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Abstract

Recently, we demonstrated that Psevdomonas aeruginosa Exotoxin T (ExoT) employs two distinct
mechanisms to induce potent apoptotic cytotoxicity in a variety of cancer cell lines. We further
demonstrated that it can significantly reduce tumor growth in an animal model for melanoma.
During these studies, we observed that melanoma cells that were transfected with ExoT failed to
undergo mitosis, regardless of whether they eventually succumbed to ExoT-induced apoptosis or
survived in ExoT’s presence. In this report, we sought to investigate ExoT’s antiproliferative
activity in melanoma. We delivered ExoT into B16 melanoma cells by bacteria (to show necessity)
and by transfection (to show sufficiency). Our data indicate that ExoT exerts a potent
antiproliferative function in melanoma cells. We show that ExoT causes cell cycle arrest in G1
interphase in melanoma cells by dampening the G1/S checkpoint proteins. Our data demonstrate
that both domains of ExoT; (the ADP-ribosyltransferase (ADPRT) domain and the GTPase
activating protein (GAP) domain); contribute to ExoT-induced G1 cell cycle arrest in melanoma.
Finally, we show that the ADPRT-induced G1 cell cycle arrest in melanoma cells likely involves
the Crk adaptor protein. Our data reveal a novel virulence function for ExoT and further highlight
the therapeutic potential of ExoT against cancer.
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Pseudomonas aeruginosa ExoT causes G1 cell cycles arrest by dampening G1/S transition
checkpoint regulators, and both of its domains contribute. The GAP domain likely prevents
progression through G1/S checkpoint by targeting RhoA and the ADPRT prevents progression
through G1/S checkpoint likely by targeting Crk adaptor protein and by interfering with the
anchorage-dependent integrin signaling.

INTRODUCTION

Although, cancer related mortality rates have declined across many cancers in the past
decade, cancer continues to have a devastating impact on public health in the United States
and across the world (Henley et al., 2020; Mattiuzzi & Lippi, 2020; Siegel, Miller, & Jemal,
2020). The Center for Disease Control and Prevention (CDC) estimates that in 2020, over
1.8 million new cancer cases will be diagnosed, and 606,520 cancer deaths will occur in US
alone (Siegel et al., 2020). These daunting statistics highlight the urgent need for new cancer
therapeutics.

Due to new technological advances to overcome the barriers in the field of Xenotoxin-based
cancer therapeutics, development of bacterial toxin-based immunotoxins, (e.g., Diphtheria
toxin (DT) or Pseudomonas Exotoxin (PE) in combination with various immune modalities),
has gained significant momentum in the field of cancer therapeutics in recent years with
several promising immunotoxins currently in clinical trials (Akbari et al., 2017; Karpinski &
Adamczak, 2018; Zahaf & Schmidt, 2017). We have been interested in evaluating the
therapeutic potential of Pseudomonas aeruginosa Exotoxin T (ExoT) against cancer. ExoT is
a bifunctional virulence factor, possessing an N-terminal GTPase activating protein (GAP)
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domain activity which inhibits RhoA, Racl, and Cdc42 small Ras-like GTPases, and a C-
terminal ADP-ribosyltransferase (ADPRT) domain which ADP-ribosylates Crk adaptor
proteins and phosphoglycerate kinase 1 (PGK1) glycolytic enzyme (Krall, Schmidt,
Aktories, & Barbieri, 2000; Sun & Barbieri, 2003).

Recently, we demonstrated that ExoT is capable of inducing potent cytotoxicity in a variety
of hard to kill cancer cell lines and its ability to cause significant reduction in tumor volume
in an animal model of melanoma (Goldufsky, Wood, Hajihossainlou, et al., 2015).
Underlying ExoT’s potent cytotoxicity in cancer is its ability to induce two distinct forms of
apoptosis in cancer cells (S. J. Wood, Goldufsky, & Shafikhani, 2015; S. J. Wood,
Goldufsky, Bello, Masood, & Shafikhani, 2015). Through its ADPRT domain, ExoT induces
anoikis apoptosis by disrupting the integrin-mediated survival signaling (S. J. Wood,
Goldufsky, & Shafikhani, 2015), and through its GAP domain, it induces prototypical
intrinsic (mitochondrial) apoptosis (S. J. Wood, Goldufsky, Bello, et al., 2015). During these
studies, we observed that melanoma cells that were transfected with ExoT failed to undergo
mitosis and proliferate, regardless of whether they eventually succumbed to ExoT-induced
apoptosis or survived in ExoT’s presence. In this report, we sought to investigate ExoT’s
antiproliferative activity in melanoma.

ExoT blocks proliferation in melanoma cells.

To assess the dynamics of ExoT-induced cytotoxicity in melanoma, we transfected B16
melanoma cells (Wellbrock et al., 2008) with the pIRES expression vector expressing ExoT,
C-terminally fused to GFP (pExoT), or the control empty vector (pGFP) and assessed
cytotoxicity by IF video-microscopy, using propidium iodide (PI) uptake, which stains dead
or dying cells red or yellow, depending on transfection with GFP containing vectors
(Kaminski et al., 2018; S. Wood et al., 2013; S. J. Wood, Goldufsky, & Shafikhani, 2015; S.
J. Wood, Goldufsky, Bello, et al., 2015). These vectors have been described previously and
GFP fusion does not alter ExoT’s virulence functions (Shafikhani & Engel, 2006;
Shafikhani, Morales, & Engel, 2008; S. Wood, Sivaramakrishnan, Engel, & Shafikhani,
2011). Of note, similar transfection efficiencies were observed for pExoT and pGFP, as
assessed by Western blotting and by determination of the percent of GFP-positive cells (Fig.
S1). Transient transfection with ExoT resulted in 65.3% cell death which was significantly
(0<0.001) more than the 25% cell death that occurred in B16 cells that were transfected with
GFP empty vector (Fig. 1A-B, Movies S1-S2, red arrows point to representative transfected
cells, succumbing to death). Pre-treatment with Z-VVAD pancaspase inhibitor significantly
reduced ExoT-induced cytotoxicity in melanoma cells (Fig. 1A-B, Movies S3-S4),
indicating that ExoT-induced cytotoxicity in B16 is primarily apoptotic in nature, as we have
previously shown for other epithelial cells (Shafikhani et al., 2008; S. J. Wood, Goldufsky, &
Shafikhani, 2015; S. J. Wood, Goldufsky, Bello, et al., 2015).

During these studies, we noted that while ~42% of pGFP-transfected B16 cells underwent
mitosis and proliferated, only 1.1% of pExoT-transfected B16 cells underwent mitosis
within the same timeframe, regardless of whether these cells eventually succumbed to
apoptosis or survived in the presence of ExoT, or whether they were treated with Z-VAD or
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not (Fig. 1A, 1C Movies S3-S4. White arrows point to representative transfected cells that
divide once after transfection and blue arrows point to ExoT-transfected non-apoptotic
representative cells that did not undergo mitosis). Interestingly, even some GFP-transfected
cells proliferated twice within this timeframe (Movies S3-S4, yellow arrows). Although, Z-
VAD treatment significantly protected against ExoT-induced cytotoxicity (Fig. 1A-B), it did
not increase the frequency of proliferating cells in pExoT- or pGFP-transfected B16 cells
(Fig. 1C), indicating that Z-VAD has no effect on B16 proliferation. Of note, the mean time
to proliferation (MTP) in untransfected and GFP-transfected B16 cells were similar (15.39
1.21 hours and 13.26 £ 1.12 hours respectively), indicating that GFP transfection did not
alter the dynamics of proliferation in B16 cells. Collectively, these data strongly suggested
that ExoT has a potent antiproliferative effect in melanoma cells.

ExoT causes cell cycle arrest in G1 interphase in melanoma cells.

To hone in on the nature of ExoT’s antiproliferative effect in melanoma cells, we next
transfected B16 cells with pGFP or pExoT vectors in the presence of Z-VAD, and
determined where in the cell cycle, ExoT was blocking B16 progression toward mitosis by
flow cytometry, 48h after transfection, (as we described previously (Shafikhani et al., 2008)
and in the Experimental Procedures). While untransfected and pGFP-transfected B16 cells
exhibited nearly identical distributions in G1, S, and G2 phases in cell cycle, pExoT-
transfected B16 cells were significantly accumulated in the G1 interphase (Fig. 2A-B),
indicating that ExoT causes G1 cell cycle arrest in B16. To corroborate these data, we
transfected B16 cells with pGFP and pExoT vectors, fixed the cells 48h after transfection,
and measured B16 entry into the S-phase using EdU incorporation (a marker for DNA
synthesis in S-phase (Gupta et al., 2017; Salic & Mitchison, 2008)) by IF microscopy. While
approximately 28% of pGFP-transfected B16 cells were EdU positive, indicating that they
had entered the S-phase, only ~1% of pExoT-transfected cells stained positive with EdU,
indicating that ExoT transfection blocked their entry into S-phase (Fig. 2C-D), confirming
the flow cytometry data in Fig. 2A-B. We further corroborated these data on a large scale,
using BrdU incorporation assay by ELISA, (as described in (Forrest, McNair, Vincenten,
Darlington, & Stone, 2016; Zhang et al., 2015) and in Experimental Procedure), which again
showed substantial reduction in BrdU staining, indicating ExoT caused G1 cell cycle arrest
(Fig. 2E).

ExoT dampens G1/S checkpoint regulators.

To gain insights into the mechanism(s) underlying ExoT-induced G1 cell cycle arrest in
melanoma, we next determined the contribution of the ADPRT and the GAP domains of
ExoT in causing G1 arrest in B16 cells. Toward this end, we transfected B16 cells in the
presence of Z-VAD with expression vectors harboring either ExoT with functional ADPRT
domain but mutant GAP, pExoT(G~A*); or ExoT with functional GAP domain but mutant
ADPRT, pExoT(G*A"); both C-terminally fused to GFP. These vectors have been previously
described (Shafikhani et al., 2008; S. J. Wood, Goldufsky, & Shafikhani, 2015; S. J. Wood,
Goldufsky, Bello, et al., 2015). We then assessed the impact of the ADPRT or the GAP
domain activities on B16 cell cycle progression through G1 by EdU incorporation analysis
using IF microscopy and by BrdU incorporation analysis using ELISA, 48h after
transfection. Data indicated that both ADPRT and the GAP domains were able to cause G1
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cell cycle arrest and contributed to ExoT-induced G1 arrest in melanoma (Fig. 2C-E). Of
note, similar transfection efficiencies were observed (Fig. S1).

Prominent among the signals that trigger cell cycle progression through G1 are the mitogen
signal through growth factors/growth factor receptors and the anchorage-dependent signal
through focal adhesion-dependent integrin signaling, both of which result in activation of
ERK MAP kinase and upregulation of cyclin D1 and cyclin E, leading to transition through
G1 into S-phase (Chang et al., 2003; Coleman, Marshall, & Olson, 2004; Foster, Yellen, Xu,
& Saqcena, 2010; Pruitt & Der, 2001; Yoon, Mitrea, Ou, & Kriwacki, 2012). We transfected
B16 cells with the aforementioned expression vectors in the presence of Z-VAD and
assessed the impact of ExoT, ExoT/GAP, ExoT/ADPRT, or pGFP control empty vector on
important G1/S checkpoint regulators, namely, ERK1/2, cyclin D1, and cyclin E1 by
Western blotting. Data indicated that both GAP and the ADPRT decreased ERK1/2
activation by nearly 60% without affecting ERK1/2 cellular levels, and cyclin E1 levels by
nearly 90% (Fig. 3). Of note, ExoT and the ADPRT domain also caused significant
reductions in cyclin D1 levels, whereas the GAP domain of ExoT did not impact cyclin D1
levels, indicating that ADPRT and the GAP domain activities employ different mechanisms
to cause G1 cell cycle arrest. Again, transfection and Z-VAD did not affect the expression of
the aforementioned G1/S checkpoint regulators, as the expression of G1/S regulators were
similar in untransfected and GFP-transfected B16 cells, as determined by Western blotting
(Fig. S2).

To assess, the physiological relevance of ExoT-induced G1 cell cycle arrest in 2 aeruginosa
pathogenesis, we infected B16 cells with ExoU- and ExoT-deleted (AUAT) PA103 strains,
which were complemented with the expression vector harboring; ExoT, ExoT(G*A"),
ExoT(G~A"), or pUCP20 empty vector. These strains have been previously described
(Shafikhani & Engel, 2006; S. Wood et al., 2013; S. J. Wood, Goldufsky, & Shafikhani,
2015; S. J. Wood, Goldufsky, Bello, et al., 2015). We used AUAT strain because ExoU is
highly toxic and kills cells in cell culture within 1-2 hours (Rabin & Hauser, 2005; Sato et
al., 2003). Five hours post-infection, we assessed the impact of ExoT or its domains on G1/S
cell cycle by BrdU incorporation assay by ELISA and on the aforementioned checkpoint
regulators by Western blotting. The infection data (Fig. 4) mirrored the transfection data
(Fig. 3), indicating that ExoT is necessary to cause G1/S cell cycle arrest during infection
and both domains contribute to this ExoT’s virulence activity.

ExoT/ADPRT domain induced G1 cell cycle arrest in B16 melanoma cells likely involves

Crk.

It was not surprising that the GAP domain of ExoT was causing cell cycle arrest in G1,
given that the GAP domain is a potent inhibitor of RhoA and Racl small GTPases (Huber,
Bouillot, Elsen, & Attree, 2014; Kazmierczak & Engel, 2002), both of which have been
shown to be critical for progression through G1/S cell cycle in eukaryatic cells (Coleman et
al., 2004; Villalonga, Villalonga, & Ridley, 2006). However, it was not clear how the
ADPRT domain of ExoT was causing G1 cell cycle arrest in B16.

Crk adaptor proteins have been demonstrated to localize to focal adhesion sites in eukaryotic
cells (Lamorte, Rodrigues, Sangwan, Turner, & Park, 2003; Watanabe et al., 2009). The
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ADPRT domain of ExoT ADP-ribosylates a conserved arginine residue in the Src Homology
2 (SH2) domain of Crk (Sun & Barbieri, 2003). We have shown that ExoT/ADPRT
modification of Crkl transforms this protein into a dominant negative (DN) mutant form
which interferes with integrin survival signaling by disrupting focal adhesion sites (S. J.
Wood, Goldufsky, & Shafikhani, 2015). Of note, the Crkl mutant harboring an arginine to
lysine mutation at the conserved arginine residue in the SH2 domain (Crkl/R38K)
phenocopies all ADPRT-associated virulence functions, including disruption of focal
adhesion structures and interference with integrin survival signaling (Deng, Sun, & Barbieri,
2005; Gupta et al., 2017; Lamorte, Royal, Naujokas, & Park, 2002; Shafikhani & Engel,
2006; S. J. Wood, Goldufsky, & Shafikhani, 2015).

Given the importance of focal adhesion and integrin-mediated signaling in activating Erk1/2
and for progression through G1/S checkpoint (Chang et al., 2003; Coleman et al., 2004;
Foster et al., 2010; Pruitt & Der, 2001; Yoon et al., 2012), and the adverse effects of ExoT/
ADPRT and CrkI/R38K on focal adhesion structures and integrin-mediated signaling (S. J.
Wood, Goldufsky, & Shafikhani, 2015), we posited that ExoT/ADPRT may involve Crk. To
evaluate this possibility, we transfected B16 cells with the expression vectors harboring
cellular Crkl or DN CrklI(R38K), C-terminally fused to GFP, or pGFP control vector, and
assessed their impacts on cell cycle progression through G1. These vectors have been
previously described (Shafikhani & Engel, 2006; Shafikhani et al., 2008; S. J. Wood,
Goldufsky, & Shafikhani, 2015). Despite similar transfection efficiencies (Fig. S3),
transfection with DN Crkl/R38K caused significant cell cycle arrest in B16, as assessed by
EdU and BrdU incorporation using IF microscopy and ELISA respectively (Fig. 5A-C),
phenocopying ExoT/ADPRT-induced G1 cell cycle arrest (Figs 3 & 4). Further
corroborating these data and similar to ExoT/ADPRT, transfection with Crkl/R38K also
dampened ERK activation and caused significant reductions in G1/S transition regulators
cyclin D1 and cyclin E1, as assessed by Western blotting (Fig. 5D-E). Interestingly,
transfection with cellular Crkl resulted in increased cyclin D1 and cyclin E1 expression,
although it did not result in increased transition into the S-phase in B16 melanoma cells.

DISCUSSION

Driven by the observation that B16 melanoma cells transfected with ExoT failed to initiate
mitosis and proliferate, regardless of whether they eventually succumbed to ExoT-induced
apoptosis or survived in its presence, we sought to investigate the nature of £ aeruginosa
ExoT’s antiproliferative function in melanoma cells. Our data reveal for the first time that
ExoT possesses a potent antiproliferative activity in that it dampens G1/S transition
regulators and causes G1 cell cycle arrest in melanoma cells. It is worth noting that ExoT
(when delivered by P aeruginosa) causes cytotoxicity within 20-30h post-infection
(Goldufsky, Wood, Hajihossainlou, et al., 2015), whereas ExoT-induced G1/S cell cycle
arrest occurred quickly within 5h post-infection, suggesting that ExoT-induced cytotoxicity
and ExoT-induced G1/S cell cycle arrest likely involve different mechanisms, or that the
mechanisms diverge early prior to caspase activation. In line with this notion, Z-VAD
treatment had no effect on ExoT-induced G1/S cell cycle arrest, while it was able to
significantly protect B16 against ExoT-induced cytotoxicity.
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We further show that both domains of ExoT (GAP and ADPRT) contribute to ExoT-induced
G1/S cell cycle arrest in melanoma cells. The molecular mechanisms underlying ExoT/
GAP- or ExoT/ADPRT-induced G1/S cell cycle arrest remain unknown and require future
investigations. However, we posit that the GAP-induced G1 cell cycle arrest is likely due to
its inhibitory effects on RhoA and Racl small GTPases (Huber et al., 2014; Kazmierczak &
Engel, 2002), given that RhoA and Racl functions are critical for progression through G1
into S-phase in mammalian cells (Coleman et al., 2004; Villalonga et al., 2006). We further
postulate that the ADPRT-induced G1 cell cycle arrest likely involves Crk adaptor protein.
This notion is supported by: (i) reports demonstrating the critical role of focal adhesion-
dependent integrin signaling in cell cycle transition from G1 into S-phase in eukaryotic cells
(Margadant, van Opstal, & Boonstra, 2007; Oktay, Wary, Dans, Birge, & Giancotti, 1999;
Walker & Assoian, 2005); (ii) the finding that ExoT causes focal adhesion disassembly and
interferes with integrin-mediated signaling in a manner that is dependent on its ADP-
ribosylation of Crkl (S. J. Wood, Goldufsky, & Shafikhani, 2015); and (iii) our data in this
communication demonstrating that Crkl (R38K) DN mutant phenocopies ADPRT-induced
cell cycle arrest and its dampening of G1/S regulators.

The question that may arise is how ExoT’s anti-proliferative function benefits 2 aeruginosa
in the context of infection and in the host environment? We posit that ExoT’s
antiproliferative effect may further enhance £ aeruginosa’s ability to expand its niche within
the host, particularly if some cell types within the host are resistant to ExoT-induced
apoptosis and ExoT-induced apoptosis is not available to this pathogen. Consistent with this
notion, we found that ~35% of B16 transfected cells were able to survive ExoT-induced
apoptosis, but all ExoT-transfected B16 cells failed to undergo mitosis and proliferate,
regardless of whether they eventually succumbed to ExoT-induced apoptosis or survived in
its presence. More studies are needed to assess the importance of ExoT-induced cell cycle
arrest in mediating £, aeruginosa pathogenesis in vivo.

ExoT is the only T3SS effector protein that is expressed in all T3SS-expressing £
aeruginosa (Feltman, Khan, Jain, Peterson, & Hauser, 2001; Feltman, Schulert, et al., 2001;
Wolfgang et al., 2003), suggesting a more fundamental role for this virulence factor in the
pathogenesis of P aeruginosa. ExoT-induced cell cycle arrest adds to the growing list of
virulence functions that make this toxin so indispensable to 2 aeruginosa (Garrity-Ryan et
al., 2004; Goldufsky, Wood, Jayaraman, et al., 2015; Gupta et al., 2017; Shafikhani & Engel,
2006; S. J. Wood, Goldufsky, & Shafikhani, 2015; S. J. Wood, Goldufsky, Bello, et al.,
2015).

Cancer continues to have a devastating impact on public health worldwide (Henley et al.,
2020; Mattiuzzi & Lippi, 2020; Siegel et al., 2020). New technological advances have been
developed to overcome the barriers in the field of Xenotoxin-based cancer therapeutics and
have now made the use of bacterial toxins in cancer therapy both feasible and attractive, as
can be seen by a growing number of promising immunotoxins in various clinical trials
(Akbari et al., 2017; Karpifski & Adamczak, 2018; Zahaf & Schmidt, 2017). We propose
that ExoT possesses many biological properties that make it an ideal candidate for the
development in cancer therapy, including its potent cytotoxicity in various cancers due to its
ability to trigger different apoptotic pathways, its ability to prevent apoptotic cancer cells
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from producing apoptotic compensatory proliferation microvesicles which can stimulate
proliferation in other cancer cells, its ability to inhibit cell migration and potentially interfere
with the metastatic process, and its anti-proliferative functions, owing it all to the activities
of its two domains (ADPRT and GAP) that target multiple non-overlapping cellular
substrates (Garrity-Ryan et al., 2004; Goldufsky, Wood, Hajihossainlou, et al., 2015; Gupta
et al., 2017; Shafikhani et al., 2008; S. J. Wood, Goldufsky, & Shafikhani, 2015; S. J. Wood,
Goldufsky, Bello, et al., 2015).

The primary challenge concerning the formulation of ExoT as a potential cancer therapy is
the development of means to safely deliver this toxin and specifically target it to tumors /in
vivo. We posit that there are several strategies that can accomplish this task. One approach is
to conjugate ExoT with tumor-specific receptor ligands, antibodies, or immunoglobulin
variable fragment regions which have been shown to enhance the delivery of the toxins (e.g.,
intravenously) as well as improve their specificity toward tumor cells /n vivo (reviewed by
(Becker & Benhar, 2012; Chaudhary, FitzGerald, Adhya, & Pastan, 1987; Pastan, Beers, &
Bera, 2004). Using this methodology, a number of bacterial-based immunotoxins - (e.g.,
Moxetumomab pasudotox and Tagraxofusp in which Diphtheria toxin (DT) is fused to either
anti-CD22 or IL-3 respectively) - have been approved by Food and Drug Administration
(FDA) for the treatment of various cancers (reviewed in (Akbari et al., 2017; Shafiee,
Aucoin, & Jahanian-Najafabadi, 2019)). Another promising approach is the use of
recombinant viral delivery systems, such as vaccinia virus, which show high inherent
tropism toward tumor cells (Baguley, 2010). A viral-based delivery platform has several
attractive biological properties that make it ideally suited for delivery and amplification of
transgenes within tumors. These include high tropism toward cancerous cells with only
minor side-effects observed in cancer patients even at extremely high infection titers (107
109 p.f.u.) (Breitbach et al., 2011) (Park et al., 2008); intravenous stability and the ability to
spread to distant tissues (Vanderplasschen, Mathew, Hollinshead, Sim, & Smith, 1998); and
preferential accumulation in solid tumors where neovasculature shows increased
permeability (Kirn & Thorne, 2009). Another potential approach is to employ image-guided
ultrasound-based microbubble technology to deliver and activate ExoT selectively in the
tumor microenvironment. Gene therapy using this technology has gained significant
momentum in recent years (Chen et al., 2012; A. H. Smith, Fujii, Kuliszewski, & Leong-Poi,
2011; B. Smith & Land, 2012).

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents:

Antibodies:

B16 cells were cultured in complete DMEM (Life Technologies) supplemented with 10%
FCS, 1% penicillin/streptomycin, and 1% L-glutamine at 37°C in the presence of 5% CO5.
For transfection experiments, 0.4ug plasmid DNA was used with Effectene (Qiagen)
according to the manufactures protocol.

All antibodies were obtained from Cell Signaling Technology. The product numbers of
antibodies are as follows: anti-Cyclin D1 (#2978), anti-Cyclin E1 (#20808), anti-Phospho-
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p44/42 MAPK (Erk1/2) (#9101), anti-p44/42 MAPK (Erk1/2) (137F5) (#4695), and anti-
GAPDH (#5174), all from Cell Signaling Technology.

Propidium iodide (Sigma; St Louis, MO) was used at 7mg/ml at the time of transfection to
identify dead or dying cells. Z-Val-Ala-Asp(OMe)-CH2F (Z-VAD) was obtained from R&D
Systems (Minneapolis, MN) and added at 60uM final concentration 1h prior to transfection

and video microscopy.

Transient Transfection was performed as previously described (Kaminski et al., 2018;
Shafikhani et al., 2008). Briefly, B16 cells were seeded at a density of 4 x 104 cells per well
overnight at 37°C with 5% CO,. Effectene transfection reagent was used following
manufacturer’s protocol (Qiagen, CA) with 0.4pg plasmid DNA.

Time-lapse Immunofluorescent (IF) videomicroscopy was performed as we described
previously (Shafikhani et al., 2008; S. Wood et al., 2013; S. J. Wood, Goldufsky, &
Shafikhani, 2015). Briefly, B16 cells were grown in DMEM without phenol red for
transfection studies for 24h. These cells were then transfected with indicated expression
vectors in the absence or presence of 60uM Z-VAD, as described (Shafikhani et al., 2008; S.
Wood et al., 2013; S. J. Wood, Goldufsky, & Shafikhani, 2015). 1h after transfection, cells
were given 7pg/ml propidium iodide (P1) which was obtained from Sigma, and then placed
on an AxioVert Z1 microscope (Zeiss) fitted with a live-imaging culture box (Pecon)
maintaining 37°C in the presence of 5% CO,. Time-lapse videos were taken at 15 min
interval, using AxioVision 4.2.8 software.

Mean Time to Death (MTD) determination was performed as we described previously
(Shafikhani et al., 2008). Briefly, we used time-lapse video microscopy in the presence of Pl
to establish the mean time to death (MTD) in cells transfected with pExoT-GFP or pGFP.
The time to death was defined as the time between the appearance of GFP (green), an
indicator of transfected gene expression, and the time at which the cell membrane integrity
was compromised resulting in the uptake of PI (red). We only included cells in our
subsequent analyses that could be followed for at least one MTD plus one standard deviation
from the mean.

Mean Time to Proliferation (MTP) determination:

We used time-lapse video microscopy to establish the mean time to proliferation (MTP) in
transfected and untransfected cells. MTP was defined as the time between two successive
mitotic events in the same cell. We only included cells in our subsequent analyses that could
be followed for at least one MTP plus one standard deviation from the mean.

Western Blotting was performed as described previously (S. Wood et al., 2013; S. Wood et
al., 2011). Briefly, cells were lysed following infection with 1% Triton X-100 containing a
protease inhibitor cocktail (Roche Diagnostics), 100mM PMSF, and 100mM NazVOg .
Lysates were mixed with 4X SDS loading buffer and loaded onto 10% SDS-polyacrylamide
gels. After resolving, gels were transferred to PVDF membranes, blocked with 5% milk, and
probed overnight with primary antibody at 4°C. After washing, blots were probed with
HRP-conjugated secondary antibody (Cell Signaling Technologies). Blots were developed
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with ECL or ECL+ reagent (GE Healthcare). Films were developed with an auto processor.
The protein levels were assessed by densitometer using ImageJ and normalized with
corresponding GAPDH levels to account for loading inherent errors.

5-Ethynyl-2’-deoxyuridine (EdU) Incorporation Assay was performed as described
previously (Gupta et al., 2017). Briefly, 8 x 104 B16 cells were seeded on coverslips, pre-
treated with poly-L-lysine and human fibronectin (40ug/mL). The following day cells were
transfected as described for 24 h and then treated with 10uM EdU for 2h. Cells were fixed
with 3.7% formaldehyde for 15 min and permeabilized with 0.5% Triton X-100 for 20 min
at room temperature. Next, cells were washed twice with 3% BSA in PBS, before treatment
with Click-iT Plus reaction cocktail (Molecular Probes) for 30min at room temperature
protected from light. Following reaction, cells were washed once and blocked with 3% BSA
for 1h and then stained with anti-GFP antibody (Abcam; ab5450) overnight followed by
anti-goat AF488 secondary antibody (Abcam; ab150129) for 1h. Coverslips were washed
three times with PBS and mounted on slides with ProLong Diamond Antifade Mountant
with DAPI (Molecular Probes) and imaged using an AxioVert Z1 fluorescent microscope
(Zeiss).

Bromodeoxyuridine (BrdU) Incorporation Assay by ELISA was performed using BrdU
Cell Proliferation ELISA Kit (ab126556), as described (Zhang et al., 2015). Briefly, B16
cells (10* cells/mL) were cultured in 96 well plates and transfected as described above.
BrdU was added to the wells during the final 24 hours of culture. After cell fixation,
permeabilization and DNA denaturation, anti-BrdU monoclonal antibody was added for one
hr. Followed by a secondary horseradish peroxidase-conjugated antibody after washing cells
three times. The amount of incorporated BrdU was estimated using Tetra-MethylBenzidine
(TMB) as chromogen. The reaction was monitored at 450nm on a microplate ELISA reader.

Infection Studies:

1 x 10° B16 cells were infected with ExoU- and ExoT-deleted PA103 strain (AUAT),
complemented with pUCP20 expressing; ExoT, ExoT(G*A™), ExoT(G~A™), or pUCP20
empty vector. These strains have been previously described (Shafikhani & Engel, 2006; S.
Wood et al., 2013; S. J. Wood, Goldufsky, & Shafikhani, 2015; S. J. Wood, Goldufsky,
Bello, et al., 2015). We used AUAT strain because ExoU is highly toxic and kills cells in cell
culture within 1-2 hours (Rabin & Hauser, 2005; Sato et al., 2003). Infection was done in
Opti-MEM +1% FBS at multiplicity of infection (M.O.1) of 20 for 5h. Plates were
centrifuged at 800 rpm for 5 min to synchronize infection. Five hours post-infection, we
assessed the impact of ExoT or its domains on G1/S cell cycle by BrdU incorporation assay
by ELISA and on the aforementioned checkpoint regulators by Western blotting as described
above.

Immunofluorescence (IF) static microscopy was performed as described previously
(Kaminski et al., 2018; Mahmood et al., 2013; S. Wood et al., 2011). Briefly, cells were
fixed 24h following transfection with 4% PFA for 20 mins, blocked and permeabilized in
permeabilization buffer (1X PBS + 5% FBS + 0.3% Triton™ X-100) for 60 mins at room
temperature, and treated with primary antibodies for GFP, at concentrations as recommended
by manufacturer in antibody dilution buffer (1X PBS/1% BSA/0.3% Triton™ X-100)
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overnight at 4°C. After 3X wash in 1X PBS for 5min each, coverslips were then incubated
with fluorochrome-conjugated secondary antibody, Anti-mouse Alexa 488 or Anti-rabbit
Alexa 488 procured from Jackson ImmunoResearch, for 2h at room temperature in the dark.
Coverslips were then rinsed with 1 X PBS three times for 5min each and visualized under
Immunofluorescence microscope.

Cell Cycle Analysis by Flowcytometry was performed as described previously (Fraker, King,
Lill-Elghanian, & Telford, 1995; Shafikhani et al., 2008). Briefly, asynchronous B16 cells
were transfected with the indicated vectors in the presence of Z-VAD as described above and
assessed for their cell cycle distribution profiles by flow cytometry after staining with PI.
These experiments were done in triplicates.

Statistical analysis.

Statistical analyses were performed using GraphPad Prism 6.0 software as described
previously (S. Wood et al., 2011; S. J. Wood, Goldufsky, Bello, et al., 2015). Comparison
between two groups was performed using Student’s #test. Comparison between more than
two groups was performed using One-way ANOVA. To account for error inflation due to
multiple testing, the Bonferroni method was used. Statistical significance threshold was set
at p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TAKE AWAY
. ExoT has a potent antiproliferative effect in B16 melanoma cells.

. Both GAP and ADPRT domains of ExoT contribute to ExoT-induced G1 cell
cycle arrest in melanoma cells.

. The ADPRT-induced G1 cell cycle arrest in melanoma cells likely involves
Crk.
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Fig. 1: Impact of ExoT on cell death and proliferation in B16 melanoma cells.
B16 cells were transfected with pIRES mammalian expression vector expressing either wild

type ExoT, fused to GFP at the C-terminus (pExoT), or the vector control (pGFP), in the
absence or presence of ZVAD (60uM) to block apoptosis. Cell death was analyzed by time-
lapse video microscopy in the presence of the impermeant nuclear dye propidium iodide (PI)
which stains dead cells (red or yellow). Proliferation was assessed by determining the
percent of cells undergoing mitosis. A) Representative frames of videos are shown. Red
arrows point to representative transfected cells that succumb to death. White arrows point to
non-apoptotic transfected cells that undergo mitosis for the first time after transfection.
Yellow arrows point to non-apoptotic transfected daughter cells that undergo mitosis for the
second time after transfection. And blue arrows point to representative non-apoptotic
transfected cells that fail to undergo mitosis. The tabulated results for cell death are shown as
the Mean £ SEM in (B) and for proliferation (cell division) in (C). (N=3, **p<0.01,
***<0.001, Student’s #test).
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Fig. 2. ExoT causes cell cycle arrest in G1 interphase in melanoma cells.
A-B) B16 cells were transfected with indicated expression vectors for 48h, fixed, and

assessed for their cell cycle distribution by flow cytometry. Representative histograms are
shown in (A) and the tabulated results are shown as the Mean £ SEM in (B). (N=3; *p<0.01;
Student’s #test). C-D) B16 cells were transfected with the indicated expression vectors in
the presence of Z-VAD. Cell cycle arrest in G1 was determined by EdU incorporation (red)
by IF microscopy, 48h after transfection. C) Representative images are shown after fixation
and staining with GFP (green) and EdU (red). Inserts are the magnified images of
representative cells. The scale bar is 20uM. (D) The tabulated results are shown as the Mean
+ SEM (N=3, ***p<0.001, One-way ANOVA). E) G1 cell cycle arrest in B16 was
determined by BrdU Cell Proliferation ELISA Kit, 48h after transfection (N=3, ***
£<0.001; One-way ANOVA).
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Fig. 3. Both domains of ExoT contribute to ExoT’s dampening of G1/S checkpoint regulators.
A) B16 cells were transfected with indicated expression vectors in the presence of Z-VAD.

Cell lysates were assessed for the indicated G1/S checkpoint proteins, 48h after transfection
by Western blotting. B) The corresponding densitometer data from 3 replicates, as compared
to pGFP control vector, are shown after normalizing the data to their corresponding GAPDH
levels. (N=3; ns, not significant, * p<0.05, ** p<0.01, *** p<0.001; One-way ANOVA).
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A-C) B16 cells were infected with the indicated bacterial strains. Five hours after infection,
cells were harvested and assessed for G1 cell cycle arrest by BrdU Cell Proliferation ELISA
Kit (A) and for the expression of the indicated checkpoint proteins by Western blotting (B).
C) The corresponding densitometer data of Western blots are shown after normalizing the
data with their corresponding GAPDH levels. (N=3; ns, Not significant, * p<0.05, **
p<0.01, *** p<0.001; One-way ANOVA).
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Fig. 5. ExoT/ADPRT-induced G1 cell cycle arrest in melanoma cells likely involves Crk.
A-B) B16 cells were transfected with the indicated expression vectors in the presence of Z-

VAD. Cell cycle arrest in G1 in transfected cells (green) was determined, using EdU DNA
incorporation (red), by IF microscopy, 48h after transfection. DAPI was used to stain
nucleus (blue). Representative images are shown. Inserts are the magnified images of
representative cells. The scale bar is 20uM. B) The tabulated results of (A) are shown as the
Mean + SEM. (N=3, ***<0.001; One-way ANOVA). C) B16 were transfected with
indicated expression vectors in the presence of Z-VAD. Cell cycle arrest in G1 was
determined by BrdU Cell Proliferation ELISA Kit, 48h after transfection (N=3; ns, not
significant, *** p<0.001; One-way ANOVA). D) B16 were transfected with indicated
expression vectors in the presence of Z-VAD. Cell lysates were collected 48h after
transfection and assessed for the indicated G1/S checkpoint proteins by Western blotting.
(E) the corresponding densitometer data from 3 replicates, as compared to pGFP control
vector, are shown, after normalizing the data with their corresponding GAPDH levels. (N=3;
ns, not significant, *** p<0.001; One-way ANOVA).
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