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Abstract

Human astroviruses (HAstV), positive sense single-stranded RNA viruses, are one of the
leading causes of diarrheaworldwide. Despite their high prevalence, the cellular mechanisms of
astrovirus pathogenesis remain ill-defined. Previous studies showed HAstV increased epithelial
barrier permeability by causing a relocalization of the tight junction protein, occludin. In these
studies, we demonstrate that HAstV infection induces epithelial-mesenchymal transition (EMT),
by upregulation the transcription of EMT -related genes within 8 hours post-infection (hpi),
followed by the loss of cell-cell contacts and disruption of polarity by 24 hpi. Unlike the
relocalization of tight junction proteins, HAstV-induced EMT requires productive replication and
is independent of cellular factors including transforming growth factor-g (TGF-). While multiple
classical HAstV serotypes, including clinical isolates, induce EMT, the non-classical genotype
HAstV-VAL and two strains of reovirus are incapable of inducing EMT. This finding puts

classical strains of HAstV-1 in an exclusive group of non-oncogenic viruses triggering EMT.

Author Summary

While human astroviruses (HAstV) were discovered nearly 45 years ago, these small
positive-sense RNA viruses remain critically understudied, leaving us with limited knowledge of
its pathogenesis. This study fills the gap in knowledge demo nstrating that HAstV are among a
select group of viruses that induce epithelial-mesenchymal transition (EMT). Here we
demonstrate that HAstV-1 replication induces transcriptional and phenotypic changes in
intestinal epithelial cells associated with EMT. Additionally, we show inducing EMT is not
common to enteric RNA viruses, as reovirus strains were found to be incapable of inducing
EMT. Unlike the viruses that are known to induce EMT, astrovirus infection is not associated
with cancer. We hypothesize that our findings will extend beyond astrovirus and may shed light

on novel ways viruses can circumvent the barriers meant to protectagainstthem.
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Introduction

Epithelial and mesenchymal cells share inherent plasticity that allows for switching
between the two cell states through a biological process known as epithelial-mesenchymal
transition (EMT). EMT is essential in the development, differentiation, and repair of tissues and
organs; however, EMT can negatively contribute to organ fibrosis and the initiation of cancerous
metastases. EMT has been shown to induce stem cell properties [1,2], prevent apoptosis and
senescence [3-5], and contribute to immunosuppression [6]. The complex process of EMT
involves extensive reprogramming of gene expression, which can be regulated by numerous
signaling pathways [7]. Activation of these signaling pathways ultimately results in the
upregulation of the transcription factors including Snaill/2, Twist, and ZEB1/2 [7]. These
transcription factors negatively regulate epithelial markers such as occludin, claudins, and E -
cadherin, while positively regulating mesenchymal genes like N-cadherin, fibronectin, and
vimentin [8]. This allows for the hallmark phenotypic changes associated with EMT like the
disassembly of the epithelial cell-cell junctions, the loss of apical-basal polarity, and the
formation of lamellipodia or filopodia to enable migration [9].

Epithelial cells that line the intestinal lumen function as a barrier that absorbs nutrients
and electrolytes while restricting entry of harmful substances or pathogens [10]. Breaches in this
barrier by death of the epithelial cells or disruption of cellular junctions through non-cytopathic
mechanisms are associated with gastrointestinal diseases including irritable bowel syndrome,
Crohn’s disease, and colitis [11]. Along with these diseases, enteric viruses are known to
compromise the gastrointestinal barrier. Human astroviruses (HAstV), small, non-enveloped
positive-sense single-stranded RNA viruses, have been shown to predominantly infect
differentiated epithelial cells at the tips of the intestinal villi [12,13]. We have demonstrated that
astrovirus disrupts the intestinal barrier through a novel mechanism independent of cellular
damage or induction of the host inflammatory response [14-16]. Instead, astroviruses increase
barrier permeability by inducing the relocalization of the tight junction protein occludin [15]. The
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82  relocalization of occludin by astrovirus does not require productive infection; the viral capsid

83  protein alone is sufficient to cause disruption in vivo and in vitro [15,16]. Because loss of cell

84  junctionsis a phenotypic hallmark of EMT, we hypothesized that HAstV may serve as a viral

85  trigger of EMT.

86 Indeed, several viruses are known to induce EMT including hepatitis B virus (HBV) [17],
87  hepatitis C virus (HCV) [18], human papilloma virus (HPV) [19], Epstein-Barr virus (EBV) [20],
88 and cytomegalovirus (CMV) [21,22]. These viruses, unlike HAstV, are oncogenic, and EMT

89 induction leads to metastases, hepatocellular carcinoma, cervical carcinomas, and lymphoma
90 among other diseases. Here, we demonstrate that HAstV is a non-oncogenic virus that also

91 drives EMT. HAstV-induced EMT begins with an upregulation of EMT related genes and

92  transcription factors at 8 hours post-infection (hpi). Thisis followed by a loss of epithelial cell-
93  specific genes and proteins and gain of mesenchymal proteins like vimentin by 24 hpi. Itis also
94  accompanied by a loss of cellular polarity. Intriguingly, we demonstrate that HAstV activates

95  TGF-B, awell-established inducer of EMT. However, HAstV-induced EMT is independent of

96  TGF-p signaling but is dependent on productive viral replication. While multiple classical HAstV
97  serotypes are capable of inducing EMT, other enteric viruses and even non-classical HAstV
98  genotypes do nottrigger EMT. The studies described here are amongst the first to demonstrate
99 thatanon-oncogenic virus drives EMT.
100
101  Results
102  HAstVinfectionleadsto EMT-associated gene modulation
103 We have previously demonstrated that HAstV-1 leads to reorganization of occludin and
104  the actin cytoskeleton without causing cell death [15]. This observation led us to hypothesize
105 that HAstV infection induces EMT. Since EMT is a transcriptionally regulated process, we

106  soughtto determine if EMT-associated genes were modulated during HAstV-1 infection by first
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107  performing microarray analysis. Gene set enrichment analysis (GSEA) of the microarray data
108  demonstrated that several pathways were significantly upregulated in HAstV-infected versus
109  uninfected Caco-2 cells at 24 hpi, including the EMT pathway (Figure S1). To investigate this
110  further, we performed more targeted quantitative analysis by examining mRNA levels of EMT
111  associated genes throughout infection by multiplexed qRT-PCR using Qiagen’s RT2 Profiler
112 system (Figure S2). Cellular pathways associated with the induction of EMT were upregulated
113  at 8 hpiincluding, Wnt, TGF-3, and Notch, as were specific transcription factors known to drive
114  EMT including Snail, ZEB1/2, and Twist. We validated the RT?2 Profiler findings by quantitating
115 mRNA levels of EMT-related transcription factors as well as E-cadherin (CDH1), occludin

116  (OCLN), Snail (SNAI1), and vimentin (VIM) by gRT-PCR. We observed an upregulation of the
117  EMT-related transcription factors SNAI1, TWISTL, ZEB1, and ZEB2 around 4hpi (Figure 1A).
118  The activation of these transcription factors was followed by the downregulation of epithelial
119 genes, CDH1 and OCLN, as early as 8 hpi and the upregulation of mesenchymal gene VIM by
120 24 hpi (Figure 1B). The upregulation of SNAI1 was not sustained throughout infection but

121  instead may be regulated in a biphasic manner as another increase in mRNA level was

122 observed at 24hpi (Figure 1B).

123  HAstV infectionleadsto atime-dependent reorganization and decrease in junctional

124  protein levels.

125 Given the transcriptional changes, we asked if junctional protein expression was also
126  disrupted during HAstV infection. To examine this, Caco-2 grown on glass coverslips were

127  infected with HAstV-1 and stained for tight junction proteins, occludin and zonula occludens-1
128  (Z0O-1), and adherens junction proteins, E-cadherin and 3-catenin, at 6, 12, 18, and 24 hpi.

129  Mock-infected cells showed normal cell junction morphology, with a cobblestone -like staining
130  pattern as protein localization was restricted to the cell periphery. However, HAstV-infected cells
131  had disrupted junctional proteins. The disruption was as early as 6hpi with occludin beginning to

132 re-localize away from the cell periphery (Figure 2A). Re-localization of occludin was followed by
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133  ZO-1 moving from the cell membrane around 18 hpi. The most striking finding was the

134  reorganization of E-cadherin, a key marker of epithelial cells [23], by 18 hpi. E-cadherin is

135  crucial in the establishment and maintenance of the cellular junction complex as a whole

136 [24,25], and aberrant expression of E-cadherin is a hallmark of epithelial dysregulation [7].

137  Additionally, we observed an increase in vimentin staining correlating to the increase in vimentin
138 mRNA. Not only did we observe cellular junction reorganization, but the overall proteins levels
139  were also decreased. Over the course of 24 hours, expression of the junctional proteins

140  occludin (p<0.0001), E-cadherin (p<0.0001), ZO-1 (p=0.0058), and B-catenin (p=0.0139) were
141 all significantly decreased relative to mock-infected cells (Figure 2B, C), indicating the observed
142 transcriptional changes during HAstV infection translated to a decrease in junctional protein

143 expression.

144  HAstV-induced EMT disrupts cellular polarity

145 Cellular junctions act as a physical barrier that prevent the movement of lipids and

146  membrane proteins from migrating between the apical and basolateral cell membranes

147 [26].When cellular junctions are disassembled, proteins that were once localized to the

148  basolateral membrane freely migrate to the apical side causing a loss of cellular polarity [27]. To
149  determine if cellular polarity was disrupted during HAstV-1 infection, we stained for ezrin, a

150  cytoplasmic linker between the apical membrane and the actin cytoskeleton [28], and sodium-
151  potassium ATPase (Na/K-ATPase), a transporter localized to the basolateral membrane [29]. In
152  mock-infected cells ezrin was distinctly localized to the apical side and Na/K-ATPase to the

153  basolateral with very little overlap (Figure 3A). However, by 24 hpi there was less organized

154  arrangement for both proteins. To quantitate the disruption of polarity, we measured the amount
155  of Na/K-ATPase at apical membrane. At 24 hpi, there was significantly more Na/K-ATPase

156  located at the apical membrane than in mock-infected cells (Figure 3B, C). We also noticed that
157  cells appeared to lift or be extruded from the cell monolayer (Figure 3A; bottom panel). The

158  transcriptional reprogramming, disassembly of epithelial cell-cell contacts, especially the
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159  disruption and decreased production of E-cadherin, and disruption of cellular polarity all

160 indicated that during HAstV-1 infection cells were undergoing EMT.

161  TGF-B activity is increased during HAstV infection but isn’t involved in HAstV-induced
162 EMT

163 We next asked what viral and/or cellular factors were involved in HAstV-induced EMT.
164  When examining the upregulation of mesenchymal genes, we observed that TGF -3 mMRNA was
165 increased at both 8 and 24 hpi (Figure S2). Since TGF - is the classical activator of EMT

166  [7,30,31], we asked whether this increase in mRNA translated to an increase in TGF - activity.
167  To measure active TGF-f3 levels, we utilized a specific biological reporter assay where mink
168  lung epithelial cells (Mv1Lu) stably express the PAl promoter upstream of luciferase [32].

169  Supernatants collected from HAstV-1 infected Caco-2 cells between 4 and 24 hpi were added to
170  the Mv1Lu-PAl cells and TGF-f activity was quantitated. Supernatants from HAstV-1- infected
171 cells contained significantly more active TGF- compared to mock-infected cells beginning at 6
172 hpiand peaking at 12 hpi (Figure 4A). We also observed an increase in SMAD3 nuclear

173 localization in HAstV-1-infected cells comparable to cells treated with TGF -3 alone and

174  upregulation of SERPINE1 mRNA, which is specifically activated by TGF-3, mRNA at 24hpi

175  (Figure 4B, C). These studies demonstrate that astrovirus infection leads to an increase in

176  biologically active TGF-p.

177 To determine if HAstV-induced EMT was dependent on this active TGF-, TGF-3

178  signaling was inhibited using the small molecule inhibitor SB431542 [33], which selectively

179  inhibits the phosphorylation of the TGF- type | receptor. Despite inhibiting TGF- signaling,
180 SB431542 had no impact on HAstV-1-induced transcriptional regulation of genes associated
181  with EMT (Figure 5A), and failed to restore E-cadherin protein expression (Figure 5B). This was
182  not an unexpected result. Previous research showed that TGF-B1 does not easily induce EMT

183  in Caco-2 cells [34]. Indeed, we found that the addition of 20 ng/ml TGF-31 did notinduce EMT
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184  within the same time frame as HAstV. The loss of E-cadherin and disruption of polarity was not
185  seen until 3 days following TGF- administration (Figure S3) suggesting that activation of TGF-
186  during infection is not the primary mechanism for HAstV-induced EMT. However, we cannot

187  discount the possibility that TGF- plays a critical role in EMT induction in vivo, as we have

188  shown TAstV-2 infection in turkey poults also causes an increase in TGF - activity [14].

189  HAstV-induced EMT is dependent on viral replication

190 Since the canonical cellular pathway for EMT induction was not involved in HAstV -

191  induced EMT, we sought to determine if a viral factor was involved. When we performed the

192  microarray analysis on infected and non-infected cells (Figure S1), we also performed an

193  analysis on various differentiation states of uninfected Caco-2 cells given that less differentiated
194  cells are less permissive to HAstV infection. Intriguingly, we found the EMT pathway was

195  significantly downregulated in differentiated cells which are highly per missive to HAstV infection
196  (Figure S4). This indicated that the EMT pathway is not associated with cellular differentiation
197  and supported our hypothesis that it is induced by viral infection. Totest this, we inoculated

198  Caco-2 cells with UV-inactivated virus and assessed the hallmarks of EMT. UV-inactivated virus
199  did notincrease SNAIL mRNA, decrease CDH1 leading to reduced E-cadherin expression, or
200  disrupt cellular polarity (Figure 6 A-C). Further, inhibition of ERK1/2, which is critical for HAstV
201  replication [35], with U0126, rescued more than 27% of E-cadherin expression and cellular

202  polarity (Figure 6D,E). These studies suggest that productive replication is required for the

203  induction of EMT.

204  The induction of EMTis unique to HAstV

205 All of the previous studies were performed using a lab-adapted strain of HAstV-1, we

206 next determined the breadth of HAstV strains capable of inducing EMT. Caco-2 cells were

207 infected with three classical HAstVs isolated from patient samples, SJ054.225 (HAstV-1),

208  SJ60.212 (HAstV-8), and SJ177.110 (HAstV-2), as well as lab adapted classical serotypes

209  HAstV-8 and HAstV-2. All clinical isolates and lab-adapted serotypes disrupted the localization
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210  (Figure 7A) and expression (Figure 7B) of E-cadherin. Additionally, infection with these viruses
211  disrupted polarity as demonstrated by re-localization of both ezrin and Na/K ATPase (Figure

212 7C). In contrast, the non-classical HAstV-VA1 genotype, which shares only 33% homology with
213  HAstV-1 [36], failed to downregulate CDH1 or upregulate SNAI1 or TWIST1 (Figure 8A) despite
214  productively replicating in the Caco-2 cells (Figure 8B). The lack of EMT was not unigue to

215  HAstV-VAL. Reovirus stains T1L and T3SA+, while also productively replicated in Caco-2 cells,
216 failed to disrupt E-cadherin protein localization (Figure 8B) or expression (Figure 8C). Finally,
217  neither reovirus strain nor HAstV-VAL were able to disrupt cellular polarity upon infection

218  (Figure 8D). This shows classical HAstV is distinct among other enteric RNA viruses in the

219  ability to induce EMT.

220

221 Discussion

222 In these studies, we demonstrate that HAstV replication triggers EMT in Caco-2 cells.
223 Mechanistically, HAstV-induced EMT is driven by transcriptional changes; specifically, the

224  downregulation of CDH1 and OCLN and the upregulation of the key transcriptional factor SNAI1
225 early after infection. These transcriptional changes result in decreased epithelial protein levels,
226 leadingto a breakdown of the cell junctions, the loss of cellular polarity, and upregulation of

227 mesenchymal cell-specific genes like VIM by 24 hpi. Despite an increase in active TGF- during
228  HAstV infection, inhibition of TGF- signaling did not prevent the EMT phenotype. Instead the
229  data we present showed that HAstV replication causes the transcriptional reprogramming

230  associated with EMT.

231 While multiple classical HAstV serotypes induced EMT, this was not true of all astrovirus
232 genotypes. HAstV-VAL failed to drive EMT despite productively replicating in Caco-2 cells. We
233  showed that HAstV-VAL failed to upregulate the transcription factor SNAIL1 during a 24-hour

234 infection. The lack of SNAI1 regulation is a key finding as we observed multiple waves of SNAI1
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235  upregulation with HAstV-1 infection (Figure 1), which is likely a driving force in HAstV-induced
236 EMT. HAstV-VAL is a non-classical HAstV strain, genetically more related to mink and ovine
237  astroviruses than to the classical human serotypes [37—39]. Unlike classical HAstVs, HAstV-
238 VAL hasrarely been linked to diarrhea [40,41] but has been reported in association with

239  neurological disease [36,42]. Classical and non-classical HAstVs are genetically distinct and
240  differ on key factors of replication and pathogenesis [43,44]. Since the novel HAstV strain was
241  discovered just over 10 years ago, investigations into its pathogenesis are just beginning and
242  our finding that it does not induce EMT may reveal an underlying fundamental difference

243  between it and classical HAstVs.

244 The induction of EMT is also not a characteristic of other enteric RNA viruses. Reovirus,
245  like HAstV, is a small RNA virus that can cause severe diarrhea in children [45]. Yet, two

246  separate strains of reovirus were unable to cause the same phenotypic or transcriptional

247 hallmarks of EMT. Attempts to examine coxsackievirus (CVB3)-induced EMT were unsuccessful
248  due to the cytopathogenic nature of this virus. The lack of EMT induction by other enteric

249  viruses also indicates this is not a phenomenon the Caco-2 cell line used as our in vitro model.
250  Since Caco-2 cells are a carcinoma cell line, it could be suggested these cells are simply

251  predisposed to undergo EMT. However, all viral infections were carried out under the same

252  conditions in the Caco-2 cell line. Given the other viral stains did not induce EMT, our findings
253 are not an artifact of the cells. EMT is a rare phenomenon triggered by only a fewviruses and
254  even less non-oncogenic viruses, making HAstV-induced EMT a truly unique finding.

255 Although our data suggests that TGF-f is likely not the main mechanism utilized by

256  HAstV to induce EMT, we believe it is still an important factor in astrovirus pathogenesis. TGF-f
257 is upregulatedin activity both in vitro and in vivo [14], so it must be an integral part of the viral
258  pathogenesis. Interestingly, our SMAD3 staining showed that TGF -§ signaling is mostly

259  occurring in non-infected cells in the epithelial monolayer. This bystander effect is likely very
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260 importantin vivo where TGF- can create an immune suppressive microenvironment [46] and
261  could account for the lack of inflammation see in in vivo astrovirus infections. Future studies will
262  look at the role of TGF-f activation in astrovirus replication.

263 Here we show that HAstV replication is triggering the transcriptional changes necessary
264  for the induction of EMT. Using GSEA, we found Caco-2 cells that are highly permissive to

265  HAstV infection significantly downregulated the EMT pathway (Figure S4). This is

266  understandable as untreated cells do not undergo EMT and Caco-2 cells do not lose contact
267  inhibition even after weeks in culture [47]. However, following HAstV-1 infection the EMT

268  pathway was significantly upregulated, it indicated to us this pathway was induced by HAstV
269 infection itself (Figure S1). Our previous research has shown the astrovirus capsid alone can
270  increase barrier permeability and disrupt cellular junctions in vitro and in vivo [15,16].

271 Conversely, when HAstV-1 is UV-inactivated, preventing the virus from replicating its genome, it
272 nolonger is capable of inducing EMT. Additionally, when viral replication was suppressed using
273 the ERK1/2 inhibitor U0126, we saw a decline in the hallmarks of EMT. The addition of U0126
274 to HAstV infection did not completely reverse the effects of EMT, however this was expected as
275 U0126 does not completely inhibit HAstV replication [35]. We hypothesize that there may be a
276  binding event that is sufficient to cause some barrier permeability and the re -localization of

277 occludin thus allowing the capsid protein alone to cause these events. However, a more

278 intricate signaling cascade s triggered during replication of the virus thatinduces the EMT

279  phenotype. While further research is needed to determine the exact aspect of replication that is
280 initiating EMT, our current hypothesis is the production and activity of one of the HAstV non-
281  structural proteins is involved.

282 Although the cleavage process of the HAstV nonstructural polyproteins is still not well
283  characterized, it has been suggested at least four nonstructural proteinsin addition to an RNA-

284  dependent RNA polymerase (RdRp) are produced during replication [12]. However, the exact
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285  function of these nonstructural proteins remains undetermined. It has been shown that genetic
286  variation in at least one of the HAstV nonstructural proteins can impact viral RNA production

287  and the amount of infectious virus shed [48,49]. Studies of the oncogenic viruses thatinduce
288 EMT have shown strong evidence that viral proteins are heavily involved. The X protein of HBV
289 [17,50-52], NS4B [53] and core protein of HCV [54-56], E5 [57] and E6/E7 oncoproteins of

290 HPV [58,59], nuclear antigens [60] and latent membrane proteins of EBV [61-63], and

291  immediate early proteins 1 and 2 of CMV [21] have all been shown to act as transcription factors
292  inducing EMT. Given this, it is possible one of the nonstructural proteins or a cleavage product
293  may impact the induction of EMT during HAstV infection. While we currently lack the tools

294  necessary for additional studies focused on the nonstructural proteins, these studies will be

295  critical in order to definitively identify if viral proteins are involved in HAstV-induced EMT.

296 In conclusion, we demonstrated HAstV replication induces EMT. To date, HAstV

297  infection has not been associated as a risk factor for developing any type of cancer. This makes
298  astrovirus unique as the majority of viruses known to induce EMT are oncogenic [64]. The data
299  presented here not only provides increased knowledge on astrovirus pathogenesis but also

300 induction of EMT from by a non-oncogenic virus. Studies are underway to examine what effect
301 EMT has on astrovirus replication and if this process contributes to disease in vivo.

302

303 Materials and Methods

304 Cells and Virus Propagation

305 The human intestinal adenocarcinoma cell line Caco-2 was obtained from ATCC (HTB-37).
306 Cells were propagated in minimum essential medium (MEM; Corning) supplemented with 20%
307 fetal bovine serum (FBS; HyClone), GlutaMax-1 (Gibco), and 1 mM sodium pyruvate (Gibco).
308  HAstV-1, HAstV-2, and HAstV-8 lab adapted viral stocks were propagatedin Caco-2 cells.

309 Infectious titers were quantitated on Caco-2 cells by the fluorescent-focus assay as previously
310 described [65].
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311  To UV inactivate the virus, 100 ul of HAstV-1 was subjected to 100 mJ/cm? with a UV cross-
312  linker as described previously [15]. Inactivation was confirmed by the fluorescent-focus assay.
313  Clinical isolates (SJ054.225, SJ60.212, and SJ177.110) were isolated as previously described
314 [66].

315 The reovirus T1land T3SA+ strains were generous gifts from Dr. Terence Dermody’s lab at the
316  University of Pittsburgh. HAstV-VA1 was a gift from Dr. David Wang’s lab at Washington

317  University in St. Louis.

318 Immunofluorescent Staining

319  Briefly, Caco-2 cells were seeded onto glass coverslips (for epithelial and vimentin staining) or
320 transwells (polarity and SMADS staining). Once confluent, the cells were infected with HAstV-1
321  (MOI 10) or mock infected. At various times post-infection, cells were fixed with 4%

322  paraformaldehyde (for epithelial and vimentin staining) or 100% ice cold methanol (polarity and
323 SMADS staining), and then blocked with 5% normal goat serum (NGS) in PBS at room

324  temperature for 1 hour. The cells were stained for E-cadherin (33-4000; Invitrogen), occludin
325  (71-1500; Invitrogen), ZO-1 (33-9100 and 61-7300; Invitrogen), sodium-potassium ATPase

326 (ab167390; abcam), ezrin (MA5-13862; Invitrogen), B-catenin (ab32572; abcam), SMAD3 (51-
327 1500; Invitrogen), HAstV capsid (8e7; DakoCytomation), and vimentin (ab92547; abcam) for 1
328  hour followed by anti-mouse IgG-Alexa Fluor 488 or anti-rabbit IgG-Alexa Fluor 555 (Invitrogen)
329 secondary antibodies and DAPI (4',6'-diamidino-2-phenylindole; Sigma) in 1% NGS for 30 min
330 atroomtemperature. Following staining, coverslips or transwells were mounted onto slides with
331  Prolong Gold Antifade Mountant (Invitrogen) and sealed. Cells were imaged with a Nikon

332  TE2000 inverted microscope Images were captured with a Nikon 60x objective lens using Nikon
333  NIS Elements software.

334  Western Blotting

335  Caco-2 cells were mock- or HAstV-1 (MOI 10) infected or were treated with an equal amount of
336  UV-inactivated virus. At the indicated times, monolayers were lysed in 100 ul of RIPA buffer
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337  (Abcam) and 1x protease inhibitor cocktail (Pierce) for 15 min at room temperature and

338 centrifuged at 14,000 x g for 5 min at 4°C. Protein concentrations were determined using the
339 BCA Protein Assay Kit (Pierce). Equal protein concentrations of the soluble fraction were

340 separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (4-20%)
341  under reducing conditions. Following transfer to nitrocellulose and probing for for E-cadherin
342 (33-4000; Invitrogen), occludin (71-1500; Invitrogen), ZO-1 (33-9100; Invitrogen), B-catenin

343  (ab32572; abcam), vimentin (ab92547; abcam), and B-actin (A5441; Sigma). The blot was

344  imaged on Licor Odyssey Fc and band densitometry was measured using Image Studio version
345 5.2 software.

346  Gene Expression Analysis by Microarray

347  Total RNA (100 ng) was converted to biotin-labeled cDNA using the Affymetrix WT Plus kit and
348  hybridized to an Affymetrix Human Gene 2.0 ST GeneChip array (Life Technologies). Array

349  probes were normalized and summarized to transcript-level signals by the RMA algorithm using
350 the Affymetrix Expression Console software v1.1. Gene Set Enrichment Analysis (GSEA) was

351 performed as described [67] using gene sets downloaded from MSigDB (https://www.gsea-

352  msigdb.org/gsea/msigdb).

353  RT?Profiler

354  Briefly, cells were seeded in 6-well plate, mock infected or HAstV-1 (MOI of 10) infected and
355  collected at the indicated time point in TRIzol reagent (Thermo Fisher Scientific). Then, RNA
356  was isolated according to the manufacturer's instructions. RNA quality was determined and was
357  reverse transcribed using Qiagen’s RT2First Strand Kit (Cat# 330401). The cDNA was used on
358 the real-time RT2Profiler PCR Array (Cat# PAHS-090Z) in combination with RT2 SYBR Green
359 gPCR Mastermix (Cat# 330529). The CT values were then uploaded on to the data analysis

360 web portal at http://wwv.giagen.com/geneglobe. Samples were assigned to either control or test

361 groups. The data was normalized based on a manual selection from full panel of reference
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362 genes. The data analysis web portal calculated fold change/regulation using AACT method, in
363  which ACT is calculated between gene of interest and an average of reference genes (B2M,
364 HPRT1, and RPLPO), followed by AACT calculations (ACT (Test Group)-ACT (Control Group)).
365 Fold Change was then calculated using 2" (-AACT) formula.

366 RT-PCR

367  Caco-2 cells were infected with HAstV-1 or mock infected and RNA extracted at indicated

368  timepoints using TRIzol (AMbion) according to manufacturer’s specifications. Then qRT-PCR
369 was performed using the QuantiTect SYBR green kit (Qiagen) primer assays for OCLN (cat#
370  QT00081844), CDH1 (cat# QT00080143), SNAI1 (cat# QT00010010), TWIST1 (cat#

371  QT00011956), ZEB1 (cat# QT00020972), ZEB2 (cat# QT00008554), and VIM1 (cat#

372 QT00095795). Theresulting Ct values were normalized to GAPDH (cat# QT00079247). The log
373  transformed AACt values are reported as fold changes over untreated.

374 Quantification of Sodium Potassium ATPase Staining

375  Following immunofluorescent staining and imaging, basal or apical localization of sodium-

376  potassium ATPase was determined by measuring mean fluorescent intensity above and below
377 cell midline using ImageJ 1.50i software. Results were expressed as a ratio of basal fluoresc ent
378 intensity to apical fluorescent intensity.

379  TGE-B Activity Assay

380 TGF-B activity was measured using a luciferase reporter cell line, as previously described [32].
381  Briefly, mink lung epithelial cells (Mv1Lu), stably transfected with a luciferase reporter construct
382  downstream of the plasminogen activator inhibitor-1 (PAI-1) promotor, were plated in a 96-well
383  tissue culture plate (2x104). These cells were inoculated with supernatants (100 ul) takenfrom
384  HAstV-1 (MOI 10) or mock-infected Caco-2 cells at various times post-infection and incubated

385 at37°Cfor 16-20 hours. Theinoculum was removed and the cells washed twice with PBS. Cell
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386 lysates were prepared and assayed for luciferase activity using the Luciferase Assay System
387 (Promega) and imaged on the Cytation 5 Cell Imaging Multi-Mode Reader (BioTek).

388 SB431542 and U0126 Treatment

389  Briefly, 5 x 104 cells were seeded into transwells (3074; Corning), and once confluent,

390 transferredinto serum free media for at least 1 hour. The cells were treated with 10uM

391 SB431542 (Tocris) or U0126 (Promega) 1 hour prior to infection. Thenthe cells were infected
392  with HAstV-1 (MOI of 5), TGF-p treated (20 ng/ml), or mock infected, according to experiment,
393 in serum free media. Following the virus adsorption period of 1 hour, the inoculum was removed
394  and fresh media containing 10uM SB431542 or U0126 was replaced. DMSO was used as the
395  vehicle control in both experimental setups.

396  Statistical Analysis

397  Datawere analyzed by ordinary one-way ANOVA (RT-PCR of epithelial and mesenchymal
398 genes), ordinary one-way ANOVA followed by a test for trend (epithelial protein expression),
399  two-tailed student t-test (Na/K-ATPase localization), two-way ANOVA followed by Sidak’s

400  multiple comparisons test (TGF-f Activity), ordinary one-way ANOVA followed by Dunnett’s
401  multiple comparisons test (E-cad expression with SB431542, UV-inactivated virus, and U0126,
402  and RT-PCR with SB431542 and UV-inactivated virus), using GraphPad Prism version 8.

403  Asterisks show statistical significance as follows: *, P <0.05; **, P < 0.01; **, P < 0.001.
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Fig. 1. HAstV-1linfection leads to adecrease in epithelial markers while increasing
mesenchymal markers. (A) Early in infection EMT transcription factors (SNAIL,
TWISTL, ZEB1 and ZEB?2) are upregulated causing epithelial genes (OCLN and
CDH1) to be down regulated and mesenchymal genes (SNAI1 and VIM) to be
upregulated during the course of HAstV-1 infection. Error bars indicate standard
deviations from two independent experiments performed in triplicate, and
asterisks show statistical significance as measured by Two-way ANOVA followed
by Tukey’s multiple comparisons test as follows: *, P < 0.05; **, P < 0.01; ***, P <
0.001.
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of 10) or mock infected. Cells were fixed at 6, 18, and 24 hpiin 4%
paraformaldehyde and then stained for the indicated junctional proteins. Arrows
indicate areas of junctional disruption. Images are representative of at least three
independent experiments. (B) Expression of epithelial markers, occludin (Ocln),
E-cadherin (E-cad), ZO-1, and B-catenin (B-cat), were quantified by immunoblot
of HAstV-1 or mock infected Caco-2 cell lysates. (C) Bands were then quantified
by densitometry and normalized to -actin then compared to mock-infection.
Error bars indicate standard deviations three independent experiments
performed in duplicate, p-value as measured by Ordinary One-way ANOVA
followed by a test for trend is indicated for each protein.
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HAstV-1linfection leads to adisruption of cellular polarity. (A) Caco-2
infected with HAstV-1 or mock infected (as indicated). Cells were fixed at 24 hpi
in 100% ice-cold methanol and then stained for ezrin (red), sodium-potassium
ATPase (green), and DAPI (blue). Images are representative of at least three
independent experiments. (B) Basal or apical localization of sodium-potassium
ATPase was determined by measuring intensity above and below cell midline of
HAstV- or mock-infected cells using ImageJ. Error bars indicate standard
deviations of three independent experiments performed in triplicate, and
asterisks show statistical significance as measured by the two-tailed
Student t test as follows: *, P < 0.05; **, P < 0.01; **, P < 0.001.
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663 from 4 to 24 hpi. Supernatants were then assayed for active TGF- using the PAI
664 assay as described previously [32]. Error bars indicate standard deviations from
665 two independent experiments performed in duplicate, and asterisks show
666 statistical significance as measured by two-way ANOVA followed by Sidak’s
667 multiple comparisons test as follows: *, P < 0.05; **, P <0.01; *** P < 0.001. (B)
668 SERPINE1, which is specifically activated by TGF-3, mRNA levels were
669 measured in mock infected or HAstV-1 infected Caco-2 cells at 24 hpi. Error bars
670 indicate standard deviations from two independent experiments performed in
671 duplicate, and asterisks show statistical significance as measured by the two-
672 tailed Student t test as follows: *, P <0.05; *, P < 0.01; **, P < 0.001. (C) Caco-
673 2 cells mock infected, HAstV-1 infected, or treated with 20ng/ml of TGF -3 stained
674 for SMAD3 (red), astrovirus capsid protein (green) and DAPI (blue). Images are
675 representative of two independent experiments.
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681 Fig. 5. Inhibition of TGF-f signaling with SB431542 does not inhibit HAstV-1
682 induced EMT. (A) RNA extracted at 24 hpi from Caco-2 cells infected with
683 HAstV-1, TGF-f treated, or mock infected with or without 10uM SB431542 shows
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684 SB431542 does not rescue CDH1 or SNAI1 regulation in HAstV-induced EMT.
685 (B) Expression of epithelial marker, E-cadherin, was quantified by immunoblot of
686 HAstV-1 or mock infected Caco-2 cell lysates with or without 10uM SB431542.
687 Bands were then quantified by densitometry and normalized to 3-actin then

688 compared to mock-infection. All error bars indicate standard deviations of two
689 independent experiments performed in triplicate, and asterisks show statistical
690 significance as measured by ordinary one-way ANOVA followed by Dunnett’s
691 multiple comparisons test as follows: *, P < 0.05; **, P <0.01; **, P < 0.001.
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702 Fig. 6. Replication is required for HAstV-1 induced EMT. (A) Expression of E-

703 cadherin was quantified by immunoblot of HAstV-1, UV-inactivated HAstV-1, or
704 mock infected Caco-2 cell lysates. Bands were then quantified by densitometry
705 and normalized to B-actin then compared to mock-infection. (B) RNA extracted at
706 24 hpifrom Caco-2 cells infected with HAstV-1, UV-inactivated HAstV-1, or mock
707 infected show UV-inactivated virus does not modulate CDH1 or SNAI1 regulation
708 as active HAstV-1 does. (C) Na/K ATPase (red) and ezrin (green) localization in
709 Caco-2 cells inoculated with UV-inactivated HAstV-1 shows no difference to

710 mock infected cells. (D) Expression of E-cadherin was quantified by immunoblot
711 of HAstV-1, HAstV-1 + 10uM U0126, or mock infected Caco-2 cell lysates. Bands
712 were then quantified by densitometry and normalized to -actin then compared to
713 mock-infection. (E) Na/K ATPase (red) and ezrin (green) localization in Caco-2
714 cells infected with HAstV-1 in the presence of 10uM U0126 and mock infected
715 cells. All error bars indicate standard deviations of three independent

716 experiments performed in triplicate, and asterisks show statistical significance as
717 measured by ordinary one-way ANOVA followed by Dunnett’s multiple

718 comparisons test as follows: *, P < 0.05; **, P < 0.01; ** P < 0.001.
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724 Fig. 7. Multiple HAstV serotypes and clinical isolates induce EMT. (A) Caco-2

725 monolayers on grown coverslips, infected with HAstV-1 (lab-adapted), SJ054.225
726 (HAstV-1 isolate), HAstV-8 (lab-adapted), SJ60.212 (HAstV-8 isolate), HAstV-2
727 (lab-adapted), SJ177.110 (HAstV-2 isolate) or mock infected. Cells were fixed at
728 24hpi and stained for E-cadherin (red) and DAPI (blue). (B) Expression of E-

729 cadherin was quantified by immunoblot of HAstV-1 (lab adapted), SJ054.225

730 (HAstV-1 isolate), HAstV-8 (lab adapted), SJ60.212 (HAstV-8 isolate), HAstV-2
731 (lab adapted), SJ177.110 (HAstV-2 isolate) infected (MOI of 10) or mock infected
732 Caco-2 cell lysates. Bands were then quantified by densitometry and normalized
733 to B-actin then compared to mock-infection. Error bars indicate standard

734 deviations of two independent experiments performed in triplicate, and asterisks
735 show statistical significance as measured by ordinary one-way ANOVA followed
736 by Dunnett’s multiple comparisons test as follows: *, P < 0.05; **, P < 0.01; ***, P
737 < 0.001. (C) Na/K ATPase (red) and ezrin (green) localization in Caco-2 cells

738 infected with lab adapted and clinical isolate HAstVs is disrupted comparedto
739 mock infected cells. Allimages are representative of two independent

740 experiments.
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Fig. 8. Other enteric viruses do not induce EMT in Caco-2 cells. (A) Caco-2
monolayers grown on permeable supports were infected with HAstV-1, HAstV-
VAL, T1L, T3SA+ (MOI of 10) or mock-infected and TER (transepithelial
electrical resistance) was measured from 0-24 hpi. (B) RNA extracted at 24 hpi
from Caco-2 cells infected with HAstV-1, HAstV-VAL, T1L, T3SA+, or mock
infected, show only HAstV-1 modulate CDH1, SNAI1, and TWISTL1. (C) Infected
cells were fixed at 24hpi and stained for E-cadherin (red), viral capsid (green),
and DAPI (blue). (D) Expression of E-cadherin was quantified by immunoblot of
HAstV-1, HAstV-VAL, T1L, T3SA+ infected (MOI of 10) or mock infected Caco-2
cell lysates. Bands were then quantified by densitometry and normalized to 8-
actin then compared to mock-infection. (E) Na/K ATPase (red) and ezrin (green)
localization is disrupted in cells infected with HAstV-1 compared to HAstV-VAL,
T1L, T3SA+, and mock infected cells. All error bars indicate standard deviations
of two independent experiments performed in triplicate, and asterisks show
statistical significance as measured by ordinary one-way ANOVA followed by

Dunnett’s multiple comparisons test as follows: *, P < 0.05; **, P < 0.01; *** P <
0.001. Allimages are representative of two independent experiments.
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Fig. S1. EMT pathway is upregulated in HAstV-infected Caco-2cells. Gene set
enrichment analysis was performed on HAstV-infected (MOI of 10) and
uninfected Caco-2 intestinal epithelial cells. Shown are top upregulated hallmark
pathways’ normalized enrichment scores with false discovery rate estimated by
Benjamin-Hochberg method cut-offs of q<0.001 (red), g<0.05 (blue), and g>0.05
or non-significant (gray).
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Fig. S2. EMT-associated genes modulated by HAstV infection. Heatmap showing
fold regulation of EMT associated genes from Qiagen’s RT2 Profiler PCR Array
Human Epithelial to Mesenchymal Transition (EMT). RNA samples were
collected from HAstV-infected or mock-infected cells at 8 and 24 hpi. Gene
expression values are colored corresponding to the up (red) or downregulation
(blue) relative to mock-infected cells.
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Fig. S3. TGF-B induced EMT in Caco-2 cells. (A) Western blot of E-cadherinat 1, 2, 3,
and 4 days post inoculation with 20 ng/ml active TGF-3 compared to mock.
Bands were quantified by densitometry and normalized to -actin then compared
to mock-infection. (B) Caco-2 inoculated with 20ng/ml active TGF-3 or mock
treated (as indicated). Cells were fixed at 1, 2, or 3 days post-inoculationin 100%
ice-cold methanol and then stained for ezrin (green), Na/K ATPase (red), and
DAPI (blue).
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795 Fig. S4. EMT pathway is downregulated in permissive Caco-2 cells at baseline.
796 Gene set enrichment analysis was performed on differentiated and sub-confluent
797 uninfected Caco-2 intestinal epithelial cells. Shown are top downregulated
798 hallmark pathways’ normalized enrichment scores with false discovery rate
799 estimated by Benjamin-Hochberg method cut-offs of q<0.001 (red), q<0.05
800 (blue), and g>0.05 or non-significant (gray).
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