth referred to as control), with the rationale that these cells should at 

least partially control for cellular changes due to the gene editing protocol. 

4.6.2 Initial validation and assessment of the impact of the G2A mutation in 

NDUFAF4 

With the NDUFAF4 G2A and control cell lines in hand, further validation of these cell lines 

was first carried out. All western blots were prepared by Dr. Anne Schuhmacher. Initial 

western blots revealed that the MYCN switching ability of these cells was intact (Figure 

4.17A). Assessment of the effects of NMTi on global N-myristoylation by YnMyr labelling 

also revealed no major differences, with NMT activity severely diminished by 100 nM 

IMP1088 and completely abolished by 1 µM IMP1088 (Figure 4.17B). 
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Figure 4.17 Initial validation of generated monoclonal cell lines reveals severe impacts 

on NDUFAF4 expression. Western blot and in-gel fluorescence results in high or low 
MYCN SHEP21N cells (parental, control and NDUFAF4 G2A). A) Blots for MYCN and 
NDUFAF4 in cells treated with doxycycline (0-0.5 μg/mL, 24 h). The MYCN switching 
ability of these cells is retained, but the G2A mutant abolishes NDUFAF4 expression. B) 
In-gel fluorescence readout of YnMyr metabolic labelling in cells treated with IMP1088 (0, 
0.1, 1 μM) for 18 h. Global N-myristoylation responds similarly to IMP1088 in each cell 
line. 
 

However, a major difference was observed in the NDUFAF4 blot, in which the G2A 

mutation induced a severe loss of total NDUFAF4 levels, confirming that the myristoyl 

group alone was essential for NDUFAF4 expression and therefore by extension RC1 

assembly and function. To further explore the mechanisms behind the loss of NDUFAF4 

expression, cells were first treated with 10 µM of the proteasomal inhibitor MG132 for 24 h. 

Although the G2A mutant was not expected to be a substrate of the glycine N-degron 

pathway, in contrast to the non-N-myristoylated A3P mutant, other cellular mechanisms 

could direct it to proteasomal degradation, for example through the Ac/N-end rule pathway 

following N-terminal acetylation or by triaging by UBQLN1 as has been shown for other 

mitochondrial proteins385. However, proteasomal inhibition was not sufficient to rescue 

expression of the G2A mutant (Figure 4.18A). Regulation does appear to be on a 

post-transcriptional level however as RT-qPCR revealed no depletion of NDUFAF4 mRNA 
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Figure 4.18 Loss of the NDUFAF4 G2A mutant protein is post-transcriptional but not 

proteasomal. (A) Western blot for NDUFAF4 in high or low MYCN SHEP21N cells 
(parental, NDUFAF4 G2A-mock and NDUFAF4 G2A) with or without MG132 treatment (10 
μM, 24 h). (B) RT-qPCR results for NDUFAF4 transcripts in control and NDUFAF4 G2A 
cells. Fold changes were calculated relative to control cells using the ΔΔCt method. 
 

in NDUFAF4 G2A cells relative to control cells (Figure 4.18B). Such regulation may 

therefore manifest as non-proteasomal degradation, such as autophagy, or compromised 

NDUFAF4 translation. 

4.6.3 Loss of NDUFAF4 N-myristoylation induces OxPhos defects but abolishes 

further changes induced by NMT inhibition 

Next, the effect of the G2A mutant on mitochondrial parameters and the effects of NMT 

inhibition was measured. Cells were prepared prior to the assay by Erika Bernardini. The 

G2A mutant severely lowered the basal respiration and abolished the spare respiratory 

capacity of SHEP21N cells, consistent with the contribution of NDUFAF4 to RC1 activity 

(Figure 4.19). Notably, IMP1088 treatment did not induce further changes in respiratory 

parameters in NDUFAF4 G2A cells in contrast to the control cells. This observation implies 

that the effects of NMT inhibition on mitochondrial respiration are strongly mediated by 

effects on RC1, given that the G2A mutation abolishes NDUFAF4 expression which in turn 

ameliorates RC1 assembly293. However, because minimal functional respiratory complex 

I will be present in these cells even before NMTi treatment, this result does not suggest 

that the effects of NMTi are mediated solely by impacts on NDUFAF4 N-myristoylation in 

contexts with functional RC1 and NDUFAF4 i.e. pharmacological NMT inhibition in cancer. 

In these contexts, effects on NDUFAF4 will occur concurrently with other RC1-associated 

NMT substrates such as DMAC1 which may induce additive effects on RC1. 
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Figure 4.19 The NDUFAF4 G2A mutant induces OxPhos defects and prevents further 

NMTi-induced effects on respiration. A) Normalised OCR of high MYCN SHEP21N cells 
(NDUFAF4 G2A and control) upon treatment with DMSO or IMP1088 (100 nM, 18 h). B) 
Mitochondrial respiratory parameters calculated from A). O: oligomycin, F: FCCP, R/A: 
Rotenone/Antimycin A. 
 

While respiratory parameters were affected by NMTi in control cells, surprisingly the impact 

of NMTi in these cells was different to those seen in the parental SHEP21N cells (Figure 

4.19, compared to Figure 4.13). In particular, the decrease in maximal respiration, 

although still significant, was much smaller and the spare respiratory capacity was not 

significantly affected. One contributing factor to this observation was that the maximal 

respiration measured in the DMSO treated control cells was relatively low, which then 

contributes to minimising the changes in maximal respiration and spare respiratory 

capacity, and this may be an artefact due to the assay design. To measure maximal 

respiration, cells are treated with FCCP, a proton gradient decoupler. Importantly, the 

effects of FCCP are concentration dependent and needs to be titrated for maximum effect 

for each cell line. It is therefore possible that the CRISPR protocol changed the optimal 

FCCP concentration for the generated cell lines. That the effects of the G2A mutation is 

not strongly phenocopied by NMTi in the control cell line in this experiment may also be 

due to broad effects of NMTi on other pathways controlling respiration, such as AMPK 

signalling, to induce compensatory increases in maximal OCR not seen in the G2A mutant, 

or an adaptive re-wiring of the cell away from OxPhos in the mutant cell line. In either case, 
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further re-optimisation and validation of these results are needed, especially given that the 

maximal OCR was significantly affected by NMTi in the parental cell line (Figure 4.13). 

Furthermore, to account for clonal effects, multiple other control and G2A mutant cell lines 

should be generated and examined; such effects cannot be accounted for in the above 

experiment as only one clone of each cell line was used. Ultimately however, these initial 

results indicate that loss of NDUFAF4 N-myristoylation is sufficient to induce OxPhos 

defects as expected and that the effects of NMTi on OxPhos could be centred on RC1. 

4.6.4 The NDUFAF4 G2A mutant does not alter sensitivity to NMTi 

Finally, the cytotoxicity of NMTi was assessed in the generated cell lines using the Incucyte 

assay, and it was found that both NDUFAF4 G2A and control cells were equally sensitive 

to IMP1088 (Figure 4.20A, Appendix Figure 23). Dose-response curves were highly 

similar in both high and low MYCN contexts and <50% cell death was observed in low 

MYCN cells as expected. While the IC50 values for IMP1088 were similar between the 

NDUFAF4 G2A and control cell lines, these were ~double the IC50 value obtained in 

Chapter 2. However, this was likely due to a change in the FBS used to culture these cells. 

Indeed, repeating the cytotoxicity assay in parental SHEP21N cells yielded a similar 

dose-response graph and IC50 value as the generated cell lines. Furthermore, the time 

required to induce cell death was not affected by the NDUFAF4 G2A mutation in either 

MYCN state (Figure 4.20B). Taken together, these results show that loss of NDUFAF4 

(N-myristoylation) by itself is not a major mechanism through which NMT inhibition induces  

 

Figure 4.20 The NDUFAF4 G2A mutation does not affect sensitivity to IMP1088. A) Dose-
response curves for high and low MYCN SHEP21N cell lines (parental, NDUFAF4 G2A 
and control). Individual biological replicates are shown. B) Cytotoxicity of 1 μM IMP1088 
in SHEP21N NDUFAF4 G2A and control cells. Cell lines are coloured by MYCN status. 
Values are normalised against the puromycin AUCs to allow cross-comparison.  
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cell death in these cells. These results also indicate that an increased reliance of MNA 

neuroblastomas on OxPhos does not cause their increased sensitivity to NMTi. Instead, 

the simultaneous disruption of multiple pathways, as observed in the TX-114 fractionated 

proteomics study, underlies the cytotoxic effects of NMTi. In this case, it is possible that 

disruption of OxPhos does still contribute to NMTi-induced cell death, although only partly, 

and that its contribution in the NDUFAF4 G2A cell line is masked by the plethora of other 

effects of NMT inhibition, which ultimately induce cell death during the same timeframe. 

4.7 Chapter conclusions and further work 

In this chapter, an investigation of the effects of NMTi on membrane proteins was carried 

out, with subsequent validation of the contribution of NDUFAF4 N-myristoylation to 

observed responses. To enrich for the membrane proteome, TX-114 phase partitioning 

was used and suitability of this protocol for proteomics was first confirmed. Furthermore, 

changes in protein abundance in detergent fractions are not just due to abundance 

changes but also localisation changes, as revealed by comparison with both aqueous and 

global samples. Indeed, the major effect of NMT inhibition for some substrates was to 

induce mislocalisation without significant degradation.  

A pilot study revealed that NMTi affects multiple clusters of interacting proteins in 

detergent-enriched membrane fractions and initially identified many more effects in low 

MYCN samples (Figure 4.7, Figure 4.8). However, generation of a second biological 

replicate (as part of a time-course experiment, section 4.4) revealed poor correlation of the 

initial low MYCN dataset with the rest of the samples, suggesting some effects identified 

may be also due to non-biological variation. Nevertheless, examination of these datasets 

revealed several insights, which are discussed in detail below.  

First, major common primary effects of NMT inhibition under these experimental conditions 

appear to be loss of RC1, the Ragulator complex and Gαi and Src signalling at the 

membrane through the NMT substrates NDUFAF4, LAMTOR1, GNAI1-3 and Src family 

kinases respectively. Additionally, depletion of membrane-anchored proteasomes through 

loss of PSMC1 N-myristoylation may be a primary effect, although this is a lower 

confidence conclusion given that it was not seen in the pilot study. However, these data 

do not exclude significant contributions from the many other NMT substrates affected, 

which may not be detected due to low total proteome coverage or assay/analysis design 
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(see below). These effects are independent of MYCN state but require longer NMTi 

treatment times to develop in low MYCN cells, perhaps due to generally lower protein 

turnover rates. This may particularly be the case for RC1, as RC1-associated NMT 

substrates were much more NMTi responsive in the YnMyr proteomics in high MYCN 

contexts. Encouragingly, analysis of an analogous experiment in P493-6 cells (prepared 

by Dr Josephine Walton and Silvia Vannini) identified similar clusters depleted in detergent 

fractions in high MYC P493-6 cells, but reduced effects in low MYC P493-6 cells, indicating 

that these main effects were conserved across MYC paralogues (Appendix Figure 24). It 

is worth re-iterating here however that NMTi are not expected to have fully conserved 

effects in all cell contexts but will have cell-type specific effects depending on the different 

pathways present.  

Greatly affected upon NMT inhibition in this study was OxPhos; in particular, loss of RC1 

was time-dependent and one of the most prominent effects seen. Furthermore, likely 

compensatory upregulation of clusters involved in mitochondrial ATP generation was 

observed across multiple timepoints, further indicating that this was an important affected 

process. These may be direct effects arising from defects in RC1 assembly and the 

analysis suggests this may be mediated by depletion of the NMT substrate NDUFAF4; 

NDUFB7 is less robustly affected by NMTi, whereas DMAC1 is not included due to 

limitations in this analysis, again discussed later. NMTi could further indirectly affect 

OxPhos through inhibition of mTORC1 signalling, which promotes translation of both RC1 

and mitoribosomal proteins386. Depletion of MRPS36 may also play a role through its 

function in assembling the oxoglutarate dehydrogenase complex in the TCA cycle381, or 

ARF proteins through their role in protein sorting309; these NMT substrates were also 

significantly depleted in detergent fractions.  

Another common effect of NMT inhibition appears to be early activation of an 

ER-associated translational program without global translation upregulation, suggesting 

that membrane or organellar proteins are highly affected. However, loss of 

membrane-associated ribosomes is seen in the low MYCN samples at later timepoints, 

indicating a divergence of translational response. Elucidation of this translational program 

and identifying if there are differences in this program depending on MYCN status would 

further reveal how these cells adapt to NMT inhibition. This could be achieved using 

ribosome sequencing (Ribo-Seq), which sequences ribosome-protected mRNA fragments 

and therefore indicates which transcripts are being actively translated; positional data also 
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gives an indication of ribosomal stalling on transcripts and therefore whether these 

programs are successfully executed387. This may be especially relevant as disruption of 

protein homeostasis was also identified, for example by enrichment of clusters assigned 

to ER-associated degradation. As the ER, along with the Golgi, is key to protein sorting 

and targeting, functional disruption of this compartment could induce additional effects in 

other compartments. Upregulation of the COG complex in low MYCN cells, which was 

identified in both the pilot and time-course experiment, may improve ER-Golgi function and 

promote survival. 

One function that was significantly depleted in high MYCN cells at all timepoints but 

minimally in low MYCN cells was ribosomal biogenesis. This may arise from the fact that 

many ribosomal biogenesis factors are upregulated by MYCN, but may be only be basally 

expressed in low MYCN cells388. Ribosome biogenesis is highly energy intensive, and it 

may therefore be downregulated in high MYCN states to reduce cellular energy demand. 

However, this would be in direct conflict with the anabolic effects of MYCN and this conflict 

may contribute to cell death. For example, inhibition of ribosomal biogenesis may result in 

activation of the impaired ribosomal biogenesis checkpoint, as observed in MYC-driven 

lymphoma models389. Visual examination of the ribosomal biogenesis cluster identifies 

UTP20, a subunit of the U3 small subunit processome which synthesises 18S rRNA as 

very highly depleted (although narrowly missing the significance threshold, this protein was 

highly depleted at the 18 h timepoint also; log2FC = -1.7). Therefore, one hypothesis would 

be that NMT inhibition leads to the downregulation of UTP20 to decrease ribosomal 

biogenesis. However, UTP20 is also known to localise to the plasma membrane44 where 

its function is as of yet unknown. The depletion seen may therefore represent depletion of 

UTP20 specifically from the plasma membrane, impacting functions other than ribosomal 

biogenesis. Furthermore, the observation of ribosomal biogenesis was unexpected given 

its nucleolar localisation and the membrane-centric focus of TX-114 enrichment. Any 

follow up experiments of this finding must therefore begin with careful validation, including 

of loss of ribosomal biogenesis through measurement of nascently synthesized rRNA 

levels or 45S pre-rRNA levels and direct assessment of the effects of NMT inhibition on 

UTP20 localisation by microscopy. 

While these findings generally represent bona-fide effects of NMTi on cellular state, 

several restrictions of the study design must be acknowledged when considering the 

hypotheses drawn from this study. First, as mentioned, this protocol successfully enriches 
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for membrane-associated proteins, but pure, intact membranes are not isolated in this 

protocol; instead, mixed membrane micelles are enriched. Therefore, further validation is 

required to categorically confirm that the effects seen in the proteomics are 

membrane-localised, although lack of similar effects identified in the global proteome do 

support this hypothesis. Such verification is especially important for complexes which have 

multiple subcellular localisations such as the proteasome or ribosome and for biological 

processes which are not canonically membrane localised as is the case for ribosomal 

biogenesis. In addition to immunofluorescence experiments to confirm localisation, 

alternative approaches such as organelle-targeted proximity labelling or subcellular 

fractionation by density gradient ultracentrifugation represent powerful alternatives. This 

latter method would be particularly powerful as it allows the generation of cellular spatial 

proteomes with high resolution of multiple subcellular niches simultaneously390. This 

provides resolution of localisation effects not accessible by the TX-114 method, which only 

enriches a crude membrane fraction. Additionally, the use of other detergents, such as 

digitonin, was not explored in this study but would be recommended. As digitonin 

permeabilises the plasma membrane through its interaction with cholesterol to obtain 

membrane fractions391, fractions obtained using this detergent should be more 

representative of the membrane proteome. This would be expected to extend to the 

membrane protein/cytosolic protein interactions identified, which could have been affected 

by the phase partitioning step in the TX-114 method. One potential drawback of using 

digitonin, however, is that the poor permeabilization of cholesterol-poor, organellar 

membranes would lead to luminal protein contamination and complication of downstream 

interactomic analysis, necessitating first the optimisation of the lysis conditions. 

There were also some limitations due to the analysis method used, which prioritised 

proteins with high-confidence PPIs to increase confidence in the hits identified. First, the 

method relies on the STRING database to assign PPIs, however this is not always 

accurate. For example, multiple RC1 proteins identified here, including NDUFS7, were 

strongly co-enriched with DMAC1 in an affinity purification experiment, a common method 

to identify protein interactors293. However, according to the STRING database, DMAC1 

has no high-confidence interactors, and therefore its possible contributions are not 

represented in this analysis despite being significantly and strongly depleted in these 

experiments. This issue can be applied more generally for the assignment of cluster 

annotations, which assumes the validity of the underlying databases such as KEGG and 
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GO terms. Additionally, biological functions which are controlled by protein families which 

do not necessarily interact will be missed in this analysis. Finally, possibly significant 

contributions from individual proteins with individually high fold changes will not be 

represented in this analysis. These latter two limitations are due to the focus of this 

analysis on physical complexes and can be addressed by altering the analysis parameters, 

such as clustering proteins by functional annotation instead of physical interactions or 

manual inspection of the most highly affected proteins, whereas the former may be 

mitigated at least partly by the integration of other protein interaction databases, such as 

BioGRID392, IntAct393 and hu.MAP394 to determine PPIs.  

To validate some of the findings in this proteomics study, the effect of NMTi on OxPhos 

was further studied as well as the importance of NDUFAF4 N-myristoylation specifically. 

Initial functional assays and western blots confirmed that IMP1088 downregulated 

respiratory parameters after 18 h treatment and that this was associated with loss of 

NDUFAF4 expression, although only in high MYCN cells. Similar results were identified in 

the MYC-regulatable P493-6 cell line66, confirming applicability across MYC paralogues, 

as well as recently in other lymphoma cell lines152,156. That effects are not seen in low 

MYCN cells at this timepoint again may reflect protein synthesis rates and could be 

confirmed by Ribo-Seq or pulsed SILAC experiments66. The proteomics data however 

indicated that low MYCN cells also experienced RC1 defects likely leading to OxPhos 

dysfunction upon prolonged NMT inhibition. Whether low MYCN cells experience 

functional OxPhos dysfunction at later timepoints (e.g. 48 h, just before these cells die) 

was not investigated but could be assessed by similar methods. Additionally, a limitation 

of the metabolic studies in this chapter was the use of standard culture media, which 

contains supraphysiological levels of multiple metabolites, including glucose, and therefore 

only poorly represents physiological cellular conditions. For example, the concentration of 

glucose in the tumour microenvironment is low relative to normal levels395, and trace 

elements such as selenium present in the body may not be in the media. This leads to the 

media-dependent rewiring or saturation of multiple metabolic pathways and can mask 

actual metabolic alterations in response to stimuli. For example, increased concentrations 

of glucose, as used here, reduces cellular oxidative phosphorylation and alters 

glycolysis396. Therefore, to ensure that the metabolic effects identified here are also 

physiologically relevant, these studies should be repeated in low glucose or physiologically 

relevant media, such as Plasmax. Furthermore, cells could be cultured in media containing 
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galactose instead of glucose, which causes a glycolysis to oxidative phosphorylation 

switch in cells397, to better reveal the effects of NMTi on OxPhos. 

To investigate the effects of N-myristoylation blockade on endogenous NDUFAF4, a G2A 

knock-in mutant was generated in SHEP21N cells. This confirmed that the myristoyl group 

is essential for NDUFAF4 expression in a post-transcriptional manner, although its loss is 

not mediated by proteasomal degradation in contrast to non-N-myristoylated NDUFAF4 

generated by the A3P mutation. One possible regulatory mechanism is defective 

translation of the modified NDUFAF4 sequence as a result of the introduced edits. 

However, this would be unexpected, as the G2A edit introduces a +5C (relative to the 

starting AUG codon), which has been associated with favourable translation398. To assess 

this hypothesis, multiple methods could be used. First, translation of NDUFAF4 transcripts 

can be profiled using a recently described method, FLARIM, which profiles 

ribosome-mRNA interactions of endogenous transcripts by microscopy399. In this protocol, 

ribosomes and mRNAs are targeted with oligonucleotide probes which only produce a 

fluorescence signal when proximal to each other. Alternatively, nascent chain tracking 

methods can be used to monitor translation, in which nascent protein synthesis and 

expression of an engineered reporter mRNA is measured400-403. Other methods such as 

Ribo-Seq, although more global, can also provide translational information. Alternatively, 

the mutant protein may be degraded by autophagy, also a major method of cellular protein 

catabolism. Indeed, vesicular shuttling of mitochondrial proteins for lysosomal degradation 

has been observed upon induction of oxidative stress404. While RC1 proteins were 

specifically excluded from these vesicles in this study, this may be because oxidative 

stress was induced through respiratory complex III inhibition. Degradation of NDUFAF4 by 

this mechanism could be confirmed using autophagy inhibitors such as bafilomycin A1405. 

Regardless of the mechanism of NDUFAF4 depletion, testing of the generated cell lines 

revealed that mitochondrial respiration is significantly lower in NDUFAF4 G2A cells but is 

also NMTi insensitive. This observation implies that the effects of NMT inhibition on 

mitochondrial respiration are mainly mediated by its effects on RC1, which would be 

consistent with this respiratory complex being dominantly depleted in membrane fractions, 

although it is possible that metabolic adaptations to the genetic edit (e.g. a metabolic 

switch to increased glycolysis) occur which lower the cellular reliance on OxPhos. 

However, this mutation does not influence NMTi cytotoxicity. This result indicates that loss 

of NDUFAF4 N-myristoylation is not a major single contributor to loss of cell viability or 
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increased sensitivity in high MYCN cells. While it is possible that a different NMT substrate 

is central to the effects of NMTi, this appears unlikely, given that depletion of RC1 was 

consistently one of the most significant effects seen. Instead, simultaneous and synergistic 

pleiotropic effects of NMT inhibition is likely the ultimate cause of NMTi-induced cell death 

in these cells, which may also be a general feature of NMTi6. The separate contributions 

of individual pathways or NMT substrates to this phenotype, at least in the MNA 

neuroblastoma context, will therefore be extremely difficult to deconvolute through 

modulation of single NMT substrates in isolation.  
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Chapter 5. Conclusions and future directions 

5.1 Thesis conclusions 

Together, the studies presented in this thesis have built upon the original observation that 

MYC deregulation sensitises cancer cells to NMT inhibition, expanding this relationship 

experimentally to MYCN in the neuroblastoma context and delineating the effects of NMTi 

in both high and low MYCN contexts. Notably, this manifests as a decrease in both the 

concentration and time required to induce cell death in high MYCN cells. NMTi may 

therefore be a viable treatment for MNA neuroblastomas, with the in vitro results also 

indicating that MYC-deregulated neuroblastomas could also benefit from NMTi, although 

perhaps with refinement of the dosing schedule and intensity. This result suggests a novel 

indication of NMTi in which an actionable therapeutic window may exist. 

The use of multiple -omics techniques to assess the responses of high and low MYCN cell 

to NMT inhibition has revealed mechanistic insights in NMTi MoA and have also 

highlighted the importance of matching the technique used to the compound of interest. 

Effects on the transcript level did not appear to accurately represent the primary effects of 

NMTi on the cell, which may mostly be due to their effects on a co-translational 

modification. This result is likely generalisable to other drugs acting in a co- or post-

translational manner. However, the effects of NMTi on both the transcriptome and 

proteome were generally consistent across MYCN status, indicating that low MYCN cells 

do not strongly invoke specific resistance or pro-survival mechanisms upon NMT inhibition. 

The effects of NMTi on the global proteome do appear to be more reflective of NMTi 

primary effects but were characterised by a generally low effect size, suggesting that under 

the conditions used, the global proteome is not significantly remodelled. However, the 

effects of NMTi appear to primarily manifest as an effect on local protein (complex) 

concentrations at membranes, instead of overall protein levels, as suggested by the TX-

114 fractionation proteomic experiments. These consistently exhibited greater effects on 

proteins in the detergent-enriched membrane fraction not fully explainable by total protein 

abundance changes alone and identified multiple clusters of physically interacting proteins, 

including with NMT substrates, which were co-ordinately affected and likely represent the 

significant effects of NMT inhibition. 
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Interestingly, when the effects of NMT inhibition in vivo were assessed by proteomics, it 

was shown that NMTi induces strong immune infiltration into the tumours, which may be 

associated with the anti-tumour effects of NMTi in vivo beyond the intrinsic susceptibility 

of tumour cells to NMTi. It would be interesting to further characterise this phenotype and 

investigate how and the extent to which this phenotype contributes to in vivo NMTi efficacy 

through the characterisation of infiltrating immune cells or the use of vaccination assays. 

Finally, the generation of a NDUFAF4 G2A knock-in cell line to investigate the importance 

of N-myristoylation on an individual protein has also highlighted the complexity of NMTi 

MoA. While the effects of NMTi on NDUFAF4 N-myristoylation and OxPhos do not appear 

to be a major mechanism of NMTi-induced cell death in isolation, effects on RC1 were 

highly prominent in the -omics analyses presented in this thesis, as well as in other 

analyses of NMTi treatment or NMT1 KO66,152. It is therefore likely that the higher potency 

of NMTi in high MYCN cells is not due to a reliance or impact on this, or any other, 

individual pathway. Therefore, an emerging working model is that upon NMT inhibition, 

neuroblastoma cells die through the simultaneous and synergistic dysfunction of multiple 

biological processes modulated by NMT substrates. MYCN amplification sensitises 

neuroblastomas to this effect through the increased synthesis (and turnover) of NMT 

substrates and increasing the general cellular dependence on affected pathways, a model 

consistent with findings also in other cancer subtypes6.  

5.2 Future directions 

The efficacy of NMTi in MNA neuroblastoma represents a novel method to address unmet 

need in this disease. However, drug avoidance and development of resistance are 

common issues in cancer treatment, and these should be further investigated, for example 

through the generation of NMTi-resistant cell lines, or characterisation of the influence of 

the adrenergic/mesenchymal cell state on sensitivity to NMTi. Furthermore, identification 

and validation of possible synergistic combination treatments, such as those with 

ferroptosis inducers, should be further carried out, to increase the therapeutic window and 

efficacy of NMTi.  

To further increase insights on the effects of the global proteome, application of recently 

reported methods which increase the resolution of mechanistic analyses, such as 

aggregation analysis of proteome footprints312 or investigation the dose-dependent effects 

of NMTi355, would likely be insightful. In addition, by expanding such studies to other cancer 
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cell types, cell lineage specific or agnostic effects may also be identified. To further 

deconvolute the mechanistic effects of NMTi, validation and subsequent follow up of the 

affected clusters in the TX-114 fractionated proteomics as well as further identification of 

the spatial effects of NMTi at higher resolution, would be valuable. While loss of NDUFAF4 

N-myristoylation does not confer a survival benefit against NMTi treatment, this has not 

been investigated in a systematic manner across all NMT substrates. Such a screen could 

now feasibly be carried out using the recently described prime editing method to introduce 

the G2A mutation in all NMT substrates406. Such a screen may reveal functional 

consequences of inhibiting N-myristoylation of individual substrates, even in the absence 

of cell viability effects upon NMTi challenge due to the pleiotropic effects of NMTi, if also 

combined with higher dimensional phenotypic readouts such as Cell Painting407. 

Furthermore, the role of dysregulated Myr-CoA and lipid metabolism to NMTi sensitivity 

has not been well characterised to date, although recent reports indicate that such 

metabolic pathways are relevant to NMT biology84,151. Interestingly, myristic acid is one of 

the most highly upregulated fatty acids upon MYCN expression216. Therefore, it is possible 

that MYCN also sensitises neuroblastomas to NMTi through effects on lipid metabolism, 

and that targeting such pathways will also synergise with NMTi. 

Overall, advances in our understanding of the MoA of NMTi and factors affecting sensitivity 

will primarily be fuelled by the clinical requirements of NMTi. One NMTi so far has 

demonstrated tolerability in a Phase I trial, with a Phase II trial ongoing in DLBCL patients. 

Improved mechanistic understanding of NMTi MoA will identify and prioritise the subset of 

cancers most responsive to NMTi. Finally, while a majority of work so far, including the 

studies in this thesis, have focused on NMTi as systemic single agent small molecules, 

the development of NMTi-ADCs by Myricx Bio may further unlock the potential of NMTi in 

oncology applications including neuroblastoma, as recently demonstrated, by widening the 

therapeutic window and/or the range of cancers in which NMTi are efficacious.  
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Chapter 6. Materials & Methods 

6.1 General methods 

6.1.1 Cell culture 

All neuroblastoma cell lines were obtained from the Chesler laboratory at the Institute of 

Cancer Research and STR profiled at the Francis Crick Institute. P493-6 cells were 

obtained from the Calado laboratory at the Francis Crick Institute. CHP-212, IMR5, Kelly 

and SHEP21N cells were cultured in RPMI-1640 (Gibco, 11875101). BE(2)C, SHEP, 

SKNAS, SKNSH cells were cultured in high glucose DMEM (Gibco, 41966029). Th-MYCN 

cells were cultured in DMEM/F12-Glutamax (Gibco, 31331028) supplemented with B27 

(Gibco, 17504044), 0.1 mM non-essential amino acids (Gibco, 11140050), 50 μM 

β-mercaptoethanol (Gibco, 31350010), 5 μg h-EGF (Gibco, PHG0315), 7.5 μg b-FGF 

(PeproTech, 100-18B) and 1% penicillin-streptomycin (Sigma, P4333). P493-6 cells were 

cultured in DMEM-Glutamax (Gibco, 61965026) supplemented with 10 mM HEPES (Gibco, 

15630080), 1 mM sodium pyruvate (Gibco, 11360070), 0.1 mM non-essential amino acids, 

25 μM β-mercaptoethanol and 1% penicillin-streptomycin. Th-MYCN media was 

supplemented with 15% fetal bovine serum (FBS) (Gibco, 41966029). All other media was 

supplemented with 10% FBS or tetracycline-free FBS (Gibco, A4736201) in the case of 

SHEP21N and P493-6 cells. Cells were cultured in humidified 37 ºC incubators with 5% 

CO2.  

6.1.2 SHEP21N MYCN modulation 

SHEP21N cells were treated with 0.5 μg/mL doxycycline (Sigma, D9891) for 24 h to turn 

off MYCN expression. 

6.1.3 Cell lysis 

Unless stated otherwise, cells were lysed using 1% (v/v) Triton X-100 (Sigma, T8787) and 

0.1% (w/v) sodium dodecyl sulphate (SDS) (Sigma, 71736) in PBS pH 7.4 supplemented 

with cOmplete protease inhibitor (Roche, 11873580001). Phosphatase inhibitor (Sigma, 

P5726) was added for experiments assessing phosphorylation. Cells were washed once 

with Dulbecco’s phosphate buffered saline (DPBS) and ice-cold lysis buffer added to 

plates. Cells were lysed on-plate by scraping and the sample centrifuged (17,000 × g, 
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10 min, 4 ºC) to remove debris. Protein concentrations were determined using the DC 

Protein Assay Kit II (Bio-Rad, 5000112) and normalised across samples in lysis buffer (1-

2 mg/mL).  

6.1.4 SDS-Page 

Samples were prepared using 4x Laemmli sample buffer (BioRad 1610747) supplemented 

with 10% β-mercaptoethanol, boiled for 5 min at 95 ºC and 10-26 μL (10-40 μg protein) 

loaded onto 10%, 12% or 4-15% (w/v) SDS-PAGE gels. Proteins were separated at 180 V 

for 1 h in Tris-glycine-SDS buffer (Bio-Rad, 1610732). Gels were subsequently imaged for 

in-gel fluorescence (see section 6.1.9) and protein loading visualised by Coomassie 

staining (Expedeon, ab119211) or proteins transferred to nitrocellulose membranes for 

western blot. 

6.1.5 Western Blot 

After SDS-Page, proteins were transferred to nitrocellulose membranes (0.45 μM pore 

size) (Amersham, 10600003) by wet or semi-dry transfer (Bio-Rad). Wet transfer: Proteins 

were transferred onto membranes using Towbin buffer (25 mM Tris, 190 mM glycine, 20% 

(v/v) methanol, pH 8.3) at 100 V for 1 h. Semi-dry transfer: Protein transfer was carried out 

using the “mixed molecular weight” protocol (25 V, 2.5 A, 7 min) using the Trans-Blot 

Turbo system (Bio-Rad, 1704150). Protein transfer was assessed by Ponceau staining 

(Sigma, P7170) for 5 min. Membranes were blocked for 1 h in 5% semi-skimmed milk 

(Sigma, 70166) or 3% bovine serum albumin (BSA) (Sigma, A7906) in Tris-buffered saline 

(50 mM Tris, 50 mM NaCl, pH 7.4) containing 1% (v/v) Tween-20 (TBST). Membranes 

were incubated with primary antibodies in blocking solution at 4 ºC overnight. The next 

day, membranes were washed with TBST (3x 10 min) and incubated with secondary 

antibody in blocking solution for 1 h at room temperature (rt). Membranes were washed 

again with TBST (3x 10 min) and imaged. Membranes were incubated with Immobilon 

Crescendo Western HRP substrate (Merck, WBLUR0100) and chemiluminescence 

imaged using an ImageQuant LAS4000 (GE Healthcare) or a LI-COR Odyssey (LI-COR). 

Images were processed using Image J (NIH Bethesda) and Imperia Studio (LI-COR). A 

list of antibodies used and their dilutions is given in Table 6.1.  
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6.1.6 Chloroform-methanol protein precipitation 

For 1 volume of sample, proteins were precipitated by the addition of 4:1:2 volumes of 

MeOH:CHCl3:H2O. Samples were vortexed and centrifuged (5,000 × g, 2 min, rt) yielding 

a biphasic mixture with a solid protein layer at the interphase. The top layer was removed, 

500 μL MeOH added, the protein resuspended by vortexing, and the sample centrifuged 

(17,000 × g, 4 min, rt) to yield a protein pellet. The MeOH wash was repeated twice in total, 

and the pellet air-dried for 5 minutes. The pellet was resuspended in 0.1 volumes of 2% 

(w/v) SDS in 50 mM HEPES pH 8.0 by vortexing, and the sample diluted with 0.9 volumes 

of 50 mM HEPES pH 8.0 for a final SDS concentration of 0.2%. 

6.1.7 SP4 precipitation 

For 1 volume of sample, proteins were precipitated by the addition of 4 volumes MeCN 

and gently vortexed (400 rpm) for 5 s. Samples were centrifuged (4,000-17,000 × g, 4 min, 

rt) to obtain a protein pellet. The supernatant was removed, and the pellet was washed 

with >10 volumes 80% (v/v) EtOH without disturbing the pellet. The sample was then 

centrifuged (4,000-17,000 × g, 4 min, rt) and the supernatant removed. The 80% EtOH 

wash was repeated three times in total. After the final wash, samples were resuspended 

in either 50 mM HEPES pH 8.0 or digestion buffer (6.25 ng/μL of trypsin (Promega, V5111) 

in 25 mM ammonium bicarbonate), if the sample was intended for trypsinisation, or 0.2% 

(w/v) SDS in 50 mM HEPES pH 8.0 if samples were intended for pull-down. For pull-down 

samples, pellets were completely resolubilised using probe sonication. Samples were 

placed in a beaker containing ice to prevent heat-mediated protein degradation by 

sonication. The pellet was then resolubilised using a Fisherbrand 505 Sonicator (Fisher 

Scientific) using 5 second on/off pulses at 20% amplitude for 2 min. Foam from samples 

after sonication was removed by centrifugation (17,000 × g, 4 min, rt). 

6.1.8 Click reaction 

Lysates (1-2 mg/mL) with alkyne-tagged proteins of interest were prepared by metabolic 

labelling with YnMyr as described below (section 6.2.2). A click master mix was prepared 

by mixing 10 mM labelling reagent (AzT/AzRB), 50 mM CuSO4, 50 mM TCEP and 10 mM 

TBTA in a 1:2:2:1 ratio (final concentrations 100 μM, 1 mM, 1 mM and 100 μM) in this 

order, vortexing after every addition. To 100 μL of lysate, 6 μL of click master mix was 
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added and the sample mixed vigorously (1000 rpm) at rt for 1 h. The reaction was then 

quenched by the addition of 0.01 sample volumes of 0.5 M EDTA solution (Sigma, 03690) 

and vortexed briefly. 

6.1.9 In-gel fluorescence 

After processing by click reaction using AzT as the labelling reagent, samples were 

precipitated (chloroform-methanol) and proteins (10 μg/lane) separated by SDS-PAGE. 

Fluorescence was imaged using a Typhoon FLA 9500 imager (GE Healthcare) using 

532/568 nm excitation/emission (ex/em) for TAMRA and 635/670 ex/em for the ladder, or 

a LI-COR Odyssey using the 520 nm channel. 

6.1.10 Triton X-114 pre-condensation 

3 mL of TX-114 (Sigma, X114) was added to 47 mL of DPBS, clarified on ice and vortexed. 

The solution was then incubated at 37 ºC overnight to induce phase separation and the 

aqueous phase discarded. Fresh DPBS was added to the lower detergent phase up to 

50 mL and the above procedure repeated four times in total. The resulting detergent phase 

(12% TX-114) was depleted of hydrophilic components and was stored at 4 ºC in the dark 

until used. 

6.1.11 Public data 

ChIP-Seq data for MYCN in SHEP21N cells was downloaded from GSE80154202. CRISPR 

screening data (Public Release 24Q2) for neuroblastoma cells was downloaded from 

DepMap48,50. siRNA screening data was obtained from reference 256. 

6.2 Cellular assays 

6.2.1 Incucyte cytotoxicity assay 

2000-4000 cells in 100 μL media were seeded into 96 well plates (Greiner, 655180) and 

allowed to attach overnight. The next day, 100 μL of media containing Sytox Green 

(ThermoFisher, S7020) and 2X concentration of the indicated compounds were added to 

the cells in technical triplicate. Sytox Green was used at 250 nM final concentration except 

for IMR5 cells where 100 nM was used to minimise the effects of Sytox Green on cell 

proliferation. The final DMSO concentration was 0.1% for NMTi assays and 0.15% for 
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ferroptosis assays. Bubbles were removed from wells and plates monitored using the 

IncuCyte S3 platform (Sartorius). Images (4 per well) were acquired on the green and 

phase channels using a 10x objective every 4 h for 120 h except where otherwise indicated. 

Images were analysed using the default Incucyte software (versions 2020B-2022B). 

Analysis settings were modified for each cell line depending on the software’s ability to 

distinguish cells from background and manually checked for each assay. For analysis of 

phase images, segmentation was usually kept at 1, hole fill set to 600 μm2 and minimum 

area set to 230 μm2 to filter out cellular debris. For analysis of the green channel, the 

default Top-Hat segmentation was used, radius usually kept at 100 μm and the GCU 

threshold as 8. Confluency was defined as phase area and normalised cell death was 

defined as green area divided by phase area. Data were analysed in Prism 10 (GraphPad). 

To calculate IC50s, the area under the curve (AUC) for each NMTi concentration was 

calculated and normalised by the puromycin AUC. Dose-response curves were generated 

by plotting 1-normalised AUC against log10[NMTi] and absolute IC50s calculated 

constraining the baseline to 0. Extrapolated IC50s were calculated by constraining the 

bottom values of the IC50 curve to those obtained by IMP1088 in the same cell line, where 

applicable. To compare individual cytotoxicity curves between experiments, green/phase 

values were normalised by the puromycin AUC. Data in all plots are represented as mean 

± s.e.m. Only errors larger than the symbol are plotted. 

6.2.2 Assessment of NMT target engagement by YnMyr metabolic labelling 

Cells were plated in 6-well plates and grown until 70% confluent. Cells were then treated 

with 100 nM or 1 μM of IMP1088 or DMSO for 30 min, followed by 20 μM YnMyr or DMSO 

for 18 h. Cells were lysed and processed as in sections 6.1.8 and 6.1.9. After in-gel 

fluorescence imaging, western blots for ARL1 were optionally carried out as in section 

6.1.5. The presence of a higher MW form of ARL1 represents YnMyr-labelled and clicked 

ARL1; loss of this band indicates loss of NMT cellular activity.  

6.2.3 Western blot analysis of MYC, MYCN and NDUFAF4 expression upon NMTi 

Cells were plated in 6-well plates or 100 mm dishes and grown until 70% confluent, then 

treated with DMSO or 100 nM IMP1088 for 18 h. Cells were then lysed and 10 μg protein 

subjected to SDS-PAGE and Western blotting as described in sections 6.1.4 and 6.1.5. 
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6.2.4 Western blot analysis of ER stress upon NMTi 

SHEP21N cells were plated in 100 mm dishes and grown until 70% confluent. Cells were 

then treated with DMSO, 5 mg/mL tunicamycin, 100 nM thapsigargin or 2 μg/mL Brefeldin 

A for 18 h, or 100 nM IMP1088 for 18, 36 or 60 h. Cells were then lysed, protein 

concentrations normalised to 2 mg/mL and 20 μg protein (40 μg protein for 

phosphoproteins) processed by western blotting against the indicated proteins. IMR5 cells 

were processed similarly, except they were also treated with 1 μM IMP1088 for 18, 36 or 

60 h. 

6.2.5 Western blot analysis of Triton X-114 membrane fractionation 

P493-6 cells were lysed either as in section 6.1.3 or as for Th-MYCN cells in section 6.6.2. 

For cells lysed by the latter method, TX-114 based phase separation was carried out after 

debris removal as described in section 6.6.5. 10 μg of protein from each fraction (global 

proteome, membrane, and aqueous fractions) were then processed by western blotting 

against the indicated proteins.  

6.2.6 Western blot analysis of proteasomal degradation of NDUFAF4 

SHEP21N cells (parental, NDUFAF4 G2A and G2A-mock) were induced into the 

respective MYCN conditions and treated with DMSO or 10 μM MG132 for 24 h. Cells were 

then lysed and processed by western blotting against NDUFAF4. 

6.2.7 Cell-Titer Glo assay 

25,000 Th-MYCN cells were seeded into white 96-well plates and incubated with 0-1 μM 

of IMP1320 for 14-20 h (n=6 per condition). Each plate represented a separate timepoint. 

To measure cell viability, the CellTiter-Glo 3D kit (Promega, G9681) was used according 

to manufacturer’s instructions. The cell plate was removed from the incubator and 

equilibrated to room temperature for 30 min. An equal volume of CellTiter-Glo 3D Reagent 

was added to the cells and the plate mixed on a plate shaker (800 rpm) for 5 min followed 

by incubation at rt for a further 30 min. Luminescence was recorded on a CLARIOstar Plus 

(BMG Labtech). Data were analysed with Prism. 
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6.2.8 Oxygen consumption rate (OCR) measurements 

Oxygen consumption rate was measured using a Seahorse XFe96 extracellular flux 

analyser (Agilent) according to manufacturer’s protocols. SHEP21N cells were first 

induced into the respective MYCN states. The day before the assay, 30,000 cells were 

plated in a 96-well Seahorse cell culture plate (Agilent) and allowed to adhere for 8 h. Cells 

were then treated with DMSO or 100 nM IMP1088 for 18 h. A Seahorse cartridge (Agilent) 

was hydrated in 200 µl XF calibrant solution (Agilent) overnight in at 37 °C. The day of the 

assay, media was removed from the wells, cells washed twice with Seahorse XF RPMI 

medium (unbuffered RPMI without phenol red) containing 10 mM glucose and 2 mM L-

glutamine (Agilent) and 180 μL of this Seahorse media was added to the cells. The plate 

was then incubated in a non-CO2 incubator at 37 °C for 45-60 min before assay start. 

Injection ports A, B and C were filled with 10X solutions of 20 μL of oligomycin (15 μM), 

22 µl of carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP) (5 µM) and 25 µl 

of rotenone/antimycin A mixture (5 µM each) with 25 μM Hoechst 33342 (ThermoFisher, 

H1399) respectively. OCR data was obtained using Wave software (Agilent). After the 

Seahorse assay, DNA content in each well was assessed using a CLARIOstar Plus using 

an endpoint fluorescence intensity assay (top read) using the Hoechst pre-set settings, a 

gain and focus of 1400/2.1 mm, 2 flashes and using a 15 x 15 (3 mm) matrix scan at 37 ºC. 

OCR values for each well was normalised to DNA content and the data analysed with 

Prism. 

6.2.9 RT-qPCR 

SHEP21N NDUFAF4 G2A and G2A-mock cells were grown to confluency in a 6-well plate, 

lysed and cellular RNA extracted using the RNeasy Plus Mini kit according to 

manufacturer’s instructions. RNA was adjusted to 100 ng/μL and the RT-qPCR reaction 

carried out using the Luna Universal One-Step RT-qPCR Kit (NEB, E3005) according to 

manufacturer’s instructions and run on a Stratagene Mx3005P (Agilent). 2 μL of RNA was 

used per 20 μL reaction. All reactions were carried out in triplicate and relative transcript 

expression was determined using the ΔΔCt method using the housekeeping gene GAPDH 

as a control. Primers were designed using the PrimerQuest tool from IDT and are shown 

in Table 6.2. 
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6.3 Assessment of IMP1320 in vivo 

6.3.1 Ethical approval 

All animal experiments were approved by The Institute of Cancer Research Animal 

Welfare and Ethical Review Body and performed in accordance with the UK Home Office 

Animals (Scientific Procedures) Act 1986 and the UK National Cancer Research Institute 

guidelines for the welfare of animals in cancer research. Mice were maintained on a regular 

diet in a pathogen-free facility on a 12 h light/dark cycle with unlimited access to food and 

water. 

6.3.2 Assessment of IMP1320 efficacy in the Th-MYCN syngeneic mouse model 

1 million Th-MYCN tumour cells were injected subcutaneously into the right flank of 70-

100 day old male and female 129SvJ mice and allowed to establish a tumour. Mice bearing 

tumours with a mean diameter of ~5 mm were treated with IMP1320 (25 mg/kg), or vehicle 

(PB buffer, pH 7.4) via intraperitoneal injection QD, using a 3 days on, 4 days off cycle for 

3 cycles. Tumor volumes were plotted until half the control mice reached the ethical 

endpoint. Studies were terminated when the mean diameter of the tumor reached 15 mm. 

Tumor volumes were measured by Vernier caliper across two perpendicular diameters, 

and volumes were calculated according to the formula V=4/3π [(d1+d2)/4]3; where d1 and 

d2 were the 2 perpendicular diameters. 

6.4 Generation of the CRISPR-Cas9 knock-in NDUFAF4 cell lines 

6.4.1 Design of sgRNA, primers and donor DNA 

The sgRNA, donor DNA and sequencing primers to generate NDUFAF4 G2A and G2G 

mutant cell lines were designed using the ThermoFisher TrueDesign portal 

(https://apps.thermofisher.com/apps/genome-editing-portal) and ordered from 

ThermoFisher. To generate each mutant, the endogenous sequence of the first nine bases 

after the AUG start codon (GGAGCACTA) was changed to GCTGCTCTT (G2A) or 

GGGGCTCTT (G2G). Silent mutations of amino acids 3 and 4 were incorporated to 

improve specificity of diagnostic PCR primers targeted to the mutation site. Diagnostic 

PCR primers were designed using the OligoAnalyzer Tool from IDT 

(https://eu.idtdna.com/calc/analyzer) and PCR Primer Stats tool from GenScript 
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(https://www.genscript.com/sms2/pcr_primer_stats.html). All RNA and DNA sequences 

used are reported in Table 6.3. 

6.4.2 SHEP21N transfection 

150,000 SHEP21N cells were seeded in a 6-well plate and allowed to adhere overnight. 

The next day, cells were transfected according to previously established protocols. Cas9 

protein (10 μg, 2 μL), sgRNA (60 pmol, 6 μL), donor DNA (90 pmol, 9 μL) and 20 μL 

lipofectamine Cas9 Plus reagent (ThermoFisher) were mixed in 125 μL OptiMEM (Gibco, 

31985062). 7.5 μL lipofectamine CRISPRMAX was mixed in 125 μL OptiMEM. The two 

solutions were mixed together and 250 μL transfection mixture was added to each well. In 

addition to G2G and G2A knock-in conditions, a mock sample (no donor DNA) and 

negative control sample (no sgRNA) were also prepared to assess protocol efficiency. 48 h 

after transfection, cells were trypsinized. For the G2G and G2A knock-in conditions, half 

of each cell population was diluted to 8 cells/mL by limiting dilution and 100 μL added to 

each well of a 96-well plate. Four 96-well plates were prepared per condition. For the rest 

of the cells, and for the mock and negative control samples, cells were washed with DPBS, 

pelleted, and stored at -80 ºC until further processed by extraction of gDNA. 

6.4.3 Single-cell clone growth 

One week after limiting dilution, wells were assessed for single cell clonal populations. 

Positive wells were trypsinized and reseeded in the 96-well plate to evenly distribute cells 

across the well in regular SHEP21N media. Cells were transferred to 48-well plates when 

confluent and then subsequently to 6-well plates. Once confluent in 6-well plates, cells 

were trypsinized and half of the cell population frozen for long term storage. The other half 

were washed with DPBS, pelleted, and stored at -80 ºC until further processed by 

extraction of gDNA. 

6.4.4 gDNA extraction 

Cells pellets were thawed on ice and resuspended in 100 μL ice-cold PBS. gDNA was 

then extracted using the NEB Monarch Genomic DNA Purification Kit (NEB #T3010S) 

according to manufacturer’s instructions. gDNA concentration and quality were assessed 

on a Nanodrop One (ThermoFisher). 



Materials & Methods 

151 

 

6.4.5 PCR screening  

gDNA extracted from single clones were screened by PCR for incorporation of the desired 

base edits. For every cell line, a 144 bp (wild type) or 141 bp (G2A/G2G mutant) region 

was amplified using forward primers targeted against the edit site in a 25 μL PCR reaction 

using 30 cycles. The Q5 Hot Start High-Fidelity 2X Master Mix (NEB, M0494) was used 

and primer annealing temperatures were set to 67 ºC as calculated using the online NEB 

Tm calculator (https://tmcalculator.neb.com). Primer sequences are shown in Table 6.3. 

1 μL (>75 ng/mL) or 2 μL (<75 ng/mL) of gDNA was used as a template. After PCR, 5 μL 

of sample was diluted with 1 μL 6X Gel Loading Dye (NEB, B7024). 2% (w/v) agarose gels 

were hand-casted by melting agarose in 1X Tris-acetate-EDTA buffer in a microwave until 

fully dissolved. GelRed (Merck, SCT123) was added (1:10000 v/v, 1X final concentration) 

to the liquid gel and the gel set. Samples (5 μL) were loaded onto the gel and run in 1X 

TAE buffer at 100 V for 30 min. DNA was imaged using a Typhoon FLA 9500 imager using 

518/605 ex/em. 

6.4.6 Sequencing 

gDNA extracted from cell populations in section 6.4.2 or selected single cell clones in 

section 6.4.3 were processed for sequencing. A 332 bp region including the NDUFAF4 

start site was amplified using the sequencing primers in a 50 μL PCR reaction using 35 

cycles. 2 μL of gDNA (102-134 ng) was used as a template. Primer sequences are shown 

in Table 6.3. After PCR, DNA was purified using the QIAquick PCR Clean-Up kit (Qiagen, 

28104) and submitted to Genewiz for amplicon sequencing (cell populations) or Sanger 

sequencing (single cell clones). Sanger sequencing data was analysed in Benchling.  

6.5 Transcriptomic sample preparation protocol 

SHEP21N cells were induced into high and low MYCN states, plated onto 100 mm dishes, 

and cultured until 70% confluent. Cells were then treated with 50 nM IMP1088 or DMSO 

for 2, 6 or 18 h in quadruplicate. Cells were lysed on-plate and cellular RNA extracted 

using the RNeasy Plus Mini kit (Qiagen, 74136) according to manufacturer’s instructions. 

RNA quality was assessed using the Nanodrop One (ThermoFisher) using A260/280 and 

A260/230 ratios and purified RNA submitted to the Francis Crick ASF for library 

preparation and sequencing. cDNA libraries were prepared using the NEBNext Ultra II 

https://tmcalculator.neb.com/
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Directional PolyA mRNA kit (NEB, E7760L) and sequenced on a NovaSeq 6000 (40 million 

reads per sample, paired end 100 bp reads). Raw fastq files were processed by the Francis 

Crick BABS facility. Read alignment was carried out using STAR against the human 

reference transcriptome GRCh38 and raw gene counts obtained using RSEM. This raw 

gene count matrix was processed in R using the DESeq2 package for differential 

expression analysis and to generate a normalised gene count matrix using default settings. 

MYCN status, treatment condition and timepoint were used as factors. 

6.6 Proteomic sample generation 

6.6.1 YnMyr enrichment proteomic sample generation 

Cells were pre-treated with DMSO or 100 nM IMP1088 for 30 min, followed by 20 mM 

YnMyr or myristic acid for 18 h and subsequently lysed. Conditions were prepared in 

triplicate (IMR5) or quadruplicate (SHEP21N). 

6.6.2 Global proteomic sample generation (in vitro samples) 

SHEP21N cells were induced in their respective MYCN states, treated with 50 nM 

IMP1088 or DMSO for 18 h and then lysed. Th-MYCN tumour cells in vitro were treated 

with 10 nM IMP1320 or DMSO for 18 h and lysed. For the latter experiment, cell pellets 

were collected, washed twice with DPBS, and resuspended in ice-cold 2% (w/v) 

condensed TX-114 in PBS pH 7.4 with cOmplete protease inhibitor. Cells were lysed by 

shaking (800 rpm) at 4 ºC for 30 min and cell debris removed by centrifugation (17,000 × g, 

5 min, 4 ºC). This protein lysate was then precipitated by chloroform-methanol and 

resuspended in 0.2% SDS in 50 mM HEPES pH 8.0. All conditions were prepared in 

triplicate. 

6.6.3 Proteomic sample generation (in vivo samples) 

Tumours were lysed using a FastPrep 24 (MP Biomedicals) using Lysing Matrix A (MP 

Biochemicals, 1169100-CF) in 500 μL of 1X SrtA lysis buffer (150 mM NaCl, 10 mM CaCl2, 

50 mM Tris pH 7.5 supplemented with cOmplete protease inhibitor). Samples were lysed 

using two runs (30 sec at 6.5 m/s per run) 5 minutes apart with samples cooled on ice 

between runs and lysates centrifuged (17,000 × g, 10 min, 4 ºC). 350 μL of the supernatant 

was removed for target engagement analysis by Sortase A and 25 μL of 7% Igepal CA-630 
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(Sigma, I8896) in 1X SrtA lysis buffer was added to the remaining 150 μL. The tubes were 

shaken (800 rpm) for 10 min, then centrifuged (17,000 × g, 10 min, 4 ºC). 100 μL of this 

lysate was removed for processing for global proteomics. Lysates (for both proteomic 

workflows) were centrifuged again (17,000 × g, 5 min, 4 ºC) to remove residual fat, protein 

concentrations determined (DC protein concentration assay) and normalised to 1 mg/mL.  

6.6.4 TX-114 fractionated proteomics sample generation 

After induction into the desired MYCN state, 10 million SHEP21N cells were seeded in a 

T175 flask and allowed to attach overnight. Cells were then treated with 50 nM IMP1088 

or DMSO for 6-36 h. Cells were lysed as for Th-MYCN cells in section 6.6.2 except that 

TX-114 based phase separation was carried out after debris removal. Every condition was 

prepared in triplicate. 

6.6.5 TX-114 based phase separation 

Cell lysates were incubated at 37 ºC for 10 min, then centrifuged (17,000 × g, 10 min, rt). 

The top phase was removed and kept as the aqueous fraction. The detergent phase was 

washed with 0.1% precondensed TX-114 in PBS pH 7.4 with cOmplete protease inhibitor 

and clarified on ice. The above steps were repeated three times in total except the wash 

fractions were discarded. After the washes, the proteins in each phase were precipitated 

by chloroform-methanol and resuspended in 0.2% SDS in 50 mM HEPES pH 8.0. 

6.7 Proteomic sample preparation 

6.7.1 Peptide desalting (stage tipping) 

Peptide desalting was carried out as previously described111. Homemade stage tips were 

prepared by placing three SDB-XC membranes inside a 200 μL pipette tip. Stage tips were 

activated using 150 μL MeOH followed by equilibration using 150 μL H2O. Acidified 

samples were transferred to the stage tips, washed with 150 μL H2O and peptides eluted 

in 60 μL of 60% MeCN. Stage tips were centrifuged (2,000 × g, 2 min, rt) after each step 

to ensure all liquid passed through. Samples were evaporated at 45 ºC until dry in a Savant 

SPD1010 vacuum concentrator (ThermoFisher) and stored at -80 ºC until submission. All 

solvents used were proteomics-grade. 
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6.7.2 TMT loading check  

To ensure consistent loading across all samples, 0.25 μg (5 μL) of TMT-labelled peptides 

for each sample were first multiplexed into one protein LoBind Eppendorf (Eppendorf, 

0030108116) and desalted on stage tips. Dried peptides were reconstituted in 10 μL of 2% 

(v/v) MeCN and 0.5% (v/v) TFA in H2O by sonication (3 min), vortexing (5 min) and 

sonication again (5 min) and filtered through Durapore (0.1 μm) filter tips into MS vials. 

3 μL of peptide was injected into a QExactive Orbitrap mass spectrometer coupled to an 

Ultimate 3000 LC (ThermoFisher) using an Easy Spray Nano-source. Data was obtained 

using data-dependent acquisition. 

6.7.3 NeutrAvidin bead dimethylation  

For the in vivo SrtA proteomic profiling experiment, NeutrAvidin beads were first 

dimethylated112. Beads were washed with 100 mM triethylammonium bicarbonate (TEAB) 

pH 8.0 five times, then treated with 5 bead volumes of 100 mM TEAB containing 0.2% 

(w/v) formaldehyde and 25 mM sodium cyanoborohydride (NaBH3CN). The mixture was 

incubated with shaking at rt for 2 h, the supernatant removed, and beads washed twice 

with 1% ethanolamine in 100 mM TEAB. Beads were then washed with 50 mM HEPES 

pH 8.0 thrice and stored at 4 ºC until used the next day.  

6.7.4 YnMyr pull-down profiling 

IMR5 samples: 500 μg protein taken forward for proteomics as previously described111. 

Proteins were ligated to AzRB as described in section 6.1.8 and proteins precipitated by 

chloroform-methanol. NeutrAvidin agarose beads (Pierce, 29201) (30 μL per 500 μg 

sample) were washed twice with 0.2% (w/v) SDS in 50 mM HEPES pH 8.0 and 

resuspended in 1 volume of the same buffer. Samples were centrifuged (17,000 × g, 4 min, 

rt), added to NeutrAvidin beads and incubated with shaking (1000 rpm, 3 h, rt). The 

supernatant was removed and beads washed thrice with 0.2% (w/v) SDS in 50 mM 

HEPES pH 8.0, twice with 1% (w/v) SDS in 50 mM HEPES pH 8.0, thrice with 50 mM 

HEPES pH 8.0 and resuspended in 30 μL of 50 mM HEPES pH 8.0. Beads were 

centrifuged (3,000 × g, 3 min, rt) between each wash. 3 μL of 55 mM TCEP and 165 mM 

CAA in 50 mM HEPES pH 8.0 was added to each sample and incubated for 10 min at rt. 

Proteins were then digested using 5 μg trypsin per sample shaking overnight (1000 rpm, 
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37 ºC). Samples were then centrifuged (3,000 × g, 3 min, rt), the supernatant kept and 

acidified to 0.5% (v/v) TFA (Sigma, T6508) (pH<3). Samples were desalted by stage 

tipping (section 6.7.1), dried peptides reconstituted in 10 μL of 2% (v/v) MeCN and 0.5% 

(v/v) TFA in H2O by sonication (3 min), vortexing (5 min) and sonication again (5 min) and 

filtered through Durapore (0.1 μm) filter tips into MS vials. 1 μL of sample was injected into 

a QExactive Orbitrap mass spectrometer coupled to an Ultimate 3000 LC (ThermoFisher) 

using an Easy Spray Nano-source. Data was acquired using data-dependent acquisition. 

SHEP21N samples: SHEP21N cells (high and low MYCN) lysates (1.5 mg/mL) were 

prepared as for IMR5 cells above. For the optimisation experiment, 100, 250, 500, 750, 

1000 μg protein was taken forward; for the main experiment, 100 μg was taken forward. 

Proteins were ligated to AzRB as described in section 6.1.8 and proteins precipitated by 

SP4. NeutrAvidin agarose beads (1:10 bead:sample v/v ratio) were prepared as above. 

For bead volumes <30 μL, control agarose beads (Pierce, 26150) were added to the 

NeutrAvidin beads up to 30 μL to improve sample handling. Samples were added to the 

beads and incubated overnight with end-to-end mixing at 4 ºC. The supernatant was 

removed, and beads washed twice with 1% (w/v) SDS in 50 mM HEPES pH 8.0 and thrice 

with 50 mM HEPES pH 8.0. Samples were resuspended in 1 bead volume of 50 mM 

HEPES pH 8.0, and 0.5 bead volumes of 40 mM TCEP and 160 mM CAA in 50 mM 

HEPES pH 8.0 respectively was added to each sample and incubated for 10 min at rt. 

Beads were washed twice with 50 mM HEPES pH 8.0 and resuspended in 1 bead volume 

of 50 mM HEPES pH 8.0. 0.1 μg trypsin was added to each sample and incubated with 

shaking overnight (1000 rpm, 37 ºC). Samples were centrifuged (7,000 × g, 4 min, rt) and 

the supernatant kept. Beads were washed with 50 μL of H2O and the wash combined with 

the previous supernatant. Peptides were acidified to pH<3 (0.5% formic acid final 

concentration) and acidified peptides filtered through a Durapore filter plate (Merck) and 

frozen at -20 ºC until submission. For submission, peptide solutions were thawed on ice 

and half of the sample loaded onto Evotips (Evosep, EV2011) following manufacturer’s 

instructions. Samples were analysed on a timsTOF HT (Bruker) coupled to an Evosep One 

(Evosep). Data was obtained using data-dependent acquisition. 

6.7.5 Global proteomics profiling 

LFQ protocol: Protein lysates were normalised to 1 mg/mL and 50 μg protein taken forward 

for proteomic sample preparation. First, cysteines were reduced and alkylated by the 
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addition of 0.5 volumes of 40 mM TCEP and 160 mM CAA in 50 mM HEPES pH 8.0 to 

each sample and incubation for 5 min at 70 ºC with shaking (800 rpm). Next, proteins were 

precipitated by SP4. Protein pellets were then resuspended in 125 μL digestion buffer and 

incubated with shaking overnight (1000 rpm, 37 ºC). The next day, peptide concentration 

was determined using the Pierce Quantitative Fluorometric Peptide Assay (ThermoFisher, 

23290), 5 μg of peptides aliquoted out and evaporated at 45 ºC until dry in a Savant 

SPD1010 vacuum concentrator. Peptides were stored at -80 ºC until sample submission. 

Peptides were reconstituted in 20 μL of 2% (v/v) MeCN and 2% formic acid in H2O by 

sonication (3 min), vortexing (5 min) and sonication again (5 min) and 3 μL (0.75 μg) of 

peptides injected into an Orbitrap Eclipse coupled to an Ultimate 3000 RSLCnano HPLC 

(ThermoFisher).  

TMT protocol: This refers to the in vivo global proteomics study. Proteins were precipitated 

by chloroform-methanol and resuspended in 0.2% SDS in 50 mM HEPES pH 8.0 (50 μL, 

1 mg/mL). 5 μL of 55 mM TCEP and 165 mM CAA in 50 mM HEPES pH 8.0 was added 

to each sample and incubated for 45 min at rt. Proteins were precipitated by SP4, 

resuspended in 50 mM HEPES pH 8.0, and digested using 0.5 μg trypsin overnight (1000 

rpm, 37 ºC). The next day, peptides were quantified and 2.5 μg peptide (diluted to 0.1 

μg/mL) per sample was taken forward for TMT labelling using a TMT 10plex 

(ThermoFisher, 90110, lot number WF319143). 1/20th of a TMT vial was dissolved in 

25 μL MeCN, mixed with the corresponding sample and incubated for 2 h at rt shaking 

gently. As only 8 samples were processed, the 130N channel and 129N channels were 

omitted as these are associated with the highest ion coalescence408. The reaction was 

quenched with 1 μL of 5% hydroxylamine in 50 mM HEPES pH 8.0. A TMT loading check 

was carried out and TMT labelled peptides for all samples were multiplexed into one 

LoBind Eppendorf. The samples were combined such that the TMT labelling for each 

channel was equal. Peptides were fractionated using the Pierce High pH Reversed-Phase 

Peptide Fractionation Kit (ThermoFisher, 84868) and peptides evaporated at 45 ºC until 

dry in a Savant SPD1010 vacuum concentrator. Dried peptides were reconstituted in 15 μL 

of 2% (v/v) MeCN and 2% formic acid in H2O and 5 μL of peptide injected into an Orbitrap 

Eclipse mass spectrometer coupled to an Ultimate 3000 RSLCnano HPLC using an Easy 

Spray Nano-source. Data was obtained using data dependent acquisition. 
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6.7.6 Sortase A proteomic profiling 

150 μL of protein lysate (1 mg/mL) was taken forward for sample preparation. 175 μM 

biotin-ALPET peptide and 0.2 μM SrtA pentamutant112 were added to each sample and 

incubated overnight at 4 ºC with shaking (600 rpm). The reaction was quenched with 

1.5 μL of 0.5 M EDTA, proteins precipitated by SP4 and resuspended in 0.2% (w/v) SDS 

in 50 mM HEPES pH 8.0. Samples were added to 225 μL of derivatised beads and 

incubated for 2 h at rt with mild shaking (800 rpm). The samples were then centrifuged 

(7000 rpm, 4 min, rt) and the beads washed twice with 0.2% (w/v) SDS in 50 mM HEPES 

pH 8.0, thrice with 50 mM HEPES pH 8.0 and resuspended in 50 μL of 50 mM HEPES pH 

8.0. Samples were partially digested with 0.4 μg LysC (Promega, VA1170) for 1 h at 37 ºC 

with shaking (800 rpm), the beads pelleted by centrifugation (7000 rpm, 4 min, rt) and the 

supernatant taken to a new Eppendorf. Cysteines were reduced and alkylated by the 

addition of 0.5 volumes of 40 mM TCEP and 160 mM CAA for 10 min at rt and proteins 

further digested by 0.1 μg trypsin overnight (1000 rpm, 37 ºC). The next day, peptides 

were taken forward for TMT labelling using a TMT 10plex (lot number WF319143) as 

above. Following TMT labelling, samples were processed following the same protocol as 

for the in vivo global proteomic experiment.  

6.8 Proteomic processing protocols 

As various instruments and analysis methods were used in this thesis to process proteomic 

experiments, reflecting changes in the instrumentation accessible to the Tate group over 

the past four years, Table 6.4 describes the quantification method and mass spectrometer 

associated with each proteomic experiment.  

6.8.1 LC-MS conditions: QExactive 

Peptides (1 μL) were loaded onto a 100-µm internal dimension × 2-cm Acclaim PepMap 

100 Precolumn (ThermoFisher Scientific) and separated using a 75-µm internal dimension 

× 50-cm, 2-µm particle EASY-Spray HPLC C18 analytical column (ThermoFisher 

Scientific). Analytical solvents A: 0.1% FA and B: 80% acetonitrile plus 0.1% FA. Peptides 

were separated at a 250 nl/min flow rate by a 70 min analytical gradient which was 5%–

35% B over 45 minutes, rising to 99% B over 5 minutes, followed by a 20 minute wash at 

99% solvent B. Analytical column was held at 45°C. Data were acquired in data-dependent 
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acquisition mode with the following settings: MS1 acquisition settings: 350–1650 m/z 

window, 70,000 resolution, 106 AGC target, 20 ms maximum injection time; MS2 

acquisition settings: 17,500 resolution, quadrupole isolation at an isolation width of m/z 2, 

high-energy collisional dissociation fragmentation (NCE 25) with fragment ions scanning 

in the Orbitrap from m/z 120, 105 AGC target, 120 ms maximum injection time. Dynamic 

exclusion was set to ±10 ppm for 20 seconds. MS2 fragmentation was triggered on 

precursors 102 counts and above. Up to 10 of the most abundant isotope patterns with a 

charge of +2 to +7 were selected for fragmentation. 

6.8.2 LC-MS conditions: timsTOF HT 

Peptides were separated using an 8cm x 150µm, 1.5µm analytical column (Evosep) using 

the Evosep 60SPD workflow. Analytical solvents A: 0.1% FA and B: acetonitrile plus 0.1% 

FA. Column was held at 40°C. Data was acquired in data dependent acquisition PASEF 

mode, the following settings were used: m/z range from 100 m/z to 1700 m/z, ion mobility 

range from 1/K0 = 1.30 to 0.85 Vs/cm2 using equal ion accumulation and ramp times in 

the dual TIMS analyser of 100 ms each. The collision energy was lowered as a function of 

increasing ion mobility from 59 eV at 1/K0 = 1.6 Vs/cm2 to 20 eV at 1/K0 = 0.6 Vs/cm2. 

Isolation width was lowered as a function of decreasing m/s from 3 m/z at 800 m/z to 2 

m/z at 700 m/z. Active exclusion was applied for 0.4 min. Each cycle consistent of 4 

PASEF ramps (total cycle time 0.53 sec) with 2.75 ms measuring time allowed for each 

selected precursor.  

6.8.3 LC-MS conditions: Orbitrap Eclipse 

For LFQ data (all data run on the Eclipse except for in vivo proteomic experiments), 

peptides (3 μL, 0.25 μg/μL) were loaded on to a trap column (Acclaim PepMap 100 75 μm 

x 2cm nanoViper; ThermoFisher Scienific) using loading buffer (2% MeCN, 0.05% TFA). 

Peptides were separated using an Acclaim PepMap RSLC C18 50 cm column 

(ThermoFisher, ES803) using an EasySpray source using a gradient of 2-40% buffer B in 

the first 93 min rising to 95% buffer B for 1 minute followed by a 10 min wash at 95% buffer 

B at a flow rate of 275 nl/min. The analytical column was held at 40°C. Analytical solvents 

A: 5% DMSO, 0.1% FA and B: 75% MeCN, 5% DMSO and 0.1% FA. Data was obtained 

in data-dependent mode. Survey scans were acquired by the Orbitrap Eclipse at a 

resolution of 120,000 at m/z 200. Scans were acquired from 350 to 1500 m/z with the 
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following parameters: RF Lens 30%, AGC Target 400,000, normalised AGC target of 

100% and maximum injection time 50 ms. Monoisotopic Precursor Selection (MIPS) was 

set to peptide. Dynamic exclusion was enabled with an exclusion duration of 20 s after 1 

times, with a mass tolerance of 10 ppm. The minimum intensity was set to 10,000. 

Precursors with charge states 2-6 were selected for MS/MS with an isolation window of 

1.2 m/z, AGC Target of 10,000, normalised AGC Target of 100% and a maximum injection 

time of 100 ms. Precursor ions were fragmented by HCD with a collision energy of 30%. 

MS2 Scans were obtained in the ion trap at a rapid scan rate and obtained in centroid 

mode. 

For in vivo TMT samples, the protocol contained the following changes. First, the 

chromatography was changed to a gradient of 2-30% buffer B in the first 85 min, followed 

by 30-40% buffer B in the next 8 min, rising to 95% buffer B in the next minute and finally 

10 min at 95% buffer B at a flow rate of 275 nl/min. The column was held at 40°C. Analytical 

solvents A: 0.1% FA and B: 80% MeCN, 0.1% FA. Secondly, selected parameters were 

changed for the mass spectrometer: The MS1 scan range was 380-1500 m/z, the minimum 

intensity was set to 50,000 and a precursor fit error of 50% with a fit window of 1.2 was 

implemented. For MS/MS settings, the isolation window was set to 0.7, the AGC target to 

100,000 and a maximum injection time of 86 ms. Scan Range Mode was defined as First 

Mass which was set to 110. The normalised AGC Target was 200%. Precursor ions were 

fragmented with a collision energy of 38%. Scans were obtained in the Orbitrap with a 

resolution of 50,000 at 200 m/z. 

6.8.4 MaxQuant data analysis 

Raw data obtained from the Eclipse and QExactive were processed using MaxQuant 

(version 1.6.10.43) using the in-built Andromeda search engine. The MS/MS spectra were 

matched against the human reference proteome with isoforms (UniProt, accessed January 

2022). Cysteine carbamidomethylation was defined as a fixed modification; methionine 

oxidation, N-terminal acylation and N-terminal N-myristoylation were set as variable 

modifications. “Trypsin/P” was chosen as the digestion mode and a maximum of two 

missed cleavages allowed. Label-free quantification was selected with “Fast LFQ” enabled. 

Both “unique and razor peptides” were used for protein quantification. “Match between 

runs” was enabled. All other settings were kept as default. To check TMT labelling 

efficiency, TMT labels on lysines and N-termini were set as variable modifications. For the 
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in vivo data quantified using TMT, reporter ion MS2 quantification was used with the 

relevant TMT10plex lysine and N-terminal labels set as isobaric labels, accounting for the 

isotopic correction factors. 

6.8.5 FragPipe data analysis 

ddaPASEF Bruker .d files were processed using FragPipe (version 22.0) using the inbuilt 

“LFQ MBR” workflow. Default settings, other than MaxLFQ min ions was set as 1, were 

used. Bruker .d files were searched using MSFragger (version 4.1) with the following 

parameters: strict trypsin digestion; up to 2 missed cleavages allowed; precursor ion 

tolerance: 20 ppm; trimming of protein N-terminal methionine; methionine oxidation, 

N-terminal acetylation and glycine labelling by the YnMyr-AzRB adduct as variable 

modifications; cysteine carbamidomethylation as a fixed modification; Human database 

(UniProt, downloaded 13 July 2023 with decoys (50%) and contaminants added with the 

inbuild FragPipe tool. MSFragger search results were processed using Percolator (version 

3.5) for peptide-spectrum match validation, followed by Philosopher (version 5.1.1) for 

protein and FDR filtering. Label-free quantification values were calculated using the 

MaxLFQ algorithm using IonQuant (version 1.10.27) with match between runs enabled 

and min ions set as 1. 

6.9 Data analysis of -omics experiments 

6.9.1 Proteomic data analysis 

Processed proteomic data were analysed with Perseus (version 1.6.14.0). Protein groups 

were filtered against contaminants, proteins identified only by site and reverse annotations. 

Protein intensities (normalised LFQ or TMT) were transformed using a base 2 logarithm. 

TMT intensities were normalized by median subtraction. TMT labelling efficiencies were 

calculated to be >75%. Protein groups were filtered to allow one missing value across the 

replicates in each condition for the two-condition comparison of interest. For YnMyr pull-

down proteomics, protein groups were filtered to require three valid values across 

replicates in a single condition, and missing values were imputated from a downshifted 

normal distribution (width=0.3, downshift=1.8). A two-tailed student’s t-test was then 

performed to determine abundance changes and significance. Volcano plots were plotted 

in Prism. 
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6.9.2 GSEA 

For mRNA-Seq data, the normalised gene count matrix as a .gct file was used as an input  

for the GSEA application (version 4.3.2, Broad Institute). Gene identifiers were collapsed 

using the Ensembl_Gene_ID chip and ranked using the Signal2Noise metric. Sample 

annotation was uploaded as a .cls file. For proteomics data, proteins were first pre-ranked 

using log2FC*log10(p-value) as the ranking metric. Gene sets were automatically 

downloaded from MSigDB (Broad Institute) and GSEA was run against the human 

Hallmark gene sets and the KEGG_MEDICUS and KEGG_LEGACY subsets of the 

Canonical Pathway gene sets (mRNA sequencing) or the mouse Cell type Signature gene 

sets (proteomics). In both cases, 1000 permutations over the gene sets and a weighted 

enrichment statistic was used. Gene sets with more than 500 or less than 15 members 

were excluded. The significance threshold for enriched gene sets was set as FDR<0.05. 

6.9.3 EnrichmentMap analysis 

The results of the GSEA on the mRNA-Seq data was analysed using the EnrichmentMap 

plugin (version 3.4.0) in Cytoscape (version 3.10.1). Significantly enriched gene sets were 

clustered based off similarity in gene membership, with the default edge connectivity of 

0.375 (50/50 Jacard overlap combination metric) used. Gene clusters were identified using 

AutoAnnotate (version 1.5.1) using MCL clustering, and the cluster membership and 

annotated function further refined based on manual inspection.  

6.9.4 Ingenuity Pathway Analysis 

After initial proteomic analysis in Perseus, protein log2FC and p-values were exported and 

uploaded into the IPA application. To carry out ORA, a “Core Analysis” was carried out 

against the Ingenuity Knowledge Base reference set. Both direct and indirect relationships 

were considered. The thresholds used for proteins to be included in the analysis were set 

to p<0.05 and |log2FC|>1.2 for in vitro experiments or |log2FC|>0.585 in vivo experiments 

given the larger effect size of NMTi in this model. The significance threshold for enriched 

Canonical Pathways was set to adj. p-value<0.01.  
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6.9.5 Contaminant analysis  

Contaminant analysis was carried out in Skyline (MacCoss Lab Software) using the 

method described in reference 367. 

6.9.6 Protein localisation analysis 

GO enrichment was conducted using PantherDB368 as a statistical overrepresentation test. 

Overrepresentation of gene sets represented in the “GO cellular component complete” 

was assessed using Fischer’s exact test and p-values corrected using 

Benjamini-Hochberg FDR. 

6.9.7 STRING PPI analysis 

Significantly differentially regulated proteins (p<0.05 and |log2FC|>0.26) were analysed by 

the stringApp plugin (version 2.0.1) in Cytoscape. To generate protein interaction 

networks, only high confidence interactions (confidence score > 0.7) within the physical 

subnetwork were considered. For low MYCN samples in the pilot experiment and the 36 h 

timepoints, the resulting network was clustered by MCL clustering using the default 

inflation value of 3 to aid interpretation. Functions associated with clusters were based on 

manual annotation and guided by the in-built STRING pathway enrichment analysis tool 

where necessary.  
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6.10  Key resource tables 

 

Table 6.1 List of antibodies and their dilutions used in this study. 

 

 

Table 6.2 Primers used for RT-qPCR. 
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Table 6.3 sgRNA, DNA templates and primers used to generate NDUFAF4 G2A CRISPR-
Cas9 knock-ins. 

 

 

Table 6.4 Proteomic experiments in this study and their analysis method. The mass 
spectrometer and quantification method for each proteomic experiment is shown here. All 
data were acquired using DDA methods. 
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Chapter 7. Appendix 
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Appendix Figure 1 Raw cytotoxicity and proliferation plots for IMP1088 Incucyte assays. 
Related to Figure 2.2 and Figure 2.3. Individual cytotoxicity (green area/phase area) and 
proliferation (phase area) plots to determine IMP1088 IC50s in the neuroblastoma cell line 
panel. Red box, the dataset corresponding to the representative dose-response plots in 
Figure 2.2B. 
 

 

 

 

Appendix Table 1 Genetic background of the neuroblastoma cell line panel. Common 
genetic alterations of the neuroblastoma cell lines used in this study. The SHEP21N line 
is derived from the SHEP line and therefore is expected to have the same genetic 
background unless novel alterations have been acquired in vitro. Information on the 
genetic status of these cell lines was obtained from references 185,409-414. 
 

 

 

 

Appendix Figure 2 Effects of IMP1088 on SHEP cells over 10 days. Cytotoxicity and 
proliferation plots of SHEP cells upon prolonged treatment with IMP1088.  
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Appendix Figure 3 Sensitivity of neuroblastoma cell lines to DDD86481. Related to Table 
2.1 and Figure 2.4. Individual cytotoxicity and proliferation plots of neuroblastoma cells 
upon treatment with DDD86481, used to calculate the reported IC50 values. 
 
 
 

 

Appendix Figure 4 Validation of UAMC-3203 as a tool compound to inhibit ferroptosis. 
Cytotoxicity and proliferation plots of IMR5 cells. (A) Cells were treated with UAMC-3203 
as a single agent to assess the effects of this compound on IMR5 viability. (B) Cells were 
treated with 100 nM RSL3 and increasing concentrations of UAMC-3203 to inhibit 
ferroptosis. (C) Cells were treated with 100 nM IMP1088 and increasing concentrations of 
UAMC-3203 to inhibit ferroptosis. 
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Appendix Figure 5 Optimisation of treatment conditions with known UPR inducers. 
Western blots for proteins involved in the UPR in high MYCN SHEP21N cells upon 
treatment with 5 mg/mL tunicamycin, 100 nM thapsigargin or 2 μg/mL Brefeldin A for 2-
18 h.  
 
 
 
 
 



Appendix 

170 

 

 

Appendix Figure 6 The UPR is not majorly activated in IMR5 cells upon NMT inhibition. 
Western blots for proteins involved in the UPR in IMR5 cells upon treatment with 100 nM 
or 1 μM IMP1088 for 18-60 h. The positive control blots shown are from the same 
membrane. 
 
 
 
 
 

 

Appendix Figure 7 IMR5 proteomic samples separate based on treatment condition. 
PCA plot for the IMR5 samples analysed by YnMyr proteomics. 
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Appendix Table 2 Proteins for which the YnMyr-labelled peptide was directly identified 
by MS/MS in IMR5 cells. 

 
 
 

 

Appendix Figure 8 SHEP21N samples separate by treatment condition. PCA plot for the 
SHEP21N samples analysed by YnMyr proteomics. 
 
 
 

 

Appendix Table 3 Proteins for which the YnMyr-labelled peptide was directly identified 
by MS/MS in SHEP21N cells. 
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Appendix Figure 9 Effects of IMP1088 on transcripts in SHEP21N cells. Related to Table 
3.1 and Figure 3.4. MA plots for all protein coding genes upon treatment with IMP1088 (2, 
6, 18 h) in high (A) and low (B) MYCN SHEP21N cells. Coloured dots indicate genes with 
a fold change of at least 1.5 and adj. p-value<0.05. 
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Appendix Figure 10 Similar effects of MYCN expression are observed at each timepoint. 
(A) Heatmap of the NES scores for gene sets significantly (FDR q-value < 0.05) affected 
by MYCN expression in SHEP21N cells at each timepoint as determined by GSEA. White 
indicates that the gene set was not significantly enriched by GSEA at that timepoint. (B) 
Summary statistics of genes affected by doxycycline treatment (MYCN expression) in the 
SHEP21N cells. 
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Appendix Figure 11 IMP1088 induces mitochondrial dysfunction in SHEP21N cells. 
Effects of IMP1088 on the Mitochondrial Dysfunction Canonical Pathway as predicted by 
IPA analysis in high MYCN (A) and low MYCN (B) SHEP21N cells. Blue and orange 
indicates predicted repression and activation; green indicates observed downregulation, 
purple outlines also indicate significant observed effects. 
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Appendix Figure 12 Canonical Pathways are more significantly affected in high MYCN 

cells than low MYCN cells. Heatmap comparison of the –log(FDR q-values) for 
significantly affected (FDR<0.01) Canonical Pathways as indicated by IPA analysis in high 
and low MYCN SHEP21N cells treated with IMP1088. A high value indicates higher 
significance. 
 
 

 

Appendix Figure 13 Effect of IMP1320 after three days in Th-MYCN syngeneic mice. 

Waterfall plot showing relative changes in tumour volume after 3 days of IMP1320 
treatment. Each bar represents an individual mouse. 
 
 
 

 

Appendix Figure 14 Clustering of tumours extracted from Th-MYCN mice treated with 

vehicle or IMP1320. PCA plot for the samples analysed by SrtA proteomics. 
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Appendix Figure 15 Protein quantification is generally reproducible in each fraction. 
Box plot of the CV values for protein groups in the pilot and global proteomic samples. 
 
 

 

Appendix Figure 16 Clustering of SHEP21N pilot proteomic detergent fractions. PCA 
plot for the SHEP21N detergent fractions in the pilot study. 
 
 

 

Appendix Figure 17 Protein fold changes in detergent fractions are more pronounced 

than for global abundance changes. Violin plots for the distribution of protein fold changes 
in high MYCN detergent and global proteomic samples. 
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Appendix Figure 18 NMT substrates are both destabilised and mislocalised by NMTi in 

low MYCN cells. Comparison of protein fold changes for NMT substrates in aqueous and 
detergent fractions isolated from low MYCN cells after 18 h of 50 nM IMP1088 treatment. 
 
 
 

 

Appendix Figure 19 Clustering of SHEP21N time course detergent fractions. PCA plot 
for all detergent fractions in the time course study. 
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Appendix Figure 20 Fold changes seen in the low MYCN pilot samples are the most 

dissimilar from the other samples after 18 h of IMP1088 treatment. Hierarchical clustering 
by Pearson’s correlation coefficient of the detergent fractions after 18 h treatment with 50 
nM IMP1088. The Pearson correlation coefficients for each sample are indicated in the 
table (left). Time: Time course 
 
 

 

Appendix Figure 21 NDUFAF4 is a direct transcriptional target of MYCN. ChIP-Seq 
tracks for MYCN binding to the NDUFAF4 locus in high (top) and low (bottom) MYCN 
SHEP21N cells. Data were downloaded from GSE80154202. 
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Appendix Figure 22 The NDUFAF4 site is not affected by the CRISPR-Cas9 protocol in 

SHEP21N control cells. Sanger sequencing results for the control monoclonal cell line in 
the region surrounding the NDUFAF4 start site. The start codon is underlined in blue. 
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Appendix Figure 23 Raw cytotoxicity and proliferation plots for IMP1088 Incucyte 

assays in control, NDUFAF4 G2A and parental SHEP21N cells. Related to Figure 4.20. 
Individual cytotoxicity (green area/phase area) and proliferation (phase area) plots for the 
experiments assessing the impact of NDUFAF4 N-myristoylation on IMP1088 cytotoxicity 
in the SHEP21N genetic background. 
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Appendix Figure 24 The effects of NMTi in detergent fractions in P493-6 cells. Results 
of STRING analysis for significantly depleted (p<0.05, log2FC<-0.26) proteins in 
detergent-enriched membrane fractions from high (top) and low (bottom) MYC P493-6 
cells after treatment with 100 nM IMP1088 for 24 h. Black outlines indicate CoT NMT 
substrates. 
 

 



Reference List 

182 

 

Reference List 

 

 

1. Ponomarenko, E.A., Poverennaya, E.V., Ilgisonis, E.V., Pyatnitskiy, M.A., Kopylov, 
A.T., Zgoda, V.G., Lisitsa, A.V., and Archakov, A.I. (2016). The Size of the Human 
Proteome: The Width and Depth. Int. J. Anal. Chem. 2016, 1-6. 10.1155/2016/7436849. 

2. Carbonara, K., Andonovski, M., and Coorssen, J.R. (2021). Proteomes Are of 
Proteoforms: Embracing the Complexity. Proteomes 9, 38. 
10.3390/proteomes9030038. 

3. Losada De La Lastra, A., Hassan, S., and Tate, E.W. (2021). Deconvoluting the biology 
and druggability of protein lipidation using chemical proteomics. Curr. Opin. Chem. Biol. 
60, 97-112. 10.1016/j.cbpa.2020.10.002. 

4. Zhong, Q., Xiao, X., Qiu, Y., Xu, Z., Chen, C., Chong, B., Zhao, X., Hai, S., Li, S., An, 
Z., and Dai, L. (2023). Protein posttranslational modifications in health and diseases: 
Functions, regulatory mechanisms, and therapeutic implications. MedComm 4. 
10.1002/mco2.261. 

5. Li, C., and Götz, J. (2017). Somatodendritic accumulation of Tau in Alzheimer's disease 

is promoted by Fyn‐mediated local protein translation. EMBO J. 36, 3120-3138. 

10.15252/embj.201797724. 
6. Tate, E.W., Soday, L., De La Lastra, A.L., Wang, M., and Lin, H. (2024). Protein 

lipidation in cancer: mechanisms, dysregulation and emerging drug targets. Nat. Rev. 
Cancer. 24, 240-260. 10.1038/s41568-024-00666-x. 

7. Roskoski, R. (2024). Properties of FDA-approved small molecule protein kinase 
inhibitors: A 2024 update. Pharmacol. Res. 200, 107059. 10.1016/j.phrs.2024.107059. 

8. Békés, M., Langley, D.R., and Crews, C.M. (2022). PROTAC targeted protein 
degraders: the past is prologue. Nat. Rev. Drug Discov. 21, 181-200. 10.1038/s41573-
021-00371-6. 

9. Chen, B., Sun, Y., Niu, J., Jarugumilli, G.K., and Wu, X. (2018). Protein Lipidation in 
Cell Signaling and Diseases: Function, Regulation, and Therapeutic Opportunities. Cell 
Chem. Biol. 25, 817-831. 10.1016/j.chembiol.2018.05.003. 

10. Sebti, S.M., and Adjei, A.A. (2004). Farnesyltransferase inhibitors. Semin. Oncol. 31, 
28-39. 10.1053/j.seminoncol.2003.12.012. 

11. Yam, C., Murthy, R.K., Valero, V., Szklaruk, J., Shroff, G.S., Stalzer, C.J., Buzdar, A.U., 
Murray, J.L., Yang, W., Hortobagyi, G.N., et al. (2018). A phase II study of tipifarnib 
and gemcitabine in metastatic breast cancer. Invest. New Drugs 36, 299-306. 
10.1007/s10637-018-0564-2. 

12. Karasic, T.B., Chiorean, E.G., Sebti, S.M., and O’Dwyer, P.J. (2019). A Phase I Study 
of GGTI-2418 (Geranylgeranyl Transferase I Inhibitor) in Patients with Advanced Solid 
Tumors. Target. Oncol. 14, 613-618. 10.1007/s11523-019-00661-5. 

13. Suzuki, M., Jeng, L.J.B., Chefo, S., Wang, Y., Price, D., Li, X., Wang, J., Li, R.-J., Ma, 
L., Yang, Y., et al. (2023). FDA approval summary for lonafarnib (Zokinvy) for the 
treatment of Hutchinson-Gilford progeria syndrome and processing-deficient progeroid 
laminopathies. Genet. Med. 25, 100335. 10.1016/j.gim.2022.11.003. 

14. Blanc, M., David, F., Abrami, L., Migliozzi, D., Armand, F., Bürgi, J., and Van Der Goot, 
F.G. (2015). SwissPalm: Protein Palmitoylation database. F1000 Research 4, 261. 
10.12688/f1000research.6464.1. 

15. Jiang, H., Zhang, X., Chen, X., Aramsangtienchai, P., Tong, Z., and Lin, H. (2018). 
Protein Lipidation: Occurrence, Mechanisms, Biological Functions, and Enabling 
Technologies. Chem. Rev. 118, 919-988. 10.1021/acs.chemrev.6b00750. 



Reference List 

183 

 

16. Cho, E., and Park, M. (2016). Palmitoylation in Alzheimer's disease and other 
neurodegenerative diseases. Pharmacol. Res. 111, 133-151. 
10.1016/j.phrs.2016.06.008. 

17. Lan, T., Delalande, C., and Dickinson, B.C. (2021). Inhibitors of DHHC family proteins. 
Curr. Opin. Chem. Biol. 65, 118-125. 10.1016/j.cbpa.2021.07.002. 

18. Davda, D., El Azzouny, M.A., Tom, C.T.M.B., Hernandez, J.L., Majmudar, J.D., 
Kennedy, R.T., and Martin, B.R. (2013). Profiling Targets of the Irreversible 
Palmitoylation Inhibitor 2-Bromopalmitate. ACS Chem. Biol. 8, 1912-1917. 
10.1021/cb400380s. 

19. Bai, M., Gallen, E., Memarzadeh, S., Howie, J., Gao, X., Kuo, C.-W.S., Brown, E., 
Swingler, S., Wilson, S.J., Shattock, M.J., et al. (2024). Targeted degradation of 
zDHHC-PATs decreases substrate S-palmitoylation. PLoS ONE 19, e0299665. 
10.1371/journal.pone.0299665. 

20. Birch, J., Axford, D., Foadi, J., Meyer, A., Eckhardt, A., Thielmann, Y., and Moraes, I. 
(2018). The fine art of integral membrane protein crystallisation. Methods 147, 150-162. 
10.1016/j.ymeth.2018.05.014. 

21. Rana, M.S., Kumar, P., Lee, C.-J., Verardi, R., Rajashankar, K.R., and Banerjee, A. 
(2018). Fatty acyl recognition and transfer by an integral membrane S-acyltransferase. 
Science 359, eaao6326. 10.1126/science.aao6326. 

22. Yang, A., Liu, S., Zhang, Y., Chen, J., Fan, Y., Wang, F., Zou, Y., Feng, S., Wu, J., and 
Hu, Q. (2024). Regulation of RAS palmitoyltransferases by accessory proteins and 
palmitoylation. Nat. Struct. Mol. Biol. 31, 436-446. 10.1038/s41594-023-01183-5. 

23. Ocasio, C.A., Baggelaar, M.P., Sipthorp, J., Losada De La Lastra, A., Tavares, M., 
Volarić, J., Soudy, C., Storck, E.M., Houghton, J.W., Palma-Duran, S.A., et al. (2024). 
A palmitoyl transferase chemical–genetic system to map ZDHHC-specific S-acylation. 
Nat. Biotechnol. 10.1038/s41587-023-02030-0. 

24. Deichaite, I., Casson, L.P., Ling, H.-P., and Resh, M.D. (1988). In Vitro Synthesis of 
pp60v-src: Myristylation in a Cell-Free System. Mol. Cell. Biol. 8, 4295-4301. 
10.1128/mcb.8.10.4295-4301.1988. 

25. Zha, J., Weiler, S., Oh, K.J., Wei, M.C., and Korsmeyer, S.J. (2000). Posttranslational 
N-Myristoylation of BID as a Molecular Switch for Targeting Mitochondria and 
Apoptosis. Science 290, 1761-1765. 10.1126/science.290.5497.1761. 

26. Thinon, E., Serwa, R.A., Broncel, M., Brannigan, J.A., Brassat, U., Wright, M.H., Heal, 
W.P., Wilkinson, A.J., Mann, D.J., and Tate, E.W. (2014). Global profiling of co- and 
post-translationally N-myristoylated proteomes in human cells. Nat. Commun. 5, 4919. 
10.1038/ncomms5919. 

27. Wright, M.H., Heal, W.P., Mann, D.J., and Tate, E.W. (2010). Protein myristoylation in 
health and disease. J. Biol. Chem. 3, 19-35. 10.1007/s12154-009-0032-8. 

28. Maurer-Stroh, S., and Eisenhaber, F. (2004). Myristoylation of viral and bacterial 
proteins. Trends Microbiol. 12, 178-185. 10.1016/j.tim.2004.02.006. 

29. Lodge, J.K., Johnson, R.L., Weinberg, R.A., and Gordon, J.I. (1994). Comparison of 
myristoyl-CoA:protein N-myristoyltransferases from three pathogenic fungi: 
Cryptococcus neoformans, Histoplasma capsulatum, and Candida albicans. J. Biol. 
Chem. 269, 2996-3009. 10.1016/s0021-9258(17)42038-2. 

30. Shaw, B.D., Momany, C., and Momany, M. (2002). Aspergillus nidulans swoF Encodes 
an N-Myristoyl Transferase. Eukaryot. Cell 1, 241-248. 10.1128/ec.1.2.241-248.2002. 

31. Wang, Y., Lin, R., Liu, M., Wang, S., Chen, H., Zeng, W., Nie, X., and Wang, S. (2023). 
N-Myristoyltransferase, a Potential Antifungal Candidate Drug-Target for Aspergillus 
flavus. Microbiol. Spectr. 11. 10.1128/spectrum.04212-22. 

32. Gunaratne, R.S., Sajid, M., Ling, I.T., Tripathi, R., Pachebat, J.A., and Holder, A.A. 
(2000). Characterization of N-myristoyltransferase from Plasmodium falciparum. 
Biochem. J. 348, 459-463. 10.1042/bj3480459. 



Reference List 

184 

 

33. Panethymitaki, C., Paul, Helen, Robin, Katherine, and Deborah (2006). 
Characterization and selective inhibition of myristoyl-CoA:protein N-
myristoyltransferase from Trypanosoma brucei and Leishmania major. Biochem. J. 396, 
277-285. 10.1042/bj20051886. 

34. Towler, D.A., Adams, S.P., Eubanks, S.R., Towery, D.S., Jackson-Machelski, E., 
Glaser, L., and Gordon, J.I. (1987). Purification and characterization of yeast myristoyl 
CoA:protein N-myristoyltransferase. Proc. Natl. Acad. Sci. U.S.A. 84, 2708-2712. 
10.1073/pnas.84.9.2708. 

35. Giang, D.K., and Cravatt, B.F. (1998). A Second Mammalian N-Myristoyltransferase. 
J. Biol. Chem. 273, 6595-6598. 10.1074/jbc.273.12.6595. 

36. McIlhinney, R.A.J., Young, K., Egerton, M., Camble, R., White, A., and Soloviev, M. 
(1998). Characterization of human and rat brain myristoyl-CoA:protein N-
myristoyltransferase: evidence for an alternative splice variant of the enzyme. Biochem. 
J. 333, 491-495. 10.1042/bj3330491. 

37. Duronio, R.J., Towler, D.A., Heuckeroth, R.O., and Gordon, J.I. (1989). Disruption of 
the Yeast N-Myristoyl Transferase Gene Causes Recessive Lethality. Science 243, 
796-800. 10.1126/science.2644694. 

38. Lodge, J.K., Jackson-Machelski, E., Toffaletti, D.L., Perfect, J.R., and Gordon, J.I. 
(1994). Targeted gene replacement demonstrates that myristoyl-CoA: protein N-
myristoyltransferase is essential for viability of Cryptococcus neoformans. Proc. Natl. 
Acad. Sci. U.S.A. 91, 12008-12012. 10.1073/pnas.91.25.12008. 

39. Price, H.P., Menon, M.R., Panethymitaki, C., Goulding, D., McKean, P.G., and Smith, 
D.F. (2003). Myristoyl-CoA:Protein N-Myristoyltransferase, an Essential Enzyme and 
Potential Drug Target in Kinetoplastid Parasites. J. Biol. Chem. 278, 7206-7214. 
10.1074/jbc.m211391200. 

40. Wright, M.H., Clough, B., Rackham, M.D., Rangachari, K., Brannigan, J.A., Grainger, 
M., Moss, D.K., Bottrill, A.R., Heal, W.P., Broncel, M., et al. (2014). Validation of N-
myristoyltransferase as an antimalarial drug target using an integrated chemical 
biology approach. Nat. Chem. 6, 112-121. 10.1038/nchem.1830. 

41. Ntwasa, M., Aapies, S., Schiffmann, D.A., and Gay, N.J. (2001). Drosophila Embryos 
Lacking N-Myristoyltransferase Have Multiple Developmental Defects. Exp. Cell Res. 
262, 134-144. 10.1006/excr.2000.5086. 

42. Glover, C.J., Hartman, K.D., and Felsted, R.L. (1997). Human N-Myristoyltransferase 
Amino-terminal Domain Involved in Targeting the Enzyme to the Ribosomal Subcellular 
Fraction. J. Biol. Chem. 272, 28680-28689. 10.1074/jbc.272.45.28680. 

43. Castrec, B., Dian, C., Ciccone, S., Ebert, C.L., Bienvenut, W.V., Le Caer, J.-P., 
Steyaert, J.-M., Giglione, C., and Meinnel, T. (2018). Structural and genomic decoding 
of human and plant myristoylomes reveals a definitive recognition pattern. Nat. Chem. 
Biol. 14, 671-679. 10.1038/s41589-018-0077-5. 

44. Thul, P.J., Åkesson, L., Wiking, M., Mahdessian, D., Geladaki, A., Ait Blal, H., Alm, T., 
Asplund, A., Björk, L., Breckels, L.M., et al. (2017). A subcellular map of the human 
proteome. Science 356, eaal3321. 10.1126/science.aal3321. 

45. Rampoldi, F., Bonrouhi, M., Boehm, M.E., Lehmann, W.D., Popovic, Z.V., Kaden, S., 
Federico, G., Brunk, F., Gröne, H.-J., and Porubsky, S. (2015). Immunosuppression 
and Aberrant T Cell Development in the Absence of N-Myristoylation. J Immunol. 195, 
4228-4243. 10.4049/jimmunol.1500622. 

46. Yang, S.H., Shrivastav, A., Kosinski, C., Sharma, R.K., Chen, M.-H., Berthiaume, L.G., 
Peters, L.L., Chuang, P.-T., Young, S.G., and Bergo, M.O. (2005). N-
Myristoyltransferase 1 Is Essential in Early Mouse Development. J. Biol. Chem. 280, 
18990-18995. 10.1074/jbc.m412917200. 

47. Shrivastav, A., Varma, S., Lawman, Z., Yang, S.H., Ritchie, S.A., Bonham, K., Singh, 
S.M., Saxena, A., and Sharma, R.K. (2008). Requirement of N-Myristoyltransferase 1 



Reference List 

185 

 

in the Development of Monocytic Lineage. J Immunol. 180, 1019-1028. 
10.4049/jimmunol.180.2.1019. 

48. Dempster, J.M., Rossen, J., Kazachkova, M., Pan, J., Kugener, G., Root, D.E., and 
Tsherniak, A. (2019). Extracting Biological Insights from the Project Achilles Genome-
Scale CRISPR Screens in Cancer Cell Lines. bioRxiv. 10.1101/720243. 

49. Pacini, C., Dempster, J.M., Boyle, I., Gonçalves, E., Najgebauer, H., Karakoc, E., Van 
Der Meer, D., Barthorpe, A., Lightfoot, H., Jaaks, P., et al. (2021). Integrated cross-
study datasets of genetic dependencies in cancer. Nat. Commun. 12. 10.1038/s41467-
021-21898-7. 

50. Meyers, R.M., Bryan, J.G., McFarland, J.M., Weir, B.A., Sizemore, A.E., Xu, H., Dharia, 
N.V., Montgomery, P.G., Cowley, G.S., Pantel, S., et al. (2017). Computational 
correction of copy number effect improves specificity of CRISPR–Cas9 essentiality 
screens in cancer cells. Nat. Genet. 49, 1779-1784. 10.1038/ng.3984. 

51. Goya Grocin, A. (2020). Novel chemical proteomics approaches to study N-
myristoylation and N-terminal methionine excision. (Imperial College London). 

52. Perinpanayagam, M.A., Beauchamp, E., Martin, D.D.O., Sim, J.Y.W., Yap, M.C., and 

Berthiaume, L.G. (2013). Regulation of co‐ and post‐translational myristoylation of 

proteins during apoptosis: interplay of N‐myristoyltransferases and caspases. FASEB 

J. 27, 811-821. 10.1096/fj.12-214924. 
53. Berman, H.M. (2000). The Protein Data Bank. Nucleic Acids Res. 28, 235-242. 

10.1093/nar/28.1.235. 
54. Meinnel, T., Dian, C., and Giglione, C. (2020). Myristoylation, an Ancient Protein 

Modification Mirroring Eukaryogenesis and Evolution. Trends Biochem. Sci. 45, 619-
632. 10.1016/j.tibs.2020.03.007. 

55. Giglione, C., Fieulaine, S., and Meinnel, T. (2015). N-terminal protein modifications: 
Bringing back into play the ribosome. Biochimie 114, 134-146. 
10.1016/j.biochi.2014.11.008. 

56. Rudnick, D.A., McWherter, C.A., Rocque, W.J., Lennon, P.J., Getman, D.P., and 
Gordon, J.I. (1991). Kinetic and structural evidence for a sequential ordered Bi Bi 
mechanism of catalysis by Saccharomyces cerevisiae myristoyl-CoA:protein N-
myristoyltransferase. J. Biol. Chem. 266, 9732-9739. 10.1016/s0021-9258(18)92882-
6. 

57. Dian, C., Pérez-Dorado, I., Rivière, F., Asensio, T., Legrand, P., Ritzefeld, M., Shen, 
M., Cota, E., Meinnel, T., Tate, E.W., and Giglione, C. (2020). High-resolution 
snapshots of human N-myristoyltransferase in action illuminate a mechanism 
promoting N-terminal Lys and Gly myristoylation. Nat. Commun. 11. 10.1038/s41467-
020-14847-3. 

58. Farazi, T.A., Manchester, J.K., and Gordon, J.I. (2000). Transient-State Kinetic 
Analysis of Saccharomyces cerevisiae MyristoylCoA:Protein N-Myristoyltransferase 
Reveals that a Step after Chemical Transformation Is Rate Limiting. Biochemistry 39, 
15807-15816. 10.1021/bi002074t. 

59. Heuckeroth, R.O., Glaser, L., and Gordon, J.I. (1988). Heteroatom-substituted fatty 
acid analogs as substrates for N-myristoyltransferase: an approach for studying both 
the enzymology and function of protein acylation. Proc. Natl. Acad. Sci. U.S.A. 85, 
8795-8799. 10.1073/pnas.85.23.8795. 

60. Kishore, N.S., Lu, T.B., Knoll, L.J., Katoh, A., Rudnick, D.A., Mehta, P.P., Devadas, B., 
Huhn, M., Atwood, J.L., and Adams, S.P. (1991). The substrate specificity of 
Saccharomyces cerevisiae myristoyl-CoA:protein N-myristoyltransferase. Analysis of 
myristic acid analogs containing oxygen, sulfur, double bonds, triple bonds, and/or an 
aromatic residue. J. Biol. Chem. 266, 8835-8855. 10.1016/s0021-9258(18)31523-0. 

61. Bhatnagar, R.S., Schall, O.F., Jackson-Machelski, E., Sikorski, J.A., Devadas, B., 
Gokel, G.W., and Gordon, J.I. (1997). Titration Calorimetric Analysis of AcylCoA 



Reference List 

186 

 

Recognition by MyristoylCoA:Protein N-Myristoyltransferase. Biochemistry 36, 6700-
6708. 10.1021/bi970311v. 

62. Rudnick, D.A., Lu, T., Jackson-Machelski, E., Hernandez, J.C., Li, Q., Gokel, G.W., 
and Gordon, J.I. (1992). Analogs of palmitoyl-CoA that are substrates for myristoyl-
CoA:protein N-myristoyltransferase. Proc. Natl. Acad. Sci. U.S.A. 89, 10507-10511. 
10.1073/pnas.89.21.10507. 

63. Demar, J.C., Rundle, D.R., Wensel, T.G., and Anderson, R.E. (1999). Heterogeneous 
N-terminal acylation of retinal proteins. Prog Lipid Res. 38, 49-89. 10.1016/s0163-
7827(98)00020-4. 

64. Ji, G., Xiong, Y., Li, Y., Yan, G., Yao, J., Fang, C., and Lu, H. (2024). Global Analysis 
of N-myristoylation and Its Heterogeneity by Combining N-terminomics and 
Nanographite Fluoride-based Solid-phase Extraction. Talanta, 126300. 
10.1016/j.talanta.2024.126300. 

65. Bateman, A., Martin, M.-J., Orchard, S., Magrane, M., Ahmad, S., Alpi, E., Bowler-
Barnett, E.H., Britto, R., Bye-A-Jee, H., Cukura, A., et al. (2023). UniProt: the Universal 
Protein Knowledgebase in 2023. Nucleic Acids Res. 51, D523-D531. 
10.1093/nar/gkac1052. 

66. Lueg, G.A., Faronato, M., Gorelik, A., Grocin, A.G., Caamano-Gutierrez, E., Falciani, 
F., Solari, R., Carr, R., Bell, A.S., Bartlett, E., et al. (2021). N-myristoyltransferase 
inhibition is synthetic lethal in MYC-deregulated cancers bioRxiv. 
10.1101/2021.03.20.436222. 

67. Maurer-Stroh, S., Eisenhaber, B., and Eisenhaber, F. (2002). N-terminal N -
myristoylation of proteins: prediction of substrate proteins from amino acid sequence. 
J. Mol. Biol. 317, 541-557. 10.1006/jmbi.2002.5426. 

68. Kosciuk, T., and Lin, H. (2020). N-Myristoyltransferase as a Glycine and Lysine 
Myristoyltransferase in Cancer, Immunity, and Infections. ACS Chem. Biol. 15, 1747-
1758. 10.1021/acschembio.0c00314. 

69. Sharer, J.D., Shern, J.F., Van Valkenburgh, H., Wallace, D.C., and Kahn, R.A. (2002). 
ARL2 and BART Enter Mitochondria and Bind the Adenine Nucleotide Transporter. Mol. 
Biol. Cell. 13, 71-83. 10.1091/mbc.01-05-0245. 

70. Kosciuk, T., Price, I.R., Zhang, X., Zhu, C., Johnson, K.N., Zhang, S., Halaby, S.L., 
Komaniecki, G.P., Yang, M., Dehart, C.J., et al. (2020). NMT1 and NMT2 are lysine 
myristoyltransferases regulating the ARF6 GTPase cycle. Nat. Commun. 11. 
10.1038/s41467-020-14893-x. 

71. Rivière, F., Dian, C., Dutheil, R.F., Monassa, P., Giglione, C., and Meinnel, T. (2022). 
Structural and Large-scale Analysis Unveil the Intertwined Paths Promoting NMT-
catalyzed Lysine and Glycine Myristoylation. J. Mol. Biol. 434, 167843. 
10.1016/j.jmb.2022.167843. 

72. Moreno-Yruela, C., Galleano, I., Madsen, A.S., and Olsen, C.A. (2018). Histone 
Deacetylase 11 Is an ε-N-Myristoyllysine Hydrolase. Cell Chem. Biol. 25, 849-856.e848. 
10.1016/j.chembiol.2018.04.007. 

73. Aramsangtienchai, P., Spiegelman, N.A., He, B., Miller, S.P., Dai, L., Zhao, Y., and Lin, 
H. (2016). HDAC8 Catalyzes the Hydrolysis of Long Chain Fatty Acyl Lysine. ACS 
Chem. Biol. 11, 2685-2692. 10.1021/acschembio.6b00396. 

74. Jiang, H., Khan, S., Wang, Y., Charron, G., He, B., Sebastian, C., Du, J., Kim, R., Ge, 
E., Mostoslavsky, R., et al. (2013). SIRT6 regulates TNF-α secretion through hydrolysis 
of long-chain fatty acyl lysine. Nature 496, 110-113. 10.1038/nature12038. 

75. Cao, J., Sun, L., Aramsangtienchai, P., Spiegelman, N.A., Zhang, X., Huang, W., Seto, 
E., and Lin, H. (2019). HDAC11 regulates type I interferon signaling through defatty-
acylation of SHMT2. Proc. Natl. Acad. Sci. U.S.A. 116, 5487-5492. 
10.1073/pnas.1815365116. 



Reference List 

187 

 

76. Legrand, P., Beauchamp, E., Catheline, D., Pédrono, F., and Rioux, V. (2010). Short 
Chain Saturated Fatty Acids Decrease Circulating Cholesterol and Increase Tissue 
PUFA Content in the Rat. Lipids 45, 975-986. 10.1007/s11745-010-3481-5. 

77. Kim, S., Yang, X., Li, Q., Wu, M., Costyn, L., Beharry, Z., Bartlett, M.G., and Cai, H. 
(2017). Myristoylation of Src kinase mediates Src-induced and high-fat diet–
accelerated prostate tumor progression in mice. J. Biol. Chem. 292, 18422-18433. 
10.1074/jbc.m117.798827. 

78. Ma, Y., Zhang, X., Alsaidan, O.A., Yang, X., Sulejmani, E., Zha, J., Beharry, Z., Huang, 
H., Bartlett, M., Lewis, Z., and Cai, H. (2021). Long-Chain Acyl-CoA Synthetase 4–
Mediated Fatty Acid Metabolism Sustains Androgen Receptor Pathway–Independent 
Prostate Cancer. Mol. Cancer Res. 19, 124-135. 10.1158/1541-7786.mcr-20-0379. 

79. Rioux, V., Catheline, D., and Legrand, P. (2007). In rat hepatocytes, myristic acid 
occurs through lipogenesis, palmitic acid shortening and lauric acid elongation. Animal 
1, 820-826. 10.1017/s1751731107000122. 

80. James, A.M., Norman, A.A.I., Houghton, J.W., Prag, H.A., Logan, A., Antrobus, R., 
Hartley, R.C., and Murphy, M.P. (2022). Native chemical ligation approach to 
sensitively probe tissue acyl-CoA pools. Cell Chem. Biol. 29, 1232-1244.e1235. 
10.1016/j.chembiol.2022.04.005. 

81. Soupene, E., Kao, J., Cheng, D.H., Wang, D., Greninger, A.L., Knudsen, G.M., DeRisi, 
J.L., and Kuypers, F.A. (2016). Association of NMT2 with the acyl-CoA carrier ACBD6 
protects the N-myristoyltransferase reaction from palmitoyl-CoA. J Lipid Res 57, 288-
298. 10.1194/jlr.M065003. 

82. Soupene, E., and Kuypers, F.A. (2019). ACBD6 protein controls acyl chain availability 
and specificity of the N-myristoylation modification of proteins. J Lipid Res 60, 624-635. 
10.1194/jlr.M091397. 

83. Soupene, E., Schatz, U.A., Rudnik-Schoneborn, S., and Kuypers, F.A. (2020). 
Requirement of the acyl-CoA carrier ACBD6 in myristoylation of proteins: Activation by 
ligand binding and protein interaction. PLoS One 15, e0229718. 
10.1371/journal.pone.0229718. 

84. Kaiyrzhanov, R., Rad, A., Lin, S.-J., Bertoli-Avella, A., Kallemeijn, W.W., Godwin, A., 
Zaki, M.S., Huang, K., Lau, T., Petree, C., et al. (2024). Bi-allelic ACBD6 variants lead 
to a neurodevelopmental syndrome with progressive and complex movement disorders. 
Brain 147, 1436-1456. 10.1093/brain/awad380. 

85. Morales-Polanco, F., Lee, J.H., Barbosa, N.M., and Frydman, J. (2022). 
Cotranslational Mechanisms of Protein Biogenesis and Complex Assembly in 
Eukaryotes. Annu. Rev. Biomed. Data Sci. 5, 67-94. 10.1146/annurev-biodatasci-
121721-095858. 

86. Fujii, K., Susanto, T.T., Saurabh, S., and Barna, M. (2018). Decoding the Function of 
Expansion Segments in Ribosomes. Mol. Cell 72, 1013-1020.e1016. 
10.1016/j.molcel.2018.11.023. 

87. Knorr, A.G., Schmidt, C., Tesina, P., Berninghausen, O., Becker, T., Beatrix, B., and 
Beckmann, R. (2019). Ribosome–NatA architecture reveals that rRNA expansion 
segments coordinate N-terminal acetylation. Nat. Struct. Mol. Biol. 26, 35-39. 
10.1038/s41594-018-0165-y. 

88. Gamerdinger, M., Jia, M., Schloemer, R., Rabl, L., Jaskolowski, M., Khakzar, K.M., 
Ulusoy, Z., Wallisch, A., Jomaa, A., Hunaeus, G., et al. (2023). NAC controls 
cotranslational N-terminal methionine excision in eukaryotes. Science 380, 1238-1243. 
10.1126/science.adg3297. 

89. Lentzsch, A.M., Yudin, D., Gamerdinger, M., Chandrasekar, S., Rabl, L., Scaiola, A., 
Deuerling, E., Ban, N., and Shan, S.-O. (2024). NAC guides a ribosomal multienzyme 
complex for nascent protein processing. Nature 633, 718-724. 10.1038/s41586-024-
07846-7. 



Reference List 

188 

 

90. McIlhinney, R.A., and McGlone, K. (1990). Evidence for a non-myristoylated pool of 
the 80 kDa protein kinase C substrate of rat brain. Biochem. J. 271, 681-685. 
10.1042/bj2710681. 

91. Burnaevskiy, N., Fox, T.G., Plymire, D.A., Ertelt, J.M., Weigele, B.A., Selyunin, A.S., 
Way, S.S., Patrie, S.M., and Alto, N.M. (2013). Proteolytic elimination of N-myristoyl 
modifications by the Shigella virulence factor IpaJ. Nature 496, 106-109. 
10.1038/nature12004. 

92. Burnaevskiy, N., Peng, T., L, Howard, and Neal (2015). Myristoylome Profiling Reveals 
a Concerted Mechanism of ARF GTPase Deacylation by the Bacterial Protease IpaJ. 
Mol. Cell 58, 110-122. 10.1016/j.molcel.2015.01.040. 

93. Peitzsch, R.M., and McLaughlin, S. (1993). Binding of acylated peptides and fatty acids 
to phospholipid vesicles: Pertinence to myristoylated proteins. Biochemistry 32, 10436-
10443. 10.1021/bi00090a020. 

94. Honda, T., Soeda, S., Tsuda, K., Yamaguchi, C., Aoyama, K., Morinaga, T., Yuki, R., 
Nakayama, Y., Yamaguchi, N., and Yamaguchi, N. (2016). Protective role for lipid 
modifications of Src-family kinases against chromosome missegregation. Sci. Rep. 6, 
38751. 10.1038/srep38751. 

95. Resh, M.D. (1999). Fatty acylation of proteins: new insights into membrane targeting 
of myristoylated and palmitoylated proteins. Biochim. Biophys. Acta 1451, 1-16. 
10.1016/s0167-4889(99)00075-0. 

96. Jennings, B.C., and Linder, M.E. (2012). DHHC Protein S-Acyltransferases Use Similar 
Ping-Pong Kinetic Mechanisms but Display Different Acyl-CoA Specificities. J. Biol. 
Chem. 287, 7236-7245. 10.1074/jbc.m111.337246. 

97. Seo, J., Hwang, H., Choi, Y., Jung, S., Hong, J.-H., Yoon, B.-J., Rhim, H., and Park, M. 
(2022). Myristoylation-dependent palmitoylation of cyclin Y modulates long-term 
potentiation and spatial learning. Prog. Neurobiol. 218, 102349. 
10.1016/j.pneurobio.2022.102349. 

98. Koegl, M., Zlatkine, P., Ley, S.C., Courtneidge, S.A., and Magee, A.I. (1994). 
Palmitoylation of multiple Src-family kinases at a homologous N-terminal motif. 
Biochem. J. 303, 749-753. 10.1042/bj3030749. 

99. Sigal, C.T., Zhou, W., Buser, C.A., McLaughlin, S., and Resh, M.D. (1994). Amino-
terminal basic residues of Src mediate membrane binding through electrostatic 
interaction with acidic phospholipids. Proc. Natl. Acad. Sci. U.S.A. 91, 12253-12257. 
10.1073/pnas.91.25.12253. 

100. Taniguchi, H., and Manenti, S. (1993). Interaction of myristoylated alanine-rich protein 
kinase C substrate (MARCKS) with membrane phospholipids. J. Biol. Chem. 268, 
9960-9963. 10.1016/s0021-9258(18)82158-5. 

101. Ames, J.B., Ishima, R., Tanaka, T., Gordon, J.I., Stryer, L., and Ikura, M. (1997). 
Molecular mechanics of calcium–myristoyl switches. Nature 389, 198-202. 
10.1038/38310. 

102. Goldberg, J. (1998). Structural Basis for Activation of ARF GTPase. Cell 95, 237-248. 
10.1016/s0092-8674(00)81754-7. 

103. Zheng, J., Knighton, D.R., Taylor, S.S., Xuong, N.H., Sowadski, J.M., and Eyck, L.F.T. 

(1993). Crystal structures of the myristylated catalytic subunit of cAMP‐dependent 

protein kinase reveal open and closed conformations. Protein Sci. 2, 1559-1573. 
10.1002/pro.5560021003. 

104. Timms, R.T., Zhang, Z., Rhee, D.Y., Harper, J.W., Koren, I., and Elledge, S.J. (2019). 
A glycine-specific N-degron pathway mediates the quality control of protein N-
myristoylation. Science 365, eaaw4912. 10.1126/science.aaw4912. 

105. Nagar, B., Hantschel, O., Young, M.A., Scheffzek, K., Veach, D., Bornmann, W., 
Clarkson, B., Superti-Furga, G., and Kuriyan, J. (2003). Structural Basis for the 



Reference List 

189 

 

Autoinhibition of c-Abl Tyrosine Kinase. Cell 112, 859-871. 10.1016/s0092-
8674(03)00194-6. 

106. Patwardhan, P., and Resh, M.D. (2010). Myristoylation and Membrane Binding 
Regulate c-Src Stability and Kinase Activity. Mol. Cell. Biol. 30, 4094-4107. 
10.1128/mcb.00246-10. 

107. Matsubara, M., Nakatsu, T., Kato, H., and Taniguchi, H. (2004). Crystal structure of a 
myristoylated CAP-23/NAP-22 N-terminal domain complexed with Ca2+/calmodulin. 
EMBO J. 23, 712-718. 10.1038/sj.emboj.7600093. 

108. Jaiswal, M., Fansa, E.K., Kösling, S.K., Mejuch, T., Waldmann, H., and Wittinghofer, 
A. (2016). Novel Biochemical and Structural Insights into the Interaction of 
Myristoylated Cargo with Unc119 Protein and Their Release by Arl2/3. J. Biol. Chem. 
291, 20766-20778. 10.1074/jbc.m116.741827. 

109. Zhu, X.G., Nicholson Puthenveedu, S., Shen, Y., La, K., Ozlu, C., Wang, T., Klompstra, 
D., Gultekin, Y., Chi, J., Fidelin, J., et al. (2019). CHP1 Regulates Compartmentalized 
Glycerolipid Synthesis by Activating GPAT4. Mol. Cell 74, 45-58.e47. 
10.1016/j.molcel.2019.01.037. 

110. Broncel, M., Serwa, R.A., Ciepla, P., Krause, E., Dallman, M.J., Magee, A.I., and Tate, 

E.W. (2015). Multifunctional Reagents for Quantitative Proteome‐Wide Analysis of 

Protein Modification in Human Cells and Dynamic Profiling of Protein Lipidation During 
Vertebrate Development. Angew Chem Int Ed Engl 54, 5948-5951. 
10.1002/anie.201500342. 

111. Kallemeijn, W.W., Lanyon-Hogg, T., Panyain, N., Goya Grocin, A., Ciepla, P., Morales-
Sanfrutos, J., and Tate, E.W. (2021). Proteome-wide analysis of protein lipidation using 
chemical probes: in-gel fluorescence visualization, identification and quantification of 
N-myristoylation, N- and S-acylation, O-cholesterylation, S-farnesylation and S-
geranylgeranylation. Nat. Protoc. 16, 5083-5122. 10.1038/s41596-021-00601-6. 

112. Goya Grocin, A., Serwa, R.A., Morales Sanfrutos, J., Ritzefeld, M., and Tate, E.W. 
(2019). Whole Proteome Profiling of N-Myristoyltransferase Activity and Inhibition 
Using Sortase A. Mol. Cell. Proteomics 18, 115-126. 10.1074/mcp.ra118.001043. 

113. Tsumagari, K., Isobe, Y., Ishihama, Y., Seita, J., Arita, M., and Imami, K. (2023). 
Application of Liquid-Liquid Extraction for N-terminal Myristoylation Proteomics. Mol. 
Cell. Proteomics 22, 100677. 10.1016/j.mcpro.2023.100677. 

114. Wilcox, C., Hu, J.-S., and Olson, E.N. (1987). Acylation of Proteins with Myristic Acid 
Occurs Cotranslationally. Science 238, 1275-1278. 10.1126/science.3685978. 

115. Utsumi, T., Sakurai, N., Nakano, K., and Ishisaka, R. (2003). C‐terminal 15 kDa 

fragment of cytoskeletal actin is posttranslationally N‐myristoylated upon caspase‐
mediated cleavage and targeted to mitochondria. FEBS Lett. 539, 37-44. 
10.1016/s0014-5793(03)00180-7. 

116. Kallemeijn, W.W., Lueg, G.A., Faronato, M., Hadavizadeh, K., Goya Grocin, A., Song, 
O.-R., Howell, M., Calado, D.P., and Tate, E.W. (2019). Validation and Invalidation of 
Chemical Probes for the Human N-myristoyltransferases. Cell Chem. Biol. 26, 892-
900.e894. 10.1016/j.chembiol.2019.03.006. 

117. Alsaidan, O.A., Onobun, E., Ye, C., Lou, L., Beharry, Z., Xie, Z.R., Lebedyeva, I., Crich, 

D., and Cai, H. (2024). Inhibition of N‐myristoyltransferase activity promotes 

androgen receptor degradation in prostate cancer. Prostate 84, 254-268. 
10.1002/pros.24645. 

118. Kim, S., Alsaidan, O.A., Goodwin, O., Li, Q., Sulejmani, E., Han, Z., Bai, A., Albers, T., 
Beharry, Z., Zheng, Y.G., et al. (2017). Blocking Myristoylation of Src Inhibits Its Kinase 
Activity and Suppresses Prostate Cancer Progression. Cancer Res. 77, 6950-6962. 
10.1158/0008-5472.can-17-0981. 

119. Sangha, R.S., Jamal, R., Spratlin, J., Kuruvilla, J., Sehn, L.H., Weickert, M., 
Berthiaume, L.G., and Mackey, J.R. (2024). Final results of a first-in-human phase I 



Reference List 

190 

 

dose escalation trial of daily oral zelenirstat, a n-myristoyltransferase inhibitor, in 
patients with advanced solid tumors and relapsed/refractory B-cell lymphomas. J. Clin. 
Oncol. 42 (16_suppl). 

120. Zhao, C., and Ma, S. (2014). Recent Advances in The Discovery of N ‐
Myristoyltransferase Inhibitors. ChemMedChem 9, 2425-2437. 
10.1002/cmdc.201402174. 

121. Fedoryshchak, R.O., Ocasio, C.A., Strutton, B., Mattocks, J., Corran, A.J., and Tate, 
E.W. (2020). Wheat pathogen Zymoseptoria tritici N-myristoyltransferase inhibitors: on-
target antifungal activity and an unusual metabolic defense mechanism. RSC Chem. 
Biol. 1, 68-78. 10.1039/d0cb00020e. 

122. Javid, S., Shanmugarajan, D., Kumar, H.Y., Arivuselvam, R., Anjum, N.F., Purohit, 
M.N., Susil, A., Harindranath, H., Nilugal, K.C., Nagojappa, N.B.S., and Kumar, B.R.P. 
(2024). Rational design, synthesis, analysis and antifungal activity of novel myristic 
acid derivatives as N-myristoyltransferase inhibitors. J. Mol. Struct. 1303, 137568. 
10.1016/j.molstruc.2024.137568. 

123. Hussain, A., and Verma, C.K. (2024). In silico Exploration of the Potential Inhibitory 
Activity of Novel Compounds Against Candida albicans N-myristoyltransferase. Lett. 
Drug Des. Discov. 21, 575-589. 10.2174/1570180820666221027091852. 

124. Goncalves, V., Brannigan, J.A., Whalley, D., Ansell, K.H., Saxty, B., Holder, A.A., 
Wilkinson, A.J., Tate, E.W., and Leatherbarrow, R.J. (2012). Discovery of Plasmodium 
vivax N-Myristoyltransferase Inhibitors: Screening, Synthesis, and Structural 
Characterization of their Binding Mode. J. Med. Chem. 55, 3578-3582. 
10.1021/jm300040p. 

125. Harupa, A., De Las Heras, L., Colmenarejo, G., Lyons-Abbott, S., Reers, A., Caballero 
Hernandez, I., Chung, C.-W., Charter, D., Myler, P.J., Fernández-Menéndez, R.M., et 
al. (2020). Identification of Selective Inhibitors of Plasmodium N-Myristoyltransferase 
by High-Throughput Screening. J. Med. Chem. 63, 591-600. 
10.1021/acs.jmedchem.9b01343. 

126. Schlott, A.C., Knuepfer, E., Green, J.L., Hobson, P., Borg, A.J., Morales-Sanfrutos, J., 
Perrin, A.J., Maclachlan, C., Collinson, L.M., Snijders, A.P., et al. (2021). Inhibition of 
protein N-myristoylation blocks Plasmodium falciparum intraerythrocytic development, 
egress and invasion. PLOS Biol. 19, e3001408. 10.1371/journal.pbio.3001408. 

127. Fenwick, M.K., Reers, A.R., Liu, Y., Zigweid, R., Sankaran, B., Shin, J., Hulverson, 
M.A., Hammerson, B., Fernández Álvaro, E., Myler, P.J., et al. (2023). Identification of 
and Structural Insights into Hit Compounds Targeting N-Myristoyltransferase for 
Cryptosporidium Drug Development. ACS Infect. Dis. 9, 1821-1833. 
10.1021/acsinfecdis.3c00151. 

128. Frearson, J.A., Brand, S., McElroy, S.P., Cleghorn, L.A.T., Smid, O., Stojanovski, L., 
Price, H.P., Guther, M.L.S., Torrie, L.S., Robinson, D.A., et al. (2010). N-
myristoyltransferase inhibitors as new leads to treat sleeping sickness. Nature 464, 
728-732. 10.1038/nature08893. 

129. Brand, S., Cleghorn, L.A.T., McElroy, S.P., Robinson, D.A., Smith, V.C., Hallyburton, 
I., Harrison, J.R., Norcross, N.R., Spinks, D., Bayliss, T., et al. (2012). Discovery of a 
Novel Class of Orally Active Trypanocidal N-Myristoyltransferase Inhibitors. J. Med. 
Chem. 55, 140-152. 10.1021/jm201091t. 

130. Bell, A.S., Mills, J.E., Williams, G.P., Brannigan, J.A., Wilkinson, A.J., Parkinson, T., 
Leatherbarrow, R.J., Tate, E.W., Holder, A.A., and Smith, D.F. (2012). Selective 
Inhibitors of Protozoan Protein N-myristoyltransferases as Starting Points for Tropical 
Disease Medicinal Chemistry Programs. PLoS Negl. Trop. Dis. 6, e1625. 
10.1371/journal.pntd.0001625. 

131. Goncalves, V., Brannigan, J.A., Laporte, A., Bell, A.S., Roberts, S.M., Wilkinson, A.J., 
Leatherbarrow, R.J., and Tate, E.W. (2017). Structure-guided optimization of quinoline 



Reference List 

191 

 

inhibitors of Plasmodium N-myristoyltransferase. MedChemComm 8, 191-197. 
10.1039/c6md00531d. 

132. Brand, S., Norcross, N.R., Thompson, S., Harrison, J.R., Smith, V.C., Robinson, D.A., 
Torrie, L.S., McElroy, S.P., Hallyburton, I., Norval, S., et al. (2014). Lead Optimization 
of a Pyrazole Sulfonamide Series of Trypanosoma brucei N-Myristoyltransferase 
Inhibitors: Identification and Evaluation of CNS Penetrant Compounds as Potential 
Treatments for Stage 2 Human African Trypanosomiasis. J. Med. Chem. 57, 9855-
9869. 10.1021/jm500809c. 

133. Schlott, A.C., Mayclin, S., Reers, A.R., Coburn-Flynn, O., Bell, A.S., Green, J., 
Knuepfer, E., Charter, D., Bonnert, R., Campo, B., et al. (2019). Structure-Guided 
Identification of Resistance Breaking Antimalarial N‑Myristoyltransferase Inhibitors. 
Cell Chem. Biol. 26, 991-1000.e1007. 10.1016/j.chembiol.2019.03.015. 

134. Rodríguez-Hernández, D., Fenwick, M.K., Zigweid, R., Sankaran, B., Myler, P.J., 
Sunnerhagen, P., Kaushansky, A., Staker, B.L., and Grøtli, M. (2024). Exploring 
Subsite Selectivity within Plasmodium vivax N-Myristoyltransferase Using Pyrazole-
Derived Inhibitors. J. Med. Chem. 67, 7312-7329. 10.1021/acs.jmedchem.4c00168. 

135. Furuishi, K., Matsuoka, H., Takama, M., Takahashi, I., Misumi, S., and Shoji, S. (1997). 
Blockage ofN-Myristoylation of HIV-1 Gag Induces the Production of Impotent Progeny 
Virus. Biochem. Biophys. Res. Commun. 237, 504-511. 10.1006/bbrc.1997.7178. 

136. Chow, M., Newman, J.F.E., Filman, D., Hogle, J.M., Rowlands, D.J., and Brown, F. 
(1987). Myristylation of picornavirus capsid protein VP4 and its structural significance. 
Nature 327, 482-486. 10.1038/327482a0. 

137. Mousnier, A., Bell, A.S., Swieboda, D.P., Morales-Sanfrutos, J., Pérez-Dorado, I., 
Brannigan, J.A., Newman, J., Ritzefeld, M., Hutton, J.A., Guedán, A., et al. (2018). 
Fragment-derived inhibitors of human N-myristoyltransferase block capsid assembly 
and replication of the common cold virus. Nat. Chem. 10, 599-606. 10.1038/s41557-
018-0039-2. 

138. Priyamvada, L., Kallemeijn, W.W., Faronato, M., Wilkins, K., Goldsmith, C.S., Cotter, 
C.A., Ojeda, S., Solari, R., Moss, B., Tate, E.W., and Satheshkumar, P.S. (2022). 
Inhibition of vaccinia virus L1 N-myristoylation by the host N-myristoyltransferase 
inhibitor IMP-1088 generates non-infectious virions defective in cell entry. PLoS Pathog. 
18, e1010662. 10.1371/journal.ppat.1010662. 

139. Takamune, N., Hamada, H., Misumi, S., and Shoji, S. (2002). Novel strategy for anti‐

HIV‐1 action: selective cytotoxic effect of N‐myristoyltransferase inhibitor on HIV‐

1‐infected cells. FEBS Lett. 527, 138-142. 10.1016/s0014-5793(02)03199-x. 

140. Mackey, J.R., Lai, J., Chauhan, U., Beauchamp, E., Dong, W.-F., Glubrecht, D., Sim, 
Y.-W., Ghosh, S., Bigras, G., Lai, R., and Berthiaume, L.G. (2021). N-
myristoyltransferase proteins in breast cancer: prognostic relevance and validation as 
a new drug target. Breast Cancer Res. Treat. 186, 79-87. 10.1007/s10549-020-06037-
y. 

141. Rajala, R.V.S., Radhi, J.M., Kakkar, R., Datla, R.S.S., and Sharma, R.K. (2000). 
Increased expression of N-myristoyltransferase in gallbladder carcinomas. Cancer 88, 
1992-1999. 10.1002/(sici)1097-0142(20000501)88:9<1992::aid-cncr3>3.0.co;2-g. 

142. Beauchamp, E., Yap, M.C., Iyer, A., Perinpanayagam, M.A., Gamma, J.M., Vincent, 
K.M., Lakshmanan, M., Raju, A., Tergaonkar, V., Tan, S.Y., et al. (2020). Targeting N-
myristoylation for therapy of B-cell lymphomas. Nat. Commun. 11, 5348. 
10.1038/s41467-020-18998-1. 

143. Doll, S., Freitas, F.P., Shah, R., Aldrovandi, M., Da Silva, M.C., Ingold, I., Goya Grocin, 
A., Xavier Da Silva, T.N., Panzilius, E., Scheel, C.H., et al. (2019). FSP1 is a 
glutathione-independent ferroptosis suppressor. Nature 575, 693-698. 
10.1038/s41586-019-1707-0. 



Reference List 

192 

 

144. Bersuker, K., Hendricks, J.M., Li, Z., Magtanong, L., Ford, B., Tang, P.H., Roberts, 
M.A., Tong, B., Maimone, T.J., Zoncu, R., et al. (2019). The CoQ oxidoreductase FSP1 
acts parallel to GPX4 to inhibit ferroptosis. Nature 575, 688-692. 10.1038/s41586-019-
1705-2. 

145. Zhang, Q., Li, N., Deng, L., Jiang, X., Zhang, Y., Lee, L.T.O., and Zhang, H. (2023). 
ACSL1-induced ferroptosis and platinum resistance in ovarian cancer by increasing 
FSP1 N-myristylation and stability. Cell Death Discov. 9. 10.1038/s41420-023-01385-
2. 

146. Chen, Y.-C., Navarrete, M.S., Wang, Y., McClintock, N.C., Sakurai, R., Wang, F., Chen, 
K.T., Chou, T.-F., Rehan, V.K., Lee, D.J., and Diaz, B. (2020). N-myristoyltransferase-
1 is necessary for lysosomal degradation and mTORC1 activation in cancer cells. Sci. 
Rep. 10. 10.1038/s41598-020-68615-w. 

147. Sun, Y., Guan, Z., Sheng, Q., Duan, W., Zhao, H., Zhou, J., Deng, Q., and Pei, X. 
(2022). N-myristoyltransferase-1 deficiency blocks myristoylation of LAMTOR1 and 
inhibits bladder cancer progression. Cancer Lett. 529, 126-138. 
10.1016/j.canlet.2022.01.001. 

148. Luo, P.M., and Boyce, M. (2019). Directing Traffic: Regulation of COPI Transport by 
Post-translational Modifications. Front. Cell Dev. Biol. 7, 190. 10.3389/fcell.2019.00190. 

149. Thinon, E., Morales-Sanfrutos, J., Mann, D.J., and Tate, E.W. (2016). N-
Myristoyltransferase Inhibition Induces ER-Stress, Cell Cycle Arrest, and Apoptosis in 
Cancer Cells. ACS Chem. Biol. 11, 2165-2176. 10.1021/acschembio.6b00371. 

150. McHugh, D., Sun, B., Gutierrez-Muñoz, C., Hernández-González, F., Mellone, M., 
Guiho, R., Duran, I., Pombo, J., Pietrocola, F., Birch, J., et al. (2023). COPI vesicle 
formation and N-myristoylation are targetable vulnerabilities of senescent cells. Nat. 
Cell Biol. 25, 1804-1820. 10.1038/s41556-023-01287-6. 

151. Zhang, Q., Zhou, W., Yu, S., Ju, Y., To, S.K.Y., Wong, A.S.T., Jiao, Y., Poon, T.C.W., 
Tam, K.Y., and Lee, L.T.O. (2021). Metabolic reprogramming of ovarian cancer 
involves ACSL1-mediated metastasis stimulation through upregulated protein 
myristoylation. Oncogene 40, 97-111. 10.1038/s41388-020-01516-4. 

152. Beauchamp, E., Gamma, J.M., Cromwell, C.R., Moussa, E.W., Pain, R., Kostiuk, M.A., 
Acevedo-Morantes, C., Iyer, A., Yap, M., Vincent, K.M., et al. (2024). Multiomics 
analysis identifies oxidative phosphorylation as a cancer vulnerability arising from 
myristoylation inhibition. J. Transl. Med. 22. 10.1186/s12967-024-05150-6. 

153. Lueg, G.A. (2019). Synthetic lethality driven by N-Myristoyltransferase inhibition in 
MYC deregulated cancers. (Imperial College London). 

154. Hartleben, G., Müller, C., Krämer, A., Schimmel, H., Zidek, L.M., Dornblut, C., Winkler, 
R., Eichwald, S., Kortman, G., Kosan, C., et al. (2018). Tuberous sclerosis complex is 

required for tumor maintenance in MYC‐driven Burkitt's lymphoma. EMBO J. 37, 

e98589. 10.15252/embj.201798589. 
155. Dang, C.V. (2012). MYC on the Path to Cancer. Cell 149, 22-35. 

10.1016/j.cell.2012.03.003. 
156. Gamma, J.M., Liu, Q., Beauchamp, E., Iyer, A., Yap, M.C., Zak, Z., Ekstrom, C., Pain, 

R., Kostiuk, M.A., Mackey, J.R., et al. (2024). Zelenirstat Inhibits N-
Myristoyltransferases to Disrupt Src Family Kinase Signaling and Oxidative 
Phosphorylation, Killing Acute Myeloid Leukemia Cells. Mol. Cancer Ther., OF1-OF12. 
10.1158/1535-7163.mct-24-0307. 

157. Li, F., Wang, Y., Zeller, K.I., Potter, J.J., Wonsey, D.R., O'Donnell, K.A., Kim, J.-W., 
Yustein, J.T., Lee, L.A., and Dang, C.V. (2005). Myc Stimulates Nuclearly Encoded 
Mitochondrial Genes and Mitochondrial Biogenesis. Mol. Cell. Biol. 25, 6225-6234. 
10.1128/mcb.25.14.6225-6234.2005. 

158. Donati, G., Ravà, M., Filipuzzi, M., Nicoli, P., Cassina, L., Verrecchia, A., Doni, M., 
Rodighiero, S., Parodi, F., Boletta, A., et al. (2022). Targeting mitochondrial respiration 



Reference List 

193 

 

and the BCL2 family in high‐grade MYC‐associated B‐cell lymphoma. Mol. Oncol. 

16, 1132-1152. 10.1002/1878-0261.13115. 
159. Schoepfer, J., Jahnke, W., Berellini, G., Buonamici, S., Cotesta, S., Cowan-Jacob, 

S.W., Dodd, S., Drueckes, P., Fabbro, D., Gabriel, T., et al. (2018). Discovery of 
Asciminib (ABL001), an Allosteric Inhibitor of the Tyrosine Kinase Activity of BCR-ABL1. 
J. Med. Chem. 61, 8120-8135. 10.1021/acs.jmedchem.8b01040. 

160. Carr, R.A., Solari, R., D'Arcy, N., Tate, E., Walton, J., and Orafidiya, F. (2023). Abstract 
2635: N-Myristolytransferase (NMT) inhibitors as novel potent payloads for antibody 
drug conjugates. Cancer Res. 83, 2635-2635. 10.1158/1538-7445.am2023-2635. 

161. Bondeson, D.P., Smith, B.E., Burslem, G.M., Buhimschi, A.D., Hines, J., Jaime-
Figueroa, S., Wang, J., Hamman, B.D., Ishchenko, A., and Crews, C.M. (2018). 
Lessons in PROTAC Design from Selective Degradation with a Promiscuous Warhead. 
Cell Chem. Biol. 25, 78-87.e75. 10.1016/j.chembiol.2017.09.010. 

162. Qiu, B., and Matthay, K.K. (2022). Advancing therapy for neuroblastoma. Nat. Rev. 
Clin. Oncol 19, 515-533. 10.1038/s41571-022-00643-z. 

163. Tucker, E.R., Jiménez, I., Chen, L., Bellini, A., Gorrini, C., Calton, E., Gao, Q., Che, H., 
Poon, E., Jamin, Y., et al. (2023). Combination Therapies Targeting ALK-aberrant 
Neuroblastoma in Preclinical Models. Clin. Cancer Res. 29, 1317-1331. 10.1158/1078-
0432.ccr-22-2274. 

164. Matthay, K.K., Maris, J.M., Schleiermacher, G., Nakagawara, A., Mackall, C.L., Diller, 
L., and Weiss, W.A. (2016). Neuroblastoma. Nat. Rev. Dis. Primers 2, 16078. 
10.1038/nrdp.2016.78. 

165. Irwin, M.S., Naranjo, A., Zhang, F.F., Cohn, S.L., London, W.B., Gastier-Foster, J.M., 
Ramirez, N.C., Pfau, R., Reshmi, S., Wagner, E., et al. (2021). Revised Neuroblastoma 
Risk Classification System: A Report From the Children's Oncology Group. J. Clin. 
Oncol. 39, 3229-3241. 10.1200/jco.21.00278. 

166. Cohn, S.L., Pearson, A.D.J., London, W.B., Monclair, T., Ambros, P.F., Brodeur, G.M., 
Faldum, A., Hero, B., Iehara, T., Machin, D., et al. (2009). The International 
Neuroblastoma Risk Group (INRG) Classification System: An INRG Task Force Report. 
J. Clin. Oncol. 27, 289-297. 10.1200/jco.2008.16.6785. 

167. Straathof, K., Flutter, B., Wallace, R., Jain, N., Loka, T., Depani, S., Wright, G., Thomas, 
S., Cheung, G.W.-K., Gileadi, T., et al. (2020). Antitumor activity without on-target off-
tumor toxicity of GD2–chimeric antigen receptor T cells in patients with neuroblastoma. 
Sci. Transl. Med. 12, eabd6169. 10.1126/scitranslmed.abd6169. 

168. Basta, N.O., Halliday, G.C., Makin, G., Birch, J., Feltbower, R., Bown, N., Elliott, M., 
Moreno, L., Barone, G., Pearson, A.D., et al. (2016). Factors associated with 
recurrence and survival length following relapse in patients with neuroblastoma. Br. J. 
Cancer 115, 1048-1057. 10.1038/bjc.2016.302. 

169. Friedman, D.N., Goodman, P.J., Leisenring, W.M., Diller, L.R., Cohn, S.L., Howell, 
R.M., Smith, S.A., Tonorezos, E.S., Wolden, S.L., Neglia, J.P., et al. (2024). Impact of 
risk-based therapy on late morbidity and mortality in neuroblastoma survivors: a report 
from the Childhood Cancer Survivor Study. J. Natl. Cancer Inst. 116, 885-894. 
10.1093/jnci/djae062. 

170. Erbe, A.K., Feils, A.S., Hampton, A., Rosenkrans, Z.T., Felder, M., Wiwczar, J., 
Gerhardt, D.J., Bercher, M., Wenke, B., Haertle, C., et al. (2024). Bispecific GD2 x B7-
H3 Antibody Improves Tumor Targeting and Reduces Toxicity while Maintaining 
Efficacy for Neuroblastoma. bioRxiv. 10.1101/2024.05.23.595588. 

171. Sano, R., Krytska, K., Larmour, C.E., Raman, P., Martinez, D., Ligon, G.F., Lillquist, 
J.S., Cucchi, U., Orsini, P., Rizzi, S., et al. (2019). An antibody-drug conjugate directed 
to the ALK receptor demonstrates efficacy in preclinical models of neuroblastoma. Sci. 
Transl. Med. 11, eaau9732. 10.1126/scitranslmed.aau9732. 



Reference List 

194 

 

172. Geller, J.I., Pressey, J.G., Smith, M.A., Kudgus, R.A., Cajaiba, M., Reid, J.M., Hall, D., 
Barkauskas, D.A., Voss, S.D., Cho, S.Y., et al. (2020). ADVL1522: A phase 2 study of 
lorvotuzumab mertansine (IMGN901) in children with relapsed or refractory wilms 
tumor, rhabdomyosarcoma, neuroblastoma, pleuropulmonary blastoma, malignant 
peripheral nerve sheath tumor, or synovial sarcoma—A Children's Oncology Group 
study. Cancer 126, 5303-5310. 10.1002/cncr.33195. 

173. Weiss, B.D., Yanik, G., Naranjo, A., Zhang, F.F., Fitzgerald, W., Shulkin, B.L., Parisi, 

M.T., Russell, H., Grupp, S., Pater, L., et al. (2021). A safety and feasibility trial of 131I‐

MIBG in newly diagnosed high‐risk neuroblastoma: A Children's Oncology Group 

study. Pediatr. Blood Cancer 68. 10.1002/pbc.29117. 
174. Moreno, L., Weston, R., Owens, C., Valteau-Couanet, D., Gambart, M., Castel, V., 

Zwaan, C.M., Nysom, K., Gerber, N., Castellano, A., et al. (2024). Bevacizumab, 
Irinotecan, or Topotecan Added to Temozolomide for Children With Relapsed and 
Refractory Neuroblastoma: Results of the ITCC-SIOPEN BEACON-Neuroblastoma 
Trial. J. Clin. Oncol. 42, 1135-1145. 10.1200/jco.23.00458. 

175. Goldsmith, K.C., Park, J.R., Kayser, K., Malvar, J., Chi, Y.-Y., Groshen, S.G., 
Villablanca, J.G., Krytska, K., Lai, L.M., Acharya, P.T., et al. (2023). Lorlatinib with or 
without chemotherapy in ALK-driven refractory/relapsed neuroblastoma: phase 1 trial 
results. Nat. Med. 29, 1092-1102. 10.1038/s41591-023-02297-5. 

176. Werr, L., Rosswog, C., Bartenhagen, C., George, S.L., and Fischer, M. (2024). 
Telomere maintenance mechanisms in neuroblastoma: New insights and translational 
implications. EJC Paediatr. Oncol. 3, 100156. 10.1016/j.ejcped.2024.100156. 

177. Boeva, V., Louis-Brennetot, C., Peltier, A., Durand, S., Pierre-Eugène, C., Raynal, V., 
Etchevers, H.C., Thomas, S., Lermine, A., Daudigeos-Dubus, E., et al. (2017). 
Heterogeneity of neuroblastoma cell identity defined by transcriptional circuitries. Nat. 
Genet. 49, 1408-1413. 10.1038/ng.3921. 

178. Van Groningen, T., Koster, J., Valentijn, L.J., Zwijnenburg, D.A., Akogul, N., Hasselt, 
N.E., Broekmans, M., Haneveld, F., Nowakowska, N.E., Bras, J., et al. (2017). 
Neuroblastoma is composed of two super-enhancer-associated differentiation states. 
Nat. Genet. 49, 1261-1266. 10.1038/ng.3899. 

179. Thirant, C., Peltier, A., Durand, S., Kramdi, A., Louis-Brennetot, C., Pierre-Eugène, C., 
Gautier, M., Costa, A., Grelier, A., Zaïdi, S., et al. (2023). Reversible transitions 
between noradrenergic and mesenchymal tumor identities define cell plasticity in 
neuroblastoma. Nat. Commun. 14. 10.1038/s41467-023-38239-5. 

180. Sengupta, S., Das, S., Crespo, A.C., Cornel, A.M., Patel, A.G., Mahadevan, N.R., 
Campisi, M., Ali, A.K., Sharma, B., Rowe, J.H., et al. (2022). Mesenchymal and 
adrenergic cell lineage states in neuroblastoma possess distinct immunogenic 
phenotypes. Nat. Cancer 3, 1228-1246. 10.1038/s43018-022-00427-5. 

181. Weiss, W.A. (1997). Targeted expression of MYCN causes neuroblastoma in 
transgenic mice. EMBO J. 16, 2985-2995. 10.1093/emboj/16.11.2985. 

182. Zhu, S., Lee, J.-S., Guo, F., Shin, J., Antonio, Jeffery, Scott, Donna, Helman, D., Feng, 
H., et al. (2012). Activated ALK Collaborates with MYCN in Neuroblastoma 
Pathogenesis. Cancer Cell 21, 362-373. 10.1016/j.ccr.2012.02.010. 

183. Huang, M., and Weiss, W.A. (2013). Neuroblastoma and MYCN. Cold Spring Harbor 
Perspectives in Medicine 3, a014415-a014415. 10.1101/cshperspect.a014415. 

184. Herd, F., Basta, N.O., McNally, R.J.Q., and Tweddle, D.A. (2019). A systematic review 
of re-induction chemotherapy for children with relapsed high-risk neuroblastoma. Eur. 
J. Cancer 111, 50-58. 10.1016/j.ejca.2018.12.032. 

185. Zimmerman, M.W., Liu, Y., He, S., Durbin, A.D., Abraham, B.J., Easton, J., Shao, Y., 
Xu, B., Zhu, S., Zhang, X., et al. (2018). MYC Drives a Subset of High-Risk Pediatric 
Neuroblastomas and Is Activated through Mechanisms Including Enhancer Hijacking 



Reference List 

195 

 

and Focal Enhancer Amplification. Cancer Discov. 8, 320-335. 10.1158/2159-8290.cd-
17-0993. 

186. Wolf, E., and Eilers, M. (2020). Targeting MYC Proteins for Tumor Therapy. Annual 
Review of Cancer Biology 4, 61-75. 10.1146/annurev-cancerbio-030518-055826. 

187. Baluapuri, A., Wolf, E., and Eilers, M. (2020). Target gene-independent functions of 
MYC oncoproteins. Nat. Rev. Mol. Cell Biol. 21, 255-267. 10.1038/s41580-020-0215-
2. 

188. Schaub, F.X., Dhankani, V., Berger, A.C., Trivedi, M., Richardson, A.B., Shaw, R., 
Zhao, W., Zhang, X., Ventura, A., Liu, Y., et al. (2018). Pan-cancer Alterations of the 
MYC Oncogene and Its Proximal Network across the Cancer Genome Atlas. Cell Syst. 
6, 282-300.e282. 10.1016/j.cels.2018.03.003. 

189. Amati, B., Brooks, M.W., Levy, N., Littlewood, T.D., Evan, G.I., and Land, H. (1993). 
Oncogenic activity of the c-Myc protein requires dimerization with Max. Cell 72, 233-
245. 10.1016/0092-8674(93)90663-b. 

190. Thomas, L.R., Wang, Q., Brian, C.G., Phan, J., Foshage, A.M., Sun, Q., Olejniczak, 
E.T., Clark, T., Dey, S., Lorey, S., et al. (2015). Interaction with WDR5 Promotes Target 
Gene Recognition and Tumorigenesis by MYC. Mol. Cell 58, 440-452. 
10.1016/j.molcel.2015.02.028. 

191. Charron, J., Malynn, B.A., Fisher, P., Stewart, V., Jeannotte, L., Goff, S.P., Robertson, 
E.J., and Alt, F.W. (1992). Embryonic lethality in mice homozygous for a targeted 
disruption of the N-myc gene. Genes Dev. 6, 2248-2257. 10.1101/gad.6.12a.2248. 

192. Davis, A.C., Wims, M., Spotts, G.D., Hann, S.R., and Bradley, A. (1993). A null c-myc 
mutation causes lethality before 10.5 days of gestation in homozygotes and reduced 
fertility in heterozygous female mice. Genes Dev. 7, 671-682. 10.1101/gad.7.4.671. 

193. Malynn, B.A., De Alboran, I.M., O'Hagan, R.C., Bronson, R., Davidson, L., Depinho, 
R.A., and Alt, F.W. (2000). N-myc can functionally replace c-myc in murine 
development, cellular growth, and differentiation. Genes Dev. 14, 1390-1399. 
10.1101/gad.14.11.1390. 

194. Northcott, P.A., Korshunov, A., Witt, H., Hielscher, T., Eberhart, C.G., Mack, S., Bouffet, 
E., Clifford, S.C., Hawkins, C.E., French, P., et al. (2011). Medulloblastoma Comprises 
Four Distinct Molecular Variants. J. Clin. Oncol. 29, 1408-1414. 
10.1200/jco.2009.27.4324. 

195. Vo, B.T., Wolf, E., Kawauchi, D., Gebhardt, A., Rehg, J.E., Finkelstein, D., Walz, S., 
Murphy, B.L., Youn, Y.H., Han, Y.-G., et al. (2016). The Interaction of Myc with Miz1 
Defines Medulloblastoma Subgroup Identity. Cancer Cell 29, 5-16. 
10.1016/j.ccell.2015.12.003. 

196. Herold, S., Kalb, J., Büchel, G., Ade, C.P., Baluapuri, A., Xu, J., Koster, J., Solvie, D., 
Carstensen, A., Klotz, C., et al. (2019). Recruitment of BRCA1 limits MYCN-driven 
accumulation of stalled RNA polymerase. Nature 567, 545-549. 10.1038/s41586-019-
1030-9. 

197. Nie, Z., Hu, G., Wei, G., Cui, K., Yamane, A., Resch, W., Wang, R., Douglas, Tessarollo, 
L., Casellas, R., et al. (2012). c-Myc Is a Universal Amplifier of Expressed Genes in 
Lymphocytes and Embryonic Stem Cells. Cell 151, 68-79. 10.1016/j.cell.2012.08.033. 

198. Charles, Lovén, J., Peter, Ronald, Christopher, James, Tong, and Richard (2012). 
Transcriptional Amplification in Tumor Cells with Elevated c-Myc. Cell 151, 56-67. 
10.1016/j.cell.2012.08.026. 

199. Walz, S., Lorenzin, F., Morton, J., Wiese, K.E., Von Eyss, B., Herold, S., Rycak, L., 
Dumay-Odelot, H., Karim, S., Bartkuhn, M., et al. (2014). Activation and repression by 
oncogenic MYC shape tumour-specific gene expression profiles. Nature 511, 483-487. 
10.1038/nature13473. 

200. Sabò, A., Kress, T.R., Pelizzola, M., De Pretis, S., Gorski, M.M., Tesi, A., Morelli, M.J., 
Bora, P., Doni, M., Verrecchia, A., et al. (2014). Selective transcriptional regulation by 



Reference List 

196 

 

Myc in cellular growth control and lymphomagenesis. Nature 511, 488-492. 
10.1038/nature13537. 

201. Lorenzin, F., Benary, U., Baluapuri, A., Walz, S., Jung, L.A., Von Eyss, B., Kisker, C., 
Wolf, J., Eilers, M., and Wolf, E. (2016). Different promoter affinities account for 
specificity in MYC-dependent gene regulation. eLife 5. 10.7554/elife.15161. 

202. Zeid, R., Lawlor, M.A., Poon, E., Reyes, J.M., Fulciniti, M., Lopez, M.A., Scott, T.G., 
Nabet, B., Erb, M.A., Winter, G.E., et al. (2018). Enhancer invasion shapes MYCN-
dependent transcriptional amplification in neuroblastoma. Nat. Genet. 50, 515-523. 
10.1038/s41588-018-0044-9. 

203. Liberzon, A., Birger, C., Thorvaldsdóttir, H., Ghandi, M., Jill, and Tamayo, P. (2015). 
The Molecular Signatures Database Hallmark Gene Set Collection. Cell Syst. 1, 417-
425. 10.1016/j.cels.2015.12.004. 

204. Ji, H., Wu, G., Zhan, X., Nolan, A., Koh, C., De Marzo, A., Doan, H.M., Fan, J., Cheadle, 
C., Fallahi, M., et al. (2011). Cell-Type Independent MYC Target Genes Reveal a 
Primordial Signature Involved in Biomass Accumulation. PLoS ONE 6, e26057. 
10.1371/journal.pone.0026057. 

205. Mestdagh, P., Fredlund, E., Pattyn, F., Schulte, J.H., Muth, D., Vermeulen, J., Kumps, 
C., Schlierf, S., De Preter, K., Van Roy, N., et al. (2010). MYCN/c-MYC-induced 
microRNAs repress coding gene networks associated with poor outcome in MYCN/c-
MYC-activated tumors. Oncogene 29, 1394-1404. 10.1038/onc.2009.429. 

206. Das, S.K., Kuzin, V., Cameron, D.P., Sanford, S., Jha, R.K., Nie, Z., Rosello, M.T., 
Holewinski, R., Andresson, T., Wisniewski, J., et al. (2022). MYC assembles and 
stimulates topoisomerases 1 and 2 in a “topoisome”. Mol. Cell 82, 140-158.e112. 
10.1016/j.molcel.2021.11.016. 

207. Papadopoulos, D., Solvie, D., Baluapuri, A., Endres, T., Ha, S.A., Herold, S., Kalb, J., 
Giansanti, C., Schülein-Völk, C., Ade, C.P., et al. (2022). MYCN recruits the nuclear 
exosome complex to RNA polymerase II to prevent transcription-replication conflicts. 
Mol. Cell 82, 159-176.e112. 10.1016/j.molcel.2021.11.002. 

208. Papadopoulos, D., Uhl, L., Ha, S.A., and Eilers, M. (2023). Beyond gene expression: 
how MYC relieves transcription stress. Trends Cancer 9, 805-816. 
10.1016/j.trecan.2023.06.008. 

209. Yang, J., Chung, C.-I., Koach, J., Liu, H., Navalkar, A., He, H., Ma, Z., Zhao, Q., Yang, 
X., He, L., et al. (2024). MYC phase separation selectively modulates the transcriptome. 
Nat. Struct. Mol. Biol. 10.1038/s41594-024-01322-6. 

210. Gogolin, S., Ehemann, V., Becker, G., Brueckner, L.M., Dreidax, D., Bannert, S., Nolte, 
I., Savelyeva, L., Bell, E., and Westermann, F. (2013). CDK4 inhibition restores G₁-S 
arrest in MYCN amplified neuroblastoma cells in the context of doxorubicin-induced 
DNA damage. Cell Cycle 12, 1091-1104. 10.4161/cc.24091. 

211. Murphy, D.M., Buckley, P.G., Bryan, K., Watters, K.M., Koster, J., Van Sluis, P., 
Molenaar, J., Versteeg, R., and Stallings, R.L. (2011). Dissection of the oncogenic 
MYCN transcriptional network reveals a large set of clinically relevant cell cycle genes 
as drivers of neuroblastoma tumorigenesis. Mol. Carcinog. 50, 403-411. 
10.1002/mc.20722. 

212. Woo, C.W., Tan, F., Cassano, H., Lee, J., Lee, K.C., and Thiele, C.J. (2008). Use of 
RNA interference to elucidate the effect of MYCN on cell cycle in neuroblastoma. 
Pediatr. Blood Cancer 50, 208-212. 10.1002/pbc.21195. 

213. Molenaar, J.J., Koster, J., Ebus, M.E., Van Sluis, P., Westerhout, E.M., De Preter, K., 
Gisselsson, D., Øra, I., Speleman, F., Caron, H.N., and Versteeg, R. (2012). Copy 

number defects of G1‐Cell cycle genes in neuroblastoma are frequent and correlate 

with high expression of E2F target genes and a poor prognosis. Genes, Chromosomes 
and Cancer 51, 10-19. 10.1002/gcc.20926. 



Reference List 

197 

 

214. Leone, G., Sears, R., Huang, E., Rempel, R., Nuckolls, F., Park, C.-H., Giangrande, P., 
Wu, L., Saavedra, H.I., Field, S.J., et al. (2001). Myc Requires Distinct E2F Activities 
to Induce S Phase and Apoptosis. Mol. Cell 8, 105-113. 10.1016/s1097-
2765(01)00275-1. 

215. Büchel, G., Carstensen, A., Mak, K.-Y., Roeschert, I., Leen, E., Sumara, O., Hofstetter, 
J., Herold, S., Kalb, J., Baluapuri, A., et al. (2017). Association with Aurora-A Controls 
N-MYC-Dependent Promoter Escape and Pause Release of RNA Polymerase II during 
the Cell Cycle. Cell Rep. 21, 3483-3497. 10.1016/j.celrep.2017.11.090. 

216. Tao, L., Mohammad, M.A., Milazzo, G., Moreno-Smith, M., Patel, T.D., Zorman, B., 
Badachhape, A., Hernandez, B.E., Wolf, A.B., Zeng, Z., et al. (2022). MYCN-driven 
fatty acid uptake is a metabolic vulnerability in neuroblastoma. Nat. Commun. 13. 
10.1038/s41467-022-31331-2. 

217. Qing, G., Li, B., Vu, A., Skuli, N., Zandra, Liu, X., Patrick, David, Craig, John, et al. 
(2012). ATF4 Regulates MYC-Mediated Neuroblastoma Cell Death upon Glutamine 
Deprivation. Cancer Cell 22, 631-644. 10.1016/j.ccr.2012.09.021. 

218. Xia, Y., Ye, B., Ding, J., Yu, Y., Alptekin, A., Thangaraju, M., Prasad, P.D., Ding, Z.-C., 
Park, E.J., Choi, J.-H., et al. (2019). Metabolic Reprogramming by MYCN Confers 
Dependence on the Serine-Glycine-One-Carbon Biosynthetic Pathway. Cancer Res. 
79, 3837-3850. 10.1158/0008-5472.can-18-3541. 

219. Oliynyk, G., Ruiz-Pérez, M.V., Sainero-Alcolado, L., Dzieran, J., Zirath, H., Gallart-
Ayala, H., Wheelock, C.E., Johansson, H.J., Nilsson, R., Lehtiö, J., and Arsenian-
Henriksson, M. (2019). MYCN-enhanced Oxidative and Glycolytic Metabolism Reveals 
Vulnerabilities for Targeting Neuroblastoma. iScience 21, 188-204. 
10.1016/j.isci.2019.10.020. 

220. Kushner, B.H., Yeung, H.W.D., Larson, S.M., Kramer, K., and Cheung, N.-K.V. (2001). 
Extending Positron Emission Tomography Scan Utility to High-Risk Neuroblastoma: 
Fluorine-18 Fluorodeoxyglucose Positron Emission Tomography as Sole Imaging 
Modality in Follow-Up of Patients. J. Clin. Oncol. 19, 3397-3405. 
10.1200/jco.2001.19.14.3397. 

221. Tjaden, B., Baum, K., Marquardt, V., Simon, M., Trajkovic-Arsic, M., Kouril, T., Siebers, 
B., Lisec, J., Siveke, J.T., Schulte, J.H., et al. (2020). N-Myc-induced metabolic rewiring 
creates novel therapeutic vulnerabilities in neuroblastoma. Sci. Rep. 10. 
10.1038/s41598-020-64040-1. 

222. Chen, Q.-R., Song, Y.K., Yu, L.-R., Wei, J.S., Chung, J.-Y., Hewitt, S.M., Veenstra, 
T.D., and Khan, J. (2010). Global Genomic and Proteomic Analysis Identifies Biological 
Pathways Related to High-Risk Neuroblastoma. J. Proteome Res. 9, 373-382. 
10.1021/pr900701v. 

223. Qing, G., Skuli, N., Mayes, P.A., Pawel, B., Martinez, D., Maris, J.M., and Simon, M.C. 
(2010). Combinatorial Regulation of Neuroblastoma Tumor Progression by N-Myc and 
Hypoxia Inducible Factor HIF-1α. Cancer Res. 70, 10351-10361. 10.1158/0008-
5472.can-10-0740. 

224. Smith, D.J., Cossins, L.R., Hatzinisiriou, I., Haber, M., and Nagley, P. (2008). Lack of 
correlation between MYCN expression and the Warburg effect in neuroblastoma cell 
lines. BMC Cancer 8, 259. 10.1186/1471-2407-8-259. 

225. Nakagawa, M., Takizawa, N., Narita, M., Ichisaka, T., and Yamanaka, S. (2010). 
Promotion of direct reprogramming by transformation-deficient Myc. Proc. Natl. Acad. 
Sci. U.S.A. 107, 14152-14157. 10.1073/pnas.1009374107. 

226. Jansky, S., Sharma, A.K., Körber, V., Quintero, A., Toprak, U.H., Wecht, E.M., 
Gartlgruber, M., Greco, A., Chomsky, E., Grünewald, T.G.P., et al. (2021). Single-cell 
transcriptomic analyses provide insights into the developmental origins of 
neuroblastoma. Nat. Genet. 53, 683-693. 10.1038/s41588-021-00806-1. 



Reference List 

198 

 

227. Chen, L., Iraci, N., Gherardi, S., Gamble, L.D., Wood, K.M., Perini, G., Lunec, J., and 
Tweddle, D.A. (2010). p53 Is a Direct Transcriptional Target of MYCN in 
Neuroblastoma. Cancer Res. 70, 1377-1388. 10.1158/0008-5472.can-09-2598. 

228. Hermeking, H., and Eick, D. (1994). Mediation of c-Myc-Induced Apoptosis by p53. 
Science 265, 2091-2093. 10.1126/science.8091232. 

229. Ham, J., Costa, C., Sano, R., Lochmann, T.L., Erin, Neha, Dastur, A., Gomez-
Caraballo, M., Krytska, K., Aaron, et al. (2016). Exploitation of the Apoptosis-Primed 
State of MYCN-Amplified Neuroblastoma to Develop a Potent and Specific Targeted 
Therapy Combination. Cancer Cell 29, 159-172. 10.1016/j.ccell.2016.01.002. 

230. Slack, A., Chen, Z., Tonelli, R., Pule, M., Hunt, L., Pession, A., and Shohet, J.M. (2005). 
The p53 regulatory gene MDM2 is a direct transcriptional target of MYCN in 
neuroblastoma. Proc. Natl. Acad. Sci. U.S.A. 102, 731-736. 10.1073/pnas.0405495102. 

231. Teitz, T., Wei, T., Valentine, M.B., Vanin, E.F., Grenet, J., Valentine, V.A., Behm, F.G., 
Look, A.T., Lahti, J.M., and Kidd, V.J. (2000). Caspase 8 is deleted or silenced 
preferentially in childhood neuroblastomas with amplification of MYCN. Nat. Med. 6, 
529-535. 10.1038/75007. 

232. Kang, J., Rychahou, P.G., Ishola, T.A., Mourot, J.M., Evers, B.M., and Chung, D.H. 
(2008). N-myc is a novel regulator of PI3K-mediated VEGF expression in 
neuroblastoma. Oncogene 27, 3999-4007. 10.1038/onc.2008.15. 

233. Fotsis, T., Breit, S., Lutz, W., Rössler, J., Hatzi, E., Schwab, M., and Schweigerer, L. 

(1999). Down‐regulation of endothelial cell growth inhibitors by enhanced MYCN 

oncogene expression in human neuroblastoma cells. Eur. J. Biochem. 263, 757-764. 
10.1046/j.1432-1327.1999.00575.x. 

234. Van'T Veer, L.J., Beijersbergen, R.L., and Bernards, R. (1993). N-myc suppresses 
major histocompatibility complex class I gene expression through down-regulation of 
the p50 subunit of NF-kappa B. EMBO J. 12, 195-200. 10.1002/j.1460-
2075.1993.tb05645.x. 

235. Song, L., Ara, T., Wu, H.-W., Woo, C.-W., Reynolds, C.P., Seeger, R.C., Declerck, Y.A., 
Thiele, C.J., Sposto, R., and Metelitsa, L.S. (2007). Oncogene MYCN regulates 
localization of NKT cells to the site of disease in neuroblastoma. J. Clin. Investig. 117, 
2702-2712. 10.1172/jci30751. 

236. Layer, J.P., Kronmüller, M.T., Quast, T., Boorn-Konijnenberg, D.V.D., Effern, M., Hinze, 
D., Althoff, K., Schramm, A., Westermann, F., Peifer, M., et al. (2017). Amplification of 
N-Myc is associated with a T-cell-poor microenvironment in metastatic neuroblastoma 
restraining interferon pathway activity and chemokine expression. OncoImmunology 6, 
e1320626. 10.1080/2162402x.2017.1320626. 

237. Burkhart, C.A., Cheng, A.J., Madafiglio, J., Kavallaris, M., Mili, M., Marshall, G.M., 
Weiss, W.A., Khachigian, L.M., Norris, M.D., and Haber, M. (2003). Effects of MYCN 
Antisense Oligonucleotide Administration on Tumorigenesis in a Murine Model of 
Neuroblastoma. J. Natl. Cancer Inst. 95, 1394-1403. 10.1093/jnci/djg045. 

238. Kang, J.-H., Rychahou, P.G., Ishola, T.A., Qiao, J., Evers, B.M., and Chung, D.H. 
(2006). MYCN silencing induces differentiation and apoptosis in human neuroblastoma 
cells. Biochem. Biophys. Res. Commun. 351, 192-197. 10.1016/j.bbrc.2006.10.020. 

239. Wolpaw, A.J., Bayliss, R., Büchel, G., Dang, C.V., Eilers, M., Gustafson, W.C., Hansen, 
G.H., Jura, N., Knapp, S., Lemmon, M.A., et al. (2021). Drugging the “Undruggable” 
MYCN Oncogenic Transcription Factor: Overcoming Previous Obstacles to Impact 
Childhood Cancers. Cancer Res. 81, 1627-1632. 10.1158/0008-5472.can-20-3108. 

240. Soucek, L., Helmer-Citterich, M., Sacco, A., Jucker, R., Cesareni, G., and Nasi, S. 
(1998). Design and properties of a Myc derivative that efficiently homodimerizes. 
Oncogene 17, 2463-2472. 10.1038/sj.onc.1202199. 

241. Massó-Vallés, D., and Soucek, L. (2020). Blocking Myc to Treat Cancer: Reflecting on 
Two Decades of Omomyc. Cells 9, 883. 10.3390/cells9040883. 



Reference List 

199 

 

242. Garralda, E., Beaulieu, M.-E., Moreno, V., Casacuberta-Serra, S., Martínez-Martín, S., 
Foradada, L., Alonso, G., Massó-Vallés, D., López-Estévez, S., Jauset, T., et al. (2024). 
MYC targeting by OMO-103 in solid tumors: a phase 1 trial. Nat. Med. 30, 762-771. 
10.1038/s41591-024-02805-1. 

243. Zirath, H., Frenzel, A., Oliynyk, G., Segerström, L., Westermark, U.K., Larsson, K., 
Munksgaard Persson, M., Hultenby, K., Lehtiö, J., Einvik, C., et al. (2013). MYC 
inhibition induces metabolic changes leading to accumulation of lipid droplets in tumor 
cells. Proc. Natl. Acad. Sci. U.S.A. 110, 10258-10263. 10.1073/pnas.1222404110. 

244. Puissant, A., Frumm, S.M., Alexe, G., Bassil, C.F., Qi, J., Chanthery, Y.H., Nekritz, 
E.A., Zeid, R., Gustafson, W.C., Greninger, P., et al. (2013). Targeting MYCN in 
Neuroblastoma by BET Bromodomain Inhibition. Cancer Discov. 3, 308-323. 
10.1158/2159-8290.cd-12-0418. 

245. Henssen, A., Althoff, K., Odersky, A., Beckers, A., Koche, R., Speleman, F., Schäfers, 
S., Bell, E., Nortmeyer, M., Westermann, F., et al. (2016). Targeting MYCN-Driven 
Transcription By BET-Bromodomain Inhibition. Clin. Cancer Res. 22, 2470-2481. 
10.1158/1078-0432.ccr-15-1449. 

246. Shorstova, T., Foulkes, W.D., and Witcher, M. (2021). Achieving clinical success with 
BET inhibitors as anti-cancer agents. Br. J. Cancer 124, 1478-1490. 10.1038/s41416-
021-01321-0. 

247. Yang, M., Carter, S., Parmar, S., Bume, D.D., Calabrese, D.R., Liang, X., Yazdani, K., 
Xu, M., Liu, Z., Thiele, C.J., and John (2021). Targeting a noncanonical, hairpin-
containing G-quadruplex structure from the MYCN gene. Nucleic Acids Res. 49, 7856-
7869. 10.1093/nar/gkab594. 

248. Poon, E., Liang, T., Jamin, Y., Walz, S., Kwok, C., Hakkert, A., Barker, K., Urban, Z., 
Thway, K., Zeid, R., et al. (2020). Orally bioavailable CDK9/2 inhibitor shows 
mechanism-based therapeutic potential in MYCN-driven neuroblastoma. J. Clin. 
Investig. 130, 5875-5892. 10.1172/jci134132. 

249. Ruiz-Pérez, M.V., Henley, A.B., and Arsenian-Henriksson, M. (2017). The MYCN 
Protein in Health and Disease. Genes 8, 113. 10.3390/genes8040113. 

250. Dubois, S.G., Mosse, Y.P., Fox, E., Kudgus, R.A., Reid, J.M., McGovern, R., Groshen, 
S., Bagatell, R., Maris, J.M., Twist, C.J., et al. (2018). Phase II Trial of Alisertib in 
Combination with Irinotecan and Temozolomide for Patients with Relapsed or 
Refractory Neuroblastoma. Clin. Cancer Res. 24, 6142-6149. 10.1158/1078-0432.ccr-
18-1381. 

251. Vaughan, L., Clarke, P.A., Barker, K., Chanthery, Y., Gustafson, C.W., Tucker, E., 
Renshaw, J., Raynaud, F., Li, X., Burke, R., et al. (2016). Inhibition of mTOR-kinase 
destabilizes MYCN and is a potential therapy for MYCN-dependent tumors. Oncotarget 
7, 57525-57544. 10.18632/oncotarget.10544. 

252. Chen, L., Alexe, G., Dharia, N.V., Ross, L., Iniguez, A.B., Conway, A.S., Wang, E.J., 
Veschi, V., Lam, N., Qi, J., et al. (2017). CRISPR-Cas9 screen reveals a MYCN-
amplified neuroblastoma dependency on EZH2. J. Clin. Investig. 128, 446-462. 
10.1172/jci90793. 

253. Chipumuro, E., Marco, E., Camilla, Kwiatkowski, N., Zhang, T., Clark, Brian, Sharma, 
B., Yeung, C., Altabef, A., et al. (2014). CDK7 Inhibition Suppresses Super-Enhancer-
Linked Oncogenic Transcription in MYCN-Driven Cancer. Cell 159, 1126-1139. 
10.1016/j.cell.2014.10.024. 

254. Nijhuis, A., Sikka, A., Yogev, O., Herendi, L., Balcells, C., Ma, Y., Poon, E., Eckold, C., 
Valbuena, G.N., Xu, Y., et al. (2022). Indisulam targets RNA splicing and metabolism 
to serve as a therapeutic strategy for high-risk neuroblastoma. Nat. Commun. 13. 
10.1038/s41467-022-28907-3. 

255. Rader, J., Russell, M.R., Hart, L.S., Nakazawa, M.S., Belcastro, L.T., Martinez, D., Li, 
Y., Carpenter, E.L., Attiyeh, E.F., Diskin, S.J., et al. (2013). Dual CDK4/CDK6 Inhibition 



Reference List 

200 

 

Induces Cell-Cycle Arrest and Senescence in Neuroblastoma. Clin. Cancer Res. 19, 
6173-6182. 10.1158/1078-0432.ccr-13-1675. 

256. Alborzinia, H., Flórez, A.F., Kreth, S., Brückner, L.M., Yildiz, U., Gartlgruber, M., Odoni, 
D.I., Poschet, G., Garbowicz, K., Shao, C., et al. (2022). MYCN mediates cysteine 
addiction and sensitizes neuroblastoma to ferroptosis. Nat. Cancer 3, 471-485. 
10.1038/s43018-022-00355-4. 

257. Lu, Y., Yang, Q., Su, Y., Ji, Y., Li, G., Yang, X., Xu, L., Lu, Z., Dong, J., Wu, Y., et al. 
(2021). MYCN mediates TFRC-dependent ferroptosis and reveals vulnerabilities in 
neuroblastoma. Cell Death Dis. 12. 10.1038/s41419-021-03790-w. 

258. Floros, K.V., Cai, J., Jacob, S., Kurupi, R., Fairchild, C.K., Shende, M., Coon, C.M., 
Powell, K.M., Belvin, B.R., Hu, B., et al. (2021). MYCN-Amplified Neuroblastoma Is 
Addicted to Iron and Vulnerable to Inhibition of the System Xc-/Glutathione Axis. 
Cancer Res. 81, 1896-1908. 10.1158/0008-5472.can-20-1641. 

259. Sholler, G.L.S., Ferguson, W., Bergendahl, G., Bond, J.P., Neville, K., Eslin, D., Brown, 
V., Roberts, W., Wada, R.K., Oesterheld, J., et al. (2018). Maintenance DFMO 
Increases Survival in High Risk Neuroblastoma. Sci. Rep. 8. 10.1038/s41598-018-
32659-w. 

260. Hogarty, M.D., Norris, M.D., Davis, K., Liu, X., Evageliou, N.F., Hayes, C.S., Pawel, B., 
Guo, R., Zhao, H., Sekyere, E., et al. (2008). ODC1 Is a Critical Determinant of MYCN 
Oncogenesis and a Therapeutic Target in Neuroblastoma. Cancer Res. 68, 9735-9745. 
10.1158/0008-5472.can-07-6866. 

261. Yang, J. (2024). Approval of DFMO for high-risk neuroblastoma patients demonstrates 
a step of success to target MYC pathway. Br. J. Cancer 130, 513-516. 10.1038/s41416-
024-02599-6. 

262. Yorikawa, C., Shibata, H., Waguri, S., Hatta, K., Horii, M., Katoh, K., Kobayashi, T., 
Uchiyama, Y., and Maki, M. (2005). Human CHMP6, a myristoylated ESCRT-III protein, 
interacts directly with an ESCRT-II component EAP20 and regulates endosomal cargo 
sorting. Biochem. J. 387, 17-26. 10.1042/bj20041227. 

263. Utsumi, T., Matsuzaki, K., Kiwado, A., Tanikawa, A., Kikkawa, Y., Hosokawa, T., 
Otsuka, A., Iuchi, Y., Kobuchi, H., and Moriya, K. (2018). Identification and 
characterization of protein N-myristoylation occurring on four human mitochondrial 
proteins, SAMM50, TOMM40, MIC19, and MIC25. PLOS ONE 13, e0206355. 
10.1371/journal.pone.0206355. 

264. Zhang, R., Pan, S., Zheng, S., Liao, Q., Jiang, Z., Wang, D., Li, X., Hu, A., Li, X., Zhu, 
Y., et al. (2023). Lipid-anchored proteasomes control membrane protein homeostasis. 
Sci. Adv. 9. 10.1126/sciadv.adj4605. 

265. Harada, H., Moriya, K., Kobuchi, H., Ishihara, N., and Utsumi, T. (2023). Protein N-
myristoylation plays a critical role in the mitochondrial localization of human 
mitochondrial complex I accessory subunit NDUFB7. Sci. Rep. 13. 10.1038/s41598-
023-50390-z. 

266. Rouillard, A.D., Gundersen, G.W., Fernandez, N.F., Wang, Z., Monteiro, C.D., 
McDermott, M.G., and Ma’Ayan, A. (2016). The harmonizome: a collection of 
processed datasets gathered to serve and mine knowledge about genes and proteins. 
Database 2016, baw100. 10.1093/database/baw100. 

267. Lutz, W., Stöhr, M., Schürmann, J., Wenzel, A., Löhr, A., and Schwab, M. (1996). 
Conditional expression of N-myc in human neuroblastoma cells increases expression 
of alpha-prothymosin and ornithine decarboxylase and accelerates progression into S-
phase early after mitogenic stimulation of quiescent cells. Oncogene 13, 803-812. 

268. Galluzzi, L., Vitale, I., Aaronson, S.A., Abrams, J.M., Adam, D., Agostinis, P., Alnemri, 
E.S., Altucci, L., Amelio, I., Andrews, D.W., et al. (2018). Molecular mechanisms of cell 
death: recommendations of the Nomenclature Committee on Cell Death 2018. Cell 
Death Differ. 25, 486-541. 10.1038/s41418-017-0012-4. 



Reference List 

201 

 

269. Ubellacker, J.M., Tasdogan, A., Ramesh, V., Shen, B., Mitchell, E.C., Martin-Sandoval, 
M.S., Gu, Z., McCormick, M.L., Durham, A.B., Spitz, D.R., et al. (2020). Lymph protects 
metastasizing melanoma cells from ferroptosis. Nature 585, 113-118. 10.1038/s41586-
020-2623-z. 

270. Viswanathan, V.S., Ryan, M.J., Dhruv, H.D., Gill, S., Eichhoff, O.M., Seashore-Ludlow, 
B., Kaffenberger, S.D., Eaton, J.K., Shimada, K., Aguirre, A.J., et al. (2017). 
Dependency of a therapy-resistant state of cancer cells on a lipid peroxidase pathway. 
Nature 547, 453-457. 10.1038/nature23007. 

271. Jiang, X., Stockwell, B.R., and Conrad, M. (2021). Ferroptosis: mechanisms, biology 
and role in disease. Nat. Rev. Mol. Cell Biol. 22, 266-282. 10.1038/s41580-020-00324-
8. 

272. Devisscher, L., Van Coillie, S., Hofmans, S., Van Rompaey, D., Goossens, K., Meul, 
E., Maes, L., De Winter, H., Van Der Veken, P., Vandenabeele, P., et al. (2018). 
Discovery of Novel, Drug-Like Ferroptosis Inhibitors with in Vivo Efficacy. J. Med. Chem. 
61, 10126-10140. 10.1021/acs.jmedchem.8b01299. 

273. Foucquier, J., and Guedj, M. (2015). Analysis of drug combinations: current 
methodological landscape. Pharmacol. Res. Perspect. 3, e00149. 10.1002/prp2.149. 

274. Wan, S., Sriramaratnam, R., Matthew, Shimada, K., Skouta, R., Vasanthi, Jaime, Paul, 
Alykhan, Clary, et al. (2014). Regulation of Ferroptotic Cancer Cell Death by GPX4. 
Cell 156, 317-331. 10.1016/j.cell.2013.12.010. 

275. Geroyska, S., Mejia, I., Chan, A.A., Navarrete, M., Pandey, V., Kharpatin, S., Noguti, 
J., Wang, F., Srole, D., Chou, T.-F., et al. (2024). N-Myristoytransferase Inhibition 
Causes Mitochondrial Iron Overload and Parthanatos in TIM17A-Dependent 
Aggressive Lung Carcinoma. Cancer Res. Commun. 4, 1815-1833. 10.1158/2767-
9764.crc-23-0428. 

276. Zhang, T., Li, N., Sun, C., Jin, Y., and Sheng, X. (2020). MYC and the unfolded protein 
response in cancer: synthetic lethal partners in crime? EMBO Mol. Med. 12. 
10.15252/emmm.201911845. 

277. Durose, J.B., Tam, A.B., and Niwa, M. (2006). Intrinsic Capacities of Molecular Sensors 
of the Unfolded Protein Response to Sense Alternate Forms of Endoplasmic Reticulum 
Stress. Mol. Biol. Cell. 17, 3095-3107. 10.1091/mbc.e06-01-0055. 

278. Sicari, D., Delaunay‐Moisan, A., Combettes, L., Chevet, E., and Igbaria, A. (2020). A 

guide to assessing endoplasmic reticulum homeostasis and stress in mammalian 
systems. FEBS J. 287, 27-42. 10.1111/febs.15107. 

279. Ong, G., Ragetli, R., Mnich, K., Doble, B.W., Kammouni, W., and Logue, S.E. (2024). 
IRE1 signaling increases PERK expression during chronic ER stress. Cell Death Dis. 
15. 10.1038/s41419-024-06663-0. 

280. Moriya, K., Kimoto, M., Matsuzaki, K., Kiwado, A., Takamitsu, E., and Utsumi, T. (2016). 
Identification of dually acylated proteins from complementary DNA resources by cell-
free and cellular metabolic labeling. Anal. Biochem. 511, 1-9. 10.1016/j.ab.2016.07.025. 

281. Konno, D., Ko, J.-A., Usui, S., Hori, K., Maruoka, H., Inui, M., Fujikado, T., Tano, Y., 
Suzuki, T., Tohyama, K., and Sobue, K. (2002). The postsynaptic density and dendritic 
raft localization of PSD-Zip70,which contains an N-myristoylation sequence and 
leucine-zipper motifs. J. Cell Sci. 115, 4695-4706. 10.1242/jcs.00127. 

282. Su, D., Kosciuk, T., Yang, M., Price, I.R., and Lin, H. (2021). Binding Affinity 
Determines Substrate Specificity and Enables Discovery of Substrates for N-
Myristoyltransferases. ACS Catal. 11, 14877-14883. 10.1021/acscatal.1c03330. 

283. Kaneko, T., Hamazaki, J., Iemura, S.-I., Sasaki, K., Furuyama, K., Natsume, T., Tanaka, 
K., and Murata, S. (2009). Assembly Pathway of the Mammalian Proteasome Base 
Subcomplex Is Mediated by Multiple Specific Chaperones. Cell 137, 914-925. 
10.1016/j.cell.2009.05.008. 



Reference List 

202 

 

284. An, J., Shi, J., He, Q., Lui, K., Liu, Y., Huang, Y., and Sheikh, M.S. (2012). 
CHCM1/CHCHD6, Novel Mitochondrial Protein Linked to Regulation of Mitofilin and 
Mitochondrial Cristae Morphology. J. Biol. Chem. 287, 7411-7426. 
10.1074/jbc.m111.277103. 

285. Wu, Y., Lee, S.-H., Williamson, E.A., Reinert, B.L., Cho, J.H., Xia, F., Jaiswal, A.S., 
Srinivasan, G., Patel, B., Brantley, A., et al. (2015). EEPD1 Rescues Stressed 
Replication Forks and Maintains Genome Stability by Promoting End Resection and 
Homologous Recombination Repair. PLoS Genet. 11, e1005675. 
10.1371/journal.pgen.1005675. 

286. Nelson, J.K., Koenis, D.S., Scheij, S., Cook, E.C.L., Moeton, M., Santos, A., Lobaccaro, 
J.-M.A., Baron, S., and Zelcer, N. (2017). EEPD1 Is a Novel LXR Target Gene in 
Macrophages Which Regulates ABCA1 Abundance and Cholesterol Efflux. Arterioscler. 
Thromb. Vasc. Biol. 37, 423-432. 10.1161/atvbaha.116.308434. 

287. Kobayashi, T., Masaki, T., Sugiyama, M., Atomi, Y., Furukawa, Y., and Nakamura, Y. 
(2006). A gene encoding a family with sequence similarity 84, member A (FAM84A) 
enhanced migration of human colon cancer cells. Int. J. Oncol. 10.3892/ijo.29.2.341. 

288. Vecchione, A., Croce, C.M., and Baldassarre, G. (2007). Fez1/Lzts1 a new mitotic 
regulator implicated in cancer development. Cell Div. 2, 24. 10.1186/1747-1028-2-24. 

289. Vecchione, A., Baldassarre, G., Ishii, H., Nicoloso, M.S., Belletti, B., Petrocca, F., 
Zanesi, N., Fong, L.Y.Y., Battista, S., Guarnieri, D., et al. (2007). Fez1/Lzts1 Absence 
Impairs Cdk1/Cdc25C Interaction during Mitosis and Predisposes Mice to Cancer 
Development. Cancer Cell 11, 275-289. 10.1016/j.ccr.2007.01.014. 

290. Liao, X., Li, W., Zhou, H., Rajendran, B.K., Li, A., Ren, J., Luan, Y., Calderwood, D.A., 
Turk, B., Tang, W., et al. (2024). The CUL5 E3 ligase complex negatively regulates 
central signaling pathways in CD8+ T cells. Nat. Commun. 15. 10.1038/s41467-024-
44885-0. 

291. Pontén, F., Jirström, K., and Uhlen, M. (2008). The Human Protein Atlas—a tool for 
pathology. J. Pathol. 216, 387-393. 10.1002/path.2440. 

292. Pappireddi, N., Martin, L., and Wühr, M. (2019). A Review on Quantitative Multiplexed 
Proteomics. ChemBioChem 20, 1210-1224. 10.1002/cbic.201800650. 

293. Stroud, D.A., Surgenor, E.E., Formosa, L.E., Reljic, B., Frazier, A.E., Dibley, M.G., 
Osellame, L.D., Stait, T., Beilharz, T.H., Thorburn, D.R., et al. (2016). Accessory 
subunits are integral for assembly and function of human mitochondrial complex I. 
Nature 538, 123-126. 10.1038/nature19754. 

294. Johnson, A.E., Orr, B.O., Fetter, R.D., Moughamian, A.J., Primeaux, L.A., Geier, E.G., 
Yokoyama, J.S., Miller, B.L., and Davis, G.W. (2021). SVIP is a molecular determinant 
of lysosomal dynamic stability, neurodegeneration and lifespan. Nat. Commun. 12. 
10.1038/s41467-020-20796-8. 

295. Ballar, P., Zhong, Y., Nagahama, M., Tagaya, M., Shen, Y., and Fang, S. (2007). 
Identification of SVIP as an Endogenous Inhibitor of Endoplasmic Reticulum-
associated Degradation. J. Biol. Chem. 282, 33908-33914. 10.1074/jbc.m704446200. 

296. Ramzan, F., Kumar, A., Abrar, F., Gray, R.A.V., Campbell, Z.E., Liao, L.M.Q., Dang, 
A., Akanni, O., Guyn, C., and Martin, D.D.O. (2024). Fatty links between multisystem 
proteinopathy and small VCP-interacting protein. Cell Death Discov. 10. 
10.1038/s41420-024-02118-9. 

297. Beauchamp, E., Tekpli, X., Marteil, G., Lagadic-Gossmann, D., Legrand, P., and Rioux, 
V. (2009). N-Myristoylation targets dihydroceramide Δ4-desaturase 1 to mitochondria: 
Partial involvement in the apoptotic effect of myristic acid. Biochimie 91, 1411-1419. 
10.1016/j.biochi.2009.07.014. 

298. Planas-Serra, L., Launay, N., Goicoechea, L., Heron, B., Jou, C., Juliá-Palacios, N., 
Ruiz, M., Fourcade, S., Casasnovas, C., De La Torre, C., et al. (2023). Sphingolipid 



Reference List 

203 

 

desaturase DEGS1 is essential for mitochondria-associated membrane integrity. J. 
Clin. Investig. 133. 10.1172/jci162957. 

299. Kobe, B. (2001). The leucine-rich repeat as a protein recognition motif. Current Opinion 
in Structural Biology 11, 725-732. 10.1016/s0959-440x(01)00266-4. 

300. Correia, S.P., Moedas, M.F., Naess, K., Bruhn, H., Maffezzini, C., Calvo‐Garrido, J., 

Lesko, N., Wibom, R., Schober, F.A., Jemt, A., et al. (2021). Severe congenital lactic 
acidosis and hypertrophic cardiomyopathy caused by an intronic variant in NDUFB7. 
Hum. Mutat. 42, 378-384. 10.1002/humu.24173. 

301. Padavannil, A., Ayala-Hernandez, M.G., Castellanos-Silva, E.A., and Letts, J.A. (2022). 
The Mysterious Multitude: Structural Perspective on the Accessory Subunits of 
Respiratory Complex I. Front. Mol. Biosci. 8. 10.3389/fmolb.2021.798353. 

302. Bekier, M.E., Wang, L., Li, J., Huang, H., Tang, D., Zhang, X., and Wang, Y. (2017). 
Knockout of the Golgi stacking proteins GRASP55 and GRASP65 impairs Golgi 
structure and function. Mol. Biol. Cell. 28, 2833-2842. 10.1091/mbc.e17-02-0112. 

303. Grond, R., Veenendaal, T., Duran, J.M., Raote, I., Van Es, J.H., Corstjens, S., Delfgou, 
L., El Haddouti, B., Malhotra, V., and Rabouille, C. (2020). The function of GORASPs 
in Golgi apparatus organization in vivo. J. Cell Biol. 219. 10.1083/jcb.202004191. 

304. Zhang, X., and Wang, Y. (2016). GRASPs in Golgi Structure and Function. Front. Cell 
Dev. Biol. 3. 10.3389/fcell.2015.00084. 

305. Kava, E., Garbelotti, C.V., Lopes, J.L.S., and Costa-Filho, A.J. (2024). Myristoylated 
GRASP55 dimerizes in the presence of model membranes. J. Biomol. Struct. Dyn., 1-
12. 10.1080/07391102.2024.2317973. 

306. Cooper, G. (2000). The Cell: A Molecular Approach. 2nd edition., 2nd Edition (Sinauer 
Associates). 

307. Li, Z., Chen, R., Li, Y., Zhou, Q., Zhao, H., Zeng, K., Zhao, B., and Lu, Z. (2023). A 
comprehensive overview of PPM1B: From biological functions to diseases. Eur. J. 
Pharmacol. 947, 175633. 10.1016/j.ejphar.2023.175633. 

308. Chida, T., Ando, M., Matsuki, T., Masu, Y., Nagaura, Y., Takano-Yamamoto, T., 
Tamura, S., and Kobayashi, T. (2013). N-Myristoylation is essential for protein 
phosphatases PPM1A and PPM1B to dephosphorylate their physiological substrates 
in cells. Biochem. J. 449, 741-749. 10.1042/bj20121201. 

309. Donaldson, J.G., and Jackson, C.L. (2011). ARF family G proteins and their regulators: 
roles in membrane transport, development and disease. Nat. Rev. Mol. Cell Biol. 12, 
362-375. 10.1038/nrm3117. 

310. Dessaux, C., Ganier, L., Guiraud, L., and Borg, J.-P. (2024). Recent insights into the 
therapeutic strategies targeting the pseudokinase PTK7 in cancer. Oncogene 43, 
1973-1984. 10.1038/s41388-024-03060-x. 

311. Saei, A.A., Beusch, C.M., Chernobrovkin, A., Sabatier, P., Zhang, B., Tokat, Ü.G., 
Stergiou, E., Gaetani, M., Végvári, Á., and Zubarev, R.A. (2019). ProTargetMiner as a 
proteome signature library of anticancer molecules for functional discovery. Nat. 
Commun. 10. 10.1038/s41467-019-13582-8. 

312. Ruprecht, B., Di Bernardo, J., Wang, Z., Mo, X., Ursu, O., Christopher, M., Fernandez, 
R.B., Zheng, L., Dill, B.D., Wang, H., et al. (2020). A mass spectrometry-based 
proteome map of drug action in lung cancer cell lines. Nat. Chem. Biol. 16, 1111-1119. 
10.1038/s41589-020-0572-3. 

313. Wang, Z., Gerstein, M., and Snyder, M. (2009). RNA-Seq: a revolutionary tool for 
transcriptomics. Nat. Rev. Genet. 10, 57-63. 10.1038/nrg2484. 

314. Schwanhäusser, B., Busse, D., Li, N., Dittmar, G., Schuchhardt, J., Wolf, J., Chen, W., 
and Selbach, M. (2011). Global quantification of mammalian gene expression control. 
Nature 473, 337-342. 10.1038/nature10098. 



Reference List 

204 

 

315. Cheng, Z., Teo, G., Krueger, S., Rock, T.M., Koh, H.W., Choi, H., and Vogel, C. (2016). 
Differential dynamics of the mammalian mRNA and protein expression response to 
misfolding stress. Mol. Syst. Biol. 12, 855. 10.15252/msb.20156423. 

316. Cox, J., and Mann, M. (2008). MaxQuant enables high peptide identification rates, 
individualized p.p.b.-range mass accuracies and proteome-wide protein quantification. 
Nat. Biotechnol. 26, 1367-1372. 10.1038/nbt.1511. 

317. Meier, F., Beck, S., Grassl, N., Lubeck, M., Park, M.A., Raether, O., and Mann, M. 
(2015). Parallel Accumulation–Serial Fragmentation (PASEF): Multiplying Sequencing 
Speed and Sensitivity by Synchronized Scans in a Trapped Ion Mobility Device. J. 
Proteome Res. 14, 5378-5387. 10.1021/acs.jproteome.5b00932. 

318. Meier, F., Brunner, A.-D., Koch, S., Koch, H., Lubeck, M., Krause, M., Goedecke, N., 
Decker, J., Kosinski, T., Park, M.A., et al. (2018). Online Parallel Accumulation–Serial 
Fragmentation (PASEF) with a Novel Trapped Ion Mobility Mass Spectrometer. Mol. 
Cell. Proteomics 17, 2534-2545. 10.1074/mcp.tir118.000900. 

319. Stewart, H.I., Grinfeld, D., Giannakopulos, A., Petzoldt, J., Shanley, T., Garland, M., 
Denisov, E., Peterson, A.C., Damoc, E., Zeller, M., et al. (2023). Parallelized 
Acquisition of Orbitrap and Astral Analyzers Enables High-Throughput Quantitative 
Analysis. Anal. Chem. 95, 15656-15664. 10.1021/acs.analchem.3c02856. 

320. Bache, N., Geyer, P.E., Bekker-Jensen, D.B., Hoerning, O., Falkenby, L., Treit, P.V., 
Doll, S., Paron, I., Müller, J.B., Meier, F., et al. (2018). A Novel LC System Embeds 
Analytes in Pre-formed Gradients for Rapid, Ultra-robust Proteomics. Mol. Cell. 
Proteomics 17, 2284-2296. 10.1074/mcp.tir118.000853. 

321. Demichev, V., Messner, C.B., Vernardis, S.I., Lilley, K.S., and Ralser, M. (2020). DIA-
NN: neural networks and interference correction enable deep proteome coverage in 
high throughput. Nat. Methods 17, 41-44. 10.1038/s41592-019-0638-x. 

322. Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 15. 10.1186/s13059-014-
0550-8. 

323. Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., Gillette, M.A., 
Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander, E.S., and Mesirov, J.P. (2005). 
Gene set enrichment analysis: A knowledge-based approach for interpreting genome-
wide expression profiles. Proc. Natl. Acad. Sci. U.S.A. 102, 15545-15550. 
10.1073/pnas.0506580102. 

324. Dalton, K.M., Lochmann, T.L., Floros, K.V., Calbert, M.L., Kurupi, R., Stein, G.T., 
McClanaghan, J., Murchie, E., Egan, R.K., Greninger, P., et al. (2021). Catastrophic 
ATP loss underlies a metabolic combination therapy tailored for MYCN -amplified 
neuroblastoma. Proc. Natl. Acad. Sci. U.S.A. 118, e2009620118. 
10.1073/pnas.2009620118. 

325. Reimand, J., Isserlin, R., Voisin, V., Kucera, M., Tannus-Lopes, C., Rostamianfar, A., 
Wadi, L., Meyer, M., Wong, J., Xu, C., et al. (2019). Pathway enrichment analysis and 
visualization of omics data using g:Profiler, GSEA, Cytoscape and EnrichmentMap. 
Nat. Protoc. 14, 482-517. 10.1038/s41596-018-0103-9. 

326. Moss, D.K., and Lane, J.D. (2006). Microtubules: forgotten players in the apoptotic 
execution phase. Trends Cell Biol. 16, 330-338. 10.1016/j.tcb.2006.05.005. 

327. Santoni-Rugiu, E., Duro, D., Farkas, T., Mathiasen, I.S., Jäättelä, M., Bartek, J., and 
Lukas, J. (2002). E2F activity is essential for survival of Myc-overexpressing human 
cancer cells. Oncogene 21, 6498-6509. 10.1038/sj.onc.1205828. 

328. Michael (2009). How mitochondria produce reactive oxygen species. Biochem. J. 417, 
1-13. 10.1042/bj20081386. 

329. Dikic, I. (2017). Proteasomal and Autophagic Degradation Systems. Annu. Rev. 
Biochem. 86, 193-224. 10.1146/annurev-biochem-061516-044908. 



Reference List 

205 

 

330. Manasanch, E.E., and Orlowski, R.Z. (2017). Proteasome inhibitors in cancer therapy. 
Nat. Rev. Clin. Oncol 14, 417-433. 10.1038/nrclinonc.2016.206. 

331. Buccitelli, C., and Selbach, M. (2020). mRNAs, proteins and the emerging principles of 
gene expression control. Nat. Rev. Genet. 21, 630-644. 10.1038/s41576-020-0258-4. 

332. Neopane, K., Kozlov, N., Negoita, F., Murray-Segal, L., Brink, R., Hoque, A., Ovens, 
A.J., Tjin, G., McAloon, L.M., Yu, D., et al. (2022). Blocking AMPK β1 myristoylation 
enhances AMPK activity and protects mice from high-fat diet-induced obesity and 
hepatic steatosis. Cell Rep. 41, 111862. 10.1016/j.celrep.2022.111862. 

333. Jakobsson, P.-J., Mancini, J.A., Riendeau, D., and Ford-Hutchinson, A.W. (1997). 
Identification and Characterization of a Novel Microsomal Enzyme with Glutathione-
dependent Transferase and Peroxidase Activities. J. Biol. Chem. 272, 22934-22939. 
10.1074/jbc.272.36.22934. 

334. Siendones, E., Santacruz-Calvo, S., Martín-Montalvo, A., Cascajo, M.V., Ariza, J., 
López-Lluch, G., Villalba, J.M., Acquaviva-Bourdain, C., Roze, E., Bernier, M., et al. 
(2014). Membrane-Bound CYB5R3 Is a Common Effector of Nutritional and Oxidative 
Stress Response Through FOXO3a and Nrf2. Antioxid. Redox Signal. 21, 1708-1725. 
10.1089/ars.2013.5479. 

335. Shen, Y., Wu, Q., Shi, J., and Zhou, S. (2020). Regulation of SIRT3 on mitochondrial 
functions and oxidative stress in Parkinson’s disease. Biomedicine & Pharmacotherapy 
132, 110928. 10.1016/j.biopha.2020.110928. 

336. Herzig, S., and Shaw, R.J. (2018). AMPK: guardian of metabolism and mitochondrial 
homeostasis. Nat. Rev. Mol. Cell Biol. 19, 121-135. 10.1038/nrm.2017.95. 

337. Oakhill, J.S., Chen, Z.-P., Scott, J.W., Steel, R., Castelli, L.A., Ling, N., Macaulay, S.L., 
and Kemp, B.E. (2010). β-Subunit myristoylation is the gatekeeper for initiating 
metabolic stress sensing by AMP-activated protein kinase (AMPK). Proc. Natl. Acad. 
Sci. U.S.A. 107, 19237-19241. 10.1073/pnas.1009705107. 

338. Mitchelhill, K.I., Michell, B.J., House, C.M., Stapleton, D., Dyck, J., Gamble, J., Ullrich, 

C., Witters, L.A., and Kemp, B.E. (1997). Posttranslational Modifications of the 5′-

AMP-activated Protein Kinase β 1 Subunit. J. Biol. Chem. 272, 24475-24479. 

10.1074/jbc.272.39.24475. 
339. Liang, J., Xu, Z.-X., Ding, Z., Lu, Y., Yu, Q., Werle, K.D., Zhou, G., Park, Y.-Y., Peng, 

G., Gambello, M.J., and Mills, G.B. (2015). Myristoylation confers noncanonical AMPK 
functions in autophagy selectivity and mitochondrial surveillance. Nat. Commun. 6, 
7926. 10.1038/ncomms8926. 

340. Saxton, R.A., and Sabatini, D.M. (2017). mTOR Signaling in Growth, Metabolism, and 
Disease. Cell 168, 960-976. 10.1016/j.cell.2017.02.004. 

341. Kim, J., Kundu, M., Viollet, B., and Guan, K.-L. (2011). AMPK and mTOR regulate 
autophagy through direct phosphorylation of Ulk1. Nat. Cell Biol. 13, 132-141. 
10.1038/ncb2152. 

342. Zhao, H., Tian, X., He, L., Li, Y., Pu, W., Liu, Q., Tang, J., Wu, J., Cheng, X., Liu, Y., et 
al. (2018). Apj+ Vessels Drive Tumor Growth and Represent a Tractable Therapeutic 
Target. Cell Rep. 25, 1241-1254.e1245. 10.1016/j.celrep.2018.10.015. 

343. Pain, R., Beauchamp, E., Carmine-Simmen, K., Gamma, J., Reif, R., Azad, A., Murray, 
A., Lewis, J., and Berthiaume, L. (2023). Abstract 3620: N-myristoylation inhibition 
reduces angiogenesis and cancer cell migration. Cancer Res. 83, 3620-3620. 
10.1158/1538-7445.am2023-3620. 

344. Hauser, A.S., Attwood, M.M., Rask-Andersen, M., Schiöth, H.B., and Gloriam, D.E. 
(2017). Trends in GPCR drug discovery: new agents, targets and indications. Nat. Rev. 
Drug Discov. 16, 829-842. 10.1038/nrd.2017.178. 

345. Lyu, C., Ye, Y., Lensing, M.M., Wagner, K.-U., Weigel, R.J., and Chen, S. (2021). 
Targeting Gi/o protein–coupled receptor signaling blocks HER2-induced breast cancer 



Reference List 

206 

 

development and enhances HER2-targeted therapy. JCI Insight 6. 
10.1172/jci.insight.150532. 

346. Etienne-Manneville, S., and Hall, A. (2002). Rho GTPases in cell biology. Nature 420, 
629-635. 10.1038/nature01148. 

347. Kumar, A., Al-Sammarraie, N., Dipette, D.J., and Singh, U.S. (2014). Metformin impairs 
Rho GTPase signaling to induce apoptosis in neuroblastoma cells and inhibits growth 
of tumors in the xenograft mouse model of neuroblastoma. Oncotarget 5, 11709-11722. 
10.18632/oncotarget.2606. 

348. Kallemeijn, W.W., Spear, S., Walton, J., Bussi, C., Soudy, C., Flynn, H.R., Skehel, M., 
Carling, D., Solari, R., McNeish, I.A., and Tate, E.W. (2023). Abstract 439: From foe to 
friend: In vivo reprogramming of tumor-associated macrophages to an anti-cancer 
phenotype by modulating N-myristoyltransferase activity. Cancer Res. 83, 439-439. 
10.1158/1538-7445.am2023-439. 

349. May, R.C., and Machesky, L.M. (2001). Phagocytosis and the actin cytoskeleton. J. 
Cell Sci. 114, 1061-1077. 10.1242/jcs.114.6.1061. 

350. Galluzzi, L., Vitale, I., Warren, S., Adjemian, S., Agostinis, P., Martinez, A.B., Chan, 
T.A., Coukos, G., Demaria, S., Deutsch, E., et al. (2020). Consensus guidelines for the 
definition, detection and interpretation of immunogenic cell death. J. . ImmunoTherap. 
Cancer 8, e000337. 10.1136/jitc-2019-000337. 

351. Zecha, J., Meng, C., Zolg, D.P., Samaras, P., Wilhelm, M., and Kuster, B. (2018). 
Peptide Level Turnover Measurements Enable the Study of Proteoform Dynamics. Mol. 
Cell. Proteomics 17, 974-992. 10.1074/mcp.ra118.000583. 

352. Lieberman, J. (2010). Granzyme A activates another way to die. Immunol. Rev. 235, 
93-104. 10.1111/j.0105-2896.2010.00902.x. 

353. Subramanian, A., Narayan, R., Corsello, S.M., Peck, D.D., Natoli, T.E., Lu, X., Gould, 
J., Davis, J.F., Tubelli, A.A., Asiedu, J.K., et al. (2017). A Next Generation Connectivity 
Map: L1000 Platform and the First 1,000,000 Profiles. Cell 171, 1437-1452.e1417. 
10.1016/j.cell.2017.10.049. 

354. Mitchell, D.C., Kuljanin, M., Li, J., Van Vranken, J.G., Bulloch, N., Schweppe, D.K., 
Huttlin, E.L., and Gygi, S.P. (2023). A proteome-wide atlas of drug mechanism of action. 
Nat. Biotechnol. 41, 845-857. 10.1038/s41587-022-01539-0. 

355. Eckert, S., Berner, N., Kramer, K., Schneider, A., Müller, J., Lechner, S., Brajkovic, S., 
Sakhteman, A., Graetz, C., Fackler, J., et al. (2024). Decrypting the molecular basis of 
cellular drug phenotypes by dose-resolved expression proteomics. Nat. Biotechnol. 
10.1038/s41587-024-02218-y. 

356. Zecha, J., Bayer, F.P., Wiechmann, S., Woortman, J., Berner, N., Müller, J., Schneider, 
A., Kramer, K., Abril-Gil, M., Hopf, T., et al. (2023). Decrypting drug actions and protein 
modifications by dose- and time-resolved proteomics. Science 380, 93-101. 
10.1126/science.ade3925. 

357. Frejno, M., Meng, C., Ruprecht, B., Oellerich, T., Scheich, S., Kleigrewe, K., Drecoll, 
E., Samaras, P., Hogrebe, A., Helm, D., et al. (2020). Proteome activity landscapes of 
tumor cell lines determine drug responses. Nat. Commun. 11. 10.1038/s41467-020-
17336-9. 

358. Liu, T., Zhang, L., Joo, D., and Sun, S.-C. (2017). NF-κB signaling in inflammation. 
Signal Transduct. Target. Ther. 2, 17023. 10.1038/sigtrans.2017.23. 

359. Vit, O., and Petrak, J. (2017). Integral membrane proteins in proteomics. How to break 
open the black box? J. Proteom. 153, 8-20. 10.1016/j.jprot.2016.08.006. 

360. Bordier, C. (1981). Phase separation of integral membrane proteins in Triton X-114 
solution. J. Biol. Chem. 256, 1604-1607. 10.1016/s0021-9258(19)69848-0. 

361. Taguchi, Y., Mistica, A.M.A., Kitamoto, T., and Schätzl, H.M. (2013). Critical 
Significance of the Region between Helix 1 and 2 for Efficient Dominant-Negative 



Reference List 

207 

 

Inhibition by Conversion-Incompetent Prion Protein. PLoS Pathog. 9, e1003466. 
10.1371/journal.ppat.1003466. 

362. Hu, S., Musante, L., Tataruch, D., Xu, X., Kretz, O., Henry, M., Meleady, P., Luo, H., 
Zou, H., Jiang, Y., and Holthofer, H. (2018). Purification and Identification of Membrane 
Proteins from Urinary Extracellular Vesicles using Triton X-114 Phase Partitioning. J. 
Proteome Res. 17, 86-96. 10.1021/acs.jproteome.7b00386. 

363. Donoghue, P.M., Hughes, C., Vissers, J.P.C., Langridge, J.I., and Dunn, M.J. (2008). 
Nonionic detergent phase extraction for the proteomic analysis of heart membrane 

proteins using label ‐ free LC ‐ MS. PROTEOMICS 8, 3895-3905. 

10.1002/pmic.200800116. 
364. English, J.A., Manadas, B., Scaife, C., Cotter, D.R., and Dunn, M.J. (2012). Partitioning 

the Proteome: Phase Separation for Targeted Analysis of Membrane Proteins in 
Human Post-Mortem Brain. PLoS ONE 7, e39509. 10.1371/journal.pone.0039509. 

365. Philipp, Nils, Pichler, G., Lesca, Teupser, D., and Mann, M. (2016). Plasma Proteome 
Profiling to Assess Human Health and Disease. Cell Syst. 2, 185-195. 
10.1016/j.cels.2016.02.015. 

366. Johnston, H.E., Yadav, K., Kirkpatrick, J.M., Biggs, G.S., Oxley, D., Kramer, H.B., and 
Samant, R.S. (2022). Solvent Precipitation SP3 (SP4) Enhances Recovery for 
Proteomics Sample Preparation without Magnetic Beads. Anal. Chem. 94, 10320-
10328. 10.1021/acs.analchem.1c04200. 

367. Rardin, M.J. (2018). Rapid Assessment of Contaminants and Interferences in Mass 
Spectrometry Data Using Skyline. J. Am. Soc. Mass Spectrom. 29, 1327-1330. 
10.1007/s13361-018-1940-z. 

368. Thomas, P.D., Ebert, D., Muruganujan, A., Mushayahama, T., Albou, L.P., and Mi, H. 

(2022). PANTHER: Making genome‐scale phylogenetics accessible to all. Protein Sci. 

31, 8-22. 10.1002/pro.4218. 
369. Seddon, A.M., Curnow, P., and Booth, P.J. (2004). Membrane proteins, lipids and 

detergents: not just a soap opera. Biochim. Biophys. Acta. Biomembr. 1666, 105-117. 
10.1016/j.bbamem.2004.04.011. 

370. Szklarczyk, D., Kirsch, R., Koutrouli, M., Nastou, K., Mehryary, F., Hachilif, R., Gable, 
A.L., Fang, T., Nadezhda, Pyysalo, S., et al. (2023). The STRING database in 2023: 
protein–protein association networks and functional enrichment analyses for any 
sequenced genome of interest. Nucleic Acids Res. 51, D638-D646. 
10.1093/nar/gkac1000. 

371. Thomas, S.M., and Brugge, J.S. (1997). CELLULAR FUNCTIONS REGULATED BY 
SRC FAMILY KINASES. Annu. Rev. Cell Dev. Biol. 13, 513-609. 
10.1146/annurev.cellbio.13.1.513. 

372. Kioumourtzoglou, D., Gould, G.W., and Bryant, N.J. (2014). Insulin Stimulates 
Syntaxin4 SNARE Complex Assembly via a Novel Regulatory Mechanism. Mol. Cell. 
Biol. 34, 1271-1279. 10.1128/mcb.01203-13. 

373. Han, J., Pluhackova, K., and Böckmann, R.A. (2017). The Multifaceted Role of SNARE 
Proteins in Membrane Fusion. Front. Physiol. 8. 10.3389/fphys.2017.00005. 

374. Zhou, L., Li, H., Yao, H., Dai, X., Gao, P., and Cheng, H. (2023). TMED family genes 
and their roles in human diseases. Int. J. Med. Sci. 20, 1732-1743. 10.7150/ijms.87272. 

375. Zerial, M., and McBride, H. (2001). Rab proteins as membrane organizers. Nat. Rev. 
Mol. Cell Biol. 2, 107-117. 10.1038/35052055. 

376. Gürkan, C., Stagg, S.M., Lapointe, P., and Balch, W.E. (2006). The COPII cage: 
unifying principles of vesicle coat assembly. Nat. Rev. Mol. Cell Biol. 7, 727-738. 
10.1038/nrm2025. 

377. Bachelder, R.E., Marchetti, A., Falcioni, R., Soddu, S., and Mercurio, A.M. (1999). 
Activation of p53 Function in Carcinoma Cells by the α6β4 Integrin. J. Biol. Chem. 274, 
20733-20737. 10.1074/jbc.274.29.20733. 



Reference List 

208 

 

378. Blackburn, J.B., D'Souza, Z., and Lupashin, V.V. (2019). Maintaining order: COG 
complex controls Golgi trafficking, processing, and sorting. FEBS Lett. 593, 2466-2487. 
10.1002/1873-3468.13570. 

379. Jiao, L., Liu, Y., Yu, X.-Y., Pan, X., Zhang, Y., Tu, J., Song, Y.-H., and Li, Y. (2023). 
Ribosome biogenesis in disease: new players and therapeutic targets. Signal 
Transduct. Target. Ther. 8. 10.1038/s41392-022-01285-4. 

380. Anderson, N.M., Qin, X., Finan, J.M., Lam, A., Athoe, J., Missiaen, R., Skuli, N., 
Kennedy, A., Saini, A.S., Tao, T., et al. (2021). Metabolic Enzyme DLST Promotes 
Tumor Aggression and Reveals a Vulnerability to OXPHOS Inhibition in High-Risk 
Neuroblastoma. Cancer Res. 81, 4417-4430. 10.1158/0008-5472.can-20-2153. 

381. Heublein, M., Burguillos, M.A., Vögtle, F.N., Teixeira, P.F., Imhof, A., Meisinger, C., 
and Ott, M. (2014). The novel component Kgd4 recruits the E3 subunit to the 
mitochondrial α-ketoglutarate dehydrogenase. Mol. Biol. Cell. 25, 3342-3349. 
10.1091/mbc.e14-07-1178. 

382. Murari, A., Rhooms, S.-K., Garcia, C., Liu, T., Li, H., Mishra, B., Deshong, C., and 
Owusu-Ansah, E. (2021). Dissecting the concordant and disparate roles of NDUFAF3 
and NDUFAF4 in mitochondrial complex I biogenesis. iScience 24, 102869. 
10.1016/j.isci.2021.102869. 

383. Baertling, F., Sánchez-Caballero, L., Van Den Brand, M.A.M., Wintjes, L.T., Brink, M., 
Van Den Brandt, F.A., Wilson, C., Rodenburg, R.J.T., and Nijtmans, L.G.J. (2017). 
NDUFAF4 variants are associated with Leigh syndrome and cause a specific 
mitochondrial complex I assembly defect. Eur. J. Hum. Genet. 25, 1273-1277. 
10.1038/ejhg.2017.133. 

384. Carr, J., Bown, N.P., Case, M.C., Hall, A.G., Lunec, J., and Tweddle, D.A. (2007). High-
resolution analysis of allelic imbalance in neuroblastoma cell lines by single nucleotide 
polymorphism arrays. Cancer Genet. Cytogen. 172, 127-138. 
10.1016/j.cancergencyto.2006.08.012. 

385. Itakura, E., Zavodszky, E., Shao, S., Matthew, Robert, and Ramanujan (2016). 
Ubiquilins Chaperone and Triage Mitochondrial Membrane Proteins for Degradation. 
Mol. Cell 63, 21-33. 10.1016/j.molcel.2016.05.020. 

386. Morita, M., Gravel, S.-P., Chénard, V., Sikström, K., Zheng, L., Alain, T., Gandin, V., 
Avizonis, D., Arguello, M., Zakaria, C., et al. (2013). mTORC1 Controls Mitochondrial 
Activity and Biogenesis through 4E-BP-Dependent Translational Regulation. Cell 
Metab. 18, 698-711. 10.1016/j.cmet.2013.10.001. 

387. Ingolia, N.T., Ghaemmaghami, S., Newman, J.R.S., and Weissman, J.S. (2009). 
Genome-Wide Analysis in Vivo of Translation with Nucleotide Resolution Using 
Ribosome Profiling. Science 324, 218-223. 10.1126/science.1168978. 

388. Boon, K., Caron, H.N., Van Asperen, R., Valentijn, L., Hermus, M.-C., Van Sluis, P., 
Roobeek, I., Weis, I., Voûte, P.A., Schwab, M., and Versteeg, R. (2001). N-myc 
enhances the expression of a large set of genes functioning in ribosome biogenesis 
and protein synthesis. EMBO J. 20, 1383-1393. 10.1093/emboj/20.6.1383. 

389. Domostegui, A., Peddigari, S., Mercer, C.A., Iannizzotto, F., Rodriguez, M.L., Garcia-
Cajide, M., Amador, V., Diepstraten, S.T., Kelly, G.L., Salazar, R., et al. (2021). 
Impaired ribosome biogenesis checkpoint activation induces p53-dependent MCL-1 
degradation and MYC-driven lymphoma death. Blood 137, 3351-3364. 
10.1182/blood.2020007452. 

390. Mulvey, C.M., Breckels, L.M., Geladaki, A., Britovšek, N.K., Nightingale, D.J.H., 
Christoforou, A., Elzek, M., Deery, M.J., Gatto, L., and Lilley, K.S. (2017). Using 
hyperLOPIT to perform high-resolution mapping of the spatial proteome. Nat. Protoc. 
12, 1110-1135. 10.1038/nprot.2017.026. 



Reference List 

209 

 

391. Niklas, J., Melnyk, A., Yuan, Y., and Heinzle, E. (2011). Selective permeabilization for 
the high-throughput measurement of compartmented enzyme activities in mammalian 
cells. Anal. Biochem. 416, 218-227. 10.1016/j.ab.2011.05.039. 

392. Stark, C., Breitkreutz, B.-J., Reguly, T., Boucher, L., Breitkreutz, A., and Tyers, M. 
(2006). BioGRID: a general repository for interaction datasets. Nucleic Acids Res. 34, 
D535-D539. 10.1093/nar/gkj109. 

393. Hermjakob, H., Montecchi-Palazzi, L., Lewington, C., Mudali, S., Kerrien, S., Orchard, 
S., Vingron, M., Roechert, B., Roepstorff, P., Valencia, A., et al. (2004). IntAct: an open 
source molecular interaction database. Nucleic Acids Res. 32, 452D-455. 
10.1093/nar/gkh052. 

394. Fischer, S.N., Claussen, E.R., Kourtis, S., Sdelci, S., Orchard, S., Hermjakob, H., 
Kustatscher, G., and Drew, K. (2024). hu.MAP3.0: Atlas of human protein complexes 
by integration of &gt; 25,000 proteomic experiments.  Cold Spring Harbor Laboratory. 

395. Hirayama, A., Kami, K., Sugimoto, M., Sugawara, M., Toki, N., Onozuka, H., Kinoshita, 
T., Saito, N., Ochiai, A., Tomita, M., et al. (2009). Quantitative Metabolome Profiling of 
Colon and Stomach Cancer Microenvironment by Capillary Electrophoresis Time-of-
Flight Mass Spectrometry. Cancer Res. 69, 4918-4925. 10.1158/0008-5472.can-08-
4806. 

396. Golikov, M.V., Valuev-Elliston, V.T., Smirnova, O.A., and Ivanov, A.V. (2022). 
Physiological Media in Studies of Cell Metabolism. Molecular Biology 56, 629-637. 
10.1134/s0026893322050077. 

397. Aguer, C., Gambarotta, D., Mailloux, R.J., Moffat, C., Dent, R., McPherson, R., and 
Harper, M.-E. (2011). Galactose Enhances Oxidative Metabolism and Reveals 
Mitochondrial Dysfunction in Human Primary Muscle Cells. PLoS ONE 6, e28536. 
10.1371/journal.pone.0028536. 

398. Roos, D., and De Boer, M. (2021). Mutations in cis that affect mRNA synthesis, 
processing and translation. Biochim. Biophys. Acta. Mol. Basis Dis. 1867, 166166. 
10.1016/j.bbadis.2021.166166. 

399. Burke, K.S., Antilla, K.A., and Tirrell, D.A. (2017). A Fluorescence in Situ Hybridization 
Method To Quantify mRNA Translation by Visualizing Ribosome–mRNA Interactions 
in Single Cells. ACS Cent. Sci. 3, 425-433. 10.1021/acscentsci.7b00048. 

400. Wu, B., Eliscovich, C., Yoon, Y.J., and Singer, R.H. (2016). Translation dynamics of 
single mRNAs in live cells and neurons. Science 352, 1430-1435. 
10.1126/science.aaf1084. 

401. Morisaki, T., Lyon, K., Deluca, K.F., Deluca, J.G., English, B.P., Zhang, Z., Lavis, L.D., 
Grimm, J.B., Viswanathan, S., Looger, L.L., et al. (2016). Real-time quantification of 
single RNA translation dynamics in living cells. Science 352, 1425-1429. 
10.1126/science.aaf0899. 

402. Wang, C., Han, B., Zhou, R., and Zhuang, X. (2016). Real-Time Imaging of Translation 
on Single mRNA Transcripts in Live Cells. Cell 165, 990-1001. 
10.1016/j.cell.2016.04.040. 

403. Yan, X., Tim, Ronald, and Marvin (2016). Dynamics of Translation of Single mRNA 
Molecules In Vivo. Cell 165, 976-989. 10.1016/j.cell.2016.04.034. 

404. Soubannier, V., Rippstein, P., Kaufman, B.A., Shoubridge, E.A., and McBride, H.M. 
(2012). Reconstitution of Mitochondria Derived Vesicle Formation Demonstrates 
Selective Enrichment of Oxidized Cargo. PLoS ONE 7, e52830. 
10.1371/journal.pone.0052830. 

405. Yoshii, S.R., and Mizushima, N. (2017). Monitoring and Measuring Autophagy. Int. J. 
Mol. Sci. 18, 1865. 10.3390/ijms18091865. 

406. Anzalone, A.V., Randolph, P.B., Davis, J.R., Sousa, A.A., Koblan, L.W., Levy, J.M., 
Chen, P.J., Wilson, C., Newby, G.A., Raguram, A., and Liu, D.R. (2019). Search-and-



Reference List 

210 

 

replace genome editing without double-strand breaks or donor DNA. Nature 576, 149-
157. 10.1038/s41586-019-1711-4. 

407. Bray, M.-A., Singh, S., Han, H., Davis, C.T., Borgeson, B., Hartland, C., Kost-Alimova, 
M., Gustafsdottir, S.M., Gibson, C.C., and Carpenter, A.E. (2016). Cell Painting, a high-
content image-based assay for morphological profiling using multiplexed fluorescent 
dyes. Nat. Protoc. 11, 1757-1774. 10.1038/nprot.2016.105. 

408. Werner, T., Sweetman, G., Savitski, M.F., Mathieson, T., Bantscheff, M., and Savitski, 
M.M. (2014). Ion Coalescence of Neutron Encoded TMT 10-Plex Reporter Ions. Anal. 
Chem. 86, 3594-3601. 10.1021/ac500140s. 

409. Tweddle, D.A., Malcolm, A.J., Cole, M., Pearson, A.D.J., and Lunec, J. (2001). p53 
Cellular Localization and Function in Neuroblastoma. Am. J. Pathol. 158, 2067-2077. 
10.1016/s0002-9440(10)64678-0. 

410. Simon Serrano, S., Sime, W., Abassi, Y., Daams, R., Massoumi, R., and Jemaà, M. 
(2020). Inhibition of mitotic kinase Mps1 promotes cell death in neuroblastoma. Sci. 
Rep. 10. 10.1038/s41598-020-68829-y. 

411. Kaghad, M., Bonnet, H., Yang, A., Creancier, L., Biscan, J.-C., Valent, A., Minty, A., 
Chalon, P., Lelias, J.-M., Dumont, X., et al. (1997). Monoallelically Expressed Gene 
Related to p53 at 1p36, a Region Frequently Deleted in Neuroblastoma and Other 
Human Cancers. Cell 90, 809-819. 10.1016/s0092-8674(00)80540-1. 

412. Guo, C., White, P.S., Weiss, M.J., Hogarty, M.D., Thompson, P.M., Stram, D.O., 
Gerbing, R., Matthay, K.K., Seeger, R.C., Brodeur, G.M., and Maris, J.M. (1999). Allelic 
deletion at 11q23 is common in MYCN single copy neuroblastomas. Oncogene 18, 
4948-4957. 10.1038/sj.onc.1202887. 

413. Campos Cogo, S., Gradowski Farias Da Costa Do Nascimento, T., De Almeida Brehm 
Pinhatti, F., De França Junior, N., Santos Rodrigues, B., Cavalli, L.R., and Elifio-
Esposito, S. (2020). An overview of neuroblastoma cell lineage phenotypes and in vitro 
models. Exp. Biol. Med. 245, 1637-1647. 10.1177/1535370220949237. 

414. Bellini, A., Bessoltane‐Bentahar, N., Bhalshankar, J., Clement, N., Raynal, V., 

Baulande, S., Bernard, V., Danzon, A., Chicard, M., Colmet‐Daage, L., et al. (2019). 

Study of chromatin remodeling genes implicates SMARCA4 as a putative player in 
oncogenesis in neuroblastoma. Int. J. Cancer 145, 2781-2791. 10.1002/ijc.32361. 

 


