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ABSTRACT 

 

 

 

Autophagy is a highly conserved intracellular degradation process crucial for 

cell-autonomous immunity against bacterial infection. However, some bacteria 

may subvert the host cytoskeleton to escape recognition from autophagy. In 

the cytosol, Shigella flexneri and Listeria monocytogenes use actin-based 

motility to avoid cell-autonomous immunity and spread from cell-to-cell.  

 

The host cytoskeleton plays a key role in autophagy and its ability to restrict or 

promote bacterial replication. Septins, a cytoskeletal component that interacts 

with cellular membranes and actin filaments, are GTP-binding proteins that 

polymerize into non-polar filaments and rings. Our lab has discovered that 

septin cage-like structures entrap actin-polymerising Shigella targeted to 

autophagy. The septin cage is recognized as a mechanism of host defence 

mechanism, however the precise fate of septin cage entrapped Shigella 

remains unknown.  

 

Evidence has suggested that mitochondria provide membrane for the 

biogenesis of autophagosomes during starvation. The role of the mitochondria 

during the autophagy of Shigella is unknown. Mitochondria are highly dynamic 

organelles characterised by events of membrane fission and fusion. Work has 

previously established a role for the host cell division machinery, i.e. actin and 

myosin, in the regulation of mitochondrial dynamics (a process called 



4	  

‘mitokinesis’). Whether septins are also involved in mitochondrial dynamics 

has not yet been tested. 

For my thesis, the entrapment of Shigella by septin cages was used as a 

paradigm to better understand host defence against bacterial infection and to 

discover new septin biology. Results have shown that mitochondria mediate 

the assembly of septins into cage that target Shigella to degradation by 

autophagy. We have also discovered that septins regulate mitochondrial 

fission. Finally, we have revealed a new link between septins, autophagy, and 

host cell metabolism. Together these results suggest that a more complete 

understanding of septin biology during bacterial infection can enable its 

manipulation for therapeutic purposes.  
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CHAPTER 1: INTRODUCTION 

 

 

 

Cell-autonomous immunity is a first line of host defence against invading 

bacterial pathogens (Randow et al., 2013). Upon invasion of host cells, 

bacteria are enclosed in a membrane-bound vacuole (also called phagosome) 

that acidifies after fusing with lysosomes (Haas, 2007). However, some 

pathogens have mechanisms that allow them to survive inside the phagocytic 

vacuole or escape to the host cell cytosol (Ray et al., 2009). Vacuolar 

bacteria, including Mycobacterium spp. and Salmonella spp., replicate inside 

their phagocytic vacuole by preventing fusion with the lysosome (Cemma and 

Brumell, 2012). In contrast, cytosolic bacteria can escape from the phagocytic 

vacuole before fusion with the lysosome. These pathogens rely on their type 

III secretion system (T3SS) (e.g. Shigella flexneri) or express lytic enzymes 

(e.g. Listeria monocytogenes) to find a gateway to the cytosol	   (Pizarro-Cerda 

et al., 2016).  

 

Host cells use multiple sensors to detect bacterial invasion and activate cell-

autonomous immunity. Specifically, pattern recognition receptors (PRRs) 

localized on the cell surface or in the cytosol recognise pathogen-associated 

molecular patterns (PAMPS) expressed by invading bacteria (Deretic et al., 

2013). Examples of PPRs include Toll-like receptors (TLRs), nucleotide-

binding oligomerization domain (NOD) -like receptors (NLRs), RIG-I-like 

receptors (RLRs) or sequestosome 1/p62-like receptors (SLRs), which 

activate immune signalling pathways to control infection (Deretic, 2012). In the 



	   21	  

case of SLRs, these adaptor proteins initiate clearance of bacteria by 

autophagy (Mostowy, 2013). 

 

Autophagy (from Latin “to eat oneself”) is an evolutionarily conserved 

degradation pathway targeting and eliminating bacteria, viruses and parasites 

(Mizushima et al., 2008, Levine et al., 2011b, Randow, 2011). On the other 

hand, several bacterial pathogens, such as Shigella, Listeria or Salmonella, 

have mechanisms to evade or benefit from autophagy (Deretic and Levine, 

2009, Mostowy, 2013). Interestingly, studies have shown important roles for 

the cytoskeleton in determining the autophagic response to bacterial 

pathogens (Mostowy and Shenoy, 2015).  

 

This chapter will review how the host cell uses autophagy to protect itself 

against invasive bacteria. The first section will focus on autophagy pathways 

and the mechanisms of selective autophagy. The second section is dedicated 

to the role of autophagy in host defence against bacteria. The third section will 

introduce the mitochondria, and describe parallels between the autophagy of 

mitochondria and the autophagy of bacteria. The final section will summarize 

the cytoskeleton and its links to autophagy, followed by the aims of my PhD 

project.  
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1.1. Autophagy 

 

1.1.1. ATGs and the multi-step process of autophagy 

Autophagy is a process of cellular self-eating in which portions of the cytosol 

are isolated into vesicles for lysosomal degradation. The best-described 

autophagy pathways are chaperone-mediated autophagy, microautophagy 

and macroautophagy, which differ in how the cytosolic material is delivered 

into lysosomes (Levine et al., 2011a, Mostowy, 2014). Macroautophagy 

(hereafter referred as autophagy) involves the sequestration of cytosolic 

material into a double membrane vesicle, known as the autophagosome, 

which ultimately fuses with the lysosome for degradation (Ohsumi, 2001, 

Khaminets et al., 2016, Mostowy, 2013). 

 

Autophagy was discovered as a non-selective mechanism for bulk 

degradation of cytosolic components in response to nutrient deprivation 

(Levine et al., 2011a, Mizushima and Komatsu, 2011). Since then, multiple 

studies have shown that autophagy can also selectively target and eliminate 

substrates including misfolded proteins, damaged organelles and intracellular 

pathogens (Boyle and Randow, 2013, Randow and Münz, 2012, Khaminets et 

al., 2016). Autophagy has an important role for several cellular functions 

including development, programmed cell death, tumour suppression and host 

defence (Rubinsztein et al., 2011, Wang et al., 2012, Harris and Rubinsztein, 

2012, Levine et al., 2011b, Boyle and Randow, 2013). 

 

Autophagosome formation occurs in three main steps: initiation, elongation 

and maturation (Wen and Klionsky, 2016). During the initiation (also called 
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nucleation) step, an isolation membrane (also called phagophore) forms and 

targets cargo in the cytosol. The phagophore elongates and seals to 

sequester the cytosolic material into a double-membrane vesicle known as the 

autophagosome. Subsequently, the autophagosome fuses with the lysosome 

to form an autolysosome (Figure 1.1).  

 

Genetic studies using budding yeast Saccharomyces cerevisiae have shown 

that autophagosome formation is mediated by a group of highly conserved 

proteins known as the autophagy-related (ATG) proteins. At least 38 ATG 

proteins have been identified (Xie et al., 2015, Araki et al., 2013). 18 ATGs are 

required for efficient autophagy and are classified in five main groups: the ULK 

complex, the VPS34-PI3K complex, the ATG2-WIPI complex, the ATG12-

conjugation system, and the LC3-conjugation system (Araki et al., 2013). 

These five groups are localized on the phagophore assembly site (PAS) in 

yeast, and cooperate to generate the phagophore. Although no clear 

equivalent of the yeast PAS has been found in mammalian cells, at least half 

of the yeast ATGs have orthologues in humans (Table 1.1) (Xie et al., 2015, 

Feng et al., 2014). 
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Table 1.1: Autophagy-related (ATG) proteins.  
Mammalian ATGs and their yeast counterparts are shown. Specific mammalian 
factors required for autophagosome biogenesis are also indicated. Adapted from 
(Bento et al., 2016) 

Complex Mammals Yeast Characteristics Function 

ULK-
complex ULK1,2 Atg1 Ser/Thr kinase; ULK1,2 are 

phosphorylated by mTORC1 
Negatively regulated 
by (m)TORC1.  

ATG13 Atg13 Target of the mTOR signaling 
pathway 

FIP200 Atg17 Scaffold for ULK1,2 and ATG13 

ATG101 nd Interacts with ATG13 

VPS34-PI3K 
complex 

hVPS34 Vps34 PI3-kinase Produces PI3P at the 
site of 
autophagosome 
formation. Bcl-2 
inhibits autophagy by 
sequestering Beclin1 
from the PI3K 
complex 

VPS15 Vps15 Ser/Thr kinase 

Becltin1 Atg6 Beclin1 interacts with Bcl-2 

ATG14L Atg14 Autophagy-specific  subunit 

ATG2-WIPI 
complex  ATG2A,B Atg2 Important for ATG9 recruitment 

to expanding autophagosomes 
ATG9 and WIPIs are 
present on 
autophagosomal 
membrane. WIPIs 
interact with 
phosphoinositides to 
allow expansion of the 
nascent 
autophagosome 

mATG9 Atg9 

Transmembrane protein 
postulated to be a carrier for 
membrane during phagophore 
expansion  

WIPI-1,2,3,4 Atg18 Important for ATG9 recruitment 
to autophagosome 

DECP1 nd PI3P-binding protein 

ATG12-
conjugation 
system 

ATG5 Atg5 Acting as an E3-like enzyme in 
LC3 lipidation 

The complex ATG12-
ATG5-ATG16L1 is 
essential for 
elongation step, and it 
is important for LC3-
PE conjugation 

ATG7 Atg7 E1-like enzyme in LC3 and 
ATG12 conjugation 

ATG10 Atg10 E2-like enzyme in ATG12 
conjugation 

ATG12 Atg12 Ubiquitin-like protein that 
conjugates to ATG5 

ATG16L1,2 Atg16 

Binds to ATG5-ATG12 and is 
postulated to specify LC3 
lipidation sites in autophagic 
membranes 

LC3 
conjugation 
system 

ATG3 Atg3 E2-like enzyme in LC3 lipidation LC3-PE conjugation is 
essential for isolation 
membrane elongation 
and closure. LC3 is 
present on both outer 
and inner membrane 
of autophagosomes. 
Required for selective 
autophagy in yeast 
and mammals. 

ATG4A,B,C,D Atg4 Cysteine protease involved in 
LC3 activation and delipidation 

ATG7 Atg7 E1-like enzyme in LC3 and 
ATG12 conjugation 

LC3A, B, C;  
GABARAPs; 
GATE-16 

Atg8 
Ubiquitin-like proteins that 
conjugate to PE and are used 
as autophagosome markers 
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1.1.2. Molecular events of autophagy 

The events of autophagosome formation are regulated by the ATG1-UNC-51-

like kinases (ULK) complex together with the class III phosphatidylinositol  

(PtdIns) 3-kinase (PI3K) complex (Johansen and Lamark, 2011, Moreau et al., 

2013). Under nutrient-rich conditions, the serine/threonine kinase mammalian 

target of rapamycin (mTOR) complex 1 (mTORC1) negatively regulates 

activity of ULK complex (Ravikumar et al., 2004). Following amino acid 

deprivation, the ULK complex dissociates from mTORC1 and interacts with 

the PI3K complex, vacuolar protein sorting 34 (VPS34) complex and Beclin 1 

(Zhong et al., 2009, Ganley et al., 2009, Hosokawa et al., 2009, Jung et al., 

2009).  

The VSP34 complex produces phosphatidylinositol-3-phosphate (PI(3)P), 

which recruits the double SYVE-containing protein 1 (DFCP1) and WD-repeat 

domain phosphoinositide-interacting (WIPI) family proteins, which respectively 

provide a platform for expansion of the isolation membrane and promote the 

formation of the autophagosomes  (Axe et al., 2008, Polson et al., 2010). 

 

The steps of elongation and autophagosome closure are regulated by the 

ATG12-ATG5 ubiquitin-like conjugation system and the ATG8 lipidation 

system (Ichimura et al., 2000, Kabeya et al., 2000). The ATG12-ATG5 

complex interacts with ATG16L1 to form an ATG12-ATG5-ATG16L1 complex 

essential for autophagosome biogenesis (Mizushima et al., 2003). 

Recruitment of ATG12-ATG5-ATG16L1 to the phagophore requires the 

generation of PI(3)P, as it recruits ATG8/LC3 family members to the isolation 

membrane. ATG12-ATG5-ATG16L1 dissociates upon completion of 
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autophagosome biogenesis (Itakura and Mizushima, 2010, Mizushima et al., 

2001, Mizushima et al., 2003).  

The conjugation of ATG8 to phosphatidylethanolamine (PE) is required to 

mediate closure of the autophagosome (Kabeya et al., 2000, Mostowy, 2014). 

The ATG8 lipidation system has six ATG8 orthologues belonging to the light 

chain 3 (LC3) or ϒ-aminobutyric acid receptor-associated (GABARAP) 

proteins subfamilies (Mizushima et al., 2011). LC3 is synthesized as a 

precursor in the cytosol, and upon induction of autophagy the ATG12-ATG5-

ATG16L1 complex conjugates a glycine (Gly) exposed at the C-terminal of 

LC3 to PE (LC3-PE) (Kabeya et al., 2004, Fujita et al., 2008). LC3-PE is found 

in the inner and outer membranes of the pre-autophagosomes. Upon 

autophagosome closure, ATG4 cleaves LC3 from the outer membrane of the 

autophagosome, thus only LC3 associated to the inner membrane is degraded 

by autophagy (Ichimura et al., 2000, Kirisako et al., 2000). This feature makes 

LC3 valuable as a marker for the entire process of autophagy (Itakura and 

Mizushima, 2010). 

 

Fusion of autophagosomes with the lysosomal compartment is mediated by 

TECPR1 in a step regulated by ATG14 (Chen et al., 2012b, Diao et al., 2015). 

During this process, ATG14 binds to syntaxinx17 (STX17) and SNAP29 to 

form a stable STX17-SNAP29 binary t-SNARE complex, which then interacts 

with VAMP8 to promote fusion (Diao et al., 2015, Itakura et al., 2012). 

Autophagosome clearance is mediated by the interaction between STX17 and 

the homotypic fusion and vacuole protein sorting (HOPS) tethering complex 

(Figure 1.1) (Takáts et al., 2014). 
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Evidence has recently shown that some ATGs have a role outside of 

canonical autophagy, in a process called ‘non-canonical autophagy’ (Mostowy, 

2013, Huang and Brumell, 2014). During this non-canonical autophagy, a 

subset of ATG proteins are recruited to a pre-existing membrane without 

following the hierarchy of events required for autophagy.  

 

Figure 1.1: Molecular mechanism of canonical autophagy 
Upon starvation, the ULK- and VPS34-PI3K -complexes contribute to the generation of a double 
membrane (phagophore), which targets the cargo from the cytosol. The ATG2-WIPI complex 
promotes the elongation of the phagophore to form a double membrane vacuole 
(autophagosome), in a step completed by the ATG12-ATG5-ATG16L1 complex and the ATG8 
lipidation system. The maturation of the autophagosome occurs with fusion with lysosomes to 
form the autolysosome, in a process mediated by ATG12-ATG5-16L1, ATG14, VAMP8 and the 
t-SNARE complex. Finally, the material enclosed in the autolysosome is degraded due to fusion 
with lysosomes and acidification of the vacuole.  
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1.1.3. Membrane dynamics and origin of the autophagosomal 

membrane 

The precise source of membrane for autophagosome biogenesis remains to 

be established (Tooze and Yoshimori, 2010). Early observations suggested 

that autophagosomal membranes are synthesised de novo from a Golgi-ER-

lysosome compartment (Fengsrud et al., 2000). By contrast, more recent 

research has suggested that the phagophore can arise from pre-existing 

membranes (Orsi	  et	  al.,	  2010)	  . 

 

Autophagosome formation can be observed at various sites in mammalian 

cells, suggesting different sources of autophagosomal membrane. It was 

originally suggested that endoplasmic reticulum (ER) contributes to the 

autophagosomal membrane during starvation (Axe et al., 2008, Hayashi-

Nishino et al., 2009). However, whether ER can provide membrane for the 

expansion of the phagophore at early stage of autophagy under non-starvation 

conditions (e.g. selective autophagy) still remains unclear. Evidence has also 

suggested that mitochondria contribute membrane to the growing 

autophagosome (Hailey et al., 2010). However, further investigation is 

required to determine the precise contribution of mitochondria to 

autophagosome biogenesis. The plasma membrane may also contribute to 

early autophagosomal structures (Ravikumar et al., 2010).  In this case, it was 

proposed the plasma membrane can act as a reservoir for autophagosome 

biogenesis during periods of increased autophagy (Ravikumar et al., 2010). 

 

Collectively, further studies are needed to determine to what extent different 

membrane sources contribute to autophagosome formation. If and how 
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multiple membrane sources act cooperatively, or whether they contribute 

differently, to specialised forms of autophagy remains to be fully elucidated. 

 

1.1.4. Selective autophagy against bacterial infection 

Mounting evidence has implicated autophagy as a selective process (Lazarou 

et al., 2015, Khaminets et al., 2016). A variety of selective autophagy 

pathways have been described and named after the cellular target, including 

protein inclusions caused by aggregate-prone or misfolded proteins 

(aggrephagy), peroxisomes (pexophagy), ribosomes (ribophagy), endoplasmic 

reticulum (ER-phagy), nuclear envelope (nuclear-phagy), liposomes 

(lipophagy), ferritin (ferritinophagy), lysosomes (lysophagy), mitochondria 

(mitophagy), and intracellular bacterial pathogens (xenophagy) (Khaminets et 

al., 2016) (Table1.2). 

 

Xenophagy is a key component of innate immunity to infection (Mostowy, 

2013). While the exact mechanism of bacterial recognition by autophagy 

remains unknown, the most-characterized process involves ubiquitination and 

the recruitment of SLRs including p62 (sequestosome1 or SQSTM1), NDP52 

(nuclear domain 10 protein 52), NBR1 (neighbor of BRCA1 gene 1) and OPTN 

(optineurin) (Deretic et al., 2013). The binding of SLRs to both ubiquitin (via a 

ubiquitin binding domain) and to LC3 family members (via a LC3-interacting 

region) directs the autophagy machinery to the bacteria (Birgisdottir et al., 

2013). In addition to binding ubiquitin, NDP52 uniquely recognizes cargo 

labelled with Galectin-8, a marker of membrane damage exposed to the 

cytosol after rupture of a phagocytic vacuole (Thurston et al., 2012). 
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Table 1.2: Overview of receptors and substrates in selective autophagy 
pathways.  
Ub-dependent and Ub-independent receptors are indicated. Adapted from Khaminets 
et al., 2016 

Pathway Receptor Target 

Ub-dependent 

Aggrephagy p62, NBR1, OPTN, 
Cue5,TOLLIP 

Protein aggregates 
 

Mitophagy OPTN, NDP52, p62, 
Tax1BP1 

Mitochondria 

Xenophagy p62, NDP52, OPTN Bacteria 

Pexophagy NBR1 Peroxisomes 

Zymophagy p62 Zymogen 

Proteaphagy RPN10 Proteasomes 

Midbody disposal p62, NBR1 Midbody 

Nucleic acid disposal p62, NDP52 Nucleic acids 

Ub-independent 

Mitophagy NIX, BNIP3, FUNDC1, 
Atg32 

Mitochondria 

ER-phagy FAM134B, Atg40 ER 

Nucleophagy Atg39 Nuclear envelope 

Ferritinophagy NCOA4 Ferritin 

Pexophagy NBR1, Atg30, Atg36 Peroxisomes 

Glycophagy Stbd1 Glycogen 

Signalophagy c-Cbl Src 

Cvt targeting Atg19, Atg34 Ape1,Arns1 

Lysophagy Galectin-8 Lysosomes 

Xenophagy Galectin-8 Bacteria 

Virophagy TRIM5a, SMURF1 Viral components 

Fatty scid synthase 
(FAS) disposal 

FAS FAS 
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1.1.5. The role p62 and NDP52 in bacterial autophagy 

The precise targets of ubiquitination underlying bacterial autophagy remain to 

be discovered (Khaminets et al., 2016). E3 ligase proteins are involved in the 

poly-ubiquitination process of cytosolic bacteria (Morimoto et al., 2015). 

Recently, LRSAM1 and Parkin have been identified as important E3 ligases 

during autophagy of Salmonella and M. tubercolosis respectively (Huett et al., 

2012, Manzanillo et al., 2013).  

 

The recruitment of p62 and / or NDP52 to bacterial autophagy has been 

reported for a wide variety of bacterial pathogens, including Salmonella 

Typhimurium, Mycobacteria spp, Listeria monocytogenes, and Shigella 

flexneri (Mostowy et al., 2011b, Yoshikawa et al., 2009, Thurston et al., 2012, 

Dupont et al., 2009, Pilli et al., 2012). Specific examples of bacterial 

autophagy will be described in full in the sections below. 

 

1.1.6. Non-canonical autophagy: a pro-bacterial process? 

Non-canonical autophagy is characterised by the recruitment of some ATGs to 

pre-existing membranes (Huang and Brumell, 2014, Florey and Overholtzer, 

2012). In a process known as LC3-associated phagocytosis (LAP), non-

canonical autophagy bypasses double-membrane autophagosome 

biogenesis, and facilitates lysosome fusion to single membranes and the 

degradation of internalized cargos (Florey et al., 2011). Examples of LAP were 

first reported during infection of host cells with Escherichia coli, where Beclin1 

and LC3 are recruited to the phagocytic vacuole after bacterial internalization 

mediated by TLR signalling pathways (Sanjuan et al., 2007). LAP has since 

been reported to restrict the replication of some bacterial pathogens including 
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Salmonella and Burkholderia pseudomallei (Lam et al., 2013, Martinez et al., 

2015). In contrast, non-canonical autophagy has also been described to 

promote the replication of some bacterial pathogens (Figure 1.2)(Mostowy, 

2013). For example, Staphylococcus aureus and Brucella abortus are two 

Gram-positive bacteria that have been shown to exploit non-canonical 

autophagy pathways for intracellular replication (Mestre et al., 2010, Starr et 

al., 2012).  

 

After escaping from the phagocytic vacuole, Listeria is known to avoid 

canonical autophagy by expressing the cell surface ActA. A subpopulation of 

Listeria has also been described to exploit the autophagy machinery by 

forming replicative niches inside spacious Listeria-containing phagosomes 

(SLAPs) (Birmingham et al., 2008). The formations of SLAPs depend on LAP 

pathways together with the activity of Listeria Listeriolysin O (LLO), a pore-

forming toxin, to damage membranes (Cemma and Brumell, 2012). 

Surprisingly, recent work has also shown that intracellular growth of 

Salmonella is impaired in ATG5 or ATG16L depleted cells, suggesting a pro-

bacterial role for these components of the autophagy machinery (Yu et al., 

2014).   
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Figure 1.2: Different autophagy pathways triggered by bacterial invasion. 
A Antibacterial autophagy. After entry into host cells, bacteria are localized inside an 
internalization vacuole. Upon vacuolar disruption, autophagy may recognize 
ubiquitination signals and intracellular pathogens located (left) in the cytosol (e.g. S. 
flexneri, S. Typhimurium) and (right) inside a damaged internalization vacuole (e.g. M. 
tuberculosis). In both cases, the enclosed bacterium is delivered to the lysosome for 
degradation. 
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B Pro-bacterial autophagy. Some internalized bacteria may recruit a subset of the 
autophagy machinery and create a replicative niche inside an autophagosome-like 
vacuole. These bacteria subvert the autophagy machinery to avoid degradation in a 
lysosomal compartment and support bacterial replication. Ub, ubiquitin; SLR, 
autophagy receptor (e.g. p62, NDP52); LC3, ATG8 family proteins. 
Adapted from Mostowy 2013 
 

 

	    



	   35	  

1.2. Autophagy-bacteria interactions  

A theme emerging, mostly from studies using Salmonella, is that anti-bacterial 

autophagy efficiently clears pathogens that are unintentionally exposed to the 

host cytosol (Randow and Münz, 2012, Mostowy, 2013). By contrast, cytosolic 

pathogens (e.g. Listeria and Shigella) that intentionally access the host cytosol 

have mechanisms to avoid autophagic degradation (Killackey et al., 2016). In 

this section, I will focus on bacteria that have served as paradigms of bacterial 

autophagy, namely Salmonella, Listeria and Shigella. 

 

1.2.1. Salmonella Typhimurium 

Salmonella enterica serovar Typhimurium (or Salmonella) is a Gram-negative 

foodbourne bacterial pathogen  (Perrin et al., 2004). Most bacteria replicate 

inside a membranous compartment, the Salmonella containing vacuole (SCV), 

though ~25% of intracellular Salmonella can escape to the cytosol (Mesquita 

et al., 2012, Shahnazari et al., 2010). As a result, Salmonella has been very 

useful to study autophagy-bacteria interactions (Sirianni and Mostowy, 2014).  

 

Pioneering studies first established the links between Salmonella infection and 

selective autophagy showing that p62, NDP52 and OPTN are SLRs crucial for 

Salmonella recognition and degradation by autophagy (Zheng et al., 2009, 

Thurston et al., 2009, Wild et al., 2011). During Salmonella infection, the E3 

ligase LRSAM1 ubiquitinates and recruits NDP52 to Salmonella (Huett et al., 

2012). Interestingly, Salmonella has mechanisms to counteract ubiquitination. 

The bacterial effector SseL deubiquitinates cytosolic aggregates and prevents 

the recruitment of p62 and LC3 (Pruneda et al., 2016, Mesquita et al., 2012).  
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Membranes damaged upon invasion of Salmonella are bound by Galectin 8 

and recognised by NDP52 that preferentially binds to LC3C on the 

autophagosome (Thurston et al., 2012). LC3C is a rarely studied ATG8 family 

member, and the preference of NDP52-LC3C interaction over LC3B suggests 

a layer of specificity for antibacterial autophagy (von Muhlinen et al., 2012). To 

prevent the escape of Salmonella to the cytosol, membrane rupture activates 

TBK1 and recruits the PI(3)P- binding protein WIPI2 for antibacterial 

autophagy (Thurston et al., 2016). Membrane damage caused by Salmonella 

also induces amino acid (AA) starvation (Tattoli et al., 2012). This starvation 

pathway is tightly regulated by mTOR, and Salmonella is able to recruit mTOR 

to the SCV to escape from autophagy-mediated degradation (Tattoli et al., 

2012). Although AA starvation has gained recognition as an immune response 

to cytosolic bacteria (Tattoli et al., 2012), the role of host cell nutritional status 

on pathogen survival remains unclear.  

 

1.2.2. Listeria monocytogenes  

L. monocytogenes is a Gram-positive, foodborne pathogen that grows inside 

phagocytic and non-phagocytic human cells (Cossart, 2011). Following 

infection, Listeria may escape from the vacuole using LLO and 

phospholipases (Meyer-Morse et al., 2010). In macrophages, L. 

monocytogenes may replicate inside SLAPS. In this case, Listeria has been 

shown to colocalize with LAP-related proteins after 1 h post infection, but not 

with ubiquitin or ubiquitin-binding proteins (Lam et al., 2013). Thus, Listeria 

inside SLAPs avoid exposure to the cytosol and avoid the recognition by 

ubiquitination, p62 and selective autophagy (Lam et al., 2013). 
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Following escape to the cytosol, p62 and NDP52 are able to recognise the 

membrane damage caused by LLO (Meyer-Morse et al., 2010, Thurston et al., 

2012). Experiments using Drosophila have shown that autophagy mediated by 

LLO restricts Listeria replication in vivo (Yano et al., 2008). In support of this, 

both mice and Drosophila without Parkin are susceptible to Listeria infection 

(Manzanillo et al., 2013). However, Listeria can also avoid autophagy in the 

cytosol. Expression of the Listeria effector ActA prevents ubiquitination and 

recruitment of p62 and NDP52 (Mostowy et al., 2011b), and mimics N-WASP 

to recruit the Arp2/3 complex to polymerize actin tails and spread from cell-to-

cell (Haglund and Welch, 2011).  

 

1.2.3. Shigella flexneri  

S. flexneri is a Gram-negative enteroinvasive pathogen that infects intestinal 

epithelial cells in the human gut, causing inflammation and diarrhoea (Lima et 

al., 2015). Shigella possesses a large virulence plasmid that encodes genes 

required for host cell invasion and vacuolar escape (Phalipon and Sansonetti, 

2007). 

 

Shigella entry triggers an inflammatory response by recruiting the PRRs 

NOD1 and NOD2 at the plasma membrane (Travassos et al., 2010). However, 

NLRs detect Shigella peptidoglycan and trigger a pro-inflammatory signalling 

cascade to restrict bacterial survival (Philpott et al., 2014). The inflammation 

response driven by NLRs can additionally be suppressed by recruiting 

ATG16L1 (which stimulates phagophore biogenesis) to the phagocytic cup 

(Travassos et al., 2010, Sorbara et al., 2013).  

 



	   38	  

The membrane damage caused by Shigella invasion can generate 

ubiquitinated remnants around the pathogen that is recognised by p62 and 

NDP52. Similar to Salmonella, membrane damage caused by Shigella can 

trigger the galectin8-NDP52-LC3C autophagy pathway in an ubiquitin-

independent manner (Thurston et al., 2012).  

 

The bacterial effector IcsA is expressed on the surface of Shigella and directly 

recruits the Arp2/3 complex to form actin tails (Haglund and Welch, 2011). 

However, ATG5 recognises IcsA (Ogawa et al., 2011, Chen et al., 2012a). 

Shigella avoids ATG5 recognition by expressing IcsB, a T3SS effector, which 

binds and masks IcsA (Leung et al., 2008, Baxt and Goldberg, 2014). IcsB 

also acts in synergy with the Shigella effector VirA to facilitate Shigella escape 

from LC3-positive vacuoles during entry and cell-to-cell spread (Campbell-

Valois et al., 2015). VirA, a guanosine triphosphate (GTP)ase-activating-like 

protein, is a Shigella T3SS effector that inhibits autophagy via inactivation of 

Rab1 GTPase pathways (Dong et al., 2012). The importance of IcsB for 

Shigella survival is highlighted by results showing that Shigella lacking IcsB 

are recognised by the E3 ubiquitin ligase LRSAM1 and susceptible to 

autophagy (Ogawa et al., 2011, Huett et al., 2012). 

As described above for Salmonella, host membrane damage by Shigella also 

triggers amino acid	   starvation, which then induces autophagic response 

(Tattoli et al., 2012). As a consequence, nutrient starvation pathways are 

activated and thought to initiate an immune response against Shigella (Tattoli 

et al., 2012). 
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1.3. Mitochondria  

	  

1.3.1. The powerhouse of the cell 

Mitochondria are an ancient endomembrane organelle. They are considered 

the powerhouse of eukaryotic cells because they regulate the production of 

ATP through respiration (Nunnari and Suomalainen, 2012, Lydia and 

Benjamin, 2013). Mitochondria form a dynamic network, which is continuously 

remodelled by fission (in which one mitochondrion splits in two) and fusion (in 

which two mitochondria merge into one). Mitochondrial fission and fusion are 

crucial to maintain healthy mitochondria, and to prevent the outcome of 

disease associated with defective organelle (Archer, 2014, Wai and Langer, 

2016). The mechanisms underlying mitochondrial dynamics have been 

extensively studied (Mishra and Chan, 2014, Chan, 2012). The fission and 

fusion process relies on GTP-hydrolysing proteins of the dynamin superfamily. 

Mitochondrial fission is mediated by dynamin-related protein 1 (Drp1), a 

cytosolic protein that self-assembles on the mitochondrial outer membrane for 

constriction and abscission (Ishihara et al., 2009, Lackner and Nunnari, 2009, 

Archer, 2014). Drp1 activity is regulated by the phosphorylation of specific 

serine residues (Chang and Blackstone, 2007). Phosphorylation of Drp1 on 

serine 616 is required for mitochondrial fission (Chang and Blackstone, 2010, 

Rambold et al., 2011), while phosphorylation of serine 637 inhibits its fission 

activity (Rambold et al., 2011). 

Mitochondrial fusion is mainly controlled by transmembrane proteins 

mitofusin1 (Mfn1), mitofusin2 (Mfn2) and optic astrophy 1 (OPA1). Mfn1 and 

Mfn2 are two essential transmembrane proteins that drive fusion of 

mitochondrial outer membrane (Meeusen et al., 2006, Song et al., 2009). 
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Mitochondrial inner membrane fusion is led by OPA1, which is dispensable for 

mitochondrial outer membrane fusion (Song et al., 2009).  

New data has highlighted a key role for the cytoskeleton in the regulation of 

mitochondrial dynamics. In particular, work has shown that actin is crucial for 

the fission process (Hatch et al., 2014, Korobova et al., 2013, Manor et al., 

2015).  

 

1.3.2. The emerging field of “mitokinesis” 

How is the recruitment of Drp1 to the mitochondria regulated? Work has 

shown that ER provides force for pre-constriction by wrapping around 

mitochondria at fission sites (Friedman et al., 2011, Korobova et al., 2014, 

Korobova et al., 2013, Murley et al., 2013). Time-lapse microscopy confirmed 

ER-mediated constriction as an essential step for the recruitment of Drp1 to 

mitochondrial membrane (Friedman et al., 2011).  

During cytokinesis, actin filaments and non-muscle myosin II are essential 

components of a contractile (actomyosin) ring that leads to furrow ingression 

at the site of cell division (Mendes Pinto et al., 2012). Actomyosin also is 

localized at the sites of contact between ER and mitochondria, and enables 

the recruitment of Drp1 on mitochondrial membrane for subsequent fission 

(Korobova et al., 2014, Korobova et al., 2013, Hatch et al., 2014). Due to its 

similarities to models for cytokinesis, the process of actin-mediated 

mitochondrial fission is than proposed in a model called “mitokinesis” 

(Korobova et al., 2014).   

What is the role of the cytoskeleton in mitokinesis? A cytoskeleton-mediated 

pre-constriction site would allow Drp1 to oligomerize around the actomyosin 

ring (Figure 1.3) (Macdonald et al., 2014, Fröhlich et al., 2013). The GTPase 
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activity of Drp1 would then increase mitochondrial constriction until the 

organelle is completely separated (Bui and Shaw, 2013, Mears et al., 2011, 

Koirala et al., 2013). Although this model suggests that actomyosin-mediated 

membrane constriction facilitates Drp1 recruitment to sites of mitochondrial 

fission, more work is required to fully test this hypothesis.  

 

 

 
Figure 1.3: Model depicting the molecular events of mitokinesis.  
Step 1: ER (grey) and mitochondrion (red) are not in contact. Drp1 is not tightly 
associated with the mitochondrion. 
Step 2: ER-mitochondrial interaction enables the polymerization of actin filaments at 
the 
interface between the two organelles. Myosin II is recruited to these filaments, and 
myosin II motor activity causes initial constriction of the mitochondrion. 
Step 3: Drp1 is recruited to this constriction site, oligomerizes into a ring, and Drp1 
GTPase 
activity causes constriction of this ring to drive mitochondrial fission. 
Step 4: Upon fission, ER detaches from mitochondrion and actin depolymerizes. 
This is but one possible model from the available data. Adapted from Korobova et al, 
2014. 
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1.3.3. Mitochondrial dynamics and bacterial infection  

Mitochondria play a key role during host-pathogen interactions (Lobet et al., 

2015). During infection of host cells, intracellular pathogens including Listeria 

and Shigella can affect mitochondria function and dynamics (Walker et al., 

2014, Saint-Georges-Chaumet and Edeas, 2016). In the case of Listeria, LLO 

causes global mitochondrial damage and network disruption (Stavru et al., 

2011). By contrast, mitochondrial fragmentation caused by Shigella is 

localised around bacteria, and is not caused by bacterial toxins (Stavru et al., 

2011). Interestingly, Shigella can exploit Drp1-mediated mitochondrial fission 

for intracellular survival (Carneiro et al., 2009, Lum and Morona, 2014, Sirianni 

et al., 2016), although the underlying mechanisms remain to be established. 

 

Mitochondria regulate cellular metabolism and produce energy (Walker et al., 

2014, Palikaras et al., 2015). In addition to providing adenosine triphosphate 

(ATP), mitochondria produce nutrients (i.e. amino acids, lipids, and 

nucleotides) and are a centre for host immune regulation (Stehling et al., 

2014, Miller, 2013).  

 

1.3.4. Mitophagy and bacterial autophagy  

Mitochondria can be selectively eliminated by autophagy in a process called 

mitophagy (Heo et al., 2015). The selective elimination of mitochondria can be 

due to damage, differentiation of tissues or declined metabolic demand 

(Friedman and Nunnari, 2014). Recent work has shown striking parallels 

between bacterial autophagy and mitophagy (Randow	   and	   Youle,	   2014,	  

Manzanillo	   et	   al.,	   2013). Damaged mitochondria are recognised and 

phospho-ubiquitinated by the mitochondrial kinase PINK1 (Lazarou et al., 
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2015, Friedman and Nunnari, 2014). PINK1 then recruits and activates Parkin, 

which mediates ubiquitin chain amplifications for the recognition by p62, 

NDP52 and OPTN (Lazarou et al., 2015, Zhong et al., 2016). The role of 

Parkin-mediated ubiquitination in host defence has recently been observed in 

studies using mycobacteria both in vitro and in vivo (Manzanillo et al., 2013). 

Parkin generates ubiquitin signals around M. tuberculosis when it is still in the 

phagocytic vacuole (Manzanillo et al., 2013). How Parkin is recruited to M. 

tuberculosis still remains unclear. 

 

1.4. The eukaryotic cytoskeleton 

The main components of the cytoskeleton found in eukaryotes include actin, 

microtubules, intermediate filaments and septins (Figure1.4)(Mostowy and 

Cossart, 2012b). These cytoskeletal components can interact with each other, 

and have important roles in numerous cellular processes including cell division 

and host-pathogen interactions (Mostowy and Shenoy, 2015).  
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Figure 1.4: The four components of the cytoskeleton  
A. Actin filaments (F-actin) consist of a polar structure formed by G-actin monomers. 
F-actin is assembled into a helix with a diameter of 7nm, with a barbed end growing 
faster (also called plus end) then the other (also called minus end). 
B. Microtubules (MT) are cylindrical structures composed of basic subunits of α- and 
β-tubulin. MTs nucleate into polar filaments characterised by a fast growing state that 
switches into a rapid shrinking at the ends of a microtubule. This phenomenon is 
known as dynamic instability. 
C.  Intermediate filaments (IFs) are composed of basic tetrameric subunits that 
assemble in an antiparallel fashion to form unit length filaments (ULFs). ULFs join end 
to end to form short filaments that anneal to each other longitudinally to form non-
polar filaments. 
D. Septin subunits interact via a GTP-binding domain (G) and the carboxy-terminal 
and amino-terminal (NC) regions to form a heteromeric complex. These structures join 
end-to-end to form non-polar filaments, which can then form bundles and higher order 
assemblies, including rings. 
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1.4.1. Actin 

Actin (G-actin) is a 40 kDa globular protein that polymerizes into polar 

filaments (F-actin) (Pollard and Cooper, 2009). The process of nucleation is 

initiated by the binding of actin to an ATP, which is hydrolysed into adenosine 

diphosphate (ADP).  

The actin cytoskeleton can form bundles of filaments and networks that 

support the plasma membrane and define cellular shape (Blanchoin et al., 

2014). The polymerization of actin filaments also drives cellular plasticity and 

motility. Eukaryotic cells possess several accessory proteins that help to 

maintain the stability and activity of the actin network (Blanchoin et al., 2014).  

 

The Arp2/3 complex is the best-characterised actin nucleator (Skau and 

Waterman, 2015). Examples of Arp2/3-meidated actin polymerization are 

observed in the formation of lamellopodia, during the process of endocytosis, 

and at cell-to-cell junctions (Mooren et al., 2012). As described above, some 

pathogenic bacteria are known to recruit the Arp2/3 complex to polymerize 

actin tails for intracellular motility (Welch and Way, 2013). 

 

1.4.2. Microtubules 

Microtubules are cylindrical structures, nucleated by dedicated organelles 

called microtubule-organizing centres (MTOCs) into polar filaments with a 

diameter of ~25 nm (Coles and Bradke, 2015).  

Microtubules are characterised by dynamic instability, a fast growing state that 

switches into a rapid shrinking state at the microtubule ends (Desai and 

Mitchison, 1997). Dynamic instability allows rapid reorganization of the 

microtubule network (Pellegrini et al., 2016). 
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1.4.3. Intermediated filaments 

Intermediate filaments include keratin, vimentin and lamins (Margiotta and 

Bucci, 2016). There are approximately 70 genes coding for intermediate 

filament proteins, which are categorized into six types based on sequence and 

structure (Margiotta and Bucci, 2016). Basic tetrameric subunits assemble in 

an antiparallel fashion to form unit length filaments. Unit length filaments join 

end to end to form short filaments that anneal to each other longitudinally, and 

form longer filaments with a diameter of ~11nm (Herrmann et al., 2007). 

Intermediate filaments are non-polar because of the antiparallel orientation of 

the tetrameric subunits, and unlike actin and microtubules, their assembly 

does not require any nucleotide hydrolysis (Herrmann et al., 2009).  

A main function of intermediate filaments is to resist mechanical stresses. 

Intermediate filaments are more stable then actin and microtubules, and are 

viewed to support the majority of the structural roles in human cells (Kornreich 

et al., 2015).  
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1.4.4. The septin cytoskeleton 

1.4.4.1. Septins: the fourth component of the cytoskeleton 

Septins are guanosine triphosphate (GTP)-binding proteins and polymerise to 

form non-polar filaments. They associate with actin, microtubules and cellular 

membrane and therefore can be regarded as a cytoskeleton component 

(Mostowy and Cossart, 2012b). First discovered in S. cerevisiae 40 years ago 

by Lee Hartwell (Hartwell, 1971), septins are a highly conserved family of 

proteins. Humans have 13 functional genes (Sept1-Sept12 and Sept14) that 

encode septin proteins (30–65 kDa), which can be classified into four groups 

(SEPT2, SEPT3, SEPT6 and SEPT7 groups) based on their amino acid 

sequence homology (Nishihama et al., 2011, Mostowy and Cossart, 2012b). 

All septins possess a GTP-binding domain, a septin unique element (SUE) 

comprised of 53 highly conserved amino acids whose function is still unknown, 

and a polybasic region that binds directly to phosphoinositides on the plasma 

membrane (Figure 1.5)(Cao et al., 2007, Pan et al., 2007). One septin of each 

group may interact through their GTP-binding domain (G interface) and their 

N- and C-terminal regions (NC interface) and form basic hetero-oligomeric 

structures (Figure 1.4D). These form rod-shaped complexes (32-40nm in 

length) (Sellin et al., 2011, Kim et al., 2011), and may assemble to form higher 

order structures including rings (~0.6 µm in diameter). Septins are stable 

cytoskeletal components do not undergo rapid dynamic turnover unlike actin 

and microtubules (Hu et al., 2008, Hagiwara et al., 2011). Hydrolysis of GTP 

by septins is thought to induce conformational changes in the G and NC 

interfaces to regulate septin-septin interaction and function (Sirajuddin et al., 

2007, Sirajuddin et al., 2009).  
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Biochemical studies in vitro have shown that septin assembly is membrane-

facilitated (Kinoshita et al., 2002, Bridges et al., 2016). Evidence from budding 

yeast has shown that purified septin complexes polymerize into filaments on 

phosphatidylinositol-4,5-biphosphate (PIdIn4,5P2)-containing lipid monolayers 

(Bertin et al., 2012). Recent studies in mammalian cells have shown that 

septins preferentially bind to lipid bilayers with micron-scale curvature (Bridges 

et al., 2016). 

Septins are best known for their role during cytokinesis (Kinoshita et al., 

2002). Here, septins form filaments alongside actin microfilaments, and 

regulate constriction of the actomyosin ring (Mostowy et al., 2010, Glotzer, 

2005). However, the role of septins in non-dividing cells remains to be fully 

defined.  

 

 

 

Figure 1.5: Septins: the fourth component of the cytoskeleton. 
The schematic shows the classification of septin into 4 subgroups, based on 
sequence homology. Below, the basic structure of the hetero-hexameric complex 
shows the interaction between SEPT2-SEPT6-SEPT7. 
 

 

Ring%

Bundled%filaments%

Filaments%

Heterohexameric%
Complex%
(rod:shaped)%

Subunits%

A"

B"



	   49	  

1.4.4.2. Cellular functions of septins 

Septins have been implicated in a variety of cellular processes acting as 

scaffolds or diffusion barriers. Septin scaffolds accumulate proteins at specific 

locations in the cell and promote their functional interactions (Mostowy and 

Cossart, 2012b). Septin filaments with scaffolding features have also been 

observed in non-dividing cells at the plasma membrane. Here, they play a role 

during clathrin-mediated endocytosis and regulate the distribution of surface 

receptors (Mostowy et al., 2011a, Mostowy and Cossart, 2009). In support of 

this, work has shown a role for SEPT2 and SEPT11 in the anchoring of the 

receptor tyrosine kinase Met to the plasma membrane (Mostowy et al., 

2011a). Septins form stable filaments, and their localization at the plasma 

membrane may confer structural rigidity and help to define cell shape. Indeed, 

studies using atomic force microscopy have shown that the loss of SEPT2 or 

SEPT11 reduces cortical rigidity and plasticity (Tooley et al., 2009, Mostowy et 

al., 2013). In agreement with this, septins have recently been found to scaffold 

the axon/myelin unit, important for myelination of the axons structures (Patzig 

et al., 2016). 

 

Septins have been shown to play important roles as membrane diffusion 

barriers, acting as a physical impediment for transmembrane proteins, and 

compartmentalize membranes into domains (Caudron and Barral, 2009). The 

best examples come from yeast, where selective compartmentalization by 

septins have been characterised at the level of the ER, plasma membrane and 

nuclear envelope (Clay et al., 2014, Shcheprova et al., 2008). 
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Given their role in many essential cellular processes, it is not surprising that 

septins have been implicated in a variety of human diseases including cancer, 

neuropathies, ciliogenesis and infection (Mostowy and Cossart, 2012b, 

Hagiwara et al., 2011). 

 

1.4.4.3. Septins assemble into cage-like structures to prevent 

bacterial dissemination  

Septins form cage-like structures to restrict actin-based motility and autophagy 

escape (Mostowy et al., 2011a, Mostowy et al., 2010). Septins are recruited to 

sites of bacterial actin polymerization together with ubiquitinated proteins, p62 

and NDP52 (Mostowy et al., 2010, Mostowy et al., 2011b).  

 

Rearrangements of the septin cytoskeleton have been observed in response 

to actin polymerization from studies using Listeria or Shigella. Experiments 

performed at the site of bacterial entry first established that septin recruitment 

is dependent on actin (Mostowy et al., 2009a, Mostowy et al., 2010). Here, 

septins were shown to form collar-like structures with actin at the phagocytic 

cup of invading bacteria. The inhibition of actin polymerization with 

cytochalasin D impaired the recruitment of both actin and septin to the site of 

bacterial entry (Mostowy et al., 2009a). 

In the cytosol, septins were observed to form rings of ∼0.6nm in diameter 

surrounding some actin tails polymerized by Listeria or Shigella (Mostowy and 

Cossart, 2012b). Studies on bacterial motility have shown that the inhibition of 

septins did not affect the speed of movement of already motile bacteria 

(Mostowy et al., 2010). The precise role of septin rings surrounding actin tails 

remains to be determined.  
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Septins form cage-like structures around intracellular Shigella and M. marinum 

and restrict bacterial dissemination. For this reason, the septin cage can be 

viewed as a mechanism of host defence (Mostowy et al., 2010). Experiments 

using a Shigella-zebrafish (Danio rerio) infection model revealed septin caging 

in vivo, demonstrating that septin cages are not an artefact of tissue culture 

cells (Mostowy et al., 2013).  

 

1.4.5. The roles of the cytoskeleton in autophagy 

Studies using infection have helped to understand mechanisms underlying 

both infection and cytoskeleton biology (Brumell et al., 2002). Results have 

shown important roles for actin, microtubules, intermediate filaments and 

septins in cell-autonomous immunity against bacterial pathogens (Mostowy 

and Shenoy, 2015).  

 

1.4.5.1. Actin assembly mediates different steps of autophagy 

A role for actin in autophagosome biogenesis has been described. Upon 

starvation-induced autophagy, actin is recruited to structures enriched in 

PI(3)P, important for phagophore formation (Aguilera et al., 2012). Consistent 

with this, actin polymerization has been observed to promote trafficking of 

ATG9 (Hohfeld, 2016). However, in the case of selective degradation of 

protein aggregates, actin has been shown to mediate formation of the 

autolysosome (Figure 1.6A) (Zavodszky et al., 2014) (Lee et al., 2010).  

As described above, cytosolic Shigella and Listeria are well known to exploit 

the actin-polymerizing machinery for actin-based motility (Welch and Way, 

2013). It was recently discovered that the host factor Toca-1 is a key regulator 
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of actin nucleation and the maturation of the autophagosome that can help 

Shigella to avoid recognition by autophagy (Baxt and Goldberg, 2014). Toca-1 

enables N-WASP actin-polymerising activity, which is required by Shigella to 

produce actin tails. During the first part of infection (40 min), the interaction 

between Toca-1 and the Shigella effector IcsB prevents the recruitment of LC3 

and NDP52 around invasive Shigella (Baxt and Goldberg, 2014). The Shigella 

surface protein IcsA/VirG binds N-WASP and polymerizes actin tails. During 

later stages of Shigella infection, the recognition of IcsA by ATG5 and the 

tecnonin domain-containing protein TECPR1 promotes autophagosome-

lysosome maturation (Chen et al., 2012a, Ogawa et al., 2011). However, 

interactions between Toca-1 and IcsB has been shown to inhibit the binding of 

ATG5 to IcsA/VirG (Baxt and Goldberg, 2014). 

In the case of Listeria, the bacterial effector ActA mimics WASP to recruit 

ARP2/3 and polymerizes actin-comet tails (Van Troys et al., 2008). Differently 

from Shigella, Listeria ActA prevents the recruitment of ubiquitin, autophagy 

receptors, and ATG8-family proteins, inhibiting autophagosome formation 

(Mostowy et al., 2009b, Dortet et al., 2011, Yoshikawa et al., 2009).  
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Figure 1.6: The roles of the cytoskeleton in autophagy. 
A Actin is an autophagy modulator. (I) Actin polymerization allows ATG9 to deliver 
membrane to the PAS for autophagosome biogenesis. (II) Fusion between the 
autophagosome and lysosome is mediated by actin during Ub-mediated autophagy. 
(III) Recruitment of the Arp2/3 complex to the surface of bacteria leads to actin tail 
polymerization to escape recognition by autophagy. (IV) Shigella IcsA activity 
promotes polymerization of actin tails. ATG5 recognises the bacterial factor and 
triggers autophagy.  
B Microtubules (MT) regulate autophagosome trafficking. (I) LC3 binds dynein and 
enables the transport of the autophagosomes. (II) Salmonella-induced filaments bind 
dynein and regulate trafficking of the autophagosomes.  
C Intermediate filaments stabilize autophagy. (I) Beclin 1 is phosphorylated by Akt, 
which promotes a Beclin1/ 14-3-3/vimentin complex to inhibit the activation of 
autophagy by Beclin1. (II) Model depicting the mechanism used by Chlamydia to 
establish a replicative niche in a cytoskeleton-dependent manner. 
D Septins promote bacterial autophagy. (I) In the process of avoiding autophagy 
Shigella can be entrapped in septin cages and targeted to autophagy. Two models 
currently available depict the autophagosome inside (left) or outside (right) the septin 
cage (Image adapted from Mostowy, 2014). 

? 
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1.4.5.2. Microtubules regulate autophagosome trafficking  

Microtubules facilitate the trafficking of vesicles for autophagosome fusion 

(Geeraert et al., 2010, Moreau et al., 2011, Radhakrishnan and Splitter, 2012). 

The interaction between the motor protein dynein with LC3 and the 

microtubule-associated protein 1A and 1B (MAP1A and MAP1B), allows the 

autophagosomes to travel along microtubules to the lysosomes concentrated 

near to the MTOC (Figure 1.6B)(Korolchuk et al., 2011).  

 

Invasive pathogens can modulate microtubules dynamics during infection 

(Radhakrishnan and Splitter, 2012). As an example, bacterial T3SS effectors 

have been shown to modulate the stability of microtubules, and in the case of 

Salmonella, the effector SifA stabilizes the microtubules network to enable 

trafficking and maturation of the SCV (Brumell et al., 2002). However, more 

investigation is necessary to understand the full impact of microtubules on 

autophagy. 

 

1.4.5.3. Intermediate filaments stabilize autophagosomes 

Key roles for intermediate filaments in autophagy have been identified. Work 

has shown that autophagy inhibition using protein phosphatase inhibitors (e.g. 

okadaic acid) affects the organization of intermediate filaments (Wong et al., 

2015, Margiotta and Bucci, 2016). Another study has shown that vimentin 

interacts with Beclin1, and forms a Beclin1/14-3-3/vimentin complex to inhibit 

autophagy (Figure 1.6C) (Wang et al., 2012).  

Pathogens such as Chlamydia trachomatis can manipulate intermediate 

filaments for survival (Kumar and Valdivia, 2008). During infection, Chlamydia 

replicate into a large vacuole known as an inclusion, which interacts with the 
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eukaryotic protein 14-3-3β, actin, septin and intermediate filaments 

(Volceanov et al., 2014). Evidence has shown that cytoskeleton-associated 

inclusions are surrounded by autophagosomes and a non-lipidated form of 

LC3, indicating that autophagy does not target these bacteria to degradation 

(Kumar and Valdivia, 2008, Bestebroer et al., 2013).  

 

1.4.5.4. Septins promote bacterial autophagy 

Septins have recently been shown to regulate autophagosome biogenesis in 

yeast during starvation-induced autophagy (Barve et al., 2016). In agreement 

with this, work using HeLa cells has shown that depletion of septins can 

decrease autophagy marker recruitment and autophagosome formation, 

highlighting an interdependent relationship between septins and autophagy 

(Mostowy et al., 2010). 

As mentioned above, septins compartmentalize actin-polymerizing, 

autophagy-positive Shigella into septin cages (Mostowy et al., 2011b, Sirianni 

et al., 2016). Work using M. marinum also showed the recruitment of p62 and 

LC3B to the septin cage (Mostowy et al., 2011b, Mostowy et al., 2010, 

Mostowy et al., 2013). Experiments using IcsA-deficient Shigella have 

demonstrated that bacteria not able to polymerize actin are not recognized by 

septins or autophagy (Mostowy et al., 2011b). Consistent with septin-

autophagy interdependence, siRNA specific for p62, NDP52, ATG5, ATG6 or 

ATG7, showed that septin cages cannot form in autophagy deficient cells 

(Mostowy et al., 2011b).  
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1.5. Project Aims 

 

Septin rearrangements and ultrastructures (i.e. the septin cage) have ben 

shown to function as a mechanism of host defense during Shigella infection. 

How septins assemble into cages and their precise role in bacterial autophagy 

is yet poorly understood. For this reason, we hypothesised that septins might 

interact with host factors to assemble into the cages that target bacteria to 

degradation, in a process triggered by Shigella.  

 

The focus of my PhD is to investigate host determinants required for septin 

cage assembly, and to discover new roles for septins in non-dividing cells. 

Using S. flexneri as a paradigm of infection, my specific aims are: 

 
1. To characterise the Shigella-SEPT7 cage and its role in host defence. 

Previous work has shown that septin cages prevent Shigella cell-to-cell 

spread, and this study shows that SEPT7 is crucial for septin cage 

assembly and anti-bacterial autophagy. 

  

2. To discover novel determinants required for Shigella-septin cage 

assembly. This study has uncovered new links between septins and 

mitochondria. 

 

3. To reveal new roles for septins in host cell metabolism. Results have 

discovered unforeseen links between septins and host cell metabolism. 

 

Aim 1 and 2 are published in EMBO Reports (Sirianni et al., 2016). Aim 3 is a 

manuscript in preparation. 
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CHAPTER 2: SEPT7 cages target Shigella flexneri to 
degradation by autophagy 

 

 

 

2.1. Introduction 

Autophagy was discovered as a non-selective bulk degradation process 

activated by nutrient starvation (Yang and Klionsky, 2010). Research has 

shown that autophagy can also selectively target cytosolic material to 

degradation (Lazarou et al., 2015). Indeed, bacterial autophagy is a selective 

process important for host immunity against invasive bacteria (Huang and 

Brumell, 2014, Cemma and Brumell, 2012). The best-characterised 

mechanism of bacterial autophagy involves the recognition of ubiquitinated 

substrates associated with bacteria by autophagy receptors like p62 and 

NDP52 (Zheng et al., Thurston et al., 2009). On the other hand, mounting 

evidence has shown that several pathogens have evolved mechanisms to 

exploit or avoid autophagy for intracellular survival (Mostowy and Cossart, 

2012a, Huang and Brumell, 2014, Choy and Roy, 2013). The host 

cytoskeleton has emerged as a key player in the process of autophagy and its 

ability to restrict or promote bacterial proliferation (Mostowy, 2014). Cytosolic 

bacteria, such as Shigella or Listeria, use the host cytoskeleton to polymerise 

actin for motility (Welch and Way, 2013). Remarkably, the process of actin 

polymerisation by Shigella or Listeria has been linked to the activation of 

autophagy (Mostowy et al., 2011b, Chen et al., 2012a). In the case of Shigella, 

septins have shown to entrap actin-polymerising bacteria in cage-like 

structures, and target them to autophagy (Mostowy et al., 2011b, Mostowy et 
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al., 2010). Shigella-septin cages colocalise with p62 and NDP52 (Mostowy et 

al., 2011b), and the depletion of septins by siRNA reduced the recruitment of 

these autophagy receptors around Shigella (Mostowy et al., 2011b). However, 

the fate of Shigella entrapped in septin cages remains to be established. 

 

For this study, we used Shigella to investigate septin cage assembly in the 

human epithelial cell line HeLa. In humans, septins from 4 different subgroups, 

which assemble to form filaments or ring-like structures (Table A1). Septin 7 

(SEPT7), which is the only member of its subgroup in humans, is crucial for 

septin complex assembly and function (Mostowy and Cossart, 2012b, Sellin et 

al., 2011). In support of this, studies have shown that the depletion of SEPT7 

also results in the depletion of other septin at the protein level (Tooley et al., 

2009, Estey et al., 2010, Sellin et al., 2011). In addition, cells lacking SEPT7 

have defects in cytokinesis and the embryos of SEPT7-deficient mice fail to 

develop (Spiliotis et al., 2005, Estey et al., 2013, Kinoshita, 2003). Although 

work has shown that SEPT7 plays a key role in fungal pathogenesis of human 

endothelial cells (Phan et al., 2013), a role for SEPT7 during bacterial infection 

had not yet been described. Here, we show that SEPT7 is crucial for septin 

cage assembly and that Shigella entrapped in SEPT7 cages are targeted to 

degradation by autophagy. 
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2.2. Characterisation of SEPT7 

The first crystal structure of a human septin complex revealed that septins 

form a non-polar heteromeric complex: SEPT7-SEPT6-SEPT2-SEPT2-

SEPT6-SEPT7 (Sirajuddin et al., 2007). SEPT7 is an essential component of 

any human or mouse septin complex, as it is the sole member of the SEPT7 

group (Sellin et al., 2011). Confocal microscopy showed that endogenous 

SEPT7 and SEPT6-GFP colocalise together on filaments and also cages 

(Figure 2.1A). In agreement with predictions from the crystal structure, these 

data suggested that SEPT7 assembles together with other septins to form 

higher order structures inside human tissue culture cells. 

 

To study the function of SEPT7, small interfering RNAs (siRNAs) were used. 

Cells were treated with control (CTRL) or two different siRNA sequences 

specific for SEPT7 (SEPT7-1, SEPT7-2). The whole cell extracts of siRNA-

treated cells were immunoblotted for endogenous SEPT2, SEPT6, SEPT7, 

SEPT9 or SEPT11, and the relative amount of proteins quantified by western 

blot (Figure 2.1B). As compared to CTRL cells, cells treated with SEPT7-1 or 

SEPT7-2 siRNA expressed 86.4 ± 2.6% or 84.8 ± 3.3% less SEPT7 protein, 

respectively. Consistent with previous observations (Tooley et al., 2009, Estey 

et al., 2010, Sellin et al., 2011), the depletion of SEPT7 also affected the 

protein expression levels of SEPT2 (40.6 ± 8.8% or 44.7 ± 7.4%), SEPT6 

(32.3 ± 7.4% or 39.6 ± 5.3%), SEPT9 (25.9 ± 6.6% or 15.8 ± 3.3%), and 

SEPT11 (28.6 ± 5.5% or 42.2 ± 7.4%) (Figure 2.1B). 

To understand if regulation of septins by SEPT7 occurs at the transcriptional 

or protein level, the RNA expression of septins was measured by quantitative 

real time PCR (qRT-PCR, in collaboration with Stephen Buranyi). The relative 
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transcription of SEPT2, SEPT6, SEPT7 and SEPT9 in SEPT7-siRNA treated 

cells were compared to a housekeeping gene (GAPDH). These data clearly 

showed a significant decrease in the RNA expression only of SEPT7 (19.2 ± 

3.5 fold), whereas SEPT2, SEPT6 and SEPT9 were not affected (Figure 

2.1C). This suggests that the regulation of septin expression by SEPT7 occurs 

at the protein level, and septins from other subgroups are being degraded in 

the absence of SEPT7. Collectively, these results are in agreement with 

previous studies showing a role for SEPT7 in complex stability (Fung et al., 

2014, Tooley et al., 2009, Patzig et al., 2016). 
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Figure 2.1: SEPT7 is required for septin-complex stability 
A. HeLa cells stably expressing SEPT6-GFP were fixed for confocal microscopy and 
labelled with antibody for endogenous SEPT7. The scale bar represents 5 µm. 
B. HeLa cells were treated with control (CTRL) or two SEPT7 (-1 or -2) siRNA for 72 
h, and whole cell lysates were immunoblotted for SEPT2 (41 kDa), SEPT6 (50 kDa), 
SEPT7 (49 kDa), SEPT9 (75 KDa), or SEPT11 (51 kDa). GAPDH (37 kDa) was used 
as loading control. Graph represents the mean % ± s.e.m. of the relative amount of 
protein quantified by densitometry. Unpaired Student’s t-test, *** = p<0.001, n = 8 
biological replicates per condition. 
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C. HeLa cells were treated with control (CTRL) or SEPT7 siRNA for 72 h, and the 
transcription level of SEPT2, SEPT6, SEPT7 or SEPT9 was quantified by qRT-PCR. 
GAPDH was used as control.  Graph represents the mean ± s.e.m. of the relative 
expression of GAPDH, SEPT2, SEPT6, SEPT7 and SEPT9 mRNA from 2 
independent experiments per treatment. Unpaired Student’s t-test, ns = non 
significant; ** = p<0.01, n = 2 biological replicates, n = 3 technical replicate per 
condition. 
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2.3. SEPT7 is crucial for Shigella-septin cage formation 

Previous studies on Shigella-infected HeLa cells have shown that septins from 

different subgroups (SEPT2, SEPT3, SEPT6, SEPT7) assemble into cages to 

prevent actin-based motility (Mostowy et al., 2010, Mostowy et al., 2009a).  In 

addition, SEPT7-cages have been observed in zebrafish cells in vitro and 

larvae in vivo (Mostowy et al., 2013). The recruitment of SEPT7 to Shigella-

septin cages was investigated using confocal microscopy. SEPT6-GFP was 

used as a positive marker for septin cage assembly, and SEPT6 and SEPT7 

have been already shown to directly interact (Mostowy et al., 2009b, 

Sirajuddin et al., 2007). Consistent with this, SEPT7 was recruited to SEPT6 

cages (Figure 2.2A). 

Next, the recruitment of SEPT7 cages to Shigella during the course of 

infection was quantified (Figure 2.2B). As a result, 9.2 ± 1.4%, 10.1 ± 0.7%, 

and 15.7 ± 2.1% of bacteria recruited SEPT7 cage-like structures at 2 h 40 

minutes post infection (minpi), 3 h 40 minpi, and 4 h 40 minpi, respectively. 

The number of SEPT7-cages recruited to intracellular bacteria is consistent 

with previous observation made for SEPT2 and SEPT9 (Mostowy et al., 2010). 

 

To understand the architecture of SEPT7 cages, structured illumination 

microscopy (SIM, in collaboration with Sina Krokowski) was used. Results 

showed high-resolution images of SEPT7 cages which assembled into 3.2 ± 

0.7 µm (length) × 1.2 ± 0.1 µm (width) cages around S. flexneri (Figure 2.2C). 

These values are consistent with values previously obtained for SEPT2 cages 

using stochastic optical reconstruction microscopy (STORM) (Mostowy et al., 

2010), and suggest that SEPT7 cages are significantly bigger then entrapped 

bacterium. 
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Studies have shown that the recruitment of septins to Shigella is dependent 

upon actin polymerisation (Mostowy et al., 2010, Mostowy and Cossart, 

2011b). Consistent with this, SEPT7-cages colocalise actin-polymerising 

Shigella (Figure 2.2D). To test if the recruitment of SEPT7 to Shigella-septin 

cages is dependent on actin polymerisation, actin polymerisation was inhibited 

using cytochalasin D. At 4h 40minpi, cells treated with DMSO were observed 

to compartmentalise 14.8 ± 0.4 % Shigella inside SEPT7 cages. The inhibition 

of actin dynamics with cytochalasin D significantly reduced (2.9 ± 0.8 fold) the 

recruitment of SEPT7 cages around Shigella at 4 h 40 minpi (Figure 2.2E).  

 

To understand the role of SEPT7 in septin cage formation, cells were treated 

with SEPT7 siRNA and infected with Shigella for 4 h 40 min for quantitative 

microscopy. Samples were labelled for SEPT2, SEPT7 or SEPT9. A 

significant reduction of SEPT2 (5.0 ± 1.6 fold), SEPT7 (5.7 ± 0.6 fold), and 

SEPT9 (5.0 ± 1.0 fold) cages was observed in SEPT7-depleted cells, 

highlighting an essential role for SEPT7 in Shigella-septin cage formation 

(Figure 2.2F). 
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Figure 2.2: SEPT7 is crucial for Shigella-septin cage formation  
A. HeLa cells stably expressing SEPT6-GFP were infected with S. flexneri for 4 h 40 
min, fixed for confocal microscopy, and labelled with antibody for endogenous SEPT7. 
The scale bar represents 1 µm. 
B. HeLa cells were infected with S. flexneri for 2 h 40 min, 3 h 40 min, 4 h 40 min, and 
5 h 40 min, then fixed and labelled with antibodies endogenous SEPT7 for quantitative 
microscopy. Graphs represent the mean % ± s.e.m. of Shigella inside SEPT7 cages. n 
= 3 biological replicates.  
C. HeLa cells were infected with S. flexneri-mCherry for 4 h 40 min, fixed for 3D-SIM, 
and labelled with antibodies to endogenous SEPT7. Inset images show SEPT7 
assembly into helix-like structure around S. flexneri. The scale bar represents 1 µm. 
D. HeLa cells were infected with S.flexneri for 4 h 40 min, fixed for confocal 
microscopy, and labelled with phalloidin for actin and antibody for endogenous 
SEPT7. The scale bar represents 1 µm. 
E. HeLa cells were infected with S.flexneri for 4 h 40 min, treated with DMSO or 
cytochalasin D (CytD) for 30 minutes prior fixation. Graph represents the mean % ± 
s.e.m. of Shigella inside SEPT7 cages. Unpaired Student’s t-test, *** = p<0.001, n = 3. 
F. HeLa cells were treated with control (CTRL) or SEPT7 siRNA for 72 h. Whole cell 
lysate of siRNA-treated cells were immunoblotted for GAPDH (37 kDa) or SEPT7 (49 
kDa) to show the efficiency of SEPT7 depletion. GAPDH was used as loading control. 
siRNA-treated cells were infected with S. flexneri for 4 h 40 min then fixed and 
labelled with antibodies to SEPT2, SEPT7, or SEPT9 for quantitative microscopy. 
Graphs represent the mean % ± s.e.m. of Shigella inside SEPT2, SEPT7, or SEPT9 
cages. Unpaired Student’s t-test, *** = p<0.001, n = 3 biological replicates per 
condition.  
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2.4. The autophagy receptor p62 interacts with septins during 

Shigella infection 

The autophagy receptors p62 and NDP52 target Shigella to an autophagy 

pathway dependent upon septin and actin (Mostowy et al., 2011b). Here we 

investigated the interplay between p62 and SEPT7. HeLa cells were infected 

with Shigella, then fixed and labelled endogenous p62 or SEPT7 for 

quantitative microscopy. In agreement with previous observations made for 

SEPT2 and SEPT9 (Mostowy et al., 2010), we observed that 69.1 ± 2.6% of 

Shigella entrapped in SEPT7 cages also colocalise with p62 (Figure 2.3A). 

The interaction between p62 and septins was investigated by co-

immunoprecipitation in HeLa cells stably expressing SEPT6-GFP. This cell 

line was chosen instead of stably expressing SEPT7-GFP HeLa cells, as the 

overexpression of SEPT6 is better tolerated by the cells and does not inhibit 

Shigella invasion (Serge Mostowy, personal communication). Previous work 

has shown that SEPT6-GFP colocalises with p62 and NDP52 at the Shigella-

septin cage, but immunoprecipitation experiments on infected cells using 

antibodies for SEPT2 or SEPT9 failed to capture any physical interaction 

(Mostowy and Cossart, 2011b). Here, to maximise the number of cells infected 

by Shigella, HeLa cells were infected with S. flexneri M90T AfaI, a hyper-

invasive strain that expresses an adhesin from Escherichia coli (Mazon Moya 

et al., 2014). Pulldowns of SEPT6-GFP in uninfected or infected cells were 

performed using GFP-Trap magnetic agarose beads, and the interactions 

analysed by western blot (Figure 2.3B). Results from co-immunoprecipitation 

experiments confirmed that SEPT6-GFP interacts with SEPT2, SEPT6, 

SEPT7, SEPT9 and SEPT11 (i.e. septins expressed in HeLa cells) in both 

uninfected and infected cells. The autophagy receptor p62 pulled down with 
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septins only in Shigella-infected cells, highlighting a specific interaction during 

infection. Using the same conditions, several co-IP attempts failed to show an 

interaction between SEPT6-GFP and NDP52, suggesting a close association 

between septins and p62 (Mostowy, 2014).  

 

 

Figure 2.3: The autophagy receptor p62 interacts with septins during Shigella 
infection 
A. HeLa cells were infected with S. flexneri for 4 h 40 min, fixed for confocal 
microscopy, and labelled with antibody for endogenous p62 and SEPT7. The scale 
bar represents 1 µm. 
B. HeLa cells stably expressing SEPT6-GFP were infected with S. flexneri AfaI for 4 
h, harvested, and then tested with Co-IP. Empty vector and/or uninfected HeLa cells 
were used in parallel as control. GFP-trap magnetic agarose beads were used to 
isolate SEPT6-GFP from cells, and extracts were immunoblotted for SEPT2 (41 kDa), 
SEPT6 (50 kDa), SEPT7 (49 kDa), SEPT9 (75 KDa), SEPT11 (51 kDa), GFP (27 kDa) 
or p62 (62 kDa). The lysates were immunoblotted for GAPDH (37 kDa) as control for 
cellular protein levels. 
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2.5. Use of inducible fluorescent Shigella strains for single 

bacterial analysis 

To test the role of septin cages in the restriction or promotion of bacterial 

replication, individual bacteria entrapped by septin cages were analysed. To 

allow single bacterial analysis, inducible fluorescent (x-light) Shigella strains 

were generated based on isopropyl β-D-1-thiogalactopyranoside (IPTG) 

inducible plasmids (gift from Prof. Ilan Rosenshine, The Hebrew University of 

Jerusalem). Reporter genes encoding GFP or mCherry were cloned 

downstream of a tac promoter under the control of the LacI repressor (Figure 

2.4A). Binding of IPTG to LacI induces conformational change of the repressor 

and loss of contact with tac; in living (or metabolically active) x-light Shigella 

this induces expression of the reporter gene gfp or mcherry and enables 

subsequent fluorescence. To analyse GFP/mCherry expression, x-light 

Shigella were grown in TCS medium to an absorbance (600 nm) of 0.6 to 

allow analysis at exponential growing phase. To test the ability of Shigella to 

respond to IPTG the culture was split so that half of the culture was treated 

with 70% isopropanol for 30 min and the other half remained untreated. The 

two halves were then treated with 0.1 mM IPTG and stained for SYTOX 

orange®, a marker for compromised cellular membrane characteristic of dead 

cells (Figure 2.4B). Bacteria that failed to respond to IPTG (98.7 ± 0.4%, 

Figure 2.4B and 2.4C) were also positive for SYTOX, suggesting that bacteria 

were metabolically inactive or dead. These data confirmed that x-light Shigella 

is a reliable tool for quantitative microscopy. We next tested the ability of x-

light Shigella to respond to IPTG during infection of HeLa cells. Cells were 

infected with x-light Shigella for 30 min, treated with IPTG for 30 min, and then 

fixed for microscopy. In agreement with the fact that Shigella are professional 
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intracellular pathogens (Sansonetti, 2006), 99 ± 0.1% of x-light Shigella 

responded to IPTG after 1 hpi, suggesting that metabolically active bacteria 

can respond to the treatment inside cells.  

 

 

Figure 2.4: Use of inducible fluorescent Shigella strains for single bacterial 
analysis 
A. Model depicting the x-light system used for single bacterial analysis. S. flexneri 
M90T carry an inducible plasmid (x-light Shigella) engineered with the LacI repressor 
system from Escherichia coli, and a GFP or mCherry gene downstream of the 
operator. In the presence of IPTG, LacI binds the molecule, and stops its repression 
on the operator. As a consequence the fluorescent protein is synthesised when 
bacteria are metabolically active (cartoon from Sirianni et al., 2016).  
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B. Control (CTRL) or isopropanol-treated x-light Shigella GFP were induced with IPTG 
for 30 min, and then labelled with SYTOX Orange for 10 min. The scale bar 
represents 5 µm. 
C. HeLa cells were infected with x-light Shigella GFP for 3 h, induced with IPTG for 30 
min, and then treated with 0.03% saponin + SYTOX Orange for 15 min. 
Representative image shown here. Orthogonal view from image z-stack shows 
intracytosolic x-light negative, SYTOX-positive Shigella. The scale bar represents 5 
µm. 
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2.6. Shigella entrapped by septin cages are targeted to degradation 

To test if septin cages restrict or promote bacterial replication, HeLa cells were 

infected with x-light Shigella for 4 h, then IPTG was added for 30 min prior to 

fixation, and the percentage of intracellular bacteria that respond to IPTG was 

quantified (Figure 2.5A). We found that 45.5 ± 1.7% of bacteria entrapped in 

SEPT7 cages were metabolically active (Figure 2.5B). In contrast, 91.4 ± 

0.8% of intracellular bacteria not entrapped in septin cages were metabolically 

active (Figure 2.5B). Consistent with the fact that bacteria in cages are also 

targeted to autophagy (Mostowy et al., 2010, Mostowy et al., 2011b), similar 

values were obtained for bacteria recruiting p62 (46.7 ± 2.5%) compared to 

p62-negative bacteria (88.3 ± 1.1%) (Figure 2.5C, 2.5D). To investigate 

whether septins can be recruited to already dead bacteria, infected cells were 

treated with the antibiotic erythromycin (in collaboration with Sina Krokowski).  

In the presence of erythromycin, there is a significant reduction of SEPT7 

cages suggesting that septins recognise living bacteria (Figure 2.5E).  

When quantified over time, the % of IPTG-inducible Shigella entrapped in 

SEPT7 cages decreased from 58.9 ± 3% at 3 h 40 minpi to 45.5 ± 1.7% at 4 h 

40 minpi, (Figure 2.5F). Although no statistical difference was observed for 

values obtained at different time points, it is tempting to speculate bacterial 

metabolic activity is decreased in septin cages over time (Figure 2.2B) 

(Figure 2.5F). Together, our observations support the view that bacterial 

autophagy can be an important mechanism of host defence in the case of 

Shigella (Ogawa et al., 2005, Mostowy and Cossart, 2012a, Mostowy et al., 

2013). Although these results suggest that septin cages recognise live 

bacteria to restrict their proliferation, the increased ability of septin cages to 
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restrict the metabolic activity of bacteria during the course of an infection 

awaits investigation. 

 

 

Figure 2.5:Shigella entrapped by septin cages are targeted to degradation 
A. HeLa cells were infected with x-light Shigella mCherry for 4 h 40 min for confocal 
microscopy. IPTG was added 30 min prior to fixation, and then samples were labelled 
with antibody for SEPT7. The scale bar represents 5 µm.  
B. HeLa cells were infected with x-light Shigella mCherry for 4 h 40 min for 
quantitative confocal microscopy. IPTG was added 30 min prior to fixation, and then 
samples were labelled with antibody for SEPT7. Graph represents mean % ± s.e.m. of 
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Shigella responding to IPTG outside (-) or inside (+) SEPT7 cages. Unpaired 
Student’s t-test, *** = p<0.001, n=4 biological replicates. 
C HeLa cells were infected with x-light Shigella mCherry for 4 h 40 min for confocal 
microscopy. IPTG was added 30 min prior to fixation, and then samples were labelled 
with antibody for p62. The scale bar represents 5 µm.  
D. HeLa cells were infected with x-light Shigella mCherry for 4 h 40 min for 
quantitative confocal microscopy. IPTG was added 30 min prior to fixation, and then 
samples were labelled with antibody for p62. Graph represents mean % ± s.e.m. of 
Shigella responding to IPTG without (-) or with (+) p62. Unpaired Student’s t-test, *** = 
p<0.001, n=4 biological replicates. 
E. HeLa cells were infected for 1 h 30 min, treated with ethanol (CTRL) or 
erythromycin (EM) for 2 h prior to fixation, and then labelled with antibody for SEPT7. 
Graph represents mean % ± s.e.m. of Shigella in SEPT7 cages. Unpaired Student’s t-
test, *** = p<0.001, n =3 biological replicates. 
F. HeLa cells were infected with x-light Shigella for 3 h 40 min or 4 h 40 min for 
quantitative confocal microscopy. IPTG was added 30 min prior to fixation, and then 
samples were labelled with antibody for SEPT7. Graph represents mean % ± s.e.m. of 
Shigella responding to IPTG inside SEPT7 cages. Unpaired Student’s t-test, ns = non 
significant, n = 3 biological replicates.  
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2.7. Identification of proteins enriched at the Shigella-septin cage 

To identify novel determinants for septin cage assembly, tandem affinity 

purification (TAP) combined with proteomics analysis was employed. This 

work was done in collaboration with Stephen Buranyi, who engineered a 

FLAG-2xStrep SEPT6 vector for expression in HeLa cells, and carried out the 

TAP experiments (see material and methods section). FLAG-2xStrep tags are 

translated in a short AA sequence  (WSHPQFEKGGWSHPQFEKGGDYKDDD 

DN) that does not cause steric interference to the interaction within SEPT6-

tagged complexes. In addition, FLAG sequence combined with 2xStrep tags 

would increase specificity and quality of protein pulldowns. Protocols were 

optimized to obtain >80% of cells infected. To maximize the number of cells 

infected with Shigella, FLAG-2xStrep-SEPT6-transfected HeLa cells were 

infected with the hyperinvasive strain S. flexneri AfaI (Figure 2.6A). 

Subsequently, sequential FLAG and Strep affinity purification steps were 

performed on the infected cell lysates, and bound proteins identified using 

mass spectrometry (MS). In parallel, control pulldown experiments and MS 

was also performed on proteins isolated from cells that were non-transfected 

and non-infected, non-transfected and infected, transfected and non-infected 

and transfected and cytochalasin D treated. The data sets were additionally 

filtered through the CRAPome repository (Mellacheruvu et al., 2013) to 

remove contaminant proteins from the list. Using this approach, we identified 

99 proteins putatively associated to SEPT6 in uninfected cells (Table 2.1), and 

56 proteins associated with SEPT6 in Shigella infected cells (Table 2.2). 

Among the proteins, 31 were identified to associate with SEPT6 in both 

Shigella infected and non-infected control cells; these include SEPT2, SEPT6, 

SEPT7, SEPT9, and SEPT11. The autophagy markers p62 and LC3B were 
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observed only in infected cells (Table 2.1). The interaction between FLAG-

2xStrep-SEPT6 and p62 was confirmed using co-immunoprecipitation 

experiments (Figure 2.6B), consistent with results already observed using 

SEPT6-GFP HeLa cells (described in Figure 2.3).   

 

Based on analysis from the Gene ontology (GO) database (analysis done by 

Dr. Vanessa Sancho Shimizu), the list of proteins associated with SEPT6 were 

categorised into 6 groups (Figure 2.6C). We observed that 11.0% of proteins 

associated to SEPT6-tagged complexes in non-infected cells bound to septins 

in Shigella-infected cells are classified as exclusively mitochondrial. By 

contrast, 21.4% of mitochondrial proteins associated to SEPT6-tagged 

complexes in Shigella-infected cells. A higher percentage of mitochondrial 

proteins might be the result of reduced recovery of septin-associated proteins, 

due to a less efficient pull down (Table 2.2). Nevertheless, these data 

suggested interplay between septins and mitochondria during infection. For 

this reason, we carried out investigation of septin-mitochondria interactions, 

described in the next chapter. 
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Figure 2.6: Proteomic analysis of proteins enriched at the septin cytoskeleton 
A. HeLa cells were transfected with STREP-FLAG SEPT6 for 24 h, then fixed for 
confocal microscopy and labelled for endogenous SEPT7. Where mentioned, cells 
were infected with S. flexneri AfaI for 4 h. Representative images of non-infected and 
infected cells. The scale bar represents 5 µm.  
B. HeLa cells were transfected with STREP-FLAG SEPT6 for 24 h, infected with S. 
flexneri AfaI for 4 h, harvested, and then tested with Co-IP. Empty vector and/or 
uninfected HeLa cells were used in parallel as control. Anti-FLAG M2 magnetic beads, 
3xFLAG eluent peptides and Strep-Tactin magnetic beads were used to isolate 
STREP-FLAG SEPT6 from cells. Extracts were than immunoblotted for SEPT6 (50 
kDa), GFP (27 kDa) or p62 (62 kDa). The lysates were immunoblotted for GAPDH (37 
KDa) as control for cellular protein levels. 
C. The protein pulldown experiments identified 99 proteins putatively associated to the 
septin cytoskeleton in uninfected cells, and 56 proteins putatively associated to the 
Shigella-septin cage. Proteins are categorised into 6 groups based on analysis from 
the Gene ontology database. See also Table A2 and Table A3. 
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2.8. Summary  

In this chapter we provide evidence that human SEPT7 regulates other 

septins at the protein level, and propose that its depletion impairs septin 

complex stability. In line with what described for other septin groups, the 

inhibition of actin polymerisation limited the recruitment of SEPT7 on septin 

cages. Possible explanations may lie in interdependence between the 

assembly of septin ultrastructures and the actin turnover. Mechanistically, we 

were not able to provide further evidence. However, we show that SEPT7 is 

essential for septin cage assembly during Shigella infection. Quantitative 

confocal microscopy showed that SEPT7 cages colocalise with the autophagy 

marker p62, and co-immunoprecipitation showed the interaction of SEPT6 

with p62 during Shigella infection. To investigate the fate of Shigella entrapped 

in septin cages, we analysed the metabolic activity of bacteria at the level of 

the single cell. Analysis using IPTG-inducible Shigella strains showed that 

bacteria compartmentalised by SEPT7 cages are less responsive to IPTG 

compared to Shigella not entrapped in cages. Similar results were obtained for 

Shigella colocalising with p62 or not, supporting the fact that septin cages 

target bacteria to degradation by autophagy. Our quantitative analysis showed 

that only ~15% of intracellular Shigella are entrapped in septin cages. As a 

result, only a small amount of Shigella is effectively targeted to degradation, 

which justifies the low impact of septins against infection of Shigella in a clinic 

framework. However, the relevance of our results gives reason to further 

investigate the mechanism of septin assembly in order increase the host 

ability to restrict bacterial dissemination. Proteomics was then employed to 

identify novel host determinants that underpin septin cage assembly. 

Interestingly, MS analysis showed that 24.4% of proteins associated to septins 
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during Shigella infection are classified as exclusively mitochondrial. This 

suggests an unexpected interplay between septins and mitochondria during 

Shigella infection. The interplay between septins and mitochondria is 

investigated in the next chapter.  
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CHAPTER 3:  Mitochondria promote septin cage 
assembly for antibacterial autophagy  

 

 

 

3.1. Part I: mitochondria and septin cage assembly 

	  

3.1.1. Introduction  

The process of septin cage assembly is not fully understood. Septins 

recognise cellular membrane characterised by micron-scale curvature, 

including the cleavage furrow, the annulus of spermatozoa, and the 

phagocytic cup surrounding invasive bacterial pathogens (Figure 3.1A) 

(Lobato-Marquez and Mostowy, 2016, Bridges et al., 2016, Tanaka-Takiguchi 

et al., 2009). However, a source of membrane for cytosolic septin assembly 

has not yet been identified. Interestingly, proteomics revealed that 21.4% of 

proteins associated with septins during infection of Shigella are classified as 

exclusively mitochondrial (Chapter 2). These results suggest that mitochondria 

may play a role in septin cage assembly. 

Mitochondria are highly dynamic organelles that form a network regulated by 

fission and fusion. Dynamin-related protein 1 (Drp1) is a cytosolic GTPase 

essential to mediate mitochondrial fission (Bleazard et al., 1999, Smirnova et 

al., 2001). In the absence of Drp1, mitochondria form elongated tubular 

networks, with potential effects on cellular development (Hailey et al., 2010, 

Rambold et al., 2011). By contrast, mitofusin 1 (Mfn1) is a protein required for 

mitochondrial fusion (Ishihara et al., 2004). In the absence of Mfn1, 

mitochondria are fragmented and can be targeted to autophagy (Praefcke and 
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McMahon, 2004). Interestingly, mitochondria have been suggested to provide 

membrane for the autophagosome biogenesis during starvation (Hailey et al., 

2010). In this context, we investigate in this section the role of mitochondria in 

Shigella-septin cage assembly.   

 

 

Figure 3.1:  
A Morphological hallmarks of eukaryotic cells characterised by micron-scale 
membrane curvature and septin assembly (From Lobato-Marquez, 2016). 
B Schematic for a proposed means by which starvation-induced autophagosomes 
utilise mitochondrial membrane during biogenesis (Adapted from Friedman, 2014). 
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3.1.2. Mitochondria closely associate with the Shigella-septin cage  

Studies have shown a close relationship between septin assembly and 

phospholipid membranes (Bridges et al., 2016, Tanaka-Takiguchi et al., 2009). 

Mixing septin complexes with phospholipid-based liposomes in vitro, work has 

shown that septins (i) assemble more efficiently in the presence of 

phospholipid membrane, and (ii) contribute shape to the phospholipid 

membranes (Bridges et al., 2016, Tanaka-Takiguchi et al., 2009). More 

recently, it has been proposed septins recognise micron-scale membrane 

curvature in eukaryotic cells [1]. Our proteomic analysis has revealed that 

mitochondrial proteins are associated with septins during Shigella infection 

(Chapter 2). We therefore investigated the relationship between mitochondria 

and septin assembly.  

Use of cytochalasin D is well known to induce septin assembly into rings of 

~0.6  µm in diameter (Kinoshita et al., 2002). Uninfected cells were treated 

with cytochalasin D, and the association of mitochondria to cytosolic septin 

rings was quantified. Mitochondria localised with septin rings (Figure 3.2A), 

suggesting a link between septin ring assembly and mitochondria. By using 

confocal microscopy and MitoTracker CMXRos to label mitochondrial 

membrane, we also observed that mitochondria also closely associate with 

Shigella-septin cages. After 4 h 40 min of Shigella infection, quantitative 

analysis revealed that 80 ± 1.4% of septin cages associated with mitochondria 

(Figure 3.2B). 
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Figure 3.2: Mitochondria associate with septin rings and cages  
A HeLa cells were stained with MitoTracker Red CMXRos, treated with DMSO or 
cytochalasin D for 30 min, then fixed and labelled for endogenous SEPT7 for confocal 
microscopy. Inset images highlight mitochondria closely associated with septin rings. 
The scale bar represents 5 µm. The right-most image represents a detail of SEPT7 
ring associated to mitochondrial membrane. The scale bar represents 0.5 µm. 
B. HeLa cells were infected with S. flexneri for 4 h 40 min, labelled with MitoTracker 
Red CMXRos, fixed and labelled with antibody for endogenous SEPT7 for quantitative 
confocal microscopy. The scale bar represents 1 µm. Graph represents the mean % ± 
s.e.m. of SEPT7 cages associated to mitochondria. Unpaired  Student’s t-test, ** = 
p<0.01, n = 3 biological replicates.  
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3.1.3. Mitochondria support Shigella-septin cage assembly 

To investigate the association of mitochondria and septin cages entrapping 

bacterium we used correlative light-electron microscopy (CLEM). This 

technique allowed us to locate specific Shigella-septin cages by confocal 

microscopy, and the same region of interest was subsequently observed by 

transmission electron microscopy (TEM, in collaboration with Mike 

Hollinshead, University of Cambridge). SEPT6-GFP HeLa cells were seeded 

on gridded, glass-bottom dishes to specifically localise septin cages during 

Shigella infection (Figure 3.3A). Remarkably CLEM showed mitochondria 

closely associated with Shigella-septin cages and distinct from the double-

membraned autophagosome surrounding bacterium (Figure 3.3B).  

 

Previous work has suggested that mitochondria contribute membrane to the 

growing autophagosome during starvation (Hailey et al., 2010). In this study, 

Hailey et al. showed that the outer mitochondrial membrane marker YFP-

Mitocb5TM, a transmembrane (TM) targeting sequence of an isoform of 

cytochrome b5 (cb5), colocalised with ATG5 and LC3 during starvation (Hailey 

et al., 2010). By testing Mitocb5TM in Shigella infected HeLa cells, we were not 

able to show that mitochondria supply membranes to septin cages (Figure 

3.3C). Instead, live cell imaging using cells expressing mito-BFP revealed that 

septin rings assemble around Shigella at the sites of contact with mitochondria 

(Figure 3.3D). Taken together, these results suggest that mitochondria 

support septin assembly into the cages that entrap Shigella. 
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Figure 3.3: Mitochondria support Shigella-septin cage assembly 
A. HeLa cells stably expressing SEPT6-GFP were transfected with mito-BFP for 24 h, 
infected with Shigella-mCherry for 4 h 40 min, and processed for CLEM. Z-stack (Z1-
Z4) series of septin cages were acquired by fluorescent light microscopy (FLM), and 
then samples were processed for TEM. SEPT6 is shown in green, mitochondria in 
red, and Shigella in blue. The scale bar represents 5 µm. The scale bar in Z-stack (Z1-
Z4) series represents 1 µm.  
B. HeLa cells stably expressing SEPT6-GFP were transfected with Mito-BFP for 24 h, 
infected with Shigella-mCherry for 4 h 40 min, and processed for CLEM. SEPT6 is 
shown in green, mitochondria in red, and Shigella-mCherry in blue. Septin cages 
identified by fluorescent light microscopy (FLM) were processed for TEM. In the right-
most image is enlarged from the boxed region in the TEM images, bacterium (Sf), 
double membrane of autophagy (Au) and the mitochondrial membrane (Mt). The scale 
bar represents 100 nm. 
C. HeLa cells were transfected with YFP-Mitocb5TM for 24 h, infected with S. flexneri 
M90T for 4 h 40 min, then fixed and labelled for endogenous SEPT7 for Widefield 
microscopy. Representative images shown here. The scale bar represents 1 µm.  
D. HeLa cells stably expressing SEPT6-GFP were transfected with Mito-BFP for 24 h, 
then infected with Shigella-mCherry for 2 h for live confocal microscopy. Time frame 
sequence shows a septin cage assembling around Shigella. Mitochondria (dashed 
circle). Each frame was acquired every 2 min. The scale bar represents 1 µm.  
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3.1.4. What is the role of mitochondrial fission / fusion in septin 

cage assembly? 

To test if septin-mitochondria interactions promote septin cage assembly, 

siRNA experiments were performed. Given that Drp1 is critical for 

mitochondrial fission, we depleted Drp1 to generate elongated, tubular 

mitochondrial networks so that mitochondrial membrane will be more available 

for septin cage assembly (Hailey et al., 2010, Rambold et al., 2011). Drp1 

siRNA treated cells were then infected with Shigella for 4 h 40 min. In this 

case we observed a significant increase in Shigella-septin cages (1.4 ± 0.1 

fold) (Figure 3.4). Drp1 is therefore the first host factor identified that can 

counteract septin cage assembly during Shigella infection. Given that Mfn1 is 

critical for mitochondrial fusion, we depleted Mfn1 to generate fragmented 

mitochondria so that mitochondrial membrane will be less available for septin 

cage assembly (Hailey et al., 2010, Rambold et al., 2011, de Brito and 

Scorrano, 2008). When Mfn1-depleted cells were infected with Shigella for 4 h 

40 min, we observed that the number of septin cages is significantly reduced 

(2.6 ± 0.1 fold; Figure 3.4). Together, these findings demonstrate that 

mitochondria promote septin assembly into the cages that entrap Shigella for 

antibacterial autophagy.  
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Figure 3.4: Septin-mitochondria interactions are linked to septin cage assembly 
HeLa cells were treated with control (CTRL), Drp1, or Mfn1 siRNA for 72 h. (A) Whole 
cell lysates were immunoblotted for Drp1 (81 kDa) or Mfn1 (84 kDa) to show the 
efficiency of depletion. The anti-Mfn1 antibody generated and extra band of 75 kDa 
that could be identified as a non-specific binding. GAPDH (37 kDa) was used as 
loading control. (B) siRNA-treated cells were infected with S. flexneri for 4 h 40 min, 
then fixed for microscopy and stained for endogenous SEPT7 for quantitative confocal 
microscopy. Graph represents the mean % ± s.e.m. of Shigella inside SEPT7. 
Unpaired Student’s t-test, ** = p <0.01; *** = p<0.001, n = 4 biological replicates per 
condition. 
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3.2. Part II: A new role for septins in mitochondrial fission 

	  

3.2.1. Introduction 

Mitokinesis is a recently described event in which actin and non-muscle 

myosin II form an actomyosin ring around the mitochondria to generate a 

constriction site that facilitates Drp1-mediated fragmentation (Hatch et al., 

2014, Korobova et al., 2013, Manor et al., 2015). Septins are well known to 

regulate the formation and action of the actomyosin ring during cytokinesis at 

the cleavage furrow (Bridges and Gladfelter, 2015, Renshaw et al., 2014, 

Glotzer, 2005). Here, septins scaffold the recruitment of proteins necessary to 

create the driving force for constriction of the plasma membrane that leads to 

cell division (Proctor et al., 2012, Lee et al., 2012, Pollard, 2010). Moreover, 

mitochondrial fission defects have been observed in vivo in mice knocked out 

for Sept4 (Kissel et al., 2005). Considering this, we investigated a relationship 

between septins and mitochondrial dynamics. 

 

Shigella invasion induces mitochondrial fragmentation (Carneiro et al., 2009, 

Suzuki et al., 2007, Willingham et al., 2007). Shigella IcsA is a bacterial 

transmembrane protein used to polymerise actin for intracellular motility 

(Goldberg and Theriot, 1995). In addition, actin and non-muscle myosin II are 

important for Shigella-septin cage assembly. Given the role for actomyosin in 

Drp1-mediated mitochondrial fission (Korobova et al., 2013, Mostowy et al., 

2010, Mostowy and Cossart, 2011a, De Vos et al., 2005), we investigated the 

hypothesis that Shigella use mitochondrial fragmentation to escape from 

septin cage formation. 
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3.2.2. A role for septins in mitochondrial fission 

Experiments using confocal microscopy and SEPT6-GFP HeLa cells revealed 

that septins localise to sites of mitochondrial fission (Figure 3.5A). We then 

employed electron microscopy (EM) to see high resolution of septins-

mitochondria interaction (in collaboration with Michael Hollinshead). To 

visualise septin filament by EM, a novel protocol was developed using 

diaminobenzidinetetrahydrochloride (DAB)- haptoglobin related protein (HPR) 

immunolabelling for SEPT7, and this provided further evidence for the 

recruitment of septins to sites of mitochondrial fission (Figure 3.5B). To 

investigate the interplay between septins and mitochondria, live-cell imaging 

experiments and super resolution microscopy was performed (in collaboration 

with Sina Krokowski, who acquired the images, and Dr. Ricardo Henriques, 

who helped developing imaging algorithm). HeLa cells stably expressing 

SEPT6-GFP and labelled with MitoTracker Red CMXRos were visualised 

using a super-resolution optical fluctuating imaging (SOFI)- based method 

(Figure 3.5C). Time lapse imaging of one super resolution frame every 30 

seconds was performed, and then super resolution reconstructions were 

generated using a SOFI-based algorithm on Fiji (Gustafsson et al., 2016). 

Using this, septins were observed to induce constriction and fission of 

mitochondria. Together, fixed and live cell microscopies suggest that septins 

coordinate timing and position of mitochondrial fission. 
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Figure 3.5: A role for septins in mitochondrial fission 
A. HeLa cells expressing SEPT6-GFP were stained with MitoTracker Red CMXRos, 
and fixed for confocal microscopy. Inset image highlights location of septins at sites of 
mitochondrial fission. The scale bar represents 5 µm. 
B. HeLa cells were fixed and labelled with antibody against SEPT7 and secondary 
antibody coupled to HRP, and processed for TEM. The right image is enlarged from 
the boxed region in the TEM image, SEPT7 (S7) filament (labelled in black), and 
mitochondrial (Mt) fission site. The scale bar represents 100 nm. 
C. HeLa cells expressing SEPT6-GFP were stained with MitoTracker Red CMXRos 
for live SOFI-based super resolution microscopy. Each image was reconstructed from 
100 raw TIRF frames using a custom made SOFI-based algorithm. Arrows highlight 
SEPT6 association with location of mitochondrial fission. The scale bar represents 1 
µm.  
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3.2.3. SEPT7 colocalises with Drp1 at sites of mitochondrial 

fission 

Drp1 assembles into higher-order oligomers for mitochondrial fission. Using 

confocal microscopy we observed that Drp1 localises with SEPT7 at sites of 

mitochondrial fission (Figure 3.6A). To investigate the relationship between 

septins and Drp1-mediated fission, SEPT7 was targeted to mitochondria using 

an ActA-SEPT7-mRFP fluorescent construct (gift from Dr Elias Spiliotis). In 

brief, ActA-SEPT7-mRFP expresses a fusion protein of SEPT7 tagged to the 

mitochondrial targeting sequence from Listeria effector ActA, which displays 

characteristic motifs of mitochondrial import targeting signals (Pistor et al., 

1994). Observations made by using fluorescent mean-intensity profiling 

showed that ActA-SEPT7-mRFP colocalised with both Drp1 and SEPT7 

(Figure 3.6B), and also mitochondria fragments (Figure 3.6C). When 

quantified, Pearson’s correlation coefficient analysis revealed that 

mitochondria colocalising with ActA-SEPT7-mRFP associated more with Drp1 

compared to mitochondria in cells not expressing the ActA-SEPT7-mRFP 

construct (Figure 3.6D). Together, these results support a role for septins in 

Drp1-mediated mitochondrial fission. 
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Figure 3.6: SEPT7 colocalises with Drp1 at sites of mitochondrial fission 
A. HeLa cells were labelled with MitoTracker Red CMXRos, fixed for microscopy, and 
labelled with antibodies to SEPT7 and Drp1. Arrows highlight one example of Drp1 
and SEPT7 closely associated with a site of mitochondrial fission. The scale bar 
represents 1 µm. 
B. HeLa cells were transfected with Mito-BFP and ActA-SEPT7-mRFP, fixed and 
labelled with antibody to Drp1 for confocal microscopy. The scale bar represents 1 
µm. Representative graph of fluorescent mean-intensity profile shown here.   
C. HeLa cells were transfected with Mito-BFP and ActA-SEPT7-mRFP, fixed and 
labelled with antibody to Drp1 for microscopy. The scale bar represents 5 µm. Inset 
images highlight Drp1 and SEPT7 associated with sites of mitochondrial fission.  
D. HeLa cells were transfected with Mito-BFP and ActA-SEPT7-mRFP, fixed and 
labelled with antibody to Drp1 for quantitative microscopy. Unpaired Student’s t-test, * 
= p<0.05, n = 3 biological replicates. 
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3.2.4. Drp1 interacts with septins to enhance mitochondrial fission 

The role of septins in mitochondrial fission was investigated by measuring the 

length of mitochondria in septin-depleted cells. HeLa cells were treated with 

siRNA sequence specific for septins (SEPT2, SEPT7, or SEPT9), Drp1, or 

SEPT7 + Drp1. The depletion of protein expression was assessed by western 

blot (Figure 3.7A). siRNA treated cells were then stained for MitoTracker Red 

(CMXRos), and mitochondria length was measured (Figure 3.7B, 3.7C). In 

the absence of SEPT7, mitochondria were significantly longer than in control 

cells (6.4 ± 0.6 µm versus 3.5 ± 0.2 µm). A similar increase was observed in 

the absence of SEPT2 (5.1 ± 0.1 µm) or SEPT9 (5.9 ± 0.1 µm). In agreement 

with expectations from the literature (Korobova et al., 2013, Korobova et al., 

2014), similar values were quantified in cells without Drp1 versus control cells 

(6.2 ± 0.3 µm) (Figure 3.7C). The simultaneous depletion of SEPT7 and Drp1 

did not lead to further increase in mitochondria length as compared to single 

depletion experiments, suggesting that SEPT7 and Drp1 are acting in the 

same mitochondrial fission pathway (Figure 3.7C). To test for septin-Drp1 

interactions, co-immunoprecipitation experiments were performed on HeLa 

cells expressing SEPT6-GFP (in collaboration with Julia Pfanzelter, Francis 

Crick Institute). Co-immunoprecipitation experiments showed that SEPT6-GFP 

interacts with other septins (SEPT2, SEPT7) and Drp1 (Figure 3.7D).  
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Figure 3.7: Drp1 interacts with septins to enhance mitochondrial fission 
A. HeLa cells were treated with control (CTRL), SEPT2, SEPT7, SEPT9, Drp1, or 
SEPT7+Drp1 siRNA for 72 h. Whole cell lysate of siRNA-treated cells were 
immunoblotted for indicated antibodies to show the efficiency of siRNA depletion. 
GAPDH was used as a loading control. 
B. HeLa cells were treated with control (CTRL), SEPT7, or Drp1 siRNA for 72 h, 
labelled with MitoTracker Red CMXRos, and fixed for confocal microscopy. The scale 
bar represents 5 µm. 
C. HeLa cells were treated with control (CTRL), SEPT2, SEPT7, SEPT9, Drp1, or 
SEPT7+Drp1 siRNA for 72 h, labelled with MitoTracker Red CMXRos, and fixed for 
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quantitative confocal microscopy. Graph represents the distribution in length (µm) ± 
s.e.m.  of mitochondria in siRNA-treated cells (analysis of at least 349 measurements 
per biological replicate). Two-way ANOVA, *** = p<0.001, ns = non significant, n = 3 
biological replicates per condition. 
D. HeLa cells stably expressing SEPT6-GFP were harvested, and then tested with 
Co-IP. HeLa cells expressing GFP were used in parallel as control. GFP-trap 
magnetic agarose beads were used to isolate SEPT6-GFP from cells, and extracts 
were immunoblotted for Drp1 (81 kDa), SEPT2 (41 KDa), SEPT7 (49 kDa), or GFP 
(27 kDa). The lysates were immunoblotted for GAPDH (37 kDa) as control for cellular 
protein levels. 
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3.2.5. Septins stabilise phosphorylated Drp1 to mitochondria 

The activity of Drp1 is regulated by the phosphorylation of specific serine 

residues. In particular, phosphorylation of serine 616 of Drp1 (P-Drp1) is 

required for mitochondrial fission (Chang and Blackstone, 2010, Rambold et 

al., 2011). Our data has shown that septins influence the recruitment of Drp1 

to the sites of mitochondrial fission. The depletion of SEPT7 does not 

significantly affect levels of Drp1 or Drp1 S616 phosphorylation (Figure 3.8A). 

However, levels of Mfn1 are significantly increased in the absence of SEPT7 

(1.7 ± 0.1 fold; Figure 3.8A). These results are in agreement with elongated 

mitochondria induced by the depletion of SEPT7. 

 

Pearson’s coefficient analysis revealed that the co-localisation of P-Drp1 to 

mitochondria is significantly decreased in SEPT7-depleted cells as compared 

to control cells (Figure 3.8B). By contrast, the intensity of Mfn1 labelling along 

mitochondria is significantly increased in SEPT7-depleted cells as compared 

to control cells (Figure 3.8C). Together, these data suggest that septins 

stabilise the active form of Drp1 (i.e. P-Drp1) to the mitochondria and enable 

fission.  
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Figure 3.8: Septins facilitate the recruitment of the phosphorylated form of Drp1 
to the mitochondria 
A. HeLa cells were treated with control (CTRL) or SEPT7 siRNA for 72 h, and whole 
cell lysates were immunoblotted for SEPT7 (49 kDa), Drp1 (81 kDa), phosphorylated 
Drp1 (P-Drp1, 82 kDa), or Mfn1 (84 kDa). GAPDH (37 kDa) was used as loading 
control. Graph represents the mean % ± s.e.m. of the relative amount of Drp1, P-Drp1, 
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Mfn1, or SEPT7 proteins quantified by densitometry. Unpaired Student’s t-test, ns = 
non-significant; ** = p<0.01, *** = p<0.001, n = 3 biological replicates per condition. 
B. HeLa cells were treated with control (CTRL) or SEPT7 siRNA for 72 h, labelled with 
MitoTracker Red CMXRos, then fixed and labelled for endogenous P-Drp1 for 
quantitative confocal microscopy. Representative images shown here. The scale bar 
represents 1 µm. The co-localisation of P-Drp1 to mitochondria was significantly 
decreased as compared to control cells as measured by Pearson’s correlation 
coefficient ± s.e.m. (analysis of at least 250 cells per biological replicate). Unpaired 
Student’s t-test, * = p<0.05, n = 5 biological replicates.  
C. HeLa cells were treated with control (CTRL) or SEPT7 siRNA for 72 h, labelled with 
MitoTracker Red CMXRos, then fixed and labelled for endogenous Mfn1 for 
quantitative confocal microscopy. Representative images shown here. The scale bar 
represents 1 µm. The co-localisation of Mfn1 to mitochondria was significantly 
increased as compared to control cells as measured by Pearson’s correlation 
coefficient ± s.e.m. (analysis of at least 250 cells per biological replicate). Unpaired 
Student’s t-test, * = p<0.05, n = 5 biological replicates.  
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3.2.6. Shigella fragment mitochondria to counteract septin cage 

entrapment  

The role of mitochondrial fission was then investigated in the septin caging 

against Shigella. Live cell imaging was performed in Mfn1-depleted cells, 

which are characterised by a hyper-fissed mitochondrial network. In this case 

we did not observe septin cage formation. In agreement with septin cage 

formation dependent upon fused mitochondria, we did not observe Shigella-

septin cages when targeting SEPT7 to mitochondria using the ActA-SEPT7-

mRFP construct. By contrast, we showed using Drp1-depleted cells that non-

fragmented, tubular mitochondria support septin cage assembly (Figure 

3.9A). Next, we analysed the metabolic activity of Shigella entrapped by septin 

cages in Drp1-depleted cells. In agreement with a role for septin cages in the 

restriction of bacterial replication (Chapter 2), these results showed that 33.4 ± 

1.7 % of Shigella entrapped in SEPT7 cages are metabolically active (Figure 

3.9B). Together, these findings indicate that the assembly and lethal action of 

septin cage assembly are promoted by non-fragmented mitochondria.  

 

Work using Shigella has played a key role in the discovery that pathogens can 

modulate mitochondria to promote survival or death of the host cell (Carneiro 

et al., 2009, Suzuki et al., 2007, Willingham et al., 2007). Shigella infection of 

non-myeloid cells activates a pathway dependent on Binip3 and cyclophilin D, 

two regulators of mitochondrial permeability during oxidative stress. As a 

result, mitochondria lose inner membrane potential, leading to mitochondrial 

damage and necrotic cell death (Carneiro et al., 2009). In addition, Shigella 

can induce mitochondrial fragmentation to survive and spread from cell-to-cell 

(Lum and Morona, 2014). We hypothesised that Shigella might promote 



	   102	  

mitochondrial fragmentation as a mechanism to avoid septin cage entrapment. 

Consistent with this hypothesis, quantitative microscopy revealed that Shigella 

compartmentalised by septin cages associated with mitochondria, that is 2.2 ± 

0.1 fold longer than mitochondria surrounding cytosolic Shigella lacking septin 

cages (Figure 3.9C). Cytosolic Shigella express the effector IcsA to 

polymerise actin for intracellular motility (Goldberg and Theriot, 1995). 

Experiments using Shigella ΔIcsA showed that mitochondria surrounding 

these bacteria are no different than mitochondria from non-infected cells, and 

are not as fragmented as in cells infected with wild type Shigella (Figure 

3.9D). These data strongly suggest that Shigella-mediated actin 

polymerization induces mitochondrial fragmentation as a mechanism to 

counteract septin cage assembly. The role of Drp1 in this process awaits 

investigation. 
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Figure 3.9: Shigella fragment mitochondria to counteract septin cage 
entrapment  
A. HeLa cells stably expressing SEPT6-GFP were treated with CTRL or Drp1 siRNA 
for 72 h, transfected with mito-BFP 24 h, and then infected with S. flexneri-mCherry 
for 2 h for live-cell confocal microscopy. Representative image shows interplay 
between two Shigella-septin cages and fused mitochondria. The scale bar represents 
1 µm.  
B. HeLa cells were treated with Drp1 siRNA for 72 h, and then infected with x-light 
Shigella mCherry for 4 h 40 min for quantitative confocal microscopy. IPTG was 
added 30 min prior to fixation, and then samples were labelled with antibody for 
SEPT7. Graph represents mean % ± s.e.m. of Shigella responding to IPTG outside (-) 
or inside (+) SEPT7 cages. Student’s t-test, ** = p<0.01, n = 3 biological replicates. 
C. HeLa cells were infected with S. flexneri M90T for 4 h 40 min, labelled with 
MitoTracker Red CMXRos, and fixed for quantitative confocal microscopy. Boxplots 
show the length of mitochondrial (µm) ± s.e.m. surrounding Shigella outside (-) or 
inside (+) SEPT7 cages (analysis of at least 395 measurements per biological 
replicate). Unpaired Student’s t-test; *** = p<0.001, n = 3 biological replicates. 
D. HeLa cells were either kept uninfected as a control or were infected with S. flexneri 
M90T or S. flexneri ΔIcsA for 4 h 40 min. Samples were labelled with MitoTracker Red 
CMXRos, and fixed for quantitative confocal microscopy. Boxplots show length of 
mitochondria (µm) ± s.e.m. in uninfected cells (CTRL), surrounding S. flexneri M90T 
(+M90T) or S. flexneri ΔIcsA (+ΔIcsA) (analysis of at least 750 measurements per 
biological replicate). Unpaired Student’s t-test; *** = p<0.001, n = 3 biological 
replicates per condition.  
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3.3. Summary  

Proteomic analysis revealed a list of mitochondrial proteins associated to the 

Shigella-septin cage, and suggested a role for septin-mitochondria interactions 

during bacterial infection. Septin assemblies recognise micron scale 

membrane curvature, and septin assembly is membrane facilitated (Bridges et 

al., 2016, Tanaka K, 1991). Results from section I of this chapter showed that 

mitochondria support septin cage formation for anti-Shigella autophagy, and 

identified Drp1 as a novel determinant that limits septin cage assembly.  

Use of siRNA and a variety of cutting edge microscopy techniques identified a 

new role for septins in Drp1-mediated mitochondrial fission. In section II we 

showed that Drp1 and septins can interact with each other, and that the 

targeting of SEPT7 to mitochondria increased Drp1-mediated mitochondrial 

fragmentation. In agreement with septins having a role in the recruitment of 

Drp1 to mitochondria for fission, SEPT7 depletion reduced the recruitment of 

P-Drp1 around mitochondria. Although Pearson’s analysis from co-localisation 

experiments are in line with other observations, a dispute may be raised by 

the use of anti-phospho antibodies for quantitative microscopy. Epitope on 

phosphorylated proteins may not be always accessible to the antibody against 

phosphorylated amino acids. Finally, results showed that actin-polymerizing 

Shigella fragment mitochondria in order to counteract septin cage assembly. 

Collectively, these results show that mitochondria promote septin cage 

assembly for antibacterial autophagy, and Shigella employ mitochondrial 

fragmentation to avoid entrapment by septin cages. 
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CHAPTER 4: The exploitation of host cell metabolism 
by intracellular Shigella is mediated by 
septins 

 

4.1. Introduction 

Previous work has established a close relationship between septins and 

autophagy, showing that septin cages are dependent upon the recruitment of 

autophagy markers, including p62 and NDP52 (Mostowy et al., 2011b). 

Septin-autophagy interactions were confirmed in Chapter 2, where results 

showed that septin cages serve as mechanism of host defence that targets 

Shigella to degradation by autophagy. However, work so far has strictly 

focused on bacteria entrapped by septin cages which represents ~15% of 

intracellular Shigella. On the other hand, the impact of septins or autophagy 

on the fate of intracellular bacteria not entrapped septin cages, which 

represents ~85% of intracellular Shigella, remains to be established.  

 

Cytosolic bacteria have been shown to trigger autophagy through host cell 

starvation (Tattoli et al., 2012, Steele et al., 2015). However, the role of host 

cell starvation on bacterial survival remains unclear	   (Popp	   et	   al.,	   2015,	  

Prentice	  et	  al.,	  2007,	  McConville,	  2014,	  Steeb	  et	  al.,	  2013). Recent studies 

have described the ability of some bacterial pathogens, including F. tularensis 

and Salmonella, to harvest autophagy-derived nutrients for intracellular growth 

(Tattoli et al., 2012, Steele et al., 2013). In the case of F. tularensis, these 

bacteria induce non-canonical autophagy and harvest amino acids as carbon 

source for intracellular replication (Steele et al., 2013, Chong et al., 2012). In 

the case of Salmonella, these bacteria regulate starvation-induced autophagy 
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and escape autophagy-mediated degradation by recruiting mammalian target 

of rapamycin (mTOR) to the SCV (Sancak et al., 2008, Sancak et al., 2010). 

Interestingly, starvation-induced autophagy triggered during Salmonella 

infection is caused by membrane damage and similarly to Salmonella, 

cytosolic Shigella triggers starvation induced autophagy after rupturing 

membrane of the phagocytic vacuole (Tattoli et al., 2012). Although 

Salmonella has been shown to transiently induce AA starvation, Shigella can 

induce long lasting AA starvation (Tattoli et al., 2012). The role of starvation 

induced autophagy in the restriction or promotion of bacterial replication 

remains to be fully defined, and is likely to be bacterial dependent.  

 

A recent study performed metabolomics and revealed that intracellular 

Shigella is able to obtain nutrients by redirecting host metabolites derived from 

glycolytic pathways (Kentner et al., 2014). Although infected cells maintained 

normal glycolytic activity, the output of this metabolic pathway was mostly 

acetate instead of pyruvate and lactate. As pyruvate is a high-energy carbon 

source, Shigella uptake pyruvate to produce acetate and ATP to enable 

intracellular replication (Figure 4.1) (Kentner et al., 2014). These 

metabolomics data show that Shigella can hijack host cell metabolism to 

replicate within the host cell. 

 

During my PhD, a link between septins and the metabolic activity of Shigella 

entrapped in septin cages has been established (Chapter 2). In particular, we 

showed that higher proportion of bacteria outside the septin cage are 

metabolically active then bacteria inside the septin cage, demonstrating that 

septins have a role in the restriction of bacterial replication (Chapter 2). In this 

chapter, we investigated the role of septins and autophagy on the fate of 
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intracellular bacteria not compartimentalised by septin cages. We studied the 

relationship between septins, starvation-induced autophagy, and host cell 

metabolism to investigate their impact on the survival of intracellular Shigella.  

 

 

 

Figure 4.1: Metabolic overview of Shigella-infected cells.  
During infection of HeLa cells, Shigella takes up glucose-derived pyruvate from the 
host cell cytoplasm and converts it to acetate. By hijacking host cell metabolism, 
Shigella gathers high-energy nutrients to benefit intracellular replication. 
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4.2. Septins and autophagy are required for the proliferation of 

cytosolic Shigella not entrapped in septin cages 

To test the role of septins and autophagy on Shigella intracellular replication at 

the population level, gentamycin survival assays with siRNA-treated cells were 

employed. HeLa cells were transfected with siRNA sequences specific for 

SEPT2, SEPT7, SEPT9, p62 or NDP52 for 72h, and the level of protein 

depletion was assessed by western blot (Figure 4.2A). To address bacterial 

intracellular replication over time, siRNA-treated cells were infected with 

Shigella M90T for 1 h 40 min, 2 h 40 min or 5 h 40 min at 100:1 MOI. Cells 

were lysed, plated, and counted the next day. To investigate intracellular 

replication (and not host cell invasion), bacterial counts at 2 h 40min or 5 h 40 

min results were normalized to bacterial counts at the earliest time point tested 

(i.e.1 h 40 min which represents bacterial entry, Figure 4.2B, 4.2C). Two 

different siRNA sequences for SEPT7 (SEPT7 siRNA-1 and SEPT7 siRNA-2) 

were used.  Surprisingly, SEPT7 depletion resulted in 4.4 ± 1.2 or 2.1 ± 0.3 

fold, respectively, less Shigella intracellular replication after 5 h 40 min (Figure 

4.2B). Similar results were obtained in cells depleted for SEPT2 (1.8 ± 0.4 

fold) or SEPT9 (1.7 ± 1.1 fold), supporting the hypothesis that septins can 

regulate the intracellular replication of Shigella. 

Autophagy can promote or restrict bacterial replication (Yu et al., 2014, 

Mostowy, 2013, Sirianni and Mostowy, 2014). Works using F. tularensis, 

Salmonella, S. aureus, or Listeria have shown that non-canonical autophagy 

can benefit the replication of some intracellular pathogens (Birmingham et al., 

2008, Cemma and Brumell, 2012, Mestre et al., 2010, Yu et al., 2014, Steele 

et al., 2013). In the case of Salmonella, cytosolic bacteria replicate when 

associated with p62 and/or LC3B, and bacterial replication significantly 
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decreased when autophagy components were depleted (Yu et al., 2014). In 

the case of Shigella, cytosolic bacteria also replicate less after 5 h 40 min 

when cells are depleted of p62 (3.7 ± 1.1 fold-change) or NDP52 (2.6 ± 0.4 

fold-change) (Figure 4.2C). These data suggest that replication of intracellular 

Shigella may be linked to autophagy. 

 

We thus hypothesized that septins and autophagy have a role in the 

replication of intracellular Shigella not entrapped in septin cages. To test this, 

we performed quantitative microscopy to count metabolically active Shigella in 

cells depleted for septins or autophagy. HeLa cells were treated with CTRL, 

SEPT7 or p62 siRNA and infected with x-light Shigella (our IPTG-inducible 

fluorescent strain) at MOI of 100 for 4 h 40 min. After fixation, cells were 

labelled with endogenous SEPT7 to exclude septin-caged bacteria from 

analysis. Metabolically active x-light Shigella express mCherry fluorescent 

protein upon induction with IPTG (Figure 4.2D), and consistent with our 

previous observations (Chapter 2), 92.1 ± 0.5 % of Shigella are metabolically 

active outside SEPT7 cages in CTRL cells. By contrast, 69.9 ± 2.3% or 68.1 ± 

2.4% of Shigella were responsive to IPTG in SEPT7- or p62- depleted cells, 

respectively (Figure 4.2D). These results show that in the absence of SEPT7 

or p62, a significantly lower percentage of intracellular Shigella are 

metabolically active. Collectively, analysis at the level of population (survival 

assays) and single cell (quantitative microscopy) indicate that septin / 

autophagy depletion does not affect Shigella survival per se. Instead, these 

data suggest that septin / autophagy is required for the replication of 

intracellular bacteria. 

 



	   110	  

 

 

GADPH 

siRNA 

GADPH 

SEPT2 

siRNA 

SEPT7 

GADPH 

SEPT9 

siRNA 

GADPH 

p62 

GADPH 

NDP52 

siRNA siRNA 

p62 siRNA SEPT7 siRNA CTRL siRNA 

B 

A 

D 

C 

Figure 3.1 |  Septins control the starvation response induced by Shigella  
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Figure 4.2: Septins and autophagy are required for the proliferation of cytosolic 
Shigella  
Cells were transfected with indicated siRNAs for 72 h. (A) Lysates of HeLa cells 
treated with siRNA for GAPDH, CTRL, SEPT2, SEPT7-1, SEPT7-2, SEPT9, p62 or 
NDP52 were blotted with indicated antibodies to assess the efficiency of protein 
depletion. GAPDH was used as a loading control.  
(B & C) siRNA-treated HeLa cells were infected with Shigella M90T for 1h40min, 
2h40min and 5h40min at 100:1 MOI. At each time-point cells were permeabilised with 
0.1% Triton X-100, then serial dilutions (1, 1:10. 1:100, 1:1000) were plated on LB 
agar plates for CFU count the next day. Graphs represent mean % ± s.e.m. of 
Shigella intracellular fold-change normalized by 1h40min post infection. P-values were 
obtained using unpaired Student’s t-test ** = p<0.01, *** = p<0.001, n = 5 biological 
replicates per condition. 
(D) HeLa cells treated with CTRL, SEPT7-1 or p62-siRNA were infected with x-light 
Shigella mCherry for 4 h 40 min for quantitative confocal microscopy. IPTG was 
added 30min prior to fixation, and then samples were labelled with antibody for 
SEPT7 and Hoechst 342 (H342) for Shigella. Metabolically active x-light Shigella 
would express mCherry fluorescent protein when responding to IPTG. The scale bar 
represents 5 µm. Graph represents mean % ± s.e.m. of Shigella responding to IPTG 
outside SEPT7 cages. P-values were obtained using unpaired Student’s t-test; *** = 
p<0.001; n=6 biological replicates per condition. 
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4.3. Amino acid starvation induces autophagy flux in SEPT7-

depleted HeLa cells 

Some cytosolic pathogens are able to harvest autophagy-derived nutrients 

from the host cell environment by inducing AA starvation. AA starvation is 

known to activate autophagy, and can be used as a tool to investigate the 

turnover (or flux) of autophagy markers, including p62, NDP52 or LC3-II. 

Autophagy flux assays have been previously performed in SEPT2 or SEPT9-

depleted cells, where less autophagy activity was observed (Mostowy et al., 

2010). These results are in line with new data showing that septins are 

required for autophagosome formation during starvation (Barve et al., 2016). 

However, the precise role of SEPT7 in starvation-induced autophagy has yet 

to be established. For these reasons, we investigated the effect of starvation 

and autophagy flux in SEPT7 depleted cells. 

 

To test if starvation could be induced in SEPT7-depleted cells, cells were 

treated with Earle’s Balanced Salt Solution (EBSS) to induce starvation and 

activate autophagy (Mizushima et al., 2010), and autophagy flux was analysed 

(Figure 4.3A). Accordingly, the difference in fold change of autophagy 

markers represents the amount of protein delivered to lysosomal degradation. 

After 6 h of EBSS treatment in CTRL cells, the levels of p62, NDP52 or LC3-II 

significantly decreased by 1.9 ± 0.2, 2.4 ± 0.2, or 1.9 ± 0.3 fold, respectively 

(Figure 4.3B, C, D, CTRL: lane 2). These results highlight the well known role 

for AA starvation in the activation of autophagy to recycle cytosolic material, 

and replenish nutrients needed for cellular functions. To block autophagy flux, 

bafilomycin A1 was employed to inhibit the acidification of autophagosomes 

(Klionsky et al., 2016, Dooley et al., 2014). In line with expectations, the use of 
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bafilomycin A1 led to an accumulation of p62, NDP52 and LC3-II (Figure 

4.3B, C, D, CTRL: lane 3).   

 

The effects of starvation on autophagy flux were next quantified in SEPT7-

depleted cells. After treatment with EBSS, the expression of p62, NDP52 or 

LC3-II significantly decreased by 1.5 ± 0.2, 3.1 ± 0.7, or 1.8 ± 0.2 fold, 

respectively (Figure 4.3B, C, D, SEPT7: lane 2). These results suggest that 

SEPT7-depletion does not affect the ability of cells to be starved. Moreover, 

treatment of SEPT7-depleted cells with bafilomycin A1 led to a significant 

accumulation in the levels of p62, NDP52 or LC3-II (Figure 4.3B, C, D, 

SEPT7: lane 3), suggesting that autophagy flux is not significantly affected by 

the depletion of SEPT7. Together these results show that SEPT7 does not 

play an obvious role in autophagy of HeLa cells. 
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Figure 4.3: Autophagy flux assays in siRNA treated HeLa cells  
HeLa cells were treated with control CTRL or SEPT7 siRNA for 72hr. Amino acid 
starvation was induced with EBSS for 6 hr. Bafilomycin A1 treatment was used for 6 
hr to inhibit acidification of autophagosomes. Whole cell lysates were immunoblotted 
for endogenous GAPDH, p62, NDP52 or LC3. GAPDH was used as a loading control.  
(A) Representative western blot of 4 independent experiments per siRNA treatment 
shows the protein levels of p62 (62 kDa), NDP52 (52 kDa) or LC3 in HeLa cells. Each 
siRNA treatment was tested with (+) or without (-) EBSS or Bafilomycin A1. 
(B,C, & D) Graphs represent the mean % ± s.e.m. of the relative amount of p62 (B), 
NDP52 (C), or LC3-II (D) quantified by densitometry from 4 independent experiments 
from each experimental condition, in CTRL- or SEPT7- treated HeLa cells. P-values 
were obtained using 2way ANOVA; * = p < 0.05, *** = p < 0.001; n=4 biological 
replicates per siRNA treatment. 

Figure 3.2 |  The use of EBBS for amino acid starvation-induced autophagy flux in SEPT7-depletd 
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4.4. Shigella is unable to trigger amino acid starvation in SEPT7-

depleted cells 

Previous work has established a close relationship between starvation and 

autophagy during Shigella infection (Tattoli et al., 2012). We thus investigated 

the role of SEPT7 in the ability of Shigella to induce AA starvation using 

autophagy flux assays. Cells were treated with CTRL or SEPT7 siRNA, and 

infected with hyper invasive Shigella M90T AfaI for 4 h 40 min (Figure 4.4A). 

In CTRL cells, levels of p62 and NDP52 between non-infected and infected 

cells were first analysed (Figure 4.4B,C). In agreement with Shigella’s ability 

to trigger starvation-induced autophagy, levels of p62 and NDP52 decreased 

by 1.5 ± 0.1 and 1.6 ± 0.1 fold, respectively, in cells infected with Shigella 

(Figure 4.4B,C, CTRL: lane 2) as compared to non-infected cells (Figure 

4.4B,C, CTRL: lane 1).  

 

Next, to study autophagy flux during Shigella infection, cells were treated with 

EBSS or bafilomycin A1. Starvation with EBSS during Shigella infection led to 

a significant decrease in levels of p62 (2.3 ± 0.2 fold) or NDP52 (5.2 ± 1.5 fold) 

(Figure 4.4B,C, CTRL: lane 4). These results are similar to what observed in 

non-infected cells (Figure 4.4B,C, CTRL: lane 3), suggesting that starvation-

induced autophagy can be further activated in Shigella-infected cells. 

Treatment with bafilomycin A1 then resulted in the accumulation of autophagy 

markers in both infected and non-infected cells (Figure 4.4B,C, CTRL: lane 5 

and 6).  

 

Next we analysed the ability of Shigella to trigger starvation-induced 

autophagy in SEPT7 depleted cells. Interestingly, the levels of p62 or NDP52 
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did not significantly decrease during infection of SEPT7-deleted cells (Figure 

4.4B,C, SEPT7: lane 2). This suggests that Shigella is not able to induce the 

turnover of autophagy markers in the absence of SEPT7. By contrast, EBSS-

mediated starvation during Shigella infection led to a significant decrease in 

levels of p62 (4.7 ± 1.5 fold) or NDP52 (3.1 ± 0.5 fold) (Figure 4.4B,C, 

SEPT7: lane 4), and treatment with bafilomycin A1 blocked the degradation of 

autophagy markers (Figure 4.4B,C, SEPT7: lane 6). These results are in 

agreement with autophagy flux assays performed in non-infected SEPT7-

depleted cells (Figure 4.3), and show that SEPT7 does not play an obvious 

role during EBSS-mediated starvation. Taken together, these results suggest 

that Shigella triggers cellular starvation in a process dependent upon SEPT7, 

and highlights a newfound role for septins in starvation-induced autophagy 

during Shigella infection. 
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Figure 4.4: Shigella is unable to trigger the starvation-induced autophagy in 
SEPT7-depleted cells  
Autophagy flux assay of HeLa cells treated with control CTRL or SEPT7 siRNA for 
72hr. Cells were infected with Shigella AfaI for 4 h 40 min. Amino acid starvation was 
induced with EBSS for 6hr. 
 
(A) Representative western blot of 4 independent experiments per siRNA treatment 
shows the protein levels of p62 (62 kDa) and NDP52 (52 kDa) in HeLa cells. Each 
siRNA treatment was tested with (+) or without (-) EBSS, Bafilomycin A1, or Shigella 
infection. Experimental conditions are depicted in lane 1 to 6. 
 
(B & C) Graphs represent the mean % ± s.e.m. of the relative amount of p62 (B) or 
NDP52 (C) quantified by densitometry from 4 independent experiments from each 
experimental condition, in CTRL- or SEPT7- treated HeLa cells. P-values were 
obtained using two-way ANOVA; ns= non significant, ** = p < 0.01, *** = p < 0.001; 
n=4 biological replicates per siRNA treatment. 
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4.5. SEPT7-depletion affects Shigella-induced phosphorylation of 

host stress factor eIF2α  

Previous work has shown that activation of autophagy during Shigella infection 

relies on the phosphorylation of eIF2α (P- eIF2α) (Tattoli et al., 2012). eIF2α 

controls mRNA translation and AA homeostasis during cellular stress, and its 

phosphorylation results in acute AA starvation (Wek et al., 2006). 

Phosphorylation eIF2α peaks after 2 h of Shigella infection in HeLa cells 

(Tattoli et al., 2012). We thus tested if eIF2α can be phosphorylated during 

Shigella infection in SEPT7 depleted cells. To maximize the number of cells 

infected with Shigella, siRNA-treated cells were infected with the hyper 

invasive strain Shigella AfaI at MOI of 10 for 1, 2, 3, and 4 h, and the 

expression level of P-eIF2α was quantified by western blot (Figure 4.5A). The 

amount of protein was normalised to the earliest time point tested (i.e. 0 h 

which represents non-infected cells). As expected (Tattoli et al., 2012), levels 

of P-eIF2α increased by 1.7 ± 0.1 fold after 2 h of Shigella infection in CTRL 

(Figure 4.5B). These results show that Shigella AfaI is able to induce host 

stress response during infection of HeLa cells. We then quantified levels of P-

eIF2α in SEPT7-depleted cells. Remarkably, we did not observe an increase 

in P-eIF2α levels during infection by Shigella in the absence of SEPT7 (Figure 

4.5C). These observations suggest that septins are involved in the host stress 

response and AA homeostasis, and that Shigella is unable to trigger 

autophagy in cells without SEPT7. 
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Figure 4.5: SEPT7 mediates the host cell stress response induced by Shigella 
(A) HeLa cells were treated with control CTRL and SEPT7 siRNA for 72hr, then 
infected with Shigella AfaI for 1 h 40 min, 2 h 40 min, 3 h 40 min, and 4 h 40 min. 
Whole cell lysates were immunoblotted for endogenous GAPDH (37 kDa), eIF2α (38 
kDa) and P-eIF2α (38 kDa). GAPDH was used as a loading control.  
(B) Graph represents the mean % ± s.e.m. of the relative amount of P-eIF2α 
quantified by densitometry in CTRL-treated cells from 3 independent experiments per 
treatment. Data were normalized by uninfected HeLa cells (0 h). P-values were 
obtained using Student’s t-test, ns = non significant; * = p<0.05; n=3 biological 
replicates per condition. 
(C) Graph represents the mean % ± s.e.m. of the relative amount of P-eIF2α 
quantified by densitometry in SEPT7-treated cells from 3 independent experiments 
per treatment. Data were normalized by non-infected HeLa cells (0 h). P-values were 
obtained using unpaired Student’s t-test, ns = non significant. n=3 biological replicates 
per condition. 
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4.6. Host cell metabolism is not significantly regulated by 

starvation or SEPT7  

Metabolomic analysis of Shigella-infected cells has revealed that Shigella 

diverts nutrients from the host cell to benefit its intracellular growth (Kentner et 

al., 2014, Wei and Murphy, 2016, Pieper et al., 2013). In particular, Shigella 

obtains high-energy nutrients from the host cell by redirecting pyruvate from 

glucose metabolism (Kentner et al., 2014). Although Shigella-infected cells 

maintain a ‘normal’ metabolism that allows host cells to survive and produce 

energy, Shigella is able to retain pyruvate and digest it further into acetate and 

ATP for its own benefit. Therefore, pyruvate is a carbon source used by 

Shigella to increase its intracellular growth (Kentner et al., 2014). 

 

The activation of AA starvation is linked to the ability of Shigella to harvest 

nutrients from the host cell. To investigate a role for SEPT7 in this process, we 

used liquid chromatography mass-spectrometry accurate mass retention time 

(LC-MS AMRT) in collaboration with Dr. Gerald Larrouy Maumus who 

performed the LC-MS AMRT (Larrouy-Maumus et al., 2013). LC-MS AMRT is 

a novel technique used to quantify metabolites in tissue culture cells (Hird et 

al., 2014). As a result, metabolomics can identify difference in metabolite 

levels between two or more population of cells (Zhu et al., 2013). To test the 

role of SEPT7 and / or starvation in host cell metabolism, we prepared 

extracts from CTRL- or SEPT7-depleted HeLa cells and advanced these 

samples for LC-MS AMRT. 

 

To ensure optimal conditions, experimental settings (i.e. siRNA treatment and 

starvation in HeLa cells) were validated by western blot prior to metabolome 
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analysis (Figure 4.6A). p62 and LC3 were used as markers of starvation-

induced autophagy. In line with observations from our autophagy flux assays 

(Figure 4.3), treatment with EBSS led to a decrease in the level of p62 and 

LC3-II in both CTRL and SEPT7-depleted cells (Figure 4.6A).  

 

A difference in abundance from the total pool of metabolites between CTRL or 

SEPT7-depleted cells was first assessed (Figure 4.6B and C). siRNA-treated 

cells were lysed into a buffer containing acetonitrile/methanol/water at −40°, 

and collected for analysis by LC-MS AMRT. During the mass spectrometry 

process, samples are fragmented into small ion particles characterized by a 

negative or positive charge. The electron mass of compounds is detected by 

electrospray tandem mass spectrum as hundreds or thousands of peaks, with 

a unique mass/charge (m/z) and retention time (Larrouy-Maumus et al., 2013). 

Prior to statistical analysis, results are normalised to the amount of residual 

proteins in the metabolome extracts, in order to avoid false positives from 

proteins derived from the serum in the culturing medium. Finally, the positive 

and negative ion counts of each metabolite were plotted into a Log2 scale 

scattered cloud-plot, which represents the distribution in abundance of 

metabolites between CTRL (Y axis)- and SEPT7 (X axis)-treated cells. In non-

starved conditions (Figure 4.6B), most values of our data defined a cloud plot 

distributed uniformly along a slope of 45°, suggesting no significant difference 

between CTRL (Y axis)- and SEPT7 (X axis)-treated cells. Interestingly, cells 

depleted of SEPT7 mostly showed a normal central metabolism, though a few 

metabolites showed significant alteration (described below). In the case of 

starvation (Figure 4.6C), data were also uniformly distributed along a slope of 

45° between CTRL (Y axis)- and SEPT7 (X axis)-treated cells, suggesting no 

significant difference between siRNA-treated cells. Together, these results 
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suggest that the depletion of SEPT7 or starvation do not significantly alter the 

levels of metabolites in HeLa cells. 
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Figure 4.6: Central host metabolism is not impaired by SEPT7 depletion and 
starvation 
HeLa cells treated with control CTRL or SEPT7 siRNA for 72hr. Amino acid starvation 
was induced with EBSS for 6hr.  
(A) Whole cell lysates were immunoblotted for endogenous GAPDH (37 kDa), p62 (62 
kDa), NDP52 (52 kDa) or LC3 (14-16 kDa). GAPDH was used as a loading control. 
Representative blot showing the protein expression of cells with (+) or without (-) 
EBSS treatment; n=3 biological replicates per condition. 
(B) Representative scattered cloud-plot showing the ion counts of each metabolite 
normalised to the amount of residual proteins in the metabolome extract from CTRL- 
(Y-axis) and SEPT7 (X-axis) siRNA- treated HeLa cells in DMEM+10%FBS. Positive 
mode = (M + H)+; Negative mode = (M – H)=; n=3 biological replicates per condition. 
(C) Representative scattered cloud-plot showing the ion counts of each metabolite 
normalised to the amount of residual proteins in the metabolome extract from CTRL- 
(Y-axis) and SEPT7 (X-axis) siRNA- treated HeLa cells in EBSS. Positive mode = (M 
+ H)+; Negative mode = (M – H)=; n=3 biological replicates per condition. 
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4.7. SEPT7 mediates host cell metabolic pathways critical for 

Shigella proliferation 

To understand the role of SEPT7 in metabolic pathways hijacked by Shigella 

for its intracellular proliferation, we selectively analysed metabolites involved in 

energy and carbon metabolism. We focused on (i) phosphoenolpyruvate 

(PEP), (ii) hexose phosphate, (iii) aspartic acid and (iv) lactate for the following 

reasons. (i) PEP is involved in the glycolytic pathway as a precursor for 

pyruvate and is preferentially used by Shigella (Kentner et al., 2014). (ii) 

Hexose phosphate is part of the pentose-phosphate pathway, an alternative 

glycolytic pathway used by Shigella to produce pyruvate from glucose; hexose 

phosphate is a secondary host source of energy for Shigella (Kentner et al., 

2014, Saier et al., 1975). (iii) Aspartic acid is an essential amino acid used as 

precursor for amino acid biosynthesis (Birsoy et al., 2015). (iv) Lactate is a 

fermented product that host cells can use, instead of PEP, to generate 

pyruvate (Kentner et al., 2014). 

 

Our results using LC-MS AMRT showed that the depletion of SEPT7 led to a 

significant reduction in PEP (4.5 ± 0.1-fold, p<0.01 Figure 4.7A, DMEM + 10% 

FBS), hexose phosphate (2.3 ± 0.1, p<0.05, Figure 4.7B, DMEM + 10% FBS) 

and aspartic acid (2.3 ± 0.2 fold change, p<0.01, Figure 4.7C, DMEM + 10% 

FBS). On the other hand, lactate significantly increased (2.7 ± 0.5, p<0.01, 

Figure 4.7D, DMEM + 10% FBS). As PEP, hexose phosphate, and aspartic 

acid are important carbon sources of energy derived by host glycolytic 

pathways hijacked by Shigella (Kentner et al., 2014), these results suggest 

that SEPT7 depletion affects host metabolic pathways critical for Shigella 

proliferation. Although lactate is a final product of fermentation from glucose, it 
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is not a critical source of pyruvate for Shigella (Kentner et al., 2014). These 

results suggest that SEPT7-depleted cells use fermentation as an alternative 

pathway to produce pyruvate for normal cellular functions.  

 

Given that SEPT7 depleted cells do not undergo AA starvation during infection 

of Shigella (Figure 4.4), we hypothesized that without SEPT7 Shigella cannot 

access nutrients for proliferation. We tested the effect of starvation on carbon 

metabolism in non-infected, siRNA-treated cells. The treatment with EBSS 

restored levels of PEP, hexose phosphate, aspartic acid and lactate in 

SEPT7-depleted cells to the levels observed for CTRL cells (Figure 4.7, 

EBSS). Importantly, these results suggest that defects in the carbon 

metabolism induced by SEPT7-depletion can be rescued during starvation. 

Together, metabolomic analysis has uncovered a novel link between SEPT7, 

autophagy, and the availability of nutrients to intracellular Shigella. 
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Figure 4.7: SEPT7 depletion affects host metabolic pathways critical for Shigella 
proliferation.  
Graph represents the ion counts normalised to the amount of residual proteins in the 
metabolome extract ± s.e.m. of PEP (A), hexose phosphate (B), aspartic acid (C) and 
lactate (D) between siRNA-treated HeLa cells in DMEM+10%FBS or EBSS. P-values 
were obtained using unpaired Student’s t-test, ns = non significant; * = p<0.05; ** = 
p<0.01; *** = p<0.0001; n=3 biological replicates per condition.  
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4.8. Starvation rescues Shigella proliferation in SEPT7-depleted 

cells 

Using metabolomics we have shown that AA starvation restores metabolites 

essential for Shigella to replicate inside the host cell cytosol. Next, we 

investigated the effect of AA starvation on Shigella proliferation, in cells 

depleted of SEPT7. Similar to survival assays performed in section 4.1, cells 

treated with CTRL or SEPT7 siRNA were starved and infected with Shigella 

M90T for 1 h 40 min, 2 h 40 min or 5 h 40 min. CFU counts were performed 

the next day, and the results were all normalized according to counts reflecting 

bacterial entry (i.e. the earliest time point tested 1 h 40 min, Figure 4.8A). 

Consistent with data in section 4.1, the intracellular replication of Shigella in 

SEPT7-depleted cells decreased by 2.6 ± 0.5 fold after 5 h 40 min in non-

starved conditions (Figure 4.8A, DMEM +10% FBS). Strikingly, AA starvation 

rescued the intracellular replication of Shigella in SEPT7-depleted cells 

(Figure 4.8A, EBSS). These results indicate that AA starvation can rescue the 

intracellular replication defects observed for Shigella in the absence of SEPT7.  

 

Shigella can trigger autophagy (Tattoli et al., 2012)(see section 4.3). We thus 

investigated the intracellular replication of Shigella in p62-depleted cells +/- 

starvation. After treatment with CTRL or p62 siRNA, cells were starved and 

infected with Shigella M90T for 1 h 40 min, 2 h 40 min or 5 h 40 min. In 

section 4.1 we showed that Shigella replicates significantly less inside p62-

depleted cells; this was also observed here where Shigella intracellular 

replication was decreased 2.6 ± 0.3 fold after 5 h 40 min in non-starved 

conditions (Figure 4.8B, DMEM +10% FBS). In agreement with results 

obtained in SEPT7-depleted cells, treating cells with EBSS restored Shigella 
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replication in p62-depleted cells to levels observed for control cells (Figure 

4.8B, EBSS). These results demonstrate that starvation-induced autophagy 

has an important role for Shigella and its intracellular proliferation. 

 

Results from Chapter 4 have shown that cytosolic Shigella not entrapped in 

septin cages sense the global effect on host metabolism and autophagy 

triggered by the subset of bacteria linked to septin cage assembly. To 

investigate a link between AA starvation and the metabolic activity of 

intracellular Shigella at the single bacterium level, siRNA-treated HeLa cells 

were starved and infected with x-light Shigella for 4 h 40 min. After fixation, 

cells were labelled with endogenous SEPT7 to exclude septin-caged Shigella 

from analysis, and also to confirm SEPT7 depletion by microscopy (Figure 

4.8C). In agreement with results from survival assays showing similar 

intracellular replication of Shigella with or without EBSS-mediated starvation 

(Figure 4.8A), the percentage of metabolically active bacteria is the same in 

CTRL cells with or without starvation. These results are also consistent with 

previous work showing that EBSS-mediated starvation has no additional effect 

on the proliferation of intracellular Shigella (Tattoli et al., 2012). 

The metabolic activity of Shigella was next quantified in SEPT7-depleted cells 

(Figure 4.8C). In this case, the percentage of metabolically active bacteria is 

significantly higher in starved cells (94.7 ± 0.3%) compared to non-starved 

cells (65.3 ± 2.4%). In line with survival assays showing more intracellular 

replication of Shigella in SEPT7-depleted cells upon starvation, these results 

indicate that EBSS-mediated AA starvation in SEPT7-depleted cells restores 

the percentage of metabolically active bacteria to the level of CTRL cells (93.8 

± 0.6%, Figure 4.8C). Similar results were obtained when metabolic activity of 

Shigella was assessed in p62-depleted cells. In this case, the % of 
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metabolically active Shigella was significantly higher in starved cells (94.4 ± 

1.2%) compared to non-starved cells (63.7 ± 1.8%). Collectively, these results 

suggest that AA starvation mediates the metabolic activity of intracellular 

Shigella outside of septin cages, and EBSS-mediated starvation can increase 

the proliferation of bacteria in SEPT7- or p62 -depleted cells. These results 

highlight a close relationship between AA starvation, septins, autophagy and 

the intracellular proliferation of Shigella.  
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Figure 4.8: Starvation restores Shigella proliferation in SEPT7- or p62-depleted cells 
Cells were transfected with CTRL, SEPT7 or p62 siRNAs for 72 h. Amino acid 
starvation was induced with EBSS for 6hr.  
(A & B) siRNA-treated HeLa cells were infected with Shigella M90T for 1h40min, 
2h40min and 5h40min at 100:1 MOI. At each time-point cells were lysed with 0.1% 
Triton X-100, then serial dilutions (1, 1:10. 1:100, 1:1000) were plated on LB agar 

Figure 3.6 | Starvation restores Shigella proliferation in SEPT7-depleted cells  

B 

A 

C 

CTRL
siRNA

SEPT7 
siRNA

p62 
siRNA

0

20

40

60

80

100

 IP
TG

-r
es

po
ns

iv
e 

Sh
ig

el
la

 (%
)

DMEM +10% FBS
EBSS

*** ***ns

1 2 5
0

20

40

60

80

Time (h)

Fo
ld

 c
ha

ng
e

CTRL siRNA (DMEM + 10% FBS)

SEPT7 siRNA  (DMEM + 10% FBS) ***

CTRL siRNA (EBSS)

SEPT7 siRNA  (EBSS) ns

1 2 5
0

20

40

60

80

Time (h)

Fo
ld

 c
ha

ng
e

CTRL siRNA (DMEM + 10% FBS)

p62 siRNA  (DMEM + 10% FBS) ***

CTRL siRNA (EBSS)

p62 siRNA  (EBSS) ns



	   131	  

plates for CFU count the next day. Graphs represents mean % ± S.E.M. of Shigella 
intracellular fold-change normalized by 1h40min post infection in (A) DMEM + 10% 
FBS or (B) EBSS. P-values were obtained using Student’s t-test; ns =non significant; 
** = p<0.001; n = 3 biological replicates per condition. 
C) HeLa cells treated with CTRL, SEPT7 or p62-siRNA were infected with x-light 
Shigella mCherry for 4 h 40 min for quantitative confocal microscopy. IPTG was 
added 30min prior to fixation, and then samples were labelled with antibody for 
SEPT7 and Hoechst 342 (H342) for Shigella. Metabolically active x-light Shigella 
would express mCherry fluorescent protein when responding to IPTG. Graph 
represents mean % ± S.E.M. of Shigella responding to IPTG outside SEPT7 cages in 
DMEM + 10% FBS or EBSS. P-values were obtained using Student’s t-test; *** = 
p<0.001; n=3 biological replicates per condition. 
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4.9. Summary  

In this chapter we show that AA starvation and septins are crucial for 

intracellular proliferation of Shigella not entrapped in septin cages. 

Remarkably, SEPT7 mediates the ability of Shigella to induce AA starvation 

for its intracellular proliferation.  

 

We have shown that, in the absence of SEPT7, Shigella is not able to induce 

the degradation of autophagy markers, nor phosphorylate eIF2α to trigger the 

AA starvation process. Survival assays showed that in the absence of SEPT7 

intracellular Shigella failed to replicate. Consistent with this, single cell 

analysis by microscopy showed that depletion of SEPT7 reduces the 

percentage of intracellular bacteria that are metabolically active.  In agreement 

with a close relationship between septins and autophagy, similar results were 

observed in p62-depleted cells.  

 

Intracellular pathogens have evolved strategies to survive inside the host cell 

where access to nutrients is limited and under control of the host (Killackey et 

al., 2016). A variety of bacterial pathogens can harvest autophagy-derived 

nutrients for intracellular growth (Wang et al., 2009, Niu et al., 2012, Steele et 

al., 2013). Indeed, Shigella diverts host metabolic pathways for intracellular 

growth yet the underlying mechanisms remain to be established (Kentner et 

al., 2014, Wei and Murphy, 2016, Pieper et al., 2013). Here, we investigated 

the relationship between septins, starvation-induced autophagy, and host cell 

metabolism to identify their impact on the survival of intracellular Shigella. A 

previous study revealed that Shigella increases its intracellular growth by 

redirecting pyruvate, an essential carbon source for Shigella, from the host 
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glycolytic pathway (Kentner et al., 2014). In our study, metabolomics revealed 

that SEPT7-depeted cells have impaired carbon metabolism. This was 

identified by decreased levels of PEP, hexose phosphate and aspartic acid, all 

of which act as precursors of pyruvate in the glycolytic pathway exploited by 

Shigella (Kentner et al., 2014). Our work has identified, for the first time, that 

nutrients required by Shigella are less available in the absence of SEPT7. 

Induction of AA starvation by EBSS restored the absence of PEP, hexose 

phosphate and aspartic acid observed in SEPT7-depleted cells. The precise 

link between SEPT7 and the metabolic activity of host cells during Shigella 

infection awaits investigation.  
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CHAPTER 5: DISCUSSION 

 

 

 

5.1. Highlight 

Studies on host-pathogen interactions have helped to discover key roles for 

the cytoskeleton in infection biology. The cytoskeleton is recognised as a 

crucial determinant in innate immunity to intracellular bacterial pathogens 

(Mostowy and Shenoy, 2015, Mostowy et al., 2010). In the case of autophagy, 

cytoskeletal rearrangements have been shown to restrict or promote bacterial 

proliferation (Mostowy, 2013, Sirianni and Mostowy, 2014). Shigella flexneri is 

paradigm of infection for the study of bacterial autophagy. S. flexneri is well 

known to subvert host cell actin to polymerise tails and avoid cytosolic immune 

responses. However, septins form cage-like structures around actin 

polymerising Shigella, to restrict bacterial dissemination and promote host 

defence.  

 

Shigella-septin caging has been shown to restrict actin tail polymerisation, and 

promote recognition by autophagy. However, many issues remain. For 

example, what is the precise fate of Shigella entrapped in septin cages? Host 

factors underlying septin assembly also remains to be fully established. 

Moreover, the role of septins / autophagy on cellular metabolism during 

bacterial infection is mostly unknown. 

In this thesis I have (i) studied how the host cell employs septins to restrict 

Shigella replication, (ii) characterised novel host factors to promote septin 
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cage assembly, and (iii) highlighted new roles for septins in host cell 

metabolism. My main findings are: 

• Septin cages restrict the proliferation of cytosolic Shigella (Chapter 2). 

• Mitochondria promote septin cage assembly and the lethal action of 

septin cages (Chapter 2 and 3). 

• Dynamin-like protein 1 (Drp1) interacts with septins to enhance 

mitochondrial fission (Chapter 3). 

• Shigella fragment mitochondria to counteract septin cage assembly 

and bacterial autophagy (Chapter 3). 

• Septins are linked to amino acid starvation and the cytosolic replication 

of Shigella (Chapter 4). 

 

5.2. Septin cages target Shigella to degradation by autophagy 

Autophagy is a component of cell-autonomous immunity viewed to restrict the 

proliferation of intracellular bacteria. Ubiquitination is the best-characterised 

mechanism of bacterial recognition by autophagy, in which ubiquitin-binding 

adaptor proteins (such as p62, NDP52) target ubiquitinated substrates around 

bacteria to the autophagosome. However, some bacteria evolved strategies to 

avoid autophagy, and in some cases autophagy has been described to 

promote bacterial replication. Shigella flexneri is a well-characterised model 

organism used to study host-pathogen interactions and bacterial autophagy, 

and in particular has been instrumental in the discovery of septin caging.  

By using a fluorescent IPTG inducible Shigella strain (x-light) we could show 

that ∼50% of Shigella entrapped by septin cages responded to IPTG and were 

thus metabolically active. Our experiments indicate that septin cages 

recognise live bacteria and target them to degradation by autophagy (Sirianni 
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et al., 2016). In the future, generating bacterial strains, which express pH-

sensitive fluorescent proteins, could help to investigate the lethal action of 

septin caging in real time.  Material enclosed within autophagosomes can be 

degraded following acidification of the double membrane vacuole (i.e. after 

lysosomal fusion). Given this, the light emitted by a pH-sensitive fluorescent 

Shigella targeted to autophagy would shift to a different wavelength in the last 

step of autophagy.  

 

5.3. What are the host determinants that underlie Shigella-septin 

cage assembly? 

Proteomics suggested interactions between septins and mitochondria during 

Shigella infection (Sirianni et al., 2016). Mitochondria have been described as 

a source of membrane for autophagosome biogenesis during starvation 

(Hailey et al., 2010), and we hypothesised that mitochondria could support 

septin cage assembly during Shigella infection. Using a variety of high-

resolution microscopy techniques, septin rings were shown to assemble at the 

sites of contact with mitochondria (Figure 3.3). The use of YFP-Mitocb5TM (a 

marker for outer mitochondrial membrane) has previously been used to show 

colocalisation of autophagy markers (ATG5 and LC3) with mitochondria, and 

to suggest that mitochondria can supply membrane for the growing 

phagophore (Hailey et al., 2010). However, in our infection scenario, the use 

of YFP-Mitocb5TM did not show that mitochondria supply membrane to septin 

cages. Moreover, CLEM analysis clearly showed that mitochondrial 

membrane is distinct from the autophagosomes surrounding the bacterium 

(Figure 3.3B). The precise role of mitochondria in septin cage assembly and 

autophagosome formation awaits investigation. 
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5.4. Septins interact with Drp1 to enhance mitochondrial fission. 

We have identified a novel link between mitochondria and septin cage 

assembly during Shigella infection. Dynamin-related protein 1 (Drp1) and 

mitofusin 1 (Mfn1) are key mediators of mitochondrial fission and fusion, 

respectively (Rambold et al., 2011). Depending on the levels of Drp1 or Mfn1, 

mitochondria form a tubular (i.e. in Drp1-depleted cells) or fragmented (i.e. in 

Mfn1-depleted cells) network that can provide more or less membrane 

available for septin cage assembly (Hailey et al., 2010). These experiments 

identified Drp1 as the first discovered host factor that restricts the process of 

septin caging (Sirianni et al., 2016).  

An important question that emerged from this discovery is whether septins are 

involved in the process of mitochondrial dynamics. During cytokinesis, septins 

are recruited to the cleavage furrow and enable constriction of the actomyosin 

ring for cell division (Glotzer, 2005). Similarly, actomyosin has been observed 

to form a pre-constriction complex at the site of contact between ER and 

mitochondria to facilitate the recruitment of Drp1 around mitochondria and 

mediate fission (Hatch et al., 2014). However, a role for septins during 

mitochondrial division had not been tested. We use super resolution and 

confocal microscopy, along with immunoprecipitation experiments, and show 

that septins co-localise with Drp1 at sites of mitochondrial fission (Figure 

3.6A) (Sirianni et al., 2016). This discovery strongly supports the hypothesis 

that septins facilitate the localisation of Drp1 to the mitochondrial membrane 

and enable fission. The precise role of septins in mitochondrial division will be 

an exciting future avenue of investigation.  
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How does mitochondrial fission influence septin cage assembly during 

Shigella infection? Pathogens can modulate the mitochondria to promote 

death or survival of the host (Carneiro et al., 2009). Actin polymerising 

Shigella induces mitochondrial fragmentation (Lum and Morona, 2014). Using 

siRNA and infection assays with Shigella ΔIcsA (i.e. a bacterial strain unable 

to polymerise actin in the cytosol), we determined that Shigella-mediated actin 

polymerisation is responsible for mitochondrial fragmentation and escape from 

septin caging. These results highlight mitochondrial fragmentation as key for 

bacterial escape from cell-autonomous immunity.  

 

In conclusion, this study has shown that mitochondria support septin assembly 

into the cages that entrap Shigella for autophagy. Moreover, actin 

polymerisation triggered by Shigella IcsA fragments mitochondria and 

promotes escape from septin caging and bacterial autophagy (Figure 5.1).  
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Figure 5.1: Proposed circumstances of mitochondria promoting Shigella-septin 
caging versus actin tail formation.  
(i) Mitochondria support septin cage assembly for antibacterial autophagy, and (ii) 
Shigella fragment mitochondria to counteract septin cage assembly. Depending on the 
fragmentation of mitochondria by IcsA, Shigella will be compartmentalised in septin 
cages or spread cell-to-cell via actin-based motility (Image adapted from Sirianni et al, 
2016).  
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5.5. A new role for septins in host cell metabolism 

Chapter 4 of my thesis set out to investigate the interplay between septins and 

host cell metabolism during infection by Shigella. This uncovered a new role 

for septins in contributing to bacterial replication inside the host cell cytosol.  

Recent evidence has shown that invasive pathogens harvest autophagy-

derived nutrients for intercellular replication. However, the role of host cell 

nutritional status on pathogen survival remains to be fully established (Popp et 

al., 2015, McConville, 2014, Steeb et al., 2013).  

Is Shigella able to induce autophagy and harvest nutrients to benefit its own 

intracellular replication? Previous work has shown that the invasion of Shigella 

triggers amino acid starvation and activates autophagy (Tattoli et al., 2012). In 

this thesis, we have discovered a role for septins in amino acid starvation 

during Shigella infection. In addition, we have shown that septins and 

autophagy can be important for the replication of intracellular Shigella not 

entrapped in septin cages (Figure 4.2B,C). It will next be interesting to 

investigate how septins can affect host cell metabolism, and why this is 

specific for starvation pathways or high-energy carbon sources. 

 

Why do Shigella require septins for access autophagy-derived nutrients? Work 

has shown that Shigella hijacks carbon metabolism to survive inside the host 

cell (Kentner et al., 2014). In my thesis, we used metabolomics to investigate 

the role of septins in host cell metabolism, and how this could influence 

Shigella infection. By using siRNA-treated cells and amino acid starvation 

experiments, we found that SEPT7 depletion modulates the levels of 

phosphoenolpyruvate (PEP), hexose phosphate, aspartic acid and lactate. 

Interestingly, starvation of SEPT7-deficient cells rescued the levels of PEP, 
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hexose phosphate, aspartic acid and lactate. Remarkably, survival assays in 

septin-depleted cells confirmed that starvation rescued Shigella metabolic 

activity and intracellular replication. For the first time, these results uncovered 

a link between septins and autophagy in relation to host metabolism and the 

nutrients required by Shigella for intracellular replication. 

The relationship between septins and host cell metabolism is not yet clear, 

and how septins regulate the abundance of carbon sources in host cell will 

require further investigation.  

 

5.6. Summary 

In conclusion, this thesis demonstrates how S. flexneri is an important 

paradigm to investigate new links between septins, mitochondria, and 

autophagy. My thesis (Chapter 2, 3) has shown that septin-mitochondria 

interactions are important for septin cage assembly and for targeting Shigella 

to degradation by autophagy. Moreover, thesis (Chapter 4) has shown that 

septins modulate host cell metabolism crucial for the replication of intracellular 

Shigella.  

In the future, in vivo studies will be required to test the role of these 

mechanisms in host defence at the whole animal level. In turn, this information 

can provide valuable tools and insights to fight infection and / or other septin-

related diseases.  
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CHAPTER 6: Materials and Methods 

 

 

 

6.1. Bacterial strains 

All bacterial strains used in this work are listed in Table 6.1.  

 

Table 6.1:List of bacterial strains used in this study 

Bacterial strain 
Antibiotic-
resistance 

Description Source/Reference 

Shigella 
   

M90T Strepto * BUG 2505 Serotype 5a Mostowy at al., CHM, 2010 

M90T GFP Carb 50 µg/ml 
BUG 1908. Stable mutant 

express GFP from chromosome 
Mostowy at al., CHM, 2010 

M90T mCherry Carb 50 µg/ml pFPV 25.1 mCherry construct 
This study; Mostowy et al., 

2013 

M90T AfaI 
Carb 50 µg/ml; 

Kan 50 µg/ml 

Hyper-invasive strain that 

expresses an adhesin from 

Escherichia coli  

Mazon Moya et al,. 2014 

M90T Crimson  Kan 50 µg/ml 
E2-Crimson fluorescent protein 

contruct  

Kind gift from Francois-

Xavier Campbell 

M90T x-light 
GFP/mCherry 

Carb 50 µg/ml 
Detect live/dead bacteria, Induce 

0.5h with 0.1 mM IPTG 
This study 

∆IcsA Carb 50 µg/ml 
M90T, No actin tail 

polymerization 
Mostowy at al., CHM, 2010 

E. coli (DH5α) 
   

pSEPT6-GFP Kan 50 µg/ml SEPT6-GFP expression This study 

pFPV 25.1 
mCherry 

Carb 50 µg/ml mCherry expression This study 

pmito-BFP  Carb 50 µg/ml mito-BFP expression This study 

pActA-SEPT7-

mRFP 
Kan 50 µg/ml ActA-SEPT7-mRFP expression This study 

pYFP-Mitocb5TM  Kan 50 µg/ml YFP-Mitocb5TM expression This study 

pKB2689 Carb 50 µg/ml 
x-light mCherry construct 

expression 
This study 

pSA11  Carb 50 µg/ml x-light GFP construct expression This study 

    
* all M90T derivates are streptomycin resistant 
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6.2. Eukaryotic cell lines 

• HeLa (ATCC CCL-2), epithelial cell line derived from human cervix 

carcinoma, were used to study the mechanism of assembly of human 

septin cytoskeleton upon bacterial infection.  

• HEK293FT, human embryonal kidney cell line transformed with the SV40 

large T antigen, were used for lentiviral transfection and generate SEPT6-

GFP stable cell line. 

 

 

6.3. Transfection, molecular probes, pharmacological inhibition 

All reagents, molecular probes and pharmacological inhibitors are listed in 

Table 6.2. 

	  

Table 6.2: List of reagents and pharmacological inhibitors used in this study. 
Compound Specificity/treatment  Concentration Source 

Oligofectamine 
siRNA transfection in HeLa 

cells 
3µl/ml ThermoFisher 

JetPei DNA transfection in HeLa cells 4µl/ml Polyplus 

Cytochalasin D Inhibition of actin polymeization  1µM Sigma ( C8273 ) 

Bafilomycin A1  
Inhibition of lysosome 

acidification 
160nM Sigma (B1793-10uG) 

Dimethyl sulfoxide 
(DMSO) Hybri-Max 

Polar aprotic solvent for cell 

culture 
0.05% Sigma (D2650) 

Isopropyl β-D-1-

thiogalactopyranoside 
IPTG 

Mimic of allolactose for 

induction of x-light Shigella 
0.1mM Sigma (I6758) 

Paraformaldehyde (PFA)  
Fixation of cell cultures for 

microscopy 
4% Sigma (P6148) 

Glutaraldehyde 
Fixation of cell cultures for 

microscopy 
0.50% Sigma (G5882) 

TritonX-100 
cell membrane 

permeabilization 
0.1% Sigma (X100) 
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6.4. Plasmids  

All plasmids used in this study are listed in Table 6.3. Colonies of transformed 

bacteria were grown in 4ml of antibiotic-containing LB medium, at 37°C with 

aeration for 14 – 16 h. Plasmids were purified using GenEluteTM Plasmid 

Miniprep Kit (Sigma) according to manufacturer instructions.  

SEPT6-GFP (Mostowy et al., 2010) and pLVX-GFP-SEPT6 (Cancer Research 

UK) plasmids were used to make stably expressing HeLa cell lines. pFPV 25.1 

mCherry plasmid (Valdivia et al., 1996) was used to make M90T mCherry 

Shigella strains. pSA11 and pKB268 plasmids (gift from Prof. Ilan Rosenshine) 

were used to make x-light S. flexneri M90T strains. ActA-SEPT7-mRFP (gift 

from Dr. Elias Spiliotis), mito-BFP (Addgene #49151), or YFP-Mitocb5TM (gift 

from Dr. Dale Hailey) were used for quantitative and real-time confocal 

microscopy. 
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Table 6.3: List of plasmids used in this study 
Plasmids Vector Type Application/Description Source/Reference 

SEPT6-GFP 
Mammalian 

expression 

Visualization of SEPT6 conjugated to 

green fluorescent protein (GFP) 

Mostowy at al., CHM, 

2010 

mito-BFP  
Mammalian 

expression 

Visualization of mitochondria; expression 

of mitochondrial matrix protein conjugated 

to blue fluorescent protein (BFP)  

Gift from Gia Voeltz 

(Addgene plasmid # 

49151) 

ActA-SEPT7-
mRFP 

Mammalian 

expression 

Visualization of SEPT7localised to 

mitochondria; expression of SPET7 and 

the Listeria monocytogenes ActA 

mitochondria-targeting sequence 

conjugated to red fluorescent protein 

(RFP) 

Gift from Elias Spiliotis 

YFP-Mitocb5TM  
Mammalian 

expression 

Mammalian expression of mitochondrial 

cb5 transmembrane protein conjugated to 

yellow fluorescent protein  

Gift from Dale Hailey 

pLVX-GFP-
SEPT6  

Mammalian 

expression 

Expression of lentiviral vector for SEPT6-

GFP HeLa stable cell line 

Cancer Research UK 

(Julia Pfanzelter) 

N-FLAG-
2xSTREP-

SEPT6-pcDNA3  

Mammalian 

expression 

Used for tandem affinity purification (TAP) 

experiments. Expression of N-FLAG-

2xSTREP-SEPT6 inserted in XhoI and 

ApaI sites.  

This study (Stephen 

Buranyi) 

pFPV 25.1 

mCherry 

Bacterial 

expression 
Expression of mCherry protein Valdivia et al., 1996 

pSA11  
Bacterial 

expression 

Visualization of M90T x-light GFP under 

induction with IPTG  

Schlosser-Silverman et 

al., 2000 

pKB2689 
Bacterial 

expression 

Visualization of M90T x-light mCherry 

under induction with IPTG  

Schlosser-Silverman et 

al., 2000 
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6.5. siRNA oligonucleotides 

All siRNA used in this study are listed in Table 6.4. Small interfering RNA 

transfection was employed to induce gene knockdown in HeLa cells, by 

targeting to degradation specific mRNA. The negative universal control with 

medium G + C content (Ambion, AM4635) was used as control. 

 
Table 6.4:List of siRNA oligonucleotides used in this study 

Target gene symbol siRNA ID Seuqnce (5'->3') Source/ Reference 

SEPT2 14709 AUAAGCGACGUCCGCGUGGtt Ambion 

SEPT7-1 s2743 GCCUGUUAUCGACUACAUUtt Ambion 

SEPT7-1 s2741 GAAGGGAGCAUGUAGCUAAtt Ambion 

SEPT9 18228 GGGCUUCGAGUUCAACAUCtt Ambion 

SQSTM1 (p62) s16962 CUUCCGAAUCUACAUUAAAtt Ambion 

NDP52 s19994 GUUGAAGCAGCUCUGUCUAtt Ambion 

DRP1 s19559 GGUUCAUCAGUAAUCCUAAtt Ambion 

MFN1 s31218 GAAAUUUGAUCUCAGUUAUtt Ambion 

 

 

6.6. Antibodies 

The antibodies used in this study are listed in Table 6.5. Working dilutions for 

each individual application are also indicated. Secondary antibodies used for 

immunofluorescence (IF) microscopy were 405-conjugated goat anti-rabbit 

(Biotium), Alexa 488-, 555-, or 647-conjugated donkey anti-rabbit or donkey 

anti-mouse (Molecular Probes). F-actin was labelled with Alexa 488-, 555-, or 

647-phalloidin (Molecular Probes). For immunoblotting, peroxidase-conjugated 

goat anti-mouse (Dako) or anti-rabbit antibodies (Santa Cruz) were used at a 

dilution of 1/2000 for western blot (WB) analysis.   
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Table 6.5: List of antibodies used for this study 

Antibody Species Application/Dilution Source/Reference 

Primary antibodies 

SEPT2 Rabbit  IF 1/1000;  WB 1/1000 Mostowy at al., CHM, 2010 

SEPT6 Rabbit  WB 1/1000 Mostowy at al., CHM, 2010 

SEPT7 Rabbit  IF 1/1000;  WB 1/1000 IBL 18991 

SEPT9 Rabbit  IF 1/1000;  WB 1/1000 Mostowy at al., CHM, 2010 

SEPT11 Rabbit  IF 1/1000;  WB 1/1000 Mostowy at al., CHM, 2010 

p62 Rabbit  WB 1/1000 MBL (PM045) 

p62 Mouse IF 1/100 BD (610832) 

LC3 Rabbit WB 1/1000 MBL (PM036) 

Calcoco2 (NDP52) Rabbit WB 1/1000 Abcam (ab68588) 

DRP1 Mouse IF 1/200; WB 1/1000 Abcam (ab56788)  

Phospho-DRP1 (Ser616) Rabbit IF 1/400; WB 1/1000 Cell Signaling (3455) 

MFN1 Mouse IF 1/100; WB 1/1000 Abcam (ab57602)  

GFP Mouse WB 1/1000 Abcam (ab1218) 

GFP 3E1 Mouse WB 1/1000 Cancer Research UK 

GAPDH Mouse WB 1/1000 Abcam (ab8245) 

FLAG Mouse WB 1/1000 Sigma (F3165-2MG) 

eIF2α Rabbit WB 1/1000 Cell Signaling (9722) 

Phospho-eIF2α (Ser51) Rabbit WB 1/1000 Cell Signaling (3597) 

Secondary antibodies 

Anti-rabbit 405 Goat IF 1/500 Biotium (20082) 

Anti-rabbit 488 Donkey IF 1/500 Molecular Probes  Alexa Fluor ® 

Anti-mouse 488 Donkey IF 1/500 Molecular Probes  Alexa Fluor ® 

Anti-rabbit 555 Donkey IF 1/500 Molecular Probes  Alexa Fluor ® 

Anti-mouse 555 Donkey IF 1/500 Molecular Probes  Alexa Fluor ® 

Anti-rabbit 647 Donkey IF 1/500 Molecular Probes  Alexa Fluor ® 

Anti-mouse 647 Donkey IF 1/500 Molecular Probes  Alexa Fluor ® 

Anti-Actin 488 Phalloidin IF 1/200  Molecular Probes  Alexa Fluor ® 

Anti-Actin 555 Phalloidin IF 1/200  Molecular Probes  Alexa Fluor ® 

Anti-Actin 647 Phalloidin IF 1/200  Molecular Probes  Alexa Fluor ® 

Anti-rabbit IgG-HRP Goat WB 1/2000 Santa Cruz (sc2004) 

Anti-mouse IgG-HRP Goat WB 1/2000 Dako (P0260) 
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6.7. Microbiology 

 

6.7.1. Bacterial culture 

Shigella flexneri strains were cultured overnight in trypticase soy (TCS) 

medium, at 37°C with aeration, diluted 50x in 5ml of fresh TCS, and sub-

cultured until OD600nm = 0.6 as previously described (Mazon Moya et al., 

2014). Escherichia coli DH5α strains were grown in Luria Bertani (LB) 

medium, at 37°C with aeration. Solid bacterial cultures were also grown on 

solid medium: TCS supplemented with agar (1.5% w/v) and Congo Red 

(0.01%), or LB supplemented with agar (1.5% w/v). When appropriate, 

bacterial cultures or solid medium were supplemented with antibiotics: 

50µg/ml for Kanamycin (kan) and carbenicillin (carb). Shigella strains were 

used for infection of non-phagocytic cells.  E.coli strains were used for plasmid 

production. 

 

6.7.2. Preparation and transformation of bacterial 

electrocompetent cells 

Shigella or E.coli DH5α were grown overnight in 8ml of TCS or LB 

respectively, diluted 80x in 8ml of fresh medium, and cultured until OD600nm = 

0.4 – 0.6. Subcultures were incubated on ice for 30 min and subsequently 

centrifuged at 4000 rpm for 10 min at 4°C and the supernatant was discarded. 

The cell pellets were washed with 25 ml ice-cold sterile MilliQ water before 

further centrifugation under the same conditions. This step was repeated twice 

more. After the final centrifugation the supernatant was discarded and the 
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bacterial pellet was resuspended in 200µl ice-cold sterile 10% glycerol. 

Aliquots of 50µl were used immediately or stored at -80. 

Electrocompetent bacteria (50µl of Shigella or E.coli DH5α) were transformed 

with 0.1 – 0.2 µg of plasmid. The mixture of bacterial and plasmid was 

incubated in a 0.2cm ice-cold electroporation cuvette (Molecular Bioproducts) 

for 5 min, thenelectroporation was performed at 2.5KV, 25µF, and 200Ω for 5 

milliseconds using a GenePulser II (BioRad). Transformed bacteria were then 

grown for 1 h in S.O.C. (super optimal) medium (ThermoFisher) shaking at 

37°C before plating them onto agar plates supplemented with appropriate 

antibiotic for selection. 
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6.8. Eukaryotic cell culture assays 

	  

6.8.1. Cell culture 

Cells were cultured in Dulbecco’s modified Eagle medium (DMEM, GIBCO) 

supplemented with 10% heat inactivated fetal bovine serum (FBS, Sigma) at 

37°C in 5% CO2. HeLa cells stably expressing GFP-SEPT6 (see section 4.6.2) 

were grown with a supplement of 1 µg/ml puromycin to maintain selectivity of 

the cell line.   

 

6.8.2. Generation of GFP-SEPT6 stable cell line 

The pLVX-GFP-SEPT6 lentiviral expression vector was created by inserting 

the human SEPT6_i3 (NP_665798) with a N-terminal GFPtag into the pLVX- 

puro vector (Takara Bio Inc.) (Barry et al., 2015). Lentivirus was produced in 

HEK293FT cells by co-transfection of pLVX-GFP-SEPT6 with psPAX2 and 

pMD2.g vectors at a ratio of 10:7:3 µg DNA, respectively (Trono laboratory 

second generation packaging system; Addgene). Supernatants from 

transfected HEK293FT cells containing the lentivirus were collected 24 and 

48h after transfection, pooled, and filtered. HeLa cells were then infected with 

lentivirus for 48h, and cells stably expressing GFP-SEPT6 were selected by 

adding 1 µg/ml puromycin to the culturing media.   

 

6.8.3. siRNA transfections 

HeLa cells (0.8 - 2 × 105) were plated in 6-well plates (Thermo Scientific) in 2 

ml of DMEM containing 10% FBS, and transfected the following day.  

siRNA transfections were performed in DMEM with Oligofectamine 
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(Invitrogen) according to the manufacturer’s instructions. HeLa cells were 

seeded at 0.8 × 105 cells per well for 18 h, and then transfection reactions 

containing 3µl Oligofectamine or 50nM of siRNA in in 100µl of DMEM were 

mixed after a previous incubation for 1 min. Following incubation for 20 min at 

room temperature, the transfection mixtures were added to the cells in a total 

volume of 1ml DMEM containing 10% FBS. Cells were tested 72 h after siRNA 

transfection.  

 

6.8.4. qRT-PCR 

HeLa cells (1 × 105) were grown in 6-well plates and transfected with siRNA 

as described in section 6.6.1. Following total RNA isolation from cells using an 

RNAeasy kit (QIAGEN), cDNA was obtained using M-MLV H- reverse-

transcriptase (Promega) with a dT17 primer. Quantitative PCR was then 

performed on an ABI7300 thermocycler (Applied Biosystems) using SYBR 

green reaction power mix (Applied Biosystems). The primers used for qRT-

PCR analysis are listed in Table 6.6. 

 

Table 6.6: List of primers used for qRT-PCR analysis  
Target gene Target sequence 

GAPDH 
qFWD: AATCCCATCACCATCTTCCA 

qREV: TGGACTCCACGACGTACTCA 

SEPT2 
qFWD: CACCGAAAATCAGTGAAAAAAGG 

qREV: GCTGTTTATGAGAGTCGATTTTCCT 

SEPT6 
qFWD: GCCAGGGCTTCTGCTTCA 

qREV: AGGGTGGACTTGCCCAAAC 

SEPT7 
qFWD: TGTTGTTTATACTTCATTGCTCCTTCA 

qREV: CTTTTTCATGCAAACGCTTCAT 

SEPT9 
qFWD: CCATCGAGATCAAGTCCATCAC 

qREV: CGATATTGAGGAGAAAGGCGTCCGG 

Published in (Sirianni et al., 2016). 
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6.8.5. DNA transfections 

DNA plasmid transfections were performed in DMEM with JetPEI (Polyplus 

transfection) according to protocol from (Mazon Moya et al., 2014). Briefly, 

HeLa cells were seeded at 1 – 2 × 105 cells per well. Transfection reactions 

containing 4µl JetPei or 0.5 – 1 µg of DNA in 150 µl of NaCl were mixed after 

a previous incubation for 5 min. Following incubation for 30 min at room 

temperature, the transfection mixtures were added to the cells in a total 

volume of 1ml DMEM containing 10% FBS. Cells were tested 24 h after 

transfection. 

 

6.8.6. Bacterial infection of HeLa cells 

HeLa cells (1-2.5 × 105) were seeded in 6-well plates (Thermo Scientific) and 

grown for 24 – 72 h. Shigella was grown in TCS for 16 h at 37°C with aeration 

and sub-cultured as described in previous section. For quantification analysis, 

bacteria were diluted in warm DMEM and added to HeLa cells monolayers at 

a MOI of 100; for imaging analysis, 400 µl of growth (OD600nm = 0.6) was 

diluted in DMEM and directly added to cells. Bacteria and cells were 

centrifuged at 110 g for 10 min at 21°C and were then placed at 37°C and 5% 

CO2 for 30min to synchronise and allow invasion. After 30 min cells were 

washed with DMEM, and incubated with fresh gentamicin-containing media 

(50 µg/ml) for at least 1 h to kill extracellular bacteria and avoid re-infections 

from the extracellular space. 

 

6.8.7. Pharmacological Inhibition of HeLa cells  

For experiments involving pharmacological inhibition of actin polymerization, 
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HeLa cells were treated for 30 min with 0.05% DMSO or 1 µM cytochalasin D 

prior fixation for confocal microscopy. For the inhibition of Shigella activity, 

HeLa cells were infected and treated with 25 µg/ml Erythromycin for 2 h prior 

fixation. For inhibition of the acidification of the lysosome, HeLa cells were 

treated with 160nM Bafilomycin A1 for 6h prior cell harvest from culture dish.  

Cytochalasin D and Bafilomycin A1 were suspended in DMSO and handled as 

suggested by the manufacturer (Sigma). Erythromycin was dissolved in EtOH.  

 

6.8.8. Gentamicin survival assay  

Gentamicin survival assays were performed according to protocols previously 

described (Pizarro-Cerdá et al., 2002). HeLa cells (0.8 × 105) were seeded in 

6-well plates (Thermo Scientific) in DMEM, infected with Shigella at MOI of 

100, and centrifuged at 110 g for 10 minutes at 21°C. Cells were then placed 

at 37°C and 5% CO2 for 30 minutes, washed with DMEM without antibiotic, 

and subsequently incubated for 1, 2, or 5 h in presence of gentamicin (50 

µg/ml). At given time point, cells were washed twice with 1x sterile PBS and 

lysed with 1 ml of 0.1 % TritonX-100 in PBS for 1 min at room temperature, 

followed by vigorous pipetting. After performing serial dilutions (1:10, 1:100, 

1:1000) of each time point, undiluted and diluted lysates were plated on LB 

plates for bacterial counting on the following day.  Each experiment was done 

in three technical replicates, and triplicates were performed at least 3 times 

independently. Bacterial colonies from each time point were enumerated 

considering dilutions that only displayed a range of 10 - 80 colonies, and then 

multiplied by the respective dilution factors. Results from different time points 

were finally divided by 1 h post infection (p.i.) in order to quantify the 

difference in fold-change of bacterial intracellular growth over time. 
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6.8.9. Starvation assays in HeLa cells 

Amino acid (AA) starvation experiments in mammalian cells were performed 

by treating HeLa cells with Earle's Balanced Salt Solution (EBSS) (Dooley et 

al., 2014) for 6 h at 37°C, 5% CO2. To measure de efficiency of the treatment, 

the protein expression level of p62, NDP52 or LC3 was assessed by western 

blot (see below). 

 

6.8.10. Autophagy flux assays  

Autophagy flux assays were performed by treating HeLa cells with EBSS, 

which leads to a decrease in protein level of the autophagy markers p62, 

NDP52, and LC3 (Mizushima et al., 2010). Cells were treated with bafilomycin 

A1 to inhibit the acidification of autophagosomes. This allows an accumulation 

of the autophagy markers into autophagosomes, subsequently blocking the 

autophagic degradation (i.e. flux) (Klionsky et al., 2016, Dooley et al., 2014).  

For autophagy flux assay in uninfected cells, HeLa cells (0.8 - 1 × 105) were 

grown in 6-well plates. When appropriate, cells were treated with CTRL or 

SEPT7 siRNA. Cells from different wells were incubated with EBSS, 160 nM 

Bafilomycin A1, or both for 6 h at 37 °C, 5% CO2. A fourth well of cells was 

incubated with DMEM + 10% FBS as a control. After 6 h, protein cell extracts 

were prepared for western blot as described in section 6.8. Samples were 

then immunoblotted with specific antibodies to detect the protein levels of p62, 

NDP52, LC3. GAPDH was used as loading control, and SEPT7 was used to 

test the efficiency of SEPT7 siRNA treatment. Blots were processed with Fiji 

and protein expression level was quantified by densitometry. 

For autophagy flux assay in infected cells, Shigella M90T Afa I was added to 

treated cells at an MOI of 10 for 4h.  
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6.8.11. Single population analysis using IPTG-inducible x-light 

Shigella 

To test the precise role of septin cages in the restriction or promotion of 

bacterial replication, individual bacteria entrapped by septin cages were 

analysed. To allow single bacterial analysis, inducible fluorescent (x-light) 

Shigella strains based on isopropyl β-D-1-thiogalactopyranoside (IPTG) 

inducible plasmids were generated. X-Light Shigella carrying the inducible 

plasmid would express  The inducible plasmids encode for GFP or mCherry, 

which were cloned downstream of a tac promoter under the control of the LacI 

repressor (Schlosser-Silverman et al., 2000). Binding of IPTG to LacI induces 

conformational change of the repressor and loss of contact with tac. As a 

consequence, IPTG induces expression of the fluorescent proteins only in x-

light Shigella with an active metabolism. 
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6.9. Immunofluorescence microscopy assays 

 

6.9.1. Sample preparation and antibody labelling  

HeLa (0.8 - 2.5 × 105) were plated on glass coverslips in 6-well plates (Thermo 

Scientific) and used for experiments 24-72 h later. Cells on coverslips were 

fixed 15 min in 4% paraformaldehyde (PFA) and washed with 1 × PBS and 

processed for immunofluorescence. Remaining aldehyde was quenched by 

incubation with 0.05 M ammonium chloride (Nh4Cl) for 10 min, and then cells 

were permeabilised 5-10 min with 0.1% Triton X-100. The antibodies were 

diluted to the appropriate concentration in 1% BSA and 0.1% Triton X-100 in 

PBS. Coverslips were washed twice with PBS and incubated with primary 

antibodies for 1 - 3 h at room temperature or overnight at 4°C. Following 

incubation coverslips were washed twice with PBS and incubated with 

secondary antibodies for 30 min. When appropriate, 1 µg Hoechst 33342 

(Molecular Probes) was added to the secondary antibody solution. After 

incubation with secondary antibodies cells were washed 3 times in PBS and 

mounted on slide with Aqua polymount mounting medium (Polyscience Inc.) 

for 10 min at 37°C for immunofluorescence.  

6.9.2. Image acquisition and image processing 

Fixed samples images were acquired on fluorescence-inverted microscope 

Axiovert 200M (Carl Zeiss MicroImaging) driven by Volocity software (Parkin 

Elmer), Axiovert Z1 driven by ZEN software Carl Zeiss MicroImaging), or 

confocal microscope LSM 710 (Carl Zeiss MicroImaging) driven by ZEN 2010 

software. For live microscopy, cells were grown on MatTek glass-bottom 

dishes (MatTek corporation), then supplied with Opti-MEM (GIBCO) medium 
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and acquired using an LSM 710 and temperature-controlled incubator (37°C). 

Images or movies were processed and false coloured using Fiji (ImageJ) or 

Icy (http://icy.bioimageanalysis.org).   

 

6.9.3. Molecular probe labelling of mitochondria or live/dead cells 

Where mentioned, mitochondria were stained with MitoTracker Red CMXRos 

(Invitrogen). HeLa cells were treated with 100nM MitoTracker Red CMXRos in 

1ml of serum-free DMEM for 20-30 min at 37°C in 5% CO2, prior to fixation. 

MitoTracker Red CMXRos was suspended in DMSO and handled as 

suggested by the manufacturer (Molecular Probes®). 

The detection of live / dead cells was performed with SYTOX Orange® nucleic 

acid stain (Invitrogen), a marker for compromised cellular membrane 

characteristic of dead cells. HeLa and/or bacterial cells were treated with 0.4 

µM SYTOX Orange in MOPS/MgCl2, in the dark for 10 - 15 min at room 

temperature. Live image acquisition was then performed using confocal 

microscope LSM 710. 

 

6.9.4. Quantitative confocal microscopy 

For quantitative microscopy of septin cages, p62 punctae, or IPTG-responsive 

x-light Shigella, HeLa cells (0.8 - 2.5 × 105) were seeded on glass coverslips in 

6-well plates for 24 - 48 h, and infected with Shigella at MOI of 100. When 

appropriate, cells were treated with siRNA for 72 h. Quantifications were 

performed using a Z stack image series and counting 300–800 bacteria per 

experiment. Images were processed with Fiji (ImageJ) or Icy 

(http://icy.bioimageanalysis.org). Where necessary, deconvolution was 

performed using Huygens deconvolution software or ZEN software.  
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Mitochondrial length was measured as described in (Korobova et al., 2013, 

Korobova et al., 2014). In brief, cells were grown on glass coverslip in 6 well 

plates, and stained with MitoTracker Red CMXRos prior fixation. Z stack 

image series with 0.2 µm increments for red channel (MitoTracker) were 

captured. The flat regions of cells with clearly resolved mitochondria were 

selected, and 25-30 mitochondria per cell were measured using the line tool in 

Fiji or Icy. For quantification of mitochondrial fission during infection, HeLa 

cells were infected with Shigella for 3 h 40 min, and only mitochondria 

surrounding Shigella were considered. For quantification of mitochondria 

length around septin cages, only mitochondria associated with a majority of 

the septin cage (i.e. at least three sides of the bacterial surface) was 

considered. For quantification of mitochondria associated to septins in 

cytochalasin D-treated cells, only mitochondria associated with septin rings 

were considered. 

 

6.9.5. Quantification of IPTG-responsive x-light Shigella 

For quantification of IPTG-responsive, intracellular Shigella, HeLa (0.8 - 1.5 × 

105) cells were grown on glass coverslips in 6 well plates, infected with x-light 

Shigella, and then induced with 0.1 mM IPTG for 30 min at 37°C prior fixation. 

When indicated, HeLa cells were treated with siRNA for 72 h. Z stack image 

series with 0.3 µm increments were acquired with Widefield Axiovert 200M or 

confocal LSM 710 microscopes. Images were then quantified and analysed as 

described in previous sections. 
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6.9.6. Quantification of live/dead x-light Shigella 

For live / dead stain experiments, x-light Shigella GFP/mCherry were grown in 

TCS overnight and sub-cultured to an OD600nm = 0.6, The culture was split; half 

of the culture was treated with 70% isopropanol for 30 min at room 

temperature and the other half remained untreated. The two halves were 

centrifuged at 10000 g for 2 min 30 sec and washed with 1 ml 1 x PBS. This 

step was repeated once more. The cultures were then induced with 0.1 mM 

IPTG for 30 min at 37°C, washed twice with PBS, and then stained with 

SYTOX orange and Hoechst 33342 in solution with 0.03% saponin and 

MOPS/MgCl2.   

For live / dead stain in infected cells, HeLa cells were grown on MatTek glass-

bottom dishes, infected with x-light Shigella GFP for 3 h, and then induced 

with IPTG for 30 min at 37°C. After washing twice with MOPS/MgCl2, cells 

were stained with SYTOX orange® in solution with 0.03% saponin and 

MOPS/MgCl2 for 15 min in the dark.  

Live Z stack image series were acquired within 30-45 min in a temperature-

controlled incubator (37°C).  

 

6.9.7. Fluorescence mean intensity profiling of ActA-SEPT7-

mRFP transfected cells 

HeLa (1.0 × 105) cells were grown on glass coverslips in 6 well plates, 

transfected with ActA-SEPT7-mRFP construct for 24 h, then fixed and stained 

for endogenous SEPT7 and Drp1. Z stack image series with 0.2 µm 

increments were captured using a confocal microscope LSM 710. A region of 

interest (ROI) was created using the line tool in Icy, and then the fluorescence 

mean intensity profile was generated using Icy intensity profile plugin. 
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Overlapping peaks of fluorescence intensity indicate pattern of colocalization 

between specifically labelled proteins. 

 

6.9.8. Pearson’s correlation coefficient analysis 

HeLa cells (0.8 - 1.5 × 105) were grown on glass coverslips in 6-well plates, 

fixed and labelled with specific antibodies. Z stack image series with 0.2 µm 

increments were captured using a confocal microscope LSM 710. Pearson’s 

correlation coefficient was calculated using Icy colocalization studio plugin 

(http://icy.bioimageanalysis.org) on defined ROIs of at least 250 cells per 

biological replicate. For values close to “0”, no correlation was considered; for 

values close to “1”, maximum correlation was considered. 

 

For colocalization analysis of P-Drp1 and Mfn1, HeLa cells were treated with 

CTRL or SEPT7 siRNA for 72 h, labelled with MitoTracker CMXRos prior 

fixation, and stained with endogenous antibody for P-Drp1 or Mfn1. The 

analysis was performed comparing the Pearson’s correlation coefficient of 

MitoTracker / Drp1 and MitoTracker / Mfn1 in CTRL- versus SEPT7- treated 

cells.  

For colocalization analysis of Drp1 on mitochondria in ActA-SEPT7-mRFP 

treated cells, HeLa cells were transfected with mito-BFP for 24 h to visualize 

mitochondria, fixed and then stained for endogenous Drp1. The analysis was 

performed comparing the Pearson’s correlation coefficient of mito-BFP / Drp1 

in untreated- versus ActA-SEPT7-mRFP-treated cells. 
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6.9.9. Live microscopy of SEPT7 cage assembly 

HeLa cells (0.5 - 1 × 105) stably expressing SEPT6-GFP were grown on glass-

bottom dishes, transfected with mito-BFP for 24 h, infected with Shigella-

mCherry for 2h, and then live images were acquired using a confocal 

microscope LSM 710. For fast image acquisition, z stack image series with an 

increment of 0.4 µm were acquired every 2 min with a line averaging of 2, 512 

by 512 pixel, and optimal 1 Airy Unit pinhole. A 63x objective was employed 

and digital zoom was applied on ROIs. To avoid phototoxicity of cells, time 

lapse imaging was performed at a low laser power, using 0.31W/cm2 for mito-

BFP imaging, 0.96W/cm2 for MitoTracker Red CMXRos imaging and 

0.52W/cm2 for GFP imaging. 

For Figure 3.9A, HeLa cells were treated with Drp1 siRNA for 72 h; infection 

and images acquisition followed as described above. 

 

6.9.10. Correlative Light-Electron Microscopy (CLEM) 

For Correlative Light-Electron Microscopy (CLEM), SEPT6-GFP HeLa cells (1 

× 105) were grown on cell-locator glass-bottom dishes (MatTek Corporation), 

transfected with mito-BFP for 24 h, infected with Shigella-mCherry, and 

processed for CLEM. To preserve mitochondrial membrane cells were pre-

fixed for confocal microscopy with 4% PFA/0.25 M Hepes at 4°C for 10 min, 

then with 8% PFA/0.25 M Hepes at room temperature. All the washing steps 

were performed in 0.25 M Hepes buffer. Specific locations were imaged and 

localised with high resolution on the cell-locator glass-bottom dishes by using 

a confocal microscope LSM 710. For subsequent transmission electron 

microscopy (TEM) analysis, the same samples were fixed with 0.05% 

Glutaraldehyde/0.2 M Sodium Cacodylate for 45 min at room temperature. All 
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the washing steps were performed in 0.2 M Sodium Cacodylate buffer. 

Samples were processed for TEM according to (Hollinshead et al., 2012, 

Mostowy et al., 2010), the same coordinates imaged with confocal microscopy 

were recovered, and then images were acquired.  

For SEPT7 labelling, HeLa cells were fixed in 8% PFA / Hepes, then cells 

were permeabilised with 0.2% Saponin. Cells were labelled using the SEPT7 

antibody (1:1000) followed by horseradish peroxidase (HRP) anti-Rabbit 

(1:1000) and then 5 min metal enhanced DAB. Samples were then embedded 

into Epon for EM.  

 

6.9.11. Structured illumination microscopy (3D-SIM) 

HeLa cells (1 × 105) were plated on high precision glass coverslips (Carl Roth) 

in 6-well plates (Thermo Scientific) and used for experiments 48 h later. Cells 

were infected with 400 µl of exponential growing Shigella-mCherry (OD600nm = 

0.6) for 4 h 40 min. Before fixation for 15 min in 4% PFA, infected cells were 

pre-extracted for 30sec with 0.2% Triton-X-100 in 1 × BRB80 and were 

washed three times in 1 × PBS. After quenching for 10 min in 50 mM 

ammonium chloride, cells were incubated with primary or secondary 

antibodies in 1 × PBS containing 0.1% Triton-X-100 and 5% horse serum and 

mounted in Vectashield for 3D-SIM. In brief, SIM generates high-resolution 

images by applying grid patterns of light on a sample, which are rotated and 

shifted at each focal plane. Fixed 3D-SIM samples were imaged with Elyra S.1 

(Carl Zeiss MicroImaging) driven by ZEN 2012 software using 5 grid positions 

and 3 rotations, resulting in 15 images of each focal plane. The reconstructed, 

high-resolution 3D images were used to determine the SEPT7 cage 

architecture.  
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6.9.12. Super-resolution optical fluctuation imaging 

A Super-resolution Optical Fluctuation Imaging (SOFI)-based method was 

used for imaging septins during mitochondrial fission in live cells, as SOFI 

allows for the generation of super resolution images acquired at low intensity 

laser illumination through the temporal analysis of fluorescence intensity 

fluctuations (Dertinger et al., 2009). For SOFI-based super resolution imaging, 

HeLa cells stably expressing SEPT6-GFP were grown on glass-bottom dishes 

(MatTek Corporation) and stained for 30 min with 20 nM MitoTracker Red 

CMXRos. Live cell imaging of MitoTracker Red CMXRos and Sept6-GFP was 

performed using an N-STORM inverted microscope (Nikon) in TIRF mode with 

incubation at 37ºC and 5% CO2. 561nm and 488nm excitation lasers were 

angled through the back focal plane of a 60x objective (Nikon) for imaging of 

MitoTracker Red CMXRos and GFP respectively. A range of laser powers was 

tested for imaging the samples to determine an appropriate power where 

sufficient fluctuations for super resolution were achieved while maintaining cell 

viability. As a result, time lapse imaging was performed using 1.24W/cm2 for 

MitoTracker Red CMXRos imaging and 0.82W/cm2 for GFP imaging. For each 

super resolution image, 100 frames were acquired with the 561nm laser and 

100 frames were acquired with the 488nm laser; this was repeated every 30 

seconds with both lasers turned off between time points. Emitted signal from 

the excited MitoTracker Red CMXRos and GFP molecules was collected by 

an EMCCD camera (iXon Ultra 897, Andor) with an additional magnification of 

1.5x, yielding a pixel size of 178 nm. Final super resolution reconstructions 

were generated in Fiji (Schindelin et al., 2012) through a custom made SOFI-

based algorithm using 2nd-order SOFI and generating images with a pixel size 

of 36 nm. Thanks to Sian Culley for helping with the text. 
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6.10. Biochemistry 

 

6.10.1. Preparation of protein cell extracts 

For detection of proteins expressed in mammalian cells, HeLa cells (0.5 - 1 × 

105) were grown in 6 well plates and then the cytosolic content of cells was 

released to the supernatant by lysing cells with 1 x Laemmli buffer (10 mM 

Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01% 

bromophenol blue) solution. For the detection of phosphorylated proteins, 1 

mM sodium orthovanadate was added to the samples before lysing cells. To 

reduce the sample viscosity, the cell extracts were subsequently sonicated on 

ice with mild cycle for 30 sec; proteins were then denaturated by heating 

samples at 90°C for 10 min. 

 

6.10.2. Electrophoresis 

Proteins were separated on an 8, 10 or 12 % Tris-Glycine acrylamide gels 

(BioRad) prepared as listed in Table 6.7 and Table 6.8 (Modified from Harlow 

and Lane, 1988). Depending on the size of protein of interest, gels were run in 

1 x SDS running buffer at 200 V for 35 or 50 min. Gels were further processed 

for immunoblotting. 
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Table 6.7: Solutions for preparing resolving gels for Tris-glycine SDS-
polyacrylamide gel electrophoresis. 

 

Volume (ml) of Components Required to Cast Gels of Indicated Volumes and Concentrations 

Components Gel Volume => 5 ml 10 ml 15 ml 20 ml 25 ml 30 ml 40 ml 50 ml 

8% gel                   

H2O 

 

2.3 4.6 6.9 9.3 11.5 13.9 18.5 23.2 

30% acrylamide mix 

 

1.3 2.7 4 5.3 6.7 8 10.7 13.3 

Tris-Cl (1.5 M, pH 8.8) 

 

1.3 2.5 3.8 5 6.3 7.5 10 12.5 

SDS (10%) 

 

0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 

10% ammonium 

persulfate 

 

0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 

TEMED   

0.00

3 0.006 0.009 0.012 0.015 0.018 0.024 0.03 

10% gel                   

H2O 

 

1.9 4 5.9 7.9 9.9 11.9 15.9 19.8 

30% acrylamide mix 

 

1.7 3.3 5 6.7 8.3 10 13.3 16.7 

Tris-Cl (1.5 M, pH 8.8) 

 

1.3 2.5 3.8 5 6.3 7.5 10 12.5 

SDS (10%) 

 

0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 

10% ammonium 

persulfate 

 

0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 

TEMED   

0.00

2 0.004 0.006 0.008 0.01 0.012 0.016 0.02 

12% gel                   

H2O 

 

1.6 3.3 4.9 6.6 8.2 9.9 13.2 16.5 

30% acrylamide mix 

 

2 4 6 8 10 12 16 20 

Tris-Cl (1.5 M, pH 8.8) 

 

1.3 2.5 3.8 5 6.3 7.5 10 12.5 

SDS (10%) 

 

0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 

10% ammonium 

persulfate 

 

0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 

TEMED   

0.00

2 0.004 0.006 0.008 0.01 0.012 0.016 0.02 
 

 

	  
Table 6.8: Solutions for preparing 5% stacking gels for Tris-glycine SDS-
polyacrylamide gel electrophoresis 

 

Volume (ml) of Components Required to Cast Gels of Indicated Volumes 

Components Gel Volume => 1 ml 2 ml 3 ml 4 ml 5 ml 6 ml 8 ml 10 ml 

H2O   0.68 1.4 2.1 2.7 3.4 4.1 5.5 6.8 

30% acrylamide mix 

 

0.17 0.33 0.5 0.67 0.83 1 1.3 1.7 

Tris-Cl (1.0 M, pH 6.8) 

 

0.13 0.25 0.38 0.5 0.63 0.75 1 1.25 

SDS (10%) 

 

0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.1 

ammonium persulfate 

(10%) 

 

0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.1 

TEMED   0.001 

0.00

2 0.003 0.004 0.005 0.006 0.008 0.01 
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6.10.3. Immunoblotting 

To detect specific proteins by immunoblot (western blot), proteins separated 

by electrophoresis were transferred to nitrocellulose PVDF membranes 

(Millipore) previously hydrated in 95% ethanol and equilibrated in transfer 

buffer (7.2 g Glycine, 1.5 g Tris base, 50 ml Ethanol, total volume of 400 ml), 

at 15 V, 2.5 mA for 15 min. After transfer, the membranes were blocked with 5 

% non-fat dried milk in TBST (100 mM Tris-HCl, 150 mM NaCl and 0.1 % 

Tween-20) for 1 h at room temperature. After 3x washes with TBST, the 

membranes were incubated with the primary antibody diluted in 5 % 

milk/TBST for 1 – 2 h at room temperature, or at 4°C overnight. GAPDH was 

used throughout as a loading control. The membranes were washed 3x times 

for 5 min in TBST and further incubated with appropriate HRP-conjugated 

secondary antibody for 30 min at room temperature. After 3x washes in TBST, 

proteins were visualized on x-ray film (GE Healthcare) using ECL Plus (GE 

Healthcare) detection reagents and a film developer (AGFA).  

Images were processed on Fiji and protein levels were quantified by using the 

densitometry tool in Fiji (http://fiji.sc/Fiji). 

 

6.10.4. Tandem affinity purification for mass spectrometry  

SEPT6 constructs for proteomic analysis of HeLa cells were used because 

overexpression of SEPT6 does not inhibit Shigella invasion, and SEPT6 is 

found with SEPT7 in septin filaments and cages. To maximise the number of 

cells infected with Shigella, cells were infected with S. flexneri M90T AfaI, a 

hyper-invasive strain that expresses an adhesin from Escherichia coli (Mazon 

Moya et al., 2014).  
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For tandem affinity purification HeLa cells (5 × 106) were plated in 15 cm 

plates. Plasmid transfections were performed the following day using 5 µg of 

N-FLAG-2xSTREP-SEPT6-pcDNA3 and 10 µl jetPEI (Polyplus) per plate. For 

infection Shigella AfaI was added at MOI of 10 and bacteria and cells placed 

at 37°C and 5% CO2 for 30 min, washed with DMEM, and incubated with fresh 

gentamicin-containing media (50 µg/ml) for 4hr. 2 or 4 plates (4 or 8 × 107 

cells) per condition were collected by centrifugation for 5 min at 1000 x g.  

 

Cell pellets were lysed in 500 µl lysis buffer (10 mM Tris/Cl pH 7.5; 150 mM 

NaCl; 0.5 mM EDTA; 0.5% Triton X-100 1x cOmplete (Roche)) and passed 

through a syringe (23G) 5x. Lysates were centrifuged at 13,000 RPM for 20 

min. Supernatants were applied to ANTI-FLAG M2 Magnetic Beads (Sigma) 

and incubated for 2 h at room temperature. Bound proteins were eluted using 

3xFLAG peptide (Sigma) and eluents were applied directed to Strep-Tactin 

magnetic beads (IBA) and incubated for 2 h at room temperature. Bound 

proteins were eluted with 0.1 M Glycine HCl, pH 3.0. Final elutions were run 

on an SDS-PAGE gel and total protein in gel was sent for mass spectrometry 

service (http://mslab-ibb.pl/). The resulting MS/MS data were used as input for 

protein identification by MASCOT (www.matrixscience.com) search using the 

UniprotKB/Swiss-Prot database. The ‘CRAPome’ (www.crapome.org) 

database was used to manually remove commonly occurring results and Gene 

Ontology (http://geneontology.org/) was used to putatively annotate protein 

function. The use of buffers suitable for mass spectrometry might not prevent 

potential insolubility of septins, due to their association with lipids. As a 

consequence, the generation of peptide ions by electrospray would be 

affected, and important information could be lost. To overcome this, proteins 
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could be delipidated from membrane bilayers by chloroform extraction, 

increasing the quality of the resulting mass spectral data.  

 

 

 

Figure 6.1: Schematic representation of the proteomic experiments used to 
isolate novel proteins enriched at the Shigella-septin cage.  
(a) A SEPT6-STREP-FLAG construct was (b) transfected in HeLa cells for 24h. (c) 
Cells were infected with S. flexneri AfaI for 4 h, harvested, and (d) SEPT6-STREP-
FLAG cage-associated proteins isolated through co-immunoprecipitation (Image from 
Sirianni et al, 2016).  
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6.10.5. Co-immunoprecipitations  

For immunoprecipitation of SEPT6-GFP from infected HeLa cells, 1 × 107 cells 

were plated in 15 cm plates. For infection, Shigella AfaI was added at MOI of 

10 and bacteria and cells placed at 37°C and 10% CO2 for 30 min, washed 

with DMEM, and incubated with fresh gentamicin-containing media (50 µg/ml) 

for 4 h. Two plates (4 × 107 cells) per condition were collected by 

centrifugation for 5 min at 1000 x g. Cell pellets were lysed in 200µl lysis 

buffer (10 mM Tris/Cl pH 7.5; 150 mM NaCl; 0.5 mM EDTA; 0.5% NP-40, 1x 

cOmplete (Roche)). Lysates were centrifuged at 13,000 RPM for 20 min. 

Supernatants were applied to GFP-Trap agarose (Chromotek) and incubated 

for 1 h at room temperature. Bound proteins were eluted using Laemmli buffer 

(10 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01% 

bromophenol blue).  

For immunoprecipitations, HeLa cells stably expressing either GFP or GFP-

SEPT6 were grown to 80% confluency in 15 cm dishes. After washing once 

with ice-cold PMSF (1mM) cells were scraped into 600 µl lysis buffer and 

incubated at 4°C for 10 min. Cell lysates were clarified at 13,000 rpm at 4°C 

for 5 min and the supernatant retained. Lysates were diluted with the addition 

of 400 µl of wash buffer. 30µl of the diluted lysate was retained as an input 

sample, to which 30 µl of 2x Laemmli buffer was added. 60 µl of pre-washed 

GFP-Trap beads (Chromotek) were added to cell lysates and the mixture 

rotated for 1 hr at 4°C. GFP-Trap beads were then washed 3x with ice-cold 

wash buffer, and finally resuspended in 60 µl of Laemmli buffer. GFP-Trap 

beads and input samples were boiled at 95°C for 10 min and samples 

resolved by SDS-PAGE. 
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6.10.6. Metabolomic analysis 

For metabolomic studies liquid chromatography mass-spectrometry accurate 

mass retention time (LC-MS AMRT) was used in collaboration with Dr. Gerald 

Larrouy Maumus (Larrouy-Maumus et al., 2013). HeLa cells (0.8 × 105) were 

seeded in 6 well plates and treated with CTRL or SEPT7 siRNA respectively 

for 72 h in DMEM + 10 % FBS at 37°C. Cells were incubated with fresh 

medium for at least 2 h; for starvation experiments, cells were incubated with 

EBSS for 6 h at 37°C. After washing twice with PBS and incubation on dry ice 

for 5 min, cells were lysed into 1 mL acetonitrile/methanol/water (2∶2∶1, 

v/v/v) mixture at −40°C. For each condition, 1.5 – 2.5 × 107 cells were 

collected. The lysates were then transferred into a cryotube and after 

centrifugation at 13,000 x g for 10 min at 4°C, clear supernatants were directly 

analysed by LC-MS AMRT or stored at -80°C for future analysis.  

 

An Agilent 1200 LC system equipped with a solvent degasser, binary pump, 

temperature-controlled auto-sampler and temperature-controlled column 

compartment containing a Cogent Diamond Hydride Type C silica column 

(150 mm × 2.1 mm; dead volume 315 µl) was used for liquid chromatography. 

The flow rate on Agilent 1200 LC was 0.4 ml/min. The gradient employed is 

based on the number 3, according to Pesek and colleagues (Pesek et al., 

2008). Briefly, solvent A consists of deionized water, 0.2% acetic acid and 

solvent B consists in acetonitrile and 0.2% acetic acid and the gradient as 

follows: 0 min 85%B; 0-2 min 85% B; 2-3 min to 80%B; 3-5 min 80%B; 5-6 

min to 75%B; 6-7 min 75%B; 7-8 min to 70%B; 8-9 min 70%B; 9-10 min to 

50%B; 10-11 min 50%B; 11-11.1 min to 20%B; 11.1-14 min hold 20%B. 

An Agilent Accurate Mass 6230 TOF apparatus was used. Dynamic mass axis 
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calibration was achieved by continuous infusion of a reference mass solution 

using an isocratic pump connected to a multimode ionization source, operated 

in the positive-ion mode. ESI capillary and fragmentor voltages were set at 

3500 V and 100 V, respectively. The nebulizer pressure was set at 40 psi and 

the nitrogen drying gas flow rate was set at 10 L/min. The drying gas 

temperature was maintained at 250°C. The MS acquisition rate was 1.5 

spectra/sec and m/z data ranging from 50-1200 were stored. This instrument 

routinely enabled accurate mass spectral measurements with an error of less 

than 5 parts-per-million (ppm), mass resolution ranging from 10,000-25,000 

over the m/z range of 121-955 atomic mass units, and a 100,000-fold dynamic 

range with picomolar sensitivity. Data were collected in the centroid mode in 

the 4 GHz (extended dynamic range) mode. Detected m/z were deemed to be 

identified metabolites on the basis of unique accurate mass-retention time 

identifiers for masses exhibiting the expected distribution of accompanying 

isotopomers (de Carvalho et al., 2010). Variation in abundance for most of the 

metabolites stayed between 5 and 20% under these experimental conditions. 

 
 

6.11. Statistics 

Statistical analysis was performed in Excel (Microsoft) or Prism GraphPad. 

Pearson’s correlation coefficient was calculated using Icy colocalisation studio 

plugin (http://icy.bioimageanalysis.org). Data are presented as mean ± 

standard error of the mean (s.e.m.) from at least 3 independent experiments 

per treatment. Student’s t-test and two-way ANOVA were used to compare 

values, with p<0.05 considered as significant.  
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APPENDIX   

 
	  
	  
Table A.1: Classification of the human septins 

Septin Septin group 

SEPT1 SEPT2 

SEPT2 SEPT2 

SEPT3 SEPT3 

SEPT4 SEPT2 

SEPT5 SEPT2 

SEPT6 SEPT6 

SEPT7 SEPT7 

SEPT8 SEPT6 

SEPT9 SEPT3 

SEPT10 SEPT6 

SEPT11 SEPT6 

SEPT12 SEPT3 

SEPT14 SEPT6 
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Table A.2: Proteins enriched at the septin cytoskeleton in non-infected cells. 
Accession Score 

Mass 
(Da) 

Num. of 
matches 

Description GO classification 

O75881 42 58632 2 
25-hydroxycholesterol 7-alpha-hydroxylase 

(CYP7B1) 
Plasma Membrane 

P62266 57 15936 2 40S ribosomal protein S23 (RPS23) Cytoplasmic 

P62851 124 13780 2 40S ribosomal protein S25 (RPS25) Cytoplasmic 

Q01813 376 86277 9 6-phosphofructokinase type C (PFKP) Cytoplasmic 

Q01813 73 86454 2 6-phosphofructokinase type C (PFKP) Cytoplasmic 

P08237 115 85818 3 6-phosphofructokinase, muscle type (PFKM) Cytoplasmic 

P05388 91 34390 2 60S acidic ribosomal protein P0(RPLP0) Cytoplasmic 

P62913 183 20424 4 60S ribosomal protein L11 (RPL11) Cytoplasmic 

P40429 84 23608 2 60S ribosomal protein L13a (RPL13A) Cytoplasmic 

P36578 208 47897 4 60S ribosomal protein L4 (GN=RPL4) Cytoplasmic 

P18124 192 29253 2 60S ribosomal protein L7 (RPL7) Cytoplasmic 

P68032 533 42334 13 Actin, alpha cardiac muscle 1 (ACTC1) Cytoplasmic 

P68032 4670 42268 106 Actin, alpha cardiac muscle 1 (ACTC1)  Cytoplasmic 

O14561 43 17544 3 Acyl carrier protein (NDUFAB1) Mitochondrial 

Q15109 1717 43052 19 
Advanced glycosylation end product-specific 

receptor (AGER) 
Plasma Membrane 

P01023 641 164338 13 Alpha-2-macroglobulin (A2M) Extracellular 

P01008 162 52937 2 Antithrombin-III (SERPINC1) Extracellular 

Q9Y2X7 45 84887 2 ARF GTPase-activating protein GIT1 (GIT1) Cytoplasmic 

P17174 199 46402 2 Aspartate aminotransferase (GOT1) Cytoplasmic 

P24539 77 28936 2 
ATP synthase F(0) complex subunit B1, 

mitochondrial (ATP5F1) 
Mitochondrial 

O75964 187 11421 2 
ATP synthase subunit g, mitochondrial 

(ATP5L ) 
Mitochondrial 

Q5T9A4 149 72987 2 
ATPase family AAA domain-containing protein 

3B (ATAD3B) 
Mitochondrial 

Q13410 59 59383 5 
Butyrophilin subfamily 1 member A1 

(BTN1A1) 
Plasma membrane 

P62158 183 16827 3 Calmodulin (CALM1) Cytoplasmic 

Q9UMQ6 65 85224 2 Calpain-11 (CAPN11) Cytoplasmic 

Q8NEV1 81 45305 3 Casein kinase II subunit alpha 3 (CSNK2A3) Cytoplasmic 

Q9HC77 91 153872 9 Centromere protein J (CENPJ) Cytoplasmic 

P00450 87 122817 3 Ceruloplasmin (CP) Extracellular  

Q8N0X4 35 37520 3 Citrate lyase subunit beta-like protein (CLYBL) Mitochondrial 

Q00610 324 192918 7 Clathrin heavy chain 1 (CLTC) Plasma membrane 
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P53618 143 107994 3 Coatomer subunit beta (COPB1) Cytoplasmic 

A6NGH7 69 38345 2 
Coiled-coil domain-containing protein 160 

(CCDC160) 
Unknown 

Q8IWP9 49 30486 8 
Coiled-coil domain-containing protein 28A 

(CCDC28A) 
Extracellular 

P01024 148 188272 2 Complement C3 (C3) Extracellular  

Q04656 113 164752 6 Copper-transporting ATPase 1 (ATP7A) Plasma membrane 

P52701 82 154160 2 DNA mismatch repair protein Msh6 (MSH6) Nuclear 

P78527 89 472789 3 
DNA-dependent protein kinase catalytic 

subunit (PRKDC) 
Cytoplasmic 

Q13049 262 73230 4 E3 ubiquitin-protein ligase TRIM32 (TRIM32) Nuclear 

P58107 259 557210 5 Epiplakin (EPPK1) Cytoplasmic 

P05413 115 14895 2 Fatty acid-binding protein  (FABP3) Cytoplasmic 

O60547 66 42199 2 GDP-mannose 4,6 dehydratase (GMDS) Cytoplasmic 

O60318 51 220199 4 
Germinal-center associated nuclear protein 

(MCM3AP) 
Nuclear 

P00390 160 56681 2 Glutathione reductase, mitochondrial (GSR) Cytoplasmic 

Q5JWF2 165 111553 2 
Guanine nucleotide-binding protein G(s) 

subunit alpha isoforms XLas (GNAS) 
Cytoplasmic 

Q5JWF2 74 111697 2 
Guanine nucleotide-binding protein G(s) 

subunit alpha isoforms XLas (GNAS) 
Cytoplasmic 

P69905 372 15294 10 Hemoglobin subunit alpha (HBA1) Cytoplasmic 

P0C0S5 98 13545 2 Histone H2A.Z (H2AFZ) Nuclear 

Q5QNW6 135 13912 2 Histone H2B type 2-F (HIST2H2BF) Nuclear 

P01857 256 36497 5 Ig gamma-1 chain C (IGHG1) Extracellular 

P29218 118 30491 2 Inositol monophosphatase 1 (IMPA1) Cytoplasmic 

Q9H293 32 20777 3 Interleukin-25 (IL25) Extracellular 

P48735 309 51245 4 Isocitrate dehydrogenase (IDH2) Mitochondrial 

P51553 129 43089 2 Isocitrate dehydrogenase (IDH3G) Mitochondrial 

O43837 115 42387 3 
Isocitrate dehydrogenase subunit beta 

(IDH3B) 
Mitochondrial 

Q01650 207 55526 3 
Large neutral amino acids transporter small 

subunit 1 (SLC7A5) 
Plasma membrane 

O95490 177 165038 3 Latrophilin-2 (LPHN2) Plasma Membrane 

Q9UHB6 348 85541 10 
LIM domain and actin-binding protein 1 

(LIMA1) 
Cytoplasmic 

P14174 86 12606 3 Macrophage migration inhibitory factor (MIF) Extracellular  

Q9UBX3 78 31630 2 
Mitochondrial dicarboxylate carrier 

(SLC25A10) 
Mitochondrial 

P60201 313 30701 8 Myelin proteolipid protein (PLP1) Plasma Membrane 

P35580 124 229640 2 Myosin-10 (MYH) Cytoplasmic 
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O75694 157 156388 2 
Nuclear pore complex protein Nup155 

(NUP155) 
Nuclear 

Q15645 83 48796 2 
Pachytene checkpoint protein 2 homolog 

(RIP13) 
Nuclear 

P23284 81 23774 2 Peptidyl-prolyl cis-trans isomerase B (PPIB) Cytoplasmic 

Q13162 96 30705 2 Peroxiredoxin-4 (PRDX4) Cytoplasmic 

Q16822 56 71328 2 Phosphoenolpyruvate carboxykinase (PCK2) Mitochondrial 

Q8TC59 48 110836 3 Piwi-like protein 2 (PIWIL2) Cytoplasmic 

Q9Y446 191 87397 5 Plakophilin-3 (PKP3) Nuclear 

P01127 56 27893 2 
Platelet-derived growth factor subunit B 

(PDGFB) 
Extracellular  

Q15149 343 533076 10 Plectin (PLEC) Plasma membrane 

P17844 70 69519 2 
Probable ATP-dependent RNA helicase DDX5 

(DDX5) 
Nuclear 

P30101 88 57146 2 Protein disulfide-isomerase A3 (PDIA3) Cytoplasmic 

A6NE01 32 262917 2 Protein FAM186A (FAM186A) Unknown 

Q14207 41 155253 2 Protein NPAT (NPAT) Nuclear 

P22061 71 24759 2 
Protein-L-isoaspartate(D-aspartate) O-

methyltransferase (PCMT1) 
Cytoplasmic 

P61106 185 24110 3 Ras-related protein Rab-14 (RAB14) Cytoplasmic 

P63208 44 18784 2 S-phase kinase-associated protein 1 (SKP1) Cytoplasmic 

Q9P0V9 769 52927 26 Septin-10 (SEPT10) Cytoplasmic 

Q9NVA2 4459 49597 96 Septin-11 (SEPT11) Cytoplasmic 

Q15019 2927 41645 51 Septin-2 (SEPT2) Cytoplasmic 

Q14141 14417 50007 223 Septin-6 (SEPT6) Cytoplasmic 

Q16181 2259 50878 35 Septin-7 (SEPT7) Cytoplasmic 

Q9UHD8 2835 65591 52 Septin-9 (SEPT9) Cytoplasmic 

Q6S5L8 41 69615 3 SHC-transforming protein 4 (SHC4) Plasma Membrane 

Q9H9B4 146 35826 3 Sideroflexin-1 (SFXN1) Mitochondrial 

P05023 123 113882 3 
Sodium/potassium-transporting ATPase 

subunit alpha-1 (ATP1A1) 
Plasma membrane 

P19447 41 90019 2 
TFIIH basal transcription factor complex 

helicase XPB subunit (ERCC3) 
Nuclear 

Q86V81 83 26872 2 THO complex subunit 4 (ALYREF) Nuclear 

P49755 72 25098 2 
Transmembrane emp24 domain-containing 

protein 10 (TMED10) 
Cytoplasmic 

Q13885 2201 50197 43 Tubulin beta-2A chain (TUBB2A) Cytoplasmic 

P68371 2877 50167 51 Tubulin beta-4B chain (TUBB4B) Cytoplasmic 

Q9HCI6 44 90586 2 
Uncharacterized protein KIAA1586 

(KIAA1586) 
Cytoplasmic 
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O00159 943 122296 21 Unconventional myosin-Ic (MYO1C) Cytoplasmic 

Q12965 723 127442 15 Unconventional myosin-Ie (MYO1E) Cytoplasmic 

Q9UM54 142 150700 3 Unconventional myosin-VI (MYO6) Cytoplasmic 

Q9P202 48 96711 4 Whirlin (DFNB31) Cytoplasmic 

Q5T200 102 197071 15 
Zinc finger CCCH domain-containing protein 

13 (ZC3H13 ) 
Nuclear 

Q96H79 67 33768 2 
Zinc finger CCCH-type antiviral protein 1-like 

(ZC3HAV1L) 
Unknown 
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Table A.3: Proteins enriched at the Shigella-septin cage  
Accessio
n Score Mass 

(Da) 
Num. of 
matches Description GO classification 

O75881 42 58632 2 
25-hydroxycholesterol 7-alpha-hydroxylase 

(CYP7B1) 
Plasma Membrane 

P08195 86 68180 3 
4F2 cell-surface antigen heavy chain 

(SLC3A2) 
Plasma Membrane 

O14561 43 17544 3 Acyl carrier protein (NDUFAB1) Mitochondrial 

Q15109 17 43052 19 
Advanced glycosylation end product-specific 

receptor (AGER) 
Plasma Membrane 

P01023 641 164338 13 Alpha-2-macroglobulin (A2M) Extracellular 

P04083 147 38918 2 Annexin A1 (ANXA1) Cytoplasmic 

P01008 162 52937 2 Antithrombin-III (SERPINC1) Extracellular 

P02647 2112 30759 41 Apolipoprotein A-I (APOA1) Extracellular 

P02652 123 11260 2 Apolipoprotein A-II (APOA2) Extracellular 

P02649 596 36224 7 Apolipoprotein E (APOE) Extracellular 

P17174 199 46402 2 Aspartate aminotransferase (GOT1) Cytoplasmic 

P31327 158 165975 5 Carbamoyl-phosphate synthase (CPS1) Mitochondrial 

Q8N3K9 104 450407 6 
Cardiomyopathy-associated protein 5 

(CMYA5) 
Cytoplasmic 

P07339 150 45037 2 Cathepsin D (CTSD) Mitochondrial 

Q9HC77 91 153872 9 Centromere protein J (CENPJ) Cytoplasmic 

Q8N0X4 35 37520 3 
Citrate lyase subunit beta-like protein 

(CLYBL) 
Mitochondrial 

P10909 79 53031 2 Clusterin (CLU) Cytoplasmic 

Q8IWP9 49 30486 8 
Coiled-coil domain-containing protein 28A 

(CCDC28A) 
Extracellular 

P00156 61 42781 2 Cytochrome b (MT-CYB) Mitochondrial 

Q08554 226 101406 3 Desmocollin-1 (DSC1) Plasma Membrane 

Q6ZR08 68 359792 3 Dynein heavy chain 12 (DNAH12) Cytoplasmic 

O75822 92 29159 2 
Eukaryotic translation initiation factor 3 

subunit J (EIF3J) 
Cytoplasmic 

P05413 115 14895 2 Fatty acid-binding protein  (FABP3) Cytoplasmic 

P69905 372 15294 10 Hemoglobin subunit alpha (HBA1) Cytoplasmic 

P51858 84 26886 3 Hepatoma-derived growth factor (HDGF) Nuclear 

P01857 256 36497 5 Ig gamma-1 chain C (IGHG1) Extracellular 

P29218 118 30491 2 Inositol monophosphatase 1 (IMPA1) Cytoplasmic 

Q9H293 32 20777 3 Interleukin-25 (IL25) Extracellular 

P48735 309 51245 4 Isocitrate dehydrogenase (IDH2) Mitochondrial 

P51553 129 43089 2 Isocitrate dehydrogenase (IDH3G) Mitochondrial 
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O43837 115 42387 3 
Isocitrate dehydrogenase [NAD] subunit beta 

(IDH3B) 
Mitochondrial 

Q5VZ66 32 98607 2 
Janus kinase and microtubule-interacting 

protein 3 (JAKMIP3) 
Cytoplasmic 

O95490 177 165038 3 Latrophilin-2 (LPHN2) Plasma Membrane 

P31025 150 19409 4 Lipocalin-1 (LCN1) Extracellular 

P11310 90 47015 2 
Medium-chain specific acyl-CoA 

dehydrogenase (ACADM) 
Mitochondrial 

A6NCE7 99 14676 4 
Microtubule-associated proteins 1A/1B light 

chain 3 beta 2 (MAP1LC3B2) 
Cytoplasmic 

P60201 313 30701 8 Myelin proteolipid protein (PLP1) Plasma Membrane 

P62942 68 11989 2 Peptidyl-prolyl cis-trans isomerase (FKBP1A) Cytoplasmic 

Q16822 56 71328 2 Phosphoenolpyruvate carboxykinase (PCK2) Mitochondrial 

A6NE01 32 262917 2 Protein FAM186A (FAM186A) Unknown 

Q14207 41 155253 2 Protein NPAT (NPAT) Nuclear 

Q9BRJ7 139 23461 2 Protein syndesmos (NUDT16L1) Cytoplasmic 

Q5T4F4 62 46840 3 Protrudin (ZFYVE27) Plasma Membrane 

P52565 143 23250 2 Rho GDP-dissociation inhibitor 1 (ARHGDIA) Cytoplasmic 

Q9NVA2 4459 49597 96 Septin-11 (SEPT11) Cytoplasmic 

Q15019 2927 41645 51 Septin-2 (SEPT2) Cytoplasmic 

Q14141 14417 50007 223 Septin-6 (SEPT6) Cytoplasmic 

Q16181 2259 50878 35 Septin-7 (SEPT7) Cytoplasmic 

Q9UHD8 2835 65591 52 Septin-9 (SEPT9) Cytoplasmic 

Q13501 201 48455 2 Sequestosome-1 (SQSTM1) Cytoplasmic 

P02787 72 78853 2 Serotransferrin (TF) Extracellular 

P0DJI8 141 13570 2 Serum amyloid A-1 protein (SAA1) Extracellular 

Q6S5L8 41 69615 3 SHC-transforming protein 4 (SHC4) Plasma Membrane 

Q9H9B4 146 35826 3 Sideroflexin-1 (SFXN1) Mitochondrial 

Q5T200 102 197071 15 
Zinc finger CCCH domain-containing protein 

13 (ZC3H13 ) 
Nuclear 

P25311 248 34465 6 Zinc-alpha-2-glycoprotein (AZGP1) Extracellular 
 

 
 


