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Summary
The common gastrointestinal pathogens enteropathogenic Escherichia coli (EPEC) and
Salmonella Typhimurium both reorganize the gut epithelial cell actin cytoskeleton to mediate
pathogenesis, utilizing mimicry of the host signaling apparatus. The PDZ domain-containing protein
Shank3, is a large cytoskeletal scaffold protein with known functions in neuronal morphology and
synaptic signaling, and is also capable of acting as a scaffolding adaptor during Ret tyrosine kinase
signaling in epithelial cells. Using immunofluorescent and functional RNA-interference approaches
we show that Shank3 is present in both EPEC- and S. Typhimurium-induced actin rearrangements
and is required for optimal EPEC pedestal formation. We propose that Shank3 is one of a number
of host synaptic proteins likely to play key roles in bacteria-host interactions.
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Introduction
Synapses are specialized multi-protein assemblies which serve to facilitate and organize
cellular signals. Many different types of synapses are known, from cell-cell neurological and
immune, to virological and bacterially-induced synapses, but most synapses share common
features regardless of their origin. Such features include: organization of signaling molecules
via scaffolds (often resulting in signal amplification); alterations in membrane shape and
trafficking to support optimal signal transfer; and remodeling of the underlying cytoskeletal
structure to maximize and maintain synapse contacts. In the case of pathogen-initiated
synapses, these host-cell/microbe interactions closely mimic endogenous cell-cell interfaces,
either directly co-opting the host signaling machinery or introducing additional microbe-
encoded factors to mediate the host-pathogen interface [1–3].
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In the immune system synapse formation and subsequent interaction determines how cells
regulate both innate and adaptive immunity [4,5], and several PDZ-containing proteins have
key roles in these structures [6,7]. PDZ proteins have also been shown to play key roles in the
neurological synapse, one such protein is Shank3, which supports the post-synaptic density
(PSD) [8,9]. The PSD is a large, complex and ordered array of proteins which serves to mediate
neuronal signaling and appears highly conserved over deep evolutionary time. Indeed PSD
components, including highly conserved functional interaction domains, can be found in the
demosponge Amphimedon queenslandica, an organism at the base of the putative animal
kingdom, and which lacks neurons and neuronal synapses [10]. This suggests that PSD proteins
performed ancient pre-neuronal functions, interacting with their ancient partners in a manner
still largely extant, albeit in an altered cellular context. It is therefore plausible that bacteria
also exploit these conserved synaptic components, given the long co-evolution of bacteria and
animal hosts. In this study we explored the role of the PDZ-containing Shank3 protein in
another synaptic signaling context – the interface between bacterial pathogens and human cells,
and the subsequent signaling events leading to bacteria-driven actin remodeling.

Studies of Shank proteins have largely concentrated on their roles in the nervous system and
PSD, including synaptic potentiation and memory [11]. However, their roles outside of neurons
remain largely uncharacterized, despite being expressed in the gut, kidney and other tissues
[12]. Shank3 is a scaffold of the PSD and is thought to integrate neurotransmitter receptors and
the cortical cytoskeleton. Shank3, and its family members Shank1 and 2, all contain a large
number of protein interaction domains, including PDZ, SH3, SAM and proline rich domains.
However, for each gene there are multiple alternative spliceforms that lack one or more of
these domains. Via their interactions with modulators of small G protein signaling such as
cortactin and PIX, they are thought to control actin assembly at the PSD. In addition, neuronal
Shank proteins themselves interact with regulators of the actin cytoskeleton: alpha-fodrin,
Abp1, IRSp53, and (via IRSp53) the small GTPase Cdc42. Shank2 and 3 and have been shown
to recruit Abp1 to dendritic spines and the PSD [8,13,14]. Aside from these cytoskeletal
interactions, Shank proteins also interact with the scaffold Homer, serving to regulate calcium
stores in response to cell surface glutamate receptors [15–17]. Outside of the nervous system,
it is known that Shank3 mediates the signaling from the Ret receptor tyrosine kinase in
epithelial cells [18]. Thus Shank3 can be placed between receptor tyrosine kinase activation
and downstream actin-dependant and actin-independent signal transduction. Enteropathogenic
Escherichia coli (EPEC) and other attaching and effacing (A/E) pathogens are major causes
of human disease, mainly afflicting children in the developing world, but with a significant
emerging foodborne disease component in industrialized nations [19]. All A/E pathogens share
a largely conserved pathogenicity island, termed the Locus of Enterocyte Effacement (LEE),
which has been horizontally transferred between strains/species [20–22]. The LEE encodes a
type III secretion apparatus and associated effectors which serve to attach the bacterium to the
host cell via generation of a distinctive A/E lesion, characterized by effacement of microvilli
and projection of a pedestal beneath the attached bacterium. This pedestal is composed of actin
and associated cytoskeletal components, and its formation is driven by recruitment of host cell
signaling molecules to the translocated intimin receptor (Tir). Tir is a bacterial protein inserted
into the host cell membrane via the bacterial secretion apparatus [23,24]. Upon binding to
intimin on the bacterial surface, the clustering of Tir induces its phosphorylation by host kinases
[25–27] and induction of downstream signaling events promoting actin polymerization. This
process, clustering, phosphorylation and signaling, strongly resembles endogenous receptor
tyrosine phosphorylation signaling [28,29]. It is known that many of the components employed
by A/E pathogens for initiation of pedestal signaling play near-identical roles in host signaling
pathways [30]. Indeed, it is increasingly clear that the mimicry by pathogens of host signaling
pathways and co-option of such signals for infection is common in microbial pathogenesis
[1,3].
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Other bacterial pathogens, including Salmonellaenterica subsp. enterica serovar Typhimurium
(S. Typhimurium), also exploit host actin machinery. In the case of S. Typhimurium membrane
ruffles are formed which serve to induce bacterial internalization in non-phagocytic cells
[31]. While much of the mechanism of this process is known, including the roles of bacterial
mimics of G-proteins or G-protein regulators, other aspects still remain undefined, including
the roles of focal adhesion proteins recruited to the Salmonella entry site [32]. Salmonella may
induce a focal-adhesion-like structure upon the cell surface, although all the components of
this process have yet to be identified.

Shank3 plays a key role in the organization of the massive PSD complex at neuronal synapses,
and has been identified as a novel component of receptor tyrosine kinase signaling. Therefore
we were interested whether Shank3 might also be involved in other synaptic structures, such
as the EPEC pedestal. We reasoned that both host cell receptor tyrosine kinase signaling and
EPEC-induced signaling were known to share downstream adaptors, effectors and scaffolds.
Thus we embarked upon experiments to determine whether Shank3 is a scaffold involved in
the formation of the EPEC pedestal, a well-studied bacterial-host synapse. In addition, with its
role in mediating the organization of intercellular contacts such as dendritic spines and
synapses, we investigated Shank3 as a candidate for cytoskeletal organization within
Salmonella-induced invasion ruffles.

Methods
Cell lines and bacterial strains

HeLa cells (line CCL2) were obtained from ATCC. Wild-type and isogenic Nck1 and 2 double
knockout mouse embryonic fibroblasts (MEFs) were a kind gift from Dr Tony Pawson. All
cell lines were routinely cultured in DMEM supplemented with 10% iron-supplemented calf
serum (Hyclone, USA) and 40 μg ml−1 gentamycin sulfate. E. coli strain E2348/69, used in
initial experiments was obtained from Dr Scott Snapper. EPEC strains carrying tir deletions
and relevant complementation plasmids have been previously described [33]. S. Typhimurium
SL1344 DsRed2 was given by Dr HC Reinecker.

Transfection of mammalian cells and Shank3 knockdown
HeLa cells were plated onto 18mm glass coverslips in 12 well plates at a density of 1×105 cells
per well. After 24 hours cells were transfected in antibiotic-free medium with Shank3-HA or
HA-vector (a modified pCMV vector, Clontech, USA) using Lipofectamine 2000 (Invitrogen,
USA), according to the manufacturer’s instructions. Infections were performed after a further
24 hours. MEFs were transfected immediately upon plating, with 1.5×105 cells per well and
infected 48 hours later.

For shRNA mediated shank3 knockdown we utilized the pSUPER-neoGFP vector
(OligoEngine, USA), containing either one of two Shank3-specific RNA targeting sequences
(Shank3 shRNA1 or 2) or a non-targeting scrambled sequence (control shRNA). Sense and
antisense targeting sequences, separated by a 9-mer hairpin were cloned into the pSUPER-
neoGFP vector and sequenced. The RNA-targeting sequences used were: Shank3 shRNA1 –
5′ CCAGCGAUAUCAACCUGAATT 3′; Shank3 shRNA2 – 5′
CAGAGAAGGUCCAAGCUAUTT 3′. Knockdown efficacy was assayed using Shank3
specific real-time quantitive RT-PCR with normalization using GAPDH primers. Shank3 RT-
PCR primer sequences were: 5′ GGAGAGCGGGGAACTCACT 3′; 5′
CTGTCCGAGGACTGCTTCAG 3′. Confirmation of knockdown was performed by western
blotting of HeLa lysates 48 hours after transfection with control or Shank3-specific shRNA
constructs. Lysates were prepared in RIPA buffer and sheared by repeated passage through a
19-gauge needle on ice to release cytoskeletal-associated proteins. Following addition of
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loading buffer and boiling, equal volumes were loaded onto two separate gels and blotted for
Shank3 (mouse anti-Shank3, Antibodies Incorporated, USA) or β-tubulin (mouse anti-β-
tubulin, SantaCruz Biotechnologies, USA). The large size of Shank3 – approximately 200kD
– compared to β-tubulin, necessitated the usage of separate SDS-PAGE resolution.

EPEC and S. Typhimurium infections
EPEC infections were performed as previously described [34], with slight modifications.
Briefly, EPEC colonies were seeded from fresh agar plates into 1.5 ml of LB broth with relevant
antibiotics and grown at 37°C with shaking for 9 hours. Cultures were then diluted 1:500 into
5 ml of antibiotic-supplemented DMEM, supplemented with 100mM HEPES (pH7.4). These
cultures were grown overnight at 37°C, static in a 5% CO2 atmosphere. Infections were then
performed by diluting overnight cultures 1:1000 into fresh DMEM, supplemented with 20mM
HEPES (pH7.4), and adding 1 ml of this mixture into each well of 12-well plates. Following
a 10 minute spin at 700×g, plates were incubated at 37°C, 5% CO2 for 4–6 hours.

S. Typhimurium infections were performed as previously described [35]. Briefly, SL1344
colonies from fresh agar plates were grown in LB plus 100 μg ml−1 ampicillin, shaking at 37°
C overnight. Cultures were diluted 1:33 in fresh LB plus ampicillin and grown for a further 3
hours. Infections were performed using 1:100 dilutions of these sub-cultures, yielding an
multiplicity of infection of 1:100. For the purposes of examining bacterial-induced ruffles
infections were allowed to proceed for 20 minutes.

Immunostaining
Following infection, transfected cells were washed twice in PBS and fixed in 4% formaldehyde
solution in PBS for 20 minutes. Cells were then permeabilised in 0.1% Triton-X100 in PBS
for 2 minutes, blocked with 2% BSA for 40 minutes and stained using appropriate antibodies
for one hour. For staining of endogenous Shank3 we utilized a methanol fixation procedure,
cells were fixed in ice-cold 100% methanol for 2 minutes, washed twice in PBS, extracted with
0.1% Triton X100 in PBS for 5 minutes and blocked for 10 minutes in 1% BSA. Primary
antibodies against Shank3 and actin were then applied for one hour, followed by extensive
washing. Primary antibodies used were: mouse anti-HA (Covance, USA); mouse anti-Shank3
(Antibodies Incorporated, USA) and rabbit anti-actin (Sigma Aldrich, USA). Secondary
antibodies were obtained from Molecular Probes (Invitrogen USA) and were highly cross-
adsorbed: Alexa488-conjugated goat anti-mouse, Alexa488-conjugated goat anti rabbit and
Alexa568-conjugated goat anti rabbit. Actin was stained in formalin-fixed samples using
Alexa633-conjugated phalloidin (Invitrogen) and DNA staining for bacterial localization used
either propidium iodide or DAPI (Invitrogen). Following staining and washing, coverslips were
mounted in a glycerol-base medium (PolySciences, USA) and imaged on either a BioRad
Radiance 2000 or Leica SP5 confocal microscopes. Image analysis and export was performed
with the appropriate manufacturer’s software. For pedestal cross-sections RGB images were
imported as stacks into ImageJ [36] and intensity data through selected pedestals collected
using the “plot profile” function.

Assessment of EPEC attachment and pedestal formation
Following infection and staining of either HeLa or MEF cells lines as described, we selected
transfected cells by either Shank3 expression (via anti-HA staining) or, in the case of shRNA
experiments, GFP expression. Total numbers of bacteria attached to cells were counted by
DAPI staining and the numbers of EPEC exhibiting phalloidin-dense F-actin staining beneath
them were recorded. Overall percentages of pedestal-attached bacteria were calculated based
upon at least 40 cells per condition; significance was assessed using a two-sample T-test and
95% confidence intervals calculated.
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To quantify the proportion of pedestals exhibiting Shank3-HA recruitment an operator blinded
to the experimental condition identified attached bacteria via DAPI staining, the number of
these bacteria exhibiting actin foci and HA-staining were recorded and the data subsequently
analysed. At least 40 cells per condition were counted.

Results
Shank3, but not Shank1, is recruited to EPEC-induced pedestals

HeLa cells were transfected with plasmids encoding either Shank3-HA or empty vector
(containing the HA epitope tag) and infected with EPEC 24 hours later. Following three to five
hours of infection, cells were washed, fixed and stained for immunofluorescence. We observed
that Shank3-HA was found in EPEC pedestals, colocalizing with actin throughout the length
of the pedestal (Figure 1A). As a control for antibody cross-reaction, vector alone (Figure 1B)
and overexpressed Shank1-HA, a protein closely-related to Shank3 (Figure 1C), showed no
such pedestal staining using identical antibodies and incubation conditions. We confirmed
these observations by plotting staining intensity profiles across representative pedestals,
examples are shown in Figure 1D. We were able to clearly see that actin and Shank3-HA
colocalized, whereas Shank1-HA or HA vector alone did not yield actin-colocalized staining.
We did not observe any increase in either EPEC attachment or pedestal formation (as assessed
by F-actin staining) in HeLa cells transfected with Shank1-HA or Shank3-HA (Table 1).
Counting of pedestals and HA-staining beneath attached bacteria confirmed that pedestal-
located HA-staining was confined to cells expressing Shank3-HA and largely absent from those
expressing Shank1-HA (Table 1).

Shank3 is recruited to the EPEC pedestal in an Nck-independent manner
EPEC-induced pedestal formation closely resembles endogenous receptor tyrosine kinase
signaling. The secreted bacterial protein Tir is embedded within the host cell membrane
following secretion into the host cell. Upon ligation to the bacterial membrane protein intimin,
Tir clusters beneath the bacterial cell. Tyrosine phosphorylation of Y474 in the Tir C-terminus
is mediated by host kinases, in a manner akin to host receptor phosphorylation [26,27]. Once
phosphorylated, Tir clusters are able to recruit the host cytoskeletal adaptor protein, Nck, via
an interaction between the Nck SH2 domain and a Tir motif mimicking the endogenous Nck-
binding domain of nephrin [30,37]. Binding of Nck results in recruitment and activation of the
Arp2/3 complex and subsequent actin polymerization, with Tir/Nck acting as the initiating
nucleus. This Nck-dependant pedestal formation pathway dominates in classical wild-type
EPEC strains, however there are also two, less efficient Nck-independent pathways [38,39].
One of these pathways requires Y474, while the other requires Tir residue Y454, and for neither
are the factors that result in initiation of actin nucleation conclusively identified (see
Discussion). It is plausible that the presence of parallel pathways reflects differential
optimization of actin polymerization during initial pedestal formation and subsequent pedestal
maintenance. To further examine the role of Shank3 in the EPEC pedestal we utilized Nck1
and 2 double knockout MEFs and isogenic control MEFs, as previously described [38,40].
These cells were transfected with Shank3-HA or HA-vector and subsequently infected with
EPEC for five to seven hours prior to fixation and staining. Knockout MEFs were able to
support pedestal formation, albeit at a much lower rate than control cells; 9% (+/− 1.8) of
attached bacteria formed pedestals in Nck−/− MEFs, compared to 77% (+/− 2.4) in Nck replete
cells, similar to previous reports [38]. Confocal microscopy revealed that Shank3-HA was
located to pedestals regardless of the presence or absence of Nck (Figure 2A). Similar results
were obtained with endogenous staining for Shank3 – staining was observed in pedestals in
both control and Nck knockout cells (Figure 2B). These colocalisations were confirmed
through intensity cross-sections of selected pedestals, representative profiles are shown in
Figure 2C). In the absence of Nck, we observed Shank3 within a subset of pedestals. However,
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Nck-independent pedestals are both shorter and less frequent than those formed on Nck-replete
MEFs [34], and we suggest the slower kinetics and lower efficiency of Nck-independent
pedestal growth may result in some pedestals that have not recruited sufficient Shank3 for
immunodetection. Also, in Nck−/− cells we did observe Shank3 enrichment at a small
proportion (10%, +/− 2.8) of sites of bacterial attachment in the absence of visible actin
rearrangement. However, similar Shank3 staining was not observed in cells where Nck was
available. This was suggestive of Shank3 recruitment prior to (or at the very early stages of)
actin pedestal formation, revealed by the poorer recruitment of actin in the absence of Nck.
Therefore, we set out to further dissect the requirements for Shank3 recruitment.

Shank3 localisation to the sites of bacterial attachment is Tir-dependant
Since we had observed Shank3 staining in EPEC pedestals occurred independent of Nck, we
tested the requirement for Tir in Shank3 recruitment. EPEC lacking Tir was unable to recruit
actin to sites of bacterial attachment, whereas the same strain complemented with wild-type
Tir generated robust actin pedestals (Table 2). Similarly, Shank3 recruitment to bacterial
attachment sites was absent in Tir-deficient infections, but was maintained in the control
infections. Therefore we concluded that Shank3 recruitment was dependant upon Tir.

Using bacterial strains expressing solely Tir molecules lacking one or both of the key tyrosine
phosphorylation sites, we observed that Y454 was not required for Shank3 recruitment, with
rates of bacteria-Shank3 colocalisation approaching wild-type (Table 2). Levels of actin
pedestal formation were very low during infections of Tir Y474F and Tir Y454F/Y474F-
expressing bacteria, however we did not observe any Shank3-localisation around adherent, but
non-pedestal-forming ΔTir, Y474F- or Y454F/Y474F-expressing bacteria. This was in
contrast to the small proportion of such events observed in Nck−/− cells when infecting with
wild-type EPEC. These data suggested that the actin-independent localization of Shank3 seen
in Nck-deficient cells was not due to attachment-mediated Shank3 recruitment, but likely
reflected poor staining of actin caused by the reduced actin polymerisation previously observed
in these cells during EPEC infection.

Shank3 is also recruited to Salmonella-induced actin rearrangements
Following our identification of Shank3 as a molecule recruited to EPEC pedestals we
investigated whether it was involved in another pathogen-induced actin rearrangement, the
internalization of S. Typhimurium. Overexpression of HA-tagged Shank3 during S.
Typhimurium infection of HeLa cells showed a clear colocalization of Shank3-HA to actin-
rich membrane ruffles, both ruffles and strong Shank3/actin association were absent in
uninfected cells (Figure 3A). Staining of endogenous Shank3 during S. Typhimurium infection
also revealed a significant enrichment within Salmonella-induced ruffles. Ruffles were clearly
stained with anti-Shank3 antibodies, and Shank3 largely co-located with actin (Figure 3B,
HeLa cells) in these structures. Absence of Nck had no effect upon S. Typhimurium-induced
ruffles, and actin ruffles induced by S. Typhimurium on Nck-deficient cells were also
associated with Shank3 (Figure 3B, WT and Nck−/−). Thus we had identified two pathogen-
induced actin rearrangements that were associated with Shank3. Shank3 had been identified
as having important functions in receptor tyrosine kinase and calcium/Homer signaling. We
were interested whether Shank3 localization at actin pedestals and/or actin ruffles was purely
as a structural/scaffold component, or whether Shank3 might also play an active role in
mediating signaling during host-pathogen interactions. Therefore, we set out to investigate the
roles of Shank3 in EPEC actin pedestal formation using a functional RNAi approach.

Ablation of Shank3 using RNAi results in a modest reduction in pedestal formation efficiency
We transfected HeLa cells and MEFs with shRNAs directed against Shank3, or a scrambled
non-targeting sequence, and determined effective RNA knockdown by quantitative RT-PCR.
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Shank3-targetting vectors significantly reduced Shank3 mRNA and protein levels (Figure 4A)
in transfected HeLa cells after 48 hours. Due to relatively low transfection efficiency in MEF
cells lines, we utilized the GFP reporter co-expressed with the shRNA hairpin to select
transfected cells for counting, thus ensuring that consistently transfected population were
assayed. Thus it is likely that in both HeLa cells and MEFs the population sampled for pedestal
quantitation exhibited higher levels of Shank3 knockdown than RT-PCR or Western analysis
of the pooled HeLa population would suggest.

Infection of Shank3-knockdown cells with EPEC resulted in a modest, but reproducible and
significant reduction in the number of actin pedestals formed beneath attached bacteria in HeLa
cells and both Nck-replete and knockout MEFs when compared to appropriate control-shRNA
transfected cells (Figure 4B). A similar modest reduction in pedestal formation was observed
after knock down of Shank3 on Nck-deficient MEFs, but this difference failed to reach
statistical significance, likely due to the very low rate of attachment in Nck−/− MEFs. Rates of
bacterial attachment were unaffected by Shank3 knockdown, suggesting that Shank3 plays a
role solely in pedestal growth and not initial attachment. We did not observe any increase in
the rate of pedestal formation in MEFs overexpressing Shank3-HA, either in the presence, or
absence of Nck (data not shown). Likewise, we were unable to observe any consistent
qualitative differences in pedestal intensity, shape or length in the absence of Shank3 compared
to controls.

Discussion
Shank3 is a cytoskeletal scaffold protein recruited to both the EPEC pedestal and S.
Typhimurium-induced membrane ruffles

Despite their diverse locations and components, synapses share common functional features
and optimizations to fulfill their functions as signaling foci. Whilst some synaptic structures
are relatively short-lived (e.g. the T/B cell immunological synapse), others are capable of
persistent, albeit dynamic, stability – such as neuronal synapses. Such large, long-lived
synapses are maintained by an array of cytoskeletal and cellular junctional rearrangements, as
well as constant signals derived from the synaptic interface itself. In the case of EPEC, the
creation of a stable synapse enables adherence and colonization of the gastro-intestinal tract.
For S. Typhimurium, the interaction at the cell membrane is short-lived, but is followed by
internalization and exploitation of host cytosolic traffic from within the Salmonella-containing
vacuole [41].

Shank3 has been mostly studied for its role within the post-synaptic density, where it is though
to act as a “master scaffold” and mediate overall organization and architecture of the PSD.
However, it has also been implicated as a scaffolding adaptor for the Ret tyrosine kinase – and
therefore may play a role in both epithelial turnover and mucosal immune development [42].
In this paper we demonstrate for the first time that the Shank3 scaffold protein is located within
both actin-rich pedestals induced by the A/E pathogen EPEC and Salmonella-induced
membrane ruffles. The formation of A/E pedestals shares many of the features of endogenous
tyrosine kinase signaling, including crucial phosphorylation sites and recruitment of host
adaptors and downstream signal generation. Therefore it is likely that these pathogens utilize
host scaffold molecules as a result of their subversion of upstream factors.

Shank3 recruitment was dependant on Tir, and bacterial adherence to cells alone was
insufficient to trigger Shank3-bacteria colocalisation. Tir residue Y474, which is critical for
Tir recognition by Nck, was required for recruitment, but Shank3 localized to pedestals
independent of Nck. Two other host factors that both bind Tir and localize to actin pedestals
have been shown to interact with Shank3, and thus could promote Shank3 recruitment. First,
IRSp53 [43] and its homolog IRTKS bind EHEC Tir and are present in both EPEC and EHEC
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pedestals [44,45]. However, IRSp53 and IRTKS recognize an EHEC Tir sequence containing
the homolog of EPEC Tir Y454, suggesting that these factors are not responsible for Shank3
recruitment, which depends on Y474. Secondly, cortactin, a cytoskeletal protein targeted by
EPEC, EHEC and other bacterial pathogens, is found throughout the actin pedestal [46–48].

Recruitment of Shank3 was generally associated with detectable actin pedestals. In Nck-
deficient cells, we observed a small proportion of adherent bacteria that appeared to recruit
Shank3 in the absence of actin rearrangement, but the (antibody-mediated) actin staining
method required to visualize pedestals in those cells was significantly less sensitive than the
(phalloidin-mediated) staining utilized with other cells. We therefore believe that the
apparently actin-independent Shank3 recruitment observed in Nck-deficient MEFs may be due
to poor detection of the shorter, weaker Nck-independent pedestals, and not a truly actin-
independent phenomenon.

Thus, we find it likely that Shank3 is recruited subsequent to pedestal initiation, possibly as a
molecule that organizes and maintains pedestal integrity as it extends and persists. shRNA
knockdown of Shank3 modestly reduced the efficiency of pedestal generation, and pedestal
formation was not significantly increased by overexpression of Shank3. The lack of dramatic
effect on pedestal formation, however, could be due to redundant function of other scaffolds
in the EPEC pedestal. Indeed there are two other known Shank proteins in humans, although
Shank1 did not locate to the pedestal these studies, Shank2 also contains many similar domains
to Shank3. There are also multiple differentially spliced isoforms of all the known Shank family
members, and therefore it is possible that our shRNA knockdown was not effective against all
Shank3 isoforms. Junctional proteins, such as IQGAP, are translocated to the EPEC pedestal
and these may play a role in maintenance of the long-lived, dynamic pedestal interface between
the colonizing pathogen and host cell [49]. This finding is consistent with the hypothesis that
scaffold usage by EPEC is diverse, akin to the broad array of kinase, adaptors and actin
polymerization pathways used by EPEC, EHEC and related bacteria [25,34,38,39,50,51].

It has also been demonstrated that Shank3 was also recruited to S. Typhimurium-induced
membrane ruffles, structures induced via GTPase activation, molecular mimicry and actin
nucleation and stabilization. These structures are quite different from the EPEC pedestal and
thus Shank3 may be a widely used molecule in a variety of cytoskeletal contexts. It is of interest
that S. Typhimurium is thought to recruit focal adhesion proteins to the apical cell surface
during invasion. Although the exact roles for focal adhesion proteins here are not known they
appear to serve an organizational role essential for bacterial entry [32]. The PSD is a large and
highly organized structure, with Shank3 thought to be present as the central scaffold. It is
possible that other cellular cytoskeletal (re)organizations also rely upon Shank3 as a master
scaffold and regulator of signaling. In this paper we identify Shank3 as a component of both
the actin-rich pedestal and ruffles induced by EPEC and S. Typhimurium, respectively, on both
human and mouse cells. We suggest that Shank3 acts as one of a number of cytoskeletal
components which mediate the growth and stability of large actin-driven membrane structures.
Shank3 has an established role in the signal transduction of Ret receptor tyrosine kinase, and
our finding that it is also involved in the EPEC pedestal highlights the similarities between
endogenous host and pathogen-driven signaling pathways. It also illustrates the power of
bacterial mimicry of host processes to subvert the cytoskeleton, without entirely perturbing
cellular architecture, or inducing innate defense responses. We propose that Shank3 may play
many roles within epithelial cells related to actin cytoskeleton organization. As shown by
recruitment to Salmonella-induced ruffles and its ability to elevate EPEC-induced pedestal
attachment, as a master scaffold Shank3 is capable of mediating both structural organization
and signaling. Here we also present an example of such cytoskeletal organization, where
Shank3 is used by EPEC to assist in the creation of a stable interface between host cells and
the bacterial pathogen.
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Figure 1. Shank3 is recruited to the EPEC pedestal
HeLa cells were transfected with either Shank3-HA (A), HA vector alone (B) or Shank1-HA
(C). After 24 hours cells were infected with EPEC for four hours, washed, fixed and stained
using anti-HA antibodies, propidium iodide and phalloidin. Anti-HA (green in merge), DNA
(red in merge) and actin (blue in merge) are shown, as single plane maximum projections, with
orthogonal projections in the case of Shank3-HA, of confocal z-stacks. Scale bars represent
10 μm. (D) Fluorescent intensity profiles of actin (dotted line) and anti-HA (grey line) staining
are shown. Pedestal profiles were drawn as straight lines between the arrowheads shown in the
micrographs. In contrast to the colocalisation seen with Shank3 (A), HA or Shank1 (B and C)
staining are both largely absent staining beneath attached bacteria.
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Figure 2. Shank3 localization to pedestals is independent of Nck
(A) Isogenic mouse embryonic fibroblasts expressing both Nck1 and 2 (WT), or lacking Nck1
and 2 expression (Nck−/−) were transfected with Shank3-HA and infected with EPEC for six
hours as described. Cells were then fixed and stained using anti-HA antibodies. (B)
Untransfected MEFs were infected with EPEC for six hours and stained for endogenous Shank3
with specific antibodies. Following washing and staining, cells were examined by confocal
microscopy. Single plane maximum projections of infected cells stained with anti-HA or
shank3 antibodies (green in merge), DAPI (blue in merge) and phalloidin (red in merge) are
shown. Scale bars represent 10 μm. (C) Fluorescent intensity profiles of actin (dotted line) and
anti-HA (grey line) staining are shown. Pedestal profiles were drawn as straight lines between
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the arrowheads shown in the micrographs. Note the clear actin co-localisation present in both
HA-tagged and endogenous Shank3 staining.
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Figure 3. Shank3 is recruited to Salmonella-induced membrane ruffles
(A) HeLa cells were transfected with Shank3-HA and stained with anti-HA antibodies (top
panels). Identically transfected cells were infected with S. Typhimurium and fixed and stained
20 minutes following bacterial exposure to capture invasion events (bottom panels). Anti-HA
(green in merge), actin (blue in merge) and bacteria (red in merge) are shown as maximum
confocal projections. Arrows indicate sites of bacteria-induced ruffling. Scale bars represent
10 μm.
(B) HeLa, WT or Nck−/− MEFs were infected for 20 minutes with S. Typhimurium and stained
with DAPI (blue in merge), anti-Shank3 (green in merge) and anti-actin (red in merge)
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antibodies. Arrows mark pronounced dorsal actin- and Shank3-rich ruffles. Images shown are
single confocal optical sections. Scale bars represent 10 μm.
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Figure 4. Shank3 deficient cells are less able to support efficient EPEC pedestal formation
(A) HeLa cells were transfected with two levels of control shRNA vector (black bars) or one
of two shank3-targeting shRNA vectors (grey and white bars). After 48 hours knockdown was
assessed using real-time quantitative RT-PCR with Shank3 specific primers and normalized
to GAPDH. Shown are means of two experiments, each using two independent cDNA samples,
with standard deviations. A representative western blot following high-level (1000 ng)
transfection of shRNA vectors is shown. Levels of endogenous Shank3 (as determined with
anti-Shank3 antibody) are reduced in cells receiving Shank3-directed shRNAs 1 and 2,
compared to control-transfected cells. Anti-tubulin is shown as a protein-level control.
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(B) HeLa cells, WT MEFs or Nck−/− MEFs were transfected with shRNA constructs for 48
hours, then infected with EPEC for 6 hours as described. Pedestal formation was assessed by
F-actin staining and is expressed as a percentage of total adherent bacteria. Means of data
pooled from three independent experiments are shown, at least 40 cells per condition were
counted in each experiment. Error bars indicate 95% confidence intervals, * signifies statistical
significance p<0.05. Significance was measured using a two-sample T-test, comparing to the
relevant shRNA control samples. Data is representative of three independent experiments.
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Table 1
Shank3, but not Shank1 is recruited to actin pedestals in EPEC-infected HeLa cells.

Bacteria/cell Pedestals/100 bacteria HA-staining/100 bacteria

HA vector 8.2 (+/− 1.8) 82.3 (+/− 2.8) 1.2 (+/− 2.2)

Shank1-HA 7.6 (+/− 1.5) 80.2 (+/− 3.1) 4.9 (+/− 1.6)

Shank3-HA 7.8 (+/− 1.6) 79.3 (+/− 4.2) 63.3 (+/− 2.8)

HeLa cells were infected with wild-type EPEC for 3 hours, 24h after transfection with either HA vector or Shank-HA constructs. Bacterial attachment,
pedestal formation and HA-staining were quantified in two separate experiments by an operator blinded to the experimental condition. Figures represent
means and standard deviations from data pooled from two experiments.
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Table 2
Shank3 recruitment to EPEC attachment is Tir-dependant

Bacteria/cell Pedestals/100 bacteria Shank3-staining/100 bacteria

ΔTir 3.2 (+/− 1.1) 0.0 (+/− 0.0) 0.2 (+/− 0.3)

pTir 7.3 (+/− 0.9) 73.1 (+/− 3.1) 41.3 (+/− 2.2)

Y454F 8.2 (+/− 1.4) 68.2 (+/− 2.3) 35.1 (+/− 3.1)

Y474F 2.2 (+/− 1.2) 4.1 (+/− 3.2) 0.2 (+/− 0.5)

Y454F/Y474F 1.8 (+/− 1.3) 0.3 (+/− 0.4) 0.1 (+/− 0.2)

HeLa cells were transfected with Shank3-HA and infected 24 hours later. Infections were performed using EPEC expressing wild-type or mutant Tir
variants for 5 hours, cells were then fixed and stained for bacteria, actin and Shank3. Shank3 staining was performed using anti-Shank3 antibodies since
bacterial Tir expression constructs were HA-fusions. Quantification was performed by a blinded operator and data was pooled from two independent
experiments and is presented as means with standard deviations.
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