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Abstract

Deubiquitinating enzymes play an important role in a plethora of therapeutically relevant
processes, and are emerging as pioneering drug targets. Herein, we present a novel probe
Ubiquitin Specific Protease (USP) inhibitor, alongside an alkyne-tagged activity-based probe
analogue. Activity-based proteome profiling identified 12 USPs, including USP4, USP16, and
USP33, as inhibitor targets using sub-micromolar probe concentrations. This represents the first
intact cell activity-based profiling of deubiquitinating enzymes. Further analysis demonstrated
functional inhibition of USP33 and identified a synergistic relationship in combination with ATR
inhibition, consistent with USP4 inhibition.
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Protein ubiquitination, the post-translational addition of the 76 amino acid protein ubiquitin (Ub),
is a widespread protein post-translational modification (PTM) in eukaryotic cells.” Ub processing
can result in varied linear and branched oligomeric chains, and regulation of this motif serves to
modulate both protein half-life through the ubiquitin-proteasome system, and a multitude of
important signalling pathways, for example during activation of the DNA damage response
(DDR).? Deubiquitinating enzymes (DUBs) are responsible for removal of Ub marks, and are
emerging as pioneering drug targets and potential biomarkers across many therapeutic areas,
notably cancer.>® The discovery and development of novel DUB inhibitors has benefitted from
Ub-derived activity-based probes (ABPs) such as HA-Ub-VME, an HA (epitope)-tagged Ub
carrying a C-terminal vinylmethyl ester warhead.®"° These ABPs form extensive interactions
with their targets and covalently label the active site DUB cysteine, enabling DUB activity to be
assayed in isolation or profiled in cell lysates.””” ' However, Ub protein-based probes are
membrane-impermeable,’ ™ and there is an unmet need for ABPs that can profile DUB activity
and target engagement directly in the complexity of an intact cell.

Here we report, to our knowledge, the first cell-permeable small molecule ABP for the Ubiquitin
Specific Protease (USP) family of DUBs (2). We demonstrate that this probe class efficiently
labels a range of USPs in a native cancer cell environment at sub-micromolar concentrations,
and is an effective tool to profile USP inhibitor target engagement through quantitative chemical
proteomic competition experiments. In addition to comprehensive identification of targets in
intact cancer cells, target confirmation and functional assays enabled validation of a novel
irreversible USP inhibitor (1) that showed synergy with inhibition of ATR, a kinase mediating the
DDR, consistent with activity against USP4 in osteosarcoma cells.

Following a high-throughput screening (HTS) campaign to identify DUB inhibitors, we
synthesised 4-chloroacetylpyrrole derivative 1 (Figure 1A) as a follow-up to an initial HTS hit.
Compound 1 is a sub-micromolar inhibitor of USP4 and low micromolar inhibitor of its
phylogenetic relative USP11 (Supplementary Figure 1) in a biochemical 1Cso assay.
Consistently, low micromolar inhibition of USP4 and USP11 is observed in human
osteosarcoma (U20S) cells, as determined by HA-Ub-VME ABP labelling following cell lysis
(Figure 1B). As a putative irreversible inhibitor we hypothesised that 1 offers a scaffold for
profiling the activity of these USPs in cells, and an alkyne-tagged analogue 2 (Figure 1C) was
synthesised to investigate the potential of this chemotype as a USP ABP. Formation of a
covalent adduct was confirmed by electrospray mass spectrometry (MS) analysis of
recombinant USP11 after incubation with 2 (Supplementary Figure 2). Compound 2 retains
inhibitory potency towards USP4 and USP11, observed by a fluorescence polarisation
recombinant DUB activity assay using an Ub-TAMRA substrate, whilst negligible inhibition was
observed for control compound 3, which lacks the chloromethylketone covalent warhead
(Supplementary Table 1, Supplementary Figure 3).

Prior to proteomic profiling experiments, we first determined a suitable probe labelling
concentration. Compound 2 was incubated at varying concentrations with U20S cells for 1 hour
prior to cell lysis, followed by copper catalysed azide—alkyne cycloaddition (CUAAC) ligation of
probe-protein complexes to our previously reported trifunctional capture reagent azido—
TAMRA-biotin AzTB (Supplementary Figure 4).” Visualisation by in-gel fluorescence revealed



that 2 labels a number of targets at sub-micromolar concentrations (Supplementary Figure 5). A
concentration of 125 nM was selected for follow-up experiments to ensure sufficient labelling
whilst maximising the range for competitive activity-based proteome profiling (ABPP). Loss of
labelling in heat-treated lysate confirmed the requirement for native protein folding
(Supplementary Figure 6).

Competition studies by in-gel fluorescence demonstrated that 1 caused a dose-dependent
reduction in labelling intensity for specific protein bands at sub-micromolar concentrations
(Figure 1D), whilst no competition was observed against 3 (Supplementary Figure 7). Proteome-
wide in-cell target identification was performed using spike-in SILAC methodology,’ as
previously described.”” ® U20S cells were treated for 1 hour with 125 nM of 2 after a 30 minute
pre-incubation with a fixed concentration of 1 (0 nM, 125 nM, 625 nM, 5 uM, 10 uM) or 5 yM of
3. Competition lysates were mixed in a 2:1 ratio with 2-treated ‘spike’ prior to CuAAC ligation,
and 2-labelled proteins were enriched on NeutrAvidin-Agarose resin and trypsin digested.

Nanoscale liquid chromatography-MS/MS analysis showed that 125 nM 2 labels 12 USPs in
intact cells (Figure 2A, Supplementary Dataset 1), a selection of which were validated through a
fluorescence-intensity recombinant DUB activity assay, using an Ub-Rhodamine substrate
(Table 1). By comparison, although HA-Ub-VME (9,913 Da) labels a broader range of DUBs in
cell lysate, 1 (314 Da) demonstrates a much higher ligand efficiency than its Ub-based
counterpart, and uniquely enables intact cell USP profiling. Despite its small size, USP labelling
by 2 is considerably more specific than widely used cysteine-reactive small molecule probes; for
example, alkyne-tagged iodoacetamide has been reported to competitively label 3 USPs at 10
MM in cancer cell lysates, whilst a recently reported caged-BK derivative labels 2 USPs at 200
UM in HelLa cells.” 2 Profiling the activity of 2 against an extended panel of recombinant DUBs
identified additional USP targets (USP2, USP6, USP8, USP13, USP20, and USP30) with
inherently low expression in U20S cells?’ (Supplementary Table 2). Conversely 2 demonstrated
low potency when profiled against alternative DUB families, suggesting that this probe has a
preference for USPs.

Compound 2 displays a broad detection range in competitive ABPP, with significant competition
observed from 1- to 80-fold excess 1. Competition with 5 yM of 3 was negligible compared to
analogous treatment with 1 (Supplementary Figure 8). As predicted, USP4 showed significant
competition, whilst USP16 and USP33 were unexpectedly identified as the most potent USP
targets of 1. USP11 was also significantly competed, along with USP3, USP10, USP15, USP19,
and USP22. USP5 and USP9x, though identified by 2, were not significantly competed across
this competition range, whilst USP7 showed only limited competition at 10 yM (data not shown).
Variable expression of the aforementioned USPs has previously been implicated in cancer,
including roles in p53 signalling, metastatic grade,?’ and the hypoxic response.?® 2* The
competitive probe engagement observed by ABPP was validated for a selection of these USPs
by Western blot (Figure 2B), and newly identified USP targets of 1 were further validated by
HA-Ub-VME ABP labelling (Figure 2C, Supplementary Figure 9).

In total, on competition with 625 nM of 1, 27 significantly competed hits were identified
(Supplementary Table 3, Supplementary Figure 10). These hits revealed significant enrichment



for oxidation-reduction processes, cell redox homeostasis, and protein deubiquitination
biological GO terms by STRING network analysis (Figure 2D). As well as the USP targets
already described, redox process enzymes including 5 thioredoxins, related nucleoredoxin? and
2 glutathione transferase domains were competed, as might be expected for this electrophilic
chemotype. PTGES2, which showed the greatest ratio fold change, contains the consensus
region and the active site cysteine of the redox enzymes glutaredoxin and thioredoxin.?® A full
list of the 27 protein targets and associated GO terms is detailed in Supplementary Table 3.

We next examined functional inhibition of a novel USP target by 1 in U20S cells. USP33 has
been reported to deubiquitinate and consequently stabilise CP110, a key regulator of
centrosome duplication and thus genomic stability.?” U20S cells were treated with DMSO or 1
(10 uM) for 24, 48 and 72 hours, and cell lysates analysed by western blot (Figure 3A).
Compound 1-treatment led to decreased CP110 protein levels, consistent with decreased
stability following USP33 inhibition.

USPs which regulate genomic integrity show promise as drug targets in combination with known
DNA damaging chemotherapeutics and through synthetic lethal approaches.® For example,
USP4 promotes homologous recombination (HR) of DNA double strand breaks (DSBs),?® %° and
USP16 has also been implicated in DSB repair®’: both of which are prominent USP targets of 1
in U20S cells by competitive ABPP. ATM and ATR are DNA damage checkpoint kinases that
regulate the response to DSBs and DNA damage induced replication stress respectively, whose
inhibition has been investigated as an approach for tumour cell sensitisation.®’ For example,
ATR inhibition has been previously reported to induce synthetic lethality in ATM deficient cells.®*
3 Profiling the antiproliferative effects of 1 in HeLa cells in combination with siRNA knockdown
of ATR or ATM, revealed a synthetic lethal relationship between 1 and ATR that was not
observed for ATM (Supplementary Figure 11). To establish a synergistic relationship, 1 was
tested in combination with well-characterised ATR and ATM inhibitors VE-8213% and KU-55933%
(Figure 3B) in U20S cells, and synergism determined by calculating drug combination indexes
(Cl, CompuSyn software). As single agents, 1 demonstrated an ICs of 1.7 yM after 6 days in
U20S cells (measured using a cell proliferation MTS assay), whilst VE-821 and KU-55933
demonstrated 1Cso values of 4.1 and 15.1 uM, respectively (Supplementary Figure 12). In
combination, 1 demonstrated synergy with VE-821 (Cl = 0.60) but not KU-55933 (Cl = 1.41)
(Figure 3C). This synergy is in agreement with previous siRNA studies that have shown
depletion of USP4 impairs DNA repair, but does not affect the ATR-governed G2/M DNA
damage checkpoint.®*® However, based on the multiple targets of 1 identified by ABPP we
postulate that several factors are contributing to the observed effect, including the additional
USP and redox process enzyme targets of 1, the full characterisation of which requires further
experiments.

In summary, we report a cell permeable ABP and its quantitative proteomic application to profile
USP activity and target engagement in osteosarcoma cells that complements Ub-derived ABPs,
which are limited to in-lysate profiling. 2 displays sub-micromolar labelling affinity towards 12
USPs, including several with clinical relevance or biomarker potential.37 ABPP demonstrated
that the parent compound 1 has good potency against USP4, USP16, and USP33 in U20S
cells; consistent with this profile, 1 was shown to functionally inhibit USP33, and to synergise



with ATR kinase inhibition. Potential use of derivatives of 1 are greatly hampered by the lack of
selectivity of the compounds as well as their very limited plasma stability. Compound 2
establishes the potential for in-cell USP probes as a tool for target identification, and we
anticipate that future generations of small molecule ABP will be useful in exploring a wide range
of DUB biology in cells, as well as for competitive profiling against DUB inhibitors both in vitro
and in vivo.

Methods
Chemical synthesis and experimental procedures are included in the supplementary
information.

Associated content

Supporting Information Available: this material is available free of charge via the Internet. The
mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE® partner repository with the dataset identifier PXD004875.

Acknowledgments
We thank members of the Tate group, especially J Morales Sanfrutos and J Clulow for useful
discussions. This work was funded by MISS/ON Therapeutics Ltd.

References

[1] Bergink, S., and Jentsch, S. (2009) Principles of ubiquitin and SUMO modifications in DNA repair,
Nature 458, 461-467.

[2] Brown, J. S., and Jackson, S. P. (2015) Ubiquitylation, neddylation and the DNA damage response,
Open Biol 5, 150018.

[3] Jacq, X., Kemp, M., Martin, N. M., and Jackson, S. P. (2013) Deubiquitylating enzymes and DNA
damage response pathways, Cell Biochem Biophys 67, 25-43.

[4] D'Arcy, P., and Linder, S. (2014) Molecular pathways: translational potential of deubiquitinases as
drug targets, Clin Cancer Res 20, 3908-3914.

[5] D'Arcy, P., Wang, X., and Linder, S. (2015) Deubiquitinase inhibition as a cancer therapeutic strategy,
Pharmacol Ther 147, 32-54.

[6] Borodovsky, A., Kessler, B. M., Casagrande, R., Overkleeft, H. S., Wilkinson, K. D., and Ploegh, H. L.
(2001) A novel active site-directed probe specific for deubiquitylating enzymes reveals
proteasome association of USP14, EMBO J 20, 5187-5196.

[7] Borodovsky, A., Ovaa, H., Kolli, N., Gan-Erdene, T., Wilkinson, K. D., Ploegh, H. L., and Kessler, B. M.
(2002) Chemistry-based functional proteomics reveals novel members of the deubiquitinating
enzyme family, Chem Biol 9, 1149-1159.

[8] Mulder, M. P. C., El Oualid, F., ter Beek, J., and Ovaa, H. (2014) A Native Chemical Ligation Handle
that Enables the Synthesis of Advanced Activity-Based Probes: Diubiquitin as a Case Study,
Chembiochem 15, 946-949.

[9] Heal, W. P., Dang, T. H. T., and Tate, E. W. (2011) Activity-based probes: discovering new biology and
new drug targets, Chemical Society Reviews 40, 246-257.

[10] Niphakis, M. J., and Cravatt, B. F. (2014) Enzyme Inhibitor Discovery by Activity-Based Protein
Profiling, Annu Rev Biochem 83, 341-377.

[11] de Jong, A., Merkx, R., Berlin, I., Rodenko, B., Wijdeven, R. H., El Atmioui, D., Yalcin, Z., Robson, C.
N., Neefjes, J. J., and Ovaa, H. (2012) Ubiquitin-based probes prepared by total synthesis to
profile the activity of deubiquitinating enzymes, Chembiochem 13, 2251-2258.



[12] Altun, M., Kramer, H. B., Willems, L. |l., McDermott, J. L., Leach, C. A., Goldenberg, S. J., Kumar, K. G.,
Konietzny, R., Fischer, R., Kogan, E., Mackeen, M. M., McGouran, J., Khoronenkova, S. V.,
Parsons, J. L., Dianov, G. L., Nicholson, B., and Kessler, B. M. (2011) Activity-based chemical
proteomics accelerates inhibitor development for deubiquitylating enzymes, Chem Biol 18,
1401-1412.

[13] Mulder, M. P., Witting, K., Berlin, 1., Pruneda, J. N., Wu, K. P., Chang, J. G., Merkx, R., Bialas, J.,
Groettrup, M., Vertegaal, A. C., Schulman, B. A., Komander, D., Neefjes, J., El Oualid, F., and
Ovaa, H. (2016) A cascading activity-based probe sequentially targets E1-E2-E3 ubiquitin
enzymes, Nat Chem Biol 12, 523-530.

[14] Claessen, J. H., Witte, M. D., Yoder, N. C., Zhu, A. Y., Spooner, E., and Ploegh, H. L. (2013) Catch-and-
release probes applied to semi-intact cells reveal ubiquitin-specific protease expression in
Chlamydia trachomatis infection, Chembiochem 14, 343-352.

[15] Heal, W. P., Jovanovic, B., Bessin, S., Wright, M. H., Magee, A. |, and Tate, E. W. (2011)
Bioorthogonal chemical tagging of protein cholesterylation in living cells, Chem Commun (Camb)
47,4081-4083.

[16] Geiger, T., Wisniewski, J. R., Cox, J., Zanivan, S., Kruger, M., Ishihama, Y., and Mann, M. (2011) Use
of stable isotope labeling by amino acids in cell culture as a spike-in standard in quantitative
proteomics, Nat Protoc 6, 147-157.

[17] Kalesh, K. A., Clulow, J. A., and Tate, E. W. (2015) Target profiling of zerumbone using a novel cell-
permeable clickable probe and quantitative chemical proteomics, Chemical Communications 51,
5497-5500.

[18] Sadaghiani, A. M., Verhelst, S. H., and Bogyo, M. (2007) Tagging and detection strategies for
activity-based proteomics, Curr Opin Chem Biol 11, 20-28.

[19] Weerapana, E., Wang, C., Simon, G. M., Richter, F., Khare, S., Dillon, M. B. D., Bachovchin, D. A.,
Mowen, K., Baker, D., and Cravatt, B. F. (2010) Quantitative reactivity profiling predicts
functional cysteines in proteomes, Nature 468, 790-795.

[20] Abo, M., and Weerapana, E. (2015) A Caged Electrophilic Probe for Global Analysis of Cysteine
Reactivity in Living Cells, J Am Chem Soc 137, 7087-7090.

[21] Uhlén, M., Fagerberg, L., Hallstrém, B. M., Lindskog, C., Oksvold, P., Mardinoglu, A., Sivertsson, A.,
Kampf, C., Sjostedt, E., Asplund, A., Olsson, I., Edlund, K., Lundberg, E., Navani, S., Szigyarto, C.
A.-K., Odeberg, J., Djureinovic, D., Takanen, J. O., Hober, S., Alm, T., Edqvist, P.-H., Berling, H.,
Tegel, H., Mulder, J., Rockberg, J., Nilsson, P., Schwenk, J. M., Hamsten, M., von Feilitzen, K.,
Forsberg, M., Persson, L., Johansson, F., Zwahlen, M., von Heijne, G., Nielsen, J., and Pontén, F.
(2015) Tissue-based map of the human proteome, Science 347, 394-398.

[22] Luise, C., Capra, M., Donzelli, M., Mazzarol, G., Jodice, M. G., Nuciforo, P., Viale, G., Di Fiore, P. P.,
and Confalonieri, S. (2011) An atlas of altered expression of deubiquitinating enzymes in human
cancer, PLoS One 6, e15891.

[23] Li, Z., Wang, D., Messing, E. M., and Wu, G. (2005) VHL protein-interacting deubiquitinating enzyme
2 deubiquitinates and stabilizes HIF-1alpha, EMBO Rep 6, 373-378.

[24] Altun, M., Zhao, B., Velasco, K., Liu, H., Hassink, G., Paschke, J., Pereira, T., and Lindsten, K. (2012)
Ubiquitin-specific protease 19 (USP19) regulates hypoxia-inducible factor lalpha (HIF-1alpha)
during hypoxia, J Biol Chem 287, 1962-1969.

[25] Funato, Y., and Miki, H. (2007) Nucleoredoxin, a novel thioredoxin family member involved in cell
growth and differentiation, Antioxid Redox Signal 9, 1035-1057.

[26] Watanabe, K., Ohkubo, H., Niwa, H., Tanikawa, N., Koda, N, Ito, S., and Ohmiya, Y. (2003) Essential
110Cys in active site of membrane-associated prostaglandin E synthase-2, Biochemical and
Biophysical Research Communications 306, 577-581.



[27] Li, J., D'Angiolella, V., Seeley, E. S., Kim, S., Kobayashi, T., Fu, W., Campos, E. I., Pagano, M., and
Dynlacht, B. D. (2013) USP33 regulates centrosome biogenesis via deubiquitination of the
centriolar protein CP110, Nature 495, 255-259.

[28] Wijnhoven, P., Konietzny, R., Blackford, A. N., Travers, J., Kessler, B. M., Nishi, R., and Jackson, S. P.
(2015) USP4 Auto-Deubiquitylation Promotes Homologous Recombination, Mol Cell 60, 362-373.

[29] Liu, H. L., Zhang, H. X., Wang, X. H., Tian, Q. S., Hu, Z. H., Peng, C. M., Jiang, P., Wang, T. T., Guo, W.,
Chen, Y. L., Li, X. Z., Zhang, P. M., and Pei, H. D. (2015) The Deubiquitylating Enzyme USP4
Cooperates with CtIP in DNA Double-Strand Break End Resection, Cell Reports 13, 93-107.

[30] Joo, H. Y., Zhai, L, Yang, C., Nie, S., Erdjument-Bromage, H., Tempst, P., Chang, C., and Wang, H.
(2007) Regulation of cell cycle progression and gene expression by H2A deubiquitination, Nature
449, 1068-1072.

[31] Bouwman, P., and Jonkers, J. (2012) The effects of deregulated DNA damage signalling on cancer
chemotherapy response and resistance, Nat Rev Cancer 12, 587-598.

[32] Nghiem, P., Park, P. K., Kim Ys, Y. S., Desai, B. N., and Schreiber, S. L. (2002) ATR is not required for
p53 activation but synergizes with p53 in the replication checkpoint, J Biol Chem 277, 4428-
4434,

[33] Reaper, P. M., Griffiths, M. R., Long, J. M., Charrier, J.-D., MacCormick, S., Charlton, P. A., Golec, J.
M. C., and Pollard, J. R. (2011) Selective killing of ATM- or p53-deficient cancer cells through
inhibition of ATR, Nat Chem Biol 7, 428-430.

[34] Kwok, M., Davies, N., Agathanggelou, A., Smith, E., Oldreive, C., Petermann, E., Stewart, G., Brown,
J., Lau, A, Pratt, G., Parry, H., Taylor, M., Moss, P., Hillmen, P., and Stankovic, T. (2016) ATR
inhibition induces synthetic lethality and overcomes chemoresistance in TP53- or ATM-defective
chronic lymphocytic leukemia cells, Blood 127, 582-595.

[35] Hickson, I., Zhao, Y., Richardson, C. J., Green, S. J., Martin, N. M., Orr, A. |., Reaper, P. M., Jackson, S.
P., Curtin, N. J., and Smith, G. C. (2004) Identification and characterization of a novel and specific
inhibitor of the ataxia-telangiectasia mutated kinase ATM, Cancer Res 64, 9152-9159.

[36] Nishi, R., Wijnhoven, P., le Sage, C., Tjeertes, J., Galanty, Y., Forment, J. V., Clague, M. J., Urbe, S.,
and Jackson, S. P. (2014) Systematic characterization of deubiquitylating enzymes for roles in
maintaining genome integrity, Nat Cell Biol 16, 1016-1026, 1011-1018.

[37] Yang, M., Liu, Y. D., Wang, Y. Y., Liu, T. B., Ge, T. T., and Lou, G. (2014) Ubiquitin-specific protease
22: a novel molecular biomarker in cervical cancer prognosis and therapeutics, Tumour Biol 35,
929-934.

[38] Vizcaino, J. A,, Csordas, A., del-Toro, N., Dianes, J. A., Griss, J., Lavidas, I., Mayer, G., Perez-Riverol,
Y., Reisinger, F., Ternent, T., Xu, Q. W., Wang, R., and Hermjakob, H. (2016) 2016 update of the
PRIDE database and its related tools, Nucleic Acids Res 44, DA47-456.



A N
H N A (0]
N N
Cl
1T 0
Bl qwm [-T-T1[3]10
HA-Ub-VME| - [ + [ + | + [ +
==
- - Use
47 78 100
- e -
o e w— | USP11
17 69 100
-— v - - -
c
SN ~ o
Ho NN
N N
Cl
2 @
D 2 + + + + + +
1 (uM) 0 |0.13/0.25]0.63|1.25] 2.5
MW (kDa) ., [T7 T8 T
150
1004
75 3 :
50 e g e o B

37
Fluorescence

25
20

|

Coomassie

Figure 1. Compound 1 inhibits USP4 and USP11 and outcompetes labelling by compound 2 in intact U20S cells. A) Structure of 1.
B) Western blot analysis of HA-Ub-VME ABP labelling of indicated DUBs following treatment with 1. Inhibition was observed as a
loss of (ABP-labelled) upper band intensity. VValues represent percentage inhibition. C) Structure of 2. D) In-gel fluorescence
analysis of 2 (125 nM) labelled U20S proteome in competition with 1.
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Figure 2. Compound 2 competitively labels USPs. A) Quantitative MS analysis of USP targets of 2 (125 nM) competed by 1 at
indicated concentrations. The dashed line indicates a 1.5 fold change in ratio (log, = 0.58). B) Validation by immunoblotting of
USP16, USP33, USP4 and USP11 competitive labelling and pulldown by 2 (2.5 yM). UCHL3 is included as a non-USP control. SN:
supernatant. C) Target validation by immunoblotting HA-Ub-VME ABP labelling of indicated DUBs following treatment with 1.
Inhibition was observed as a loss of (ABP-labelled) upper band intensity. Values represent percentage inhibition. D) GO annotations
(biological process) significantly enriched for the 27 targets of 2 (125 nM) competed by 1 (625 nM), obtained from STRING. The
number of associated proteins is indicated.



Table 1. Biochemical IC_s of 2 against recombinant DUB targets identified by quantitative MS analysis. Values were measured
using an Ub-Rhodamine fluorescent intensity assay.

Biochemical Biochemical
ICso (UM) ICso (UM)
USP4 0.05 USP15 1.71
USP11 0.21 USP10 2.72
USP16 0.14 USP7 44.2
USP19 0.35 USP5 >100
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Figure 3. Compound 1 functionally inhibits USP33 leading to CP110 instability and synergises with ATR inhibition. A) Western blot
analysis of 1-treated U20S cells. B) Structures of ATM inhibitor KU-55933 and ATR inhibitor VE-821. C) Chou-Talalay analysis of
drug combination treatments. Cl: combination index.



