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Abstract

Comprehensive knowledge of the host factors required for picornavirus infection would
facilitate antiviral development. Here we demonstrate roles for three human genes, TNK2, WASL, and
NCK1, in infection by multiple picornaviruses. CRISPR deletion of TNK2, WASL or NCK1 reduced
encephalomyocarditis virus (EMCV), coxsackievirus B3 (CVB3), poliovirus and enterovirus D68 infection,
and chemical inhibitors of TNK2 and WASL decreased EMCV infection. Reduced EMCV lethality was
observed in mice lacking TNK2. TNK2, WASL and NCK1 were important in early stages of the viral
lifecycle, and genetic epistasis analysis demonstrated that the three genes function in a common
pathway. Mechanistically, reduced internalization of EMCV was observed in TNK2 deficient cells
demonstrating that TNK2 functions in EMCV entry. Domain analysis of WASL demonstrated that its
actin nucleation activity was necessary to facilitate viral infection. Together, these data support a model

wherein TNK2, WASL, and NCK1 comprise a pathway critical for multiple picornaviruses.

Introduction

Picornaviruses cause a wide range of diseases including the common cold, hepatitis, myocarditis,
poliomyelitis, meningitis, and encephalitis (1). Although vaccines exist for poliovirus and hepatitis A virus,
there are currently no FDA approved antivirals against picornaviruses in the United States. As obligate
intracellular pathogens, viruses are dependent on the host cellular machinery to complete their lifecycle.
Targeting of such host cellular factors in the design of antiviral drugs can circumvent resistance that

arises from rapid mutation of viruses. The early stages of the virus lifecycle, including receptor binding,
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entry, uncoating, and initiation of replication, are the ideal targets for preventing virus infection since

the virus has not yet multiplied.

Despite extensive studies (2), there remain significant gaps in our understanding of virus entry.
As the family Picornaviridae encompasses a wide range of viruses, it is not surprising that there is
diversity in the known entry mechanisms of different species. Among the picornaviruses, poliovirus
entry has been the most extensively studied. While some reports suggest that poliovirus enters the cell
through clathrin-mediated endocytosis and that its genome release depends on endosome acidification
(3), more recent studies report that poliovirus enters cells by a clathrin-, caveolin-, flotillin-, and
microtubule-independent pathway (4). Furthermore, poliovirus entry is sensitive to inhibitors of both
tyrosine kinases and actin-polymerization, although it is not known which specific tyrosine kinase(s)
is/are critical for poliovirus infection (4). Coxsackie virus B3 (CVB3) entry has also been extensively
studied (5). In polarized epithelial cells, CVB3 binding to the co-receptor decay-accelerating factor (DAF)
and the coxsackievirus and adenovirus receptor (CAR) leads to entry by caveolin-dependent endocytosis
and macropinocytosis (6, 7). In contrast to CVB3 and poliovirus, there have been few studies of EMCV
entry. Vascular cell adhesion molecule 1 (VCAM-1) is reported to be a receptor for EMCV (8). Interaction
of the EMCV virion with VCAM-1 is believed to induce a conformational change that then releases the

viral RNA genome; entry into the cytosol is reported to be independent of acidification (9).

Using a novel virus infection system comprised of the model organism C. elegans and Orsay
virus, the only known natural virus of C. elegans, we previously identified several genes that are
essential for virus infection in C. elegans (10). The genes sid-3, viro-2 and nck-1 were found to be
essential for an early, pre-replication step of the Orsay virus lifecycle. sid-3 encodes a non-receptor
tyrosine kinase orthologous to human Tyrosine Kinase Non-Receptor 2 (TNK2), viro-2 encodes an

orthologue of human Wiskott-Aldrich Syndrome protein Like protein (WASL), and nck-1 encodes an
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orthologue of Non-Catalytic Region of Tyrosine Kinase (NCK1), an adaptor protein that binds to both
TNK2 and WASL (11, 12). Since Orsay virus is a non-enveloped, positive strand RNA virus that is
evolutionarily related to the family Picornaviridae, we reasoned that the human orthologues of these

genes may have a conserved role in infection by picornaviruses.

Human TNK2 is linked to cancers, has been reported to be activated by multiple extracellular
stimuli, and is involved in many different pathways, such as clathrin/receptor mediated endocytosis,
regulation of EGFR degradation, transduction of signals into the nucleus, and regulation of actin
polymerization (11, 13-15). Furthermore, overexpression of TNK2 induces interferon and leads to
reduced replication of a Hepatitis C virus replicon (16). To date, there are no publications demonstrating
a positive role for TNK2 in virus infection; several siRNA based screens suggest that TNK2 is important
for influenza A virus (IAV), vesicular stomatitis virus (VSV), and hepatitis C virus (HCV) infections (16-19),
but no validation of these screening results have been reported. Humans encode two orthologues of
viro-2, WASP and WASL (Wiskott-Aldrich syndrome protein/-like) (20). Strikingly, biochemical assays
have demonstrated that WASL is a substrate for the kinase activity of TNK2 (15), suggesting that the two
function in a pathway. NCK1 is an adaptor protein reported to co-localize with TNK2 (11, 21) and
interact with WASL. There are only limited studies linking WASL and NCK1 to virus infection. A clear role
has been established for WASL in spread of vaccinia virus (22) that involves NCK1 as well (12, 23).
Furthermore, sensitivity of Lassa virus infection to Wiskostatin, a small molecule inhibitor of WASL,
suggests a role of WASL in virus entry (24). However, there are no studies implicating NCK1 in any aspect

of picornavirus infection or in entry of any virus.

Here, we determined whether these three human orthologues of the genes found in a C
elegans forward genetic screen function in an evolutionarily conserved manner to facilitate virus

infection in human cell culture. CRISPR-Cas9 genome editing was used to generate knockout cells for
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87  each gene, and their impact on infection by a panel of viruses from different families was then tested.
88  Significant reductions in infection by multiple picornaviruses were observed in each of the cell lines.
89 Consistent with these in vitro data, we observed increased survival of mice lacking murine TNK2 after
90 EMCV challenge in vivo. We further demonstrated that TNK2, WASL and NCK1 function in a pathway to
91 support EMCV virus infection with WASL and NCK1 lying downstream of TNK2. Mechanistically, loss of
92 TNK2 led to reduced EMCV virus internalization, while both TNK2 and WASL were required for proper
93 endocytic trafficking of EMCV. These data support a model wherein TNK2, WASL and NCK1 comprise a

94 pathway that is critical for entry by multiple picornaviruses.

95

96 Results

97  Non-receptor tyrosine kinase TNK2 is critical for infection by multiple picornaviruses

98 To investigate the function of TNK2 in virus infection, human lung epithelial carcinoma A549

99  cells deficient in TNK2 were generated by CRISPR-Cas9 genome editing (Figure 1A). We tested a panel of
100  viruses including multiple viruses from the family Picornaviridae, which are evolutionarily related to
101  Orsay virus (25). In a single step growth analysis, deletion of TNK2 by two independent sgRNAs (TNK2
102 KO1 and TNK2 KO2 cells) reduced EMCV infection by 93% and 86%, respectively, compared to control
103  cells (P<0.00001, Figure 1B). When infected by CVB3, 56% and 48% fewer infected TNK2 KO1 and TNK2
104  KO2 cells were observed (P<0.0001, Figure 1C). In a multi-step growth curve, EMCV titers in the
105  supernatant from TNK2 KO1 were 1660-fold lower at 24 hours post infection (P<0.01, Figure 1D). In
106 addition, reduced infectivity in TNK2 KO1 was also observed with both recombinant GFP-EMCV and GFP-
107  CVB3, respectively (Figure 1-figure supplementl A and B). Furthermore, we examined virus replication
108  complex formation by double stranded RNA immunostaining with the commercial J2 antibody and direct

109  electron microscopy (EM) on EMCV infected cells. We observed fewer cells positive for double stranded
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110 RNA and smaller size of the virus replication complex (Figure 1-figure supplementl C and D). To
111  corroborate these findings, we analyzed EMCV and CVB3 infection in commercial Hap1 cells (a haploid
112 hematopoietic derived lymphoma cell line) deficient in TNK2. Reductions in infected cells by 24% for
113 EMCV and 30% for CVB3 were observed (P<0.001, Figurel-figure supplement2 A and B). Statistically
114  significant reductions in poliovirus infection in both Hapl and A549 TNK2 knockout cells and reduction
115 in enterovirus D68 infection in A549 cells were also observed (Figure 1-figure supplement2 C, E and F).
116 In contrast, no effect of TNK2 deletion was seen for |IAV, parainfluenza virus (PIV5) or adenovirus 5
117 (Figure 1-figure supplement2 D, G, H and 1), demonstrating the apparent specificity of TNK2 for

118 picornavirus infection.

119 We next attempted to rescue the EMCV infection defect in TNK2 knockout cells by ectopic
120 overexpression of TNK2. However, the complexity of the TNK2 locus (three major isoforms and 22
121 putative transcript variants (26)) presented challenges, and the reported induction of interferon by TNK2
122 overexpression (16) may have further complicated interpretation of these experiments. Lentivirus
123 expression of each of the three major TNK2 isoforms (which yielded expression levels of TNK2 much
124  higher than the endogenous levels (Figure 1-figure supplement3 D)) in control A549 cells led to
125  statistically significant reductions in EMCV infection (Figure 1- figure supplement3 A, B and C). In
126  addition, fluorescently tagged TNK2 expression through either direct transfection in 293T cells or
127  lentivirus transduction in A549 cells led to aggregates inside the cytosol (Figure 3-figure supplement2
128  and Figure 5-figure supplement A). Nevertheless, we consistently observed a small, but statistically
129  significant increase in EMCV virus infection in TNK2 KO1 cells transduced with the canonical isoform 1 as
130 compared to the control cells (Figure 1-figure supplement3 A). We also used an alternative approach to
131 rescue virus infection in TNK2 KO1 cells by reverting the 28 bp deletion in clone TNK2 KO1 using CRISPR-
132  Cas9 with oligonucleotide mediated homologous template directed recombination (HDR); 3 synonymous

133 mutations were included in the template to unambiguously identify a successful repair event (Figure 1-
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134  figure supplement3 H). Screening of 500 single-cell clones yielded one clone that had repaired the TNK2
135 28 bp deletion allele. However, this process also introduced an insertion of 11 nucleotides in the
136  adjacent intron sequence 9 bp from the nearby splice acceptor (Figure 1-figure supplement3 H). We
137 were able to restore low levels of TNK2 expression in the HDR repaired clone (Figure 1-figure
138 supplement3 G). In this clone, EMCV infected cell percentage and virus titer increased, by 8-fold
139  (P<0.0001, Figure 1-figure supplement3 E) and 9- fold (P<0.01, Figure 1-figure supplement3 F),

140 respectively as compared to TNK2 KO1 cells.

141 As a completely independent means of assessing the role of TNK2, we treated A549 cells with
142  Aim-100, a small molecule kinase inhibitor with specificity for TNK2 (27). Aim-100 pre-treatment
143 reduced EMCV infection in a dose dependent manner without affecting cell viability (Figure 1E and data

144  not shown).

145

146 WASL, a known substrate of TNK2, is critical for picornavirus infection

147 The human genome encodes two WASP paralogues, WASP and WASL (also known as N-WASP). In
148  this study, we focused on WASL because WASP is not expressed in epithelial cells such as A549. Clonal
149  WASL knockout A549 cells were generated by CRISPR-Cas9 genome editing (Figure 2A). In a single step
150  growth analysis, WASL KO cells showed 62% reduction in EMCV infected cells as compared to control
151  cells (P<0.0001, Figure 2B), while in a multi-step growth curve, WASL KO cells yielded 248-fold reduced
152 virus titers at 24 hours post infection (P<0.01, Figure 2D). Ectopic expression of WASL in the WASL KO
153  cells rescued EMCV infection to wild type levels (Figure 2-figure supplement A and B). As with TNK2, we
154  observed fewer cells positive for double stranded RNA by immunostaining and smaller size of the virus
155 replication complex by EM (Figure 1-figure supplementl C and D). Reduced levels of CVB3, poliovirus

156  and enterovirus D68 infection were observed in these cells (Figures 2C, Figurel-figure supplement2 E, F
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157  and M). In addition, independent Hap1 cells deficient in WASL had reduced EMCV, CVB3 and poliovirus
158 infection (Figures 1-figure supplement2 A, B and C). To independently assess the role of WASL during
159 virus infection, we used a small molecule inhibitor of WASL, Wiskostatin (28). Wiskostatin reduced
160 EMCV infection in A549 cells in a dose dependent manner with no apparent decrease of cell viability
161 (Figure 2E and data not shown). These data demonstrate that WASL is critical for multiple picornavirus

162 infection in human cell culture.

163

164 The signaling adaptor protein NCK1 is also critical for picornavirus infection

165 Deletion of NCK1 in A549 cells (Figure 2F) reduced the number of EMCV and CVB3 infected cells
166 by 55% and 49%, respectively (P<0.0001, Figure 2G and 2H) comparable to the reductions observed in
167  WASL KO cells. By a multi-step growth analysis, NCK1 KO showed 10-fold reduction of EMCV virus titer
168  at 24 hours post infection (P<0.01 Figure 2I). Ectopic expression of NCK1 in the NCK1 KO cells rescued
169 EMCV infection to wild type levels (Figure 2-figure supplement C and D). As with TNK2 and WASL, these

170  data demonstrate that NCK1 is critical for multiple picornavirus infection in human cell culture.

171

172 TNK2, WASL, and NCK1 are components of a common pathway

173 To determine whether TNK2, WASL, and NCK1 act in a common or distinct pathway for virus
174  infection, we performed genetic epistasis analysis by generating double and triple mutant cell lines
175 (Figure 3-figure supplementl A). EMCV infection levels and viral titer production in the double and triple
176 knockout lines were the same as observed in the TNK2 KO1 lines (Figure 3A and 3B). The lack of an
177 additive effect suggests that WASL and NCK1 are both in the same genetic pathway as TNK2. Combined

178  with the known ability of TNK2 to phosphorylate WASL (15), these data support a model where TNK2
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179  acts upstream of WASL and NCK1. The magnitude of the impact of TNK2 KO1 was greater than that of
180  WASL KO or NCK1 KO, suggesting that TNK2 might work through additional pathways in mediating virus

181 infection besides acting through WASL and NCK1.

182 Because TNK2 phosphorylation of WASL increases it actin nucleation activity (29), we reasoned
183 that it might be possible to complement the TNK2 deficiency by overexpression of WASL.
184  Overexpression of wild type WASL in the TNK2 KO1 A549 cells led to increased EMCV virus infection
185 (Figure 3C). Since constitutively active point mutants of WASL have been described (30, 31) , (Figure 3-
186  figure supplementl B and C), we next tested whether overexpression of three such constructs in the
187  TNK2 KO cells could further increase virus infection.. A higher level of complementation for all three
188 mutants was observed compared to wild type WASL (Figure 3C). For NCK1, based on its reported binding
189 to WASL and TNK2, we hypothesized that its function is to recruit WASL to TNK2, which could then
190 activate WASL via phosphorylation (15, 32). Thus, we also tested whether constitutively active WASL
191  could complement NCK1 KO. Constitutively active WASL fully rescued the NCK1 KO virus infection
192 phenotype (Figure 3D and Figure 3-figure supplementl D). Together, these data demonstrated that
193  TNK2, WASL, and NCK1 are in a pathway to support picornavirus infection with WASL and NCK1

194 downstream of TNK2.

195 We further evaluated the interactions between TNK2, WASL and NCK1 using biochemical and
196  biophysical assays. Previous studies had reported interaction between NCK1 and WASL through far
197  Western and pull-down assay (12) and co-localization of TNK2 and NCK1 through protein overexpression
198  (11). Fluorescent protein tagged forms of TNK2, WASL, and NCK1 were individually expressed in 293T
199  cells. WASL and NCK1 both distributed homogenously throughout the cytoplasm, while TNK2 formed
200 puncta in the cytoplasm (Figure 3-figure supplement2), which agreed with previous observations (21,

201 33). To examine potential co-localization, we co-expressed either mCerulean tagged TNK2 or mCerulean
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202  tagged WASL with mVenus tagged NCK1 in 293T cells, respectively. Since NCK1 is an adaptor protein, we
203 reasoned that its interactions with binding partners would likely be relatively stable and therefore more
204  readily detectable. Co-expression of mCerulean tagged TNK2 with mVenus tagged NCK1 re-localized
205 NCK1 into the puncta observed by TNK2 expression alone (Figure 3-figure supplement2 and 3A). Co-
206 expression of mCerulean tagged WASL with mVenus tagged NCK1 showed homogenous distribution in
207  the cytoplasm and co-localization of these two proteins (Figure 3-figure supplement2 and 3A). Further
208 analysis by quantitative FRET demonstrated that WASL and NCK1 had higher FRET efficiency in cells,
209  while TNK2 and NCK1 also had significant, but lower, FRET efficiency (Figure 3-figure supplement 3A and
210  3B). Consistent with the FRET data, in co-transfected 293T cells, immunoprecipitation of FLAG tagged
211 NCK1 pulled down HA tagged WASL more efficiently than it did Myc tagged TNK2 (Figure 3-figure

212 supplement 3C). Altogether, these data demonstrate that TNK2 and WASL bind directly to NCK1.

213

214  TNK2, WASL, and NCK1 affect a pre-replication step of the EMCV lifecycle

215 To begin dissecting the stage of the EMCV virus lifecycle impacted by TNK2, WASL, and NCK1, we
216  transfected EMCV genomic RNA into the cells to bypass the early stages of the viral lifecycle. The TNK2
217 KO1, WASL KO, and NCK1 KO cells produced the same titers of EMCV virus as the control cells at 10
218  hours post transfection (Figure 4A) demonstrating that TNK2, WASL, and NCK1 are dispensable for
219  EMCV replication and post-replication stages of the EMCV lifecycle. Thus, we concluded that all three
220  genes act on an early stage of the viral lifecycle. As a second line of evidence, we determined the impact
221  of adding the TNK2 kinase specific inhibitor Aim-100 before or at varying times after EMCV infection.
222 While Aim-100 pre-treatment reduced EMCV infection, administration after virus inoculation had no

223  effect (Figure 4B), consistent with a role for TNK2 at an early stage of virus infection.

224
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225 TNK2, but not WASL functions in virus internalization

226 We examined the impact of TNK2 and WASL deletion on virus binding, virus internalization, pore
227 formation, and viral RNA genome translocation. Following incubation at 4°C for one hour, no difference
228  in virus binding was observed among control, TNK2 KO1, and WASL KO cells (Figure 4C), as assessed by
229 gRT-PCR for EMCV genomic RNA. In contrast, after raising the temperature to 37°C for 30 minutes to
230  allow for internalization of the bound virus particles and then trypsinization to remove uninternalized
231  surface virus particles as described before (34, 35), there was a 46% reduction (P<0.001) of intracellular
232 EMCV viral RNA in the TNK2 KO1 cells (Figure 4D). However, no difference in RNA levels was observed in
233 WASL KO cells (Figure 4D). As a complementary approach, we evaluated internalization using
234 fluorescently labeled EMCV virions (Figure 4-figure supplement A and B). 25% fewer EMCV positive
235  TNK2 KO1 cells were observed compared to control cells (Figure 4E and Figure 4-figure supplement B),
236  while no statistical difference was observed in the WASL KO cells (Figure 4E and Figure 4-figure

237  supplement B).

238 We examined the ability of fluorescently labeled transferrin, a known cargo for clathrin
239  mediated endocytosis, to be endocytosed in both TNK2 KO1 and WASL KO cells. Transferrin was
240  internalized in TNK2 KO1 and WASL KO cells to the same level as in the control cells (Figure 4-figure
241  supplement C and D), consistent with a previous report that knock down of TNK2 has no effect on
242 transferrin endocytosis (36). To further check other general virus entry pathways, we also examined
243  whether macropinocytosis was affected in these cells. FITC conjugated Dextran (7 KDa) is reported to be
244  uptaken by macropinocytosis (24). No defect in uptake of Dextran was observed in TNK2 KO1 cells
245 (Figure 4-figure supplement E and F). In contrast, the WASL KO cells had a 75% reduction in Dextran
246  uptake (Figure 4-figure supplement E and F), which is consistent with the known dependency of

247 macropinocytosis on actin polymerization (37). The Dextran macropinocytosis defect in the WASL KO
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248  appears to be unrelated to EMCV infection though since no reduction in either binding or internalization

249 of EMCV was observed.

250 A step that is closely linked to internalization for picornaviruses is virus-induced pore formation,
251 which is required for genome release into the cytoplasm. To assess pore formation, cells were treated
252  with the membrane impermeable translation inhibitor, a-sarcin. Virus-induced pore formation will lead
253  to translation inhibition and reduction of **S methionine and **S cysteine incorporation whereas in the
254  absence of pore formation, translation will proceed at wild type levels (38). TNK2 KO1 and WASL KO
255 cells showed no defect in virus pore formation during EMCV infection (Figure 4F). Although a clear
256 defect in EMCV internalization exists in the TNK2 KO1 cells (Figure 4D and 4E), no defect in pore
257  formation was observed. Since the internalization defect in TNK2 KO1 cells is not absolute, pore
258  formation may still occur with sufficient frequency to inhibit translation. Alternatively, pore formation
259  may not necessarily require prior internalization; for example binding of parainfluenza virus alone is
260  sufficient to initiate pore formation at the cell membrane (39). For WASL, no defect in binding,
261 internalization or pore formation was observed in the knockout cells, suggesting that the defect is
262  downstream of these steps. Similarly, a recent report suggests that the human gene PLA2G16 acts at a

263  step of the picornavirus lifecycle that is subsequent to pore formation (40).

264 To determine whether TNK2 or WASL plays any role in downstream viral RNA genome
265  translocation after pore formation, we examined virus induced host protein cleavage after its entry. For
266 some picornaviruses, immediately after translocation of its genome, translation of the incoming positive
267 strand RNA leads to proteolytic cleavage of the host protein elF4G to shut down host translation (41).
268 Since this activity has not been described for EMCV we used CVB3, which is known to have this activity
269 (42). elFAG cleavage in presence or absence of a virus genome replication inhibitor guanidine

270  hydrochloride showed no difference in the WASL KO cells as compared to the control cells,
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271  demonstrating that WASL does not impact this step of the viral lifecycle. In contrast, we observed a
272  decrease of elFAG cleavage in TNK2 KO1 cells, suggesting that TNK2 might play a role in this process.
273  Alternatively, the reduced elF4G cleavage level might simply reflect the reduced level of virus

274  internalization in TNK2 KO1 cells (Figure 4G).

275 Partial co-localization of TNK2 with labeled EMCV particles

276 TNK2 is present in endocytic vesicles and colocalizes with the early endosome marker EEA1 (21,
277 33, 36, 43). To visualize TNK2 subcellular localization, we expressed N-terminally GFP tagged TNK2 in
278 the TNK2 KO1 cells. Two different patterns were observed in GFP positive cells: high TNK2 expression
279  formed GFP aggregates inside the cytosol of cells in about 80% of the cell population, which has been
280 described previously (21, 44), and low TNK2 expression inside the cytosol of cells in about 20% of the
281 cell population(Figure 5-figure supplement A and B). Consistent with the native TNK2 rescue, N-
282  terminally GFP tagged TNK2 expression in the TNK2 KO1 cells statistically increased virus infection from
283 17.2% to 22.0% of GFP transduced control cell infection (P<0.01, Figure 5-figure supplement D). The
284  modest increase was comparable to that observed with ectopic expression of wild type TNK2. Next, we
285  checked TNK2 localization in cells infected with fluorescently labeled EMCV. In TNK2 KO1 cells with high
286  TNK2 expression that formed aggregates, no GFP-TNK2 co-localization with or in proximity to EMCV was
287 observed. However, in cells with low TNK2 expression, labeled EMCV particles were observed in
288  proximity to or surrounded by GFP-TNK2 (Figure 5A and Figure 5-figure supplement A), presumably in
289  early endosomes. Further quantification demonstrated that about 40% of the EMCV particles were in

290  proximity to GFP-TNK2 in those cells (Figure 5-figure supplement C).

291 WASL is recruited to vaccinia virus vesicles to promote its intracellular trafficking (23). To
292 examine whether EMCV infection recruits WASL as observed for poxvirus, we expressed N-terminal GFP

293 tagged WASL in WASL KO cells. The GFP tagged WASL was functional as it rescued EMCV infection
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294  (Figure 5-figure supplement E). Following infection with fluorescently labeled EMCV, no clear

295 recruitment of GFP-WASL to fluorescently labeled EMCV was observed (Figure 5A).

296

297  EMCV infection is CDC42 dependent but clathrin independent

298 Both TNK2 and WASL are activated by the upstream CDC42 kinase (11, 36, 45-47), which can be
299  inhibited by pirll (24). Pirll treatment inhibited EMCV replication at a 10 uM concentration without cell

300 toxicity (Figure 5B and data not shown), suggesting that CDC42 mediates EMCV infection.

301 Since a role for TNK2 in clathrin mediated endocytosis (CME) has been reported (21), we next
302 examined whether the classic CME inhibitors such as dynasore (a canonical inhibitor of dynamin) or
303 pitstop-2 (an inhibitor of clathrin) affect EMCV virus infection. Dynasore and pitstop-2 had no effect on
304 EMCV infection while they inhibited VSV, a virus known to rely predominantly on CME for its entry, in a
305 dose dependent fashion (Figure 5-figure supplement F and G). Together, these data indicate that EMCV
306 infection in A549 cells is dependent on CDC42, which activates TNK2 and WASL, but does not require

307 CME for its entry.

308 EMCV virions accumulate in early endosomes in the absence of TNK2 or WASP

309 We next examined colocalization of EMCV with the early endosome marker EEA1. A time course
310 analysis demonstrated that in control cells, the peak colocalization of EMCV with EEA1 occurred at 20
311 minutes post internalization (Figure 5-figure supplement H and 1), which was followed by a decrease at
312 30 minutes post internalization. This result is consistent with a previous report that poliovirus entry
313 peaks at 20 minutes post infection (4). In contrast, in both the TNK2 KO1 and WASL KO cells, higher

314  levels of EMCV particles were retained in EEA1 containing vesicles at 30 minutes post internalization
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315 (Figure 5C and D, Figure 5-figure supplement 1). Thus, both TNK2 KO1 and WASL KO cells are

316  characterized by increased accumulation of EMCV particles in early endosomes.

317

318 EMCV infection is dependent on the activation of WASL and its actin modulating function

319 The primary known effector function of WASL is nucleation of actin polymerization, which is
320 mediated by binding of its C-terminal domain to the Arp2/3 complex and actin monomers (48). Different
321 domains of WASL are critical for interaction with other proteins that can modulate WASL stability,
322 activation, or function. Because ectopic expression of wild type WASL fully rescued EMCV infection in
323 WASL KO cells, we tested the ability of a series of WASL domain deletion mutant constructs to rescue
324 infection in WASL KO cells (Figure 6A). The basic region that binds with PIP2, the proline rich region that
325 binds with SH3 domain containing proteins, the GTPase binding domain that interacts with CDC-42
326  kinase, and the acidic domain that is involved in actin binding and polymerization were all required for
327 EMCV infection (Figure 6B and 6C). Interestingly, transduction of the N-terminal WH1 domain truncated
328  mutant increased EMCV infection by 3-fold compared to wild type WASL transduction (Figure 6B). The
329 WH1 domain is reported to bind with WASP interacting proteins (WIPs) to maintain WASL in an
330 inactivated state (49); therefore, the WH1 domain truncation mutant should have increased actin
331  polymerization activity. To further assess the WASL pathway’s role in EMCV infection, we treated cells
332  with the Arp2/3 complex inhibitor CK-869. CK-869 treatment inhibited EMCV infection in a dose-
333  dependent manner without cell toxicity (Figure 6D and data not shown). Altogether, these data

334  demonstrated that WASL and its downstream actin pathway play important roles in EMCV infection.

335

336 TNK2 is required for EMCV infection in an in vivo mouse model
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337 To investigate TNK2’s role in EMCV infection in vivo, we generated a TNK2 knockout mouse that
338 carried a 13Kb deletion of the murine TNK2 genomic locus, which eliminated all annotated TNK2
339 isoforms and splice variants (Figure 7A). In primary mouse lung fibroblast cells, complete ablation of
340 TNK2 protein expression was observed by Western blot (Figure 7B). The number of cells infected by
341 EMCV was reduced by 40% in the knockout cells (P<0.001, Figure 7C). In vivo, EMCV challenge with 107
342 PFU by oral gavage resulted in greater survival of TNK2 knockout animals compared to wild type animals
343 (P=0.0051, Figure 7D). Together, these data demonstrate a critical role for TNK2 in EMCV infection in an

344 in vivo mouse infection model.

345

346 Discussion

347 We previously determined that the C. elegans genes sid-3, viro-2, and nck-1 are essential for
348  Orsay virus infection in C. elegans (10). In this study, we further asked whether their respective human
349  orthologues TNK2, WASL, and NCK1 play any roles in mammalian virus infection. After screening a panel
350 of mammalian viruses, we found that multiple picornaviruses, including EMCV, CVB3, enterovirus D68,
351 and poliovirus, rely on TNK2, WASL, and NCK1 for infection in different cell lines. For TNK2, this
352 represents the first evidence that it has any pro-viral function. Interestingly, poliovirus entry was
353 previously shown to be dependent on an unknown kinase based on the use of a broad-spectrum

354  tyrosine kinase inhibitor (4). One possibility is that TNK2 might be the kinase targeted in that study.

355 Our data represent the first demonstration that WASL and NCK1 are important for infection by
356 picornaviruses such as EMCV, CVB3, enterovirus D68, and poliovirus. RNA transfection of EMCV into
357  TNK2, WASL and NCK1 knockouts each yielded the same level of virus as the control demonstrating their
358 role in an early stage of the EMCV lifecycle. For WASL, this is in contrast to its well-defined role in

359 facilitating spread and transmission of vaccinia virus (22) suggesting that WASL is important for different
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360 lifecycle stages for different viruses. In addition to the known interactions between NCK1 and WASL,
361  TNK2 has been reported to phosphorylate WASL (15). Consistent with these data, our genetic epistasis
362  analysis and ectopic trans-complementation data (Figure 3A-D) demonstrated that these three genes
363 function in a pathway in the context of picornavirus infection. Furthermore, biochemical and biophysical
364  data demonstrated direct interaction of NCK1 with both TNK2 and WASL. Previous studies have
365 established a clear role for CDC42 in regulation of TNK2 and WASL (47, 50), inhibition of CDC42 resulted

366 in reduced EMCV infection.

367 We explored the mechanism by which TNK2 and WASL act regarding picornavirus infection.
368 TNK2 KO1 cells were partially defective in EMCV internalization. In contrast, internalization was not
369 affected in WASL KO cells, suggesting WASL functions in one or more steps downstream of virus
370 internalization. In the absence of either TNK2 or WASL, EMCV particles continued to accumulate in early
371 endosomes at 30 minutes post infection in contrast to control cells, demonstrating a role for both genes
372 in endosomal trafficking. Notably, sid-3, the C. elegans orthologue of TNK2, is important for endosomal
373  trafficking of RNA molecules (51). Thus, one possibility is that the delay in release from the early
374 endosomes contributes to the reduction in EMCV infection in both TNK2 and WASL KO cells. However, it
375 is uncertain whether this observed accumulation in early endosomes is directly related to the reduced
376  levels of infection in these cells. In detailed studies of poliovirus, most of the RNA genome is released
377  from the virus particles by 20 minutes post internalization (4). Thus, additional studies are necessary to

378  determine whether the accumulated particles in the early endosomes still contain genomic RNA.

379 These data lead us to the following model (Figure 8). TNK2 is in a pathway upstream of WASL
380 and NCK1. Because TNK2 deletion has a greater magnitude of impact than WASL or NCK1 deletion, TNK2
381 must act on one or more additional step of the viral lifecycle than WASL and NCK1. Consistent with this

382 model, we demonstrated that TNK2 (but not WASL) is needed for virus internalization. In addition, we
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383 propose that TNK2 activates WASL (presumably, but not necessarily, by phosphorylation and in a fashion
384  mediated by NCK1 binding), which then affects a subsequent early step of the EMCV lifecycle. Our data
385  suggest that this step is linked to proper endocytic trafficking of the incoming viral particles, which
386  accumulated in early endosomes in both TNK2 and WASL deficient cells to a greater extent than in
387  control cells. The requirement for the WASL acidic domain, which is responsible for actin binding and
388 nucleation, along with the sensitivity to the Arp2/3 inhibitor CK-869, demonstrates that this process is
389 actin dependent. One possibility is that regulated actin polymerization may be necessary to deliver

390 endocytic vesicles to specific subcellular locations necessary for productive infection.

391 Actin is critical for many cellular processes and due to its essentiality is not a druggable target. In
392 this study, we identified a TNK2 and actin-dependent pathway necessary to promote virus infection but
393 does not appear to alter normal endocytosis. As cells lacking TNK2 and NCK1 are clearly viable, as are
394 mice lacking TNK2 and NCK1 (52), these genes are potential antiviral targets that could be disrupted by

395  small molecules without compromising overall actin biology and survival of the host.

396 It is becoming increasingly clear that there are additional, poorly defined stages of the
397  picornavirus lifecycle. A recent genetic screen identified PLA2G16 as an essential gene required for an
398  early stage of multiple picornaviruses at a step post binding, internalization, and pore formation (40).
399  Our study similarly suggests that WASL also acts after these stages. Further study is needed to

400  determine whether WASL acts at the same stage as PLA2G16 or at a distinct step.

401 All four picornaviruses we tested were dependent on TNK2 and WASL. In contrast, viruses in
402  other families such as influenza A virus, parainfluenza 5 and adenovirus 5 were not affected by absence
403 of these genes, suggesting that picornaviruses may specifically depend on these host factors. PIV5 is
404 known to enter cells by direct fusion at the cellular membrane and is not believed to utilize endocytic

405  vesicles (39). The observed lack of dependence of PIV5 on TNK2 or WASL is consistent with a potential
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406  role of TNK2 and WASL in modulating endocytic vesicle trafficking. In contrast, picornaviruses such as
407  poliovirus, CVB3 and EMCV are generally thought to utilize clathrin independent endocytic vesicles for
408  entry (5), while influenza A virus and adenovirus mostly rely on clathrin mediated endocytosis for their
409 entry (2). The magnitude of the phenotypes did vary significantly among the tested picornaviruses,
410  which is not surprising given the significant degree of divergence between these virus genomes and
411 differences in their entry requirements. Nonetheless all four tested picornaviruses displayed different
412 degree of dependence on this pathway. It will be important to test a wider range of picornaviruses to
413  determine exactly which taxa within the Picornaviridae are most reliant on these genes. It will also be of
414  great interest to test additional viruses from other families. The data suggesting a role of WASL in Lassa
415  virus infection (24) supports the notion that at least some viruses in other virus families may also

416  depend on one or more of these genes for infection.

417 In recent years, multiple studies of host factors critical for picornavirus infection have utilized
418  haploid gene-trap screening or CRISPR screening in mammalian cell lines (40, 53, 54). These studies
419  have identified multiple host genes required broadly for picornaviruses (40), as well as examples of
420 genes required for specific picornaviruses. For instance, ADAM9 was discovered as a potential receptor
421  for EMCV by CRISPR screening (54). Notably, the genes that we identified by starting with the C. elegans
422 Orsay virus genetic screen, TNK2, WASL, and NCK1, were not identified as hits in any of the direct
423 mammalian screens undertaken by others (40, 53, 54). Thus, these approaches provide complementary
424  experimental strategies that, ideally in the long run, will lead to comprehensive understanding of host

425  factors necessary for virus infection.

426 Our study of TNK2 was driven by our identification in C. elegans of sid-3 as a host factor required
427  for Orsay virus infection (10). sid-3 was originally identified in a genetic screen for mutants defective in

428  systemic spread of RNAIi (51). That screening strategy also identified another C. elegans gene, sid-1, that
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429 s reported to transport dsRNA (55). A recent study demonstrated that the mammalian orthologue of
430  sid-1, SIDT2, has an evolutionarily conserved function in transporting dsRNA that serves as a means of
431  activating innate antiviral immunity in mice (56). Those studies provide an example of the value of using
432  the C. elegans model system to guide insights into conserved functions with mammals. Here we
433 demonstrated that TNK2, the human orthologue of sid-3, has an evolutionarily conserved function to
434  facilitate virus infection in mammals. In C. elegans, Orsay virus infection is presumed to occur by fecal-
435 oral transmission, as evidenced by its exclusive intestinal cell tropism (57). Deletion of sid-3 reduces
436 Orsay virus infection by > 5 logs in vivo in the C. elegans host (10). In the current study, infection of mice
437  lacking TNK2 by oral gavage, the analogous route of infection as for Orsay virus infection of C elegans,
438 led to increased survival of animals deficient in TNK2. These results clearly demonstrate the functional
439  parallels between sid-3 and TNK2 in their respective hosts in vivo. Thus, our study has identified another
440  example wherein novel insight in mammalian biology emerge from initial discoveries in model organism

441 studies.

442

443 Material and methods

444 Cell culture and viruses

445  A549 cells were cultured and maintained in DMEM supplemented with 25 mM HEPES, 2 mM L-
446 glutamine, 1X non-essential amino acids, 10% Fetal bovine serum (FBS) and 100 u/ml antibiotics
447  (penicillin and streptomycin). 293T (human embryonic kidney), BHK-21 (Baby hamster kidney), RD
448  (rhabdomyosarcoma) and Hela cells were cultured and maintained in DMEM with 10% FBS. Haploid
449  cells (HAP1) were cultured and maintained in IMDM with 10% FBS. Mouse primary lung fibroblasts were
450 isolated by lung digestion as described (58). Primary lung fibroblasts were derived from a TNK2

451 homozygous knockout mouse and a homozygous wild type littermate and were cultured in DMEM with
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452 20% FBS. Viruses were obtained from the following: EMCV VR-129 strain (Michael Diamond), coxsackie
453 virus B3 Nancy strain (Julie Pfeiffer), poliovirus Mahoney strain (Nihal Altan-Bonnet), influenza A virus
454  WSN strain (H1IN1) (Adrianus Boon), adenovirus A5 (David Curiel), enterovirus D68 (ATCC), parainfluenza
455  virus (Robert A. Lamb), GFP-EMCV and GFP-CVB3 (Frank J. M. van Kuppeveld). EMCV was amplified on
456 BHK-21 cells; CVB3 and polio viruses were amplified on Hela cells; and enterovirus D68 was amplified on

457 RD cells.

458 Reagents and antibodies

459  a-sarcin was purchased from Santa Cruz. **S methionine and %S cysteine were purchased from Perkin
460 Elmer. Alexa Fluor™A647 succinimidyl ester was purchased from ThermoFisher Scientific. Inhibitors
461  were purchased from commercial vendors as follow: Aim-100 (Apexbio), Wiskostatin (Sigma), Dynasore
462 (Sigma), Pitstop-2 (Sigma), CK-869 (Sigma), Pirll (Hit2leads). Anti-EMCV mouse polyclonal antibodies
463  were provided by Michael Diamond. Anti-poliovirus antibodies were provided by Nihal Altan-Bonnet.
464  Other antibodies were obtained from commercial vendors as follows: Anti-coxsackie virus B3 antibodies
465 (ThermoFisher), Anti-adenovirus A5 antibodies (ThermoFisher), Anti-influenza A virus NP antibodies
466  (Millipore), Anti-TNK2 (A12) (Santa Cruz), Anti-WASL (Abcam and Sigma), Anti-actin, clone C4 (Sigma),
467  Anti-NCK1 (Millipore), enterovirus D68 Ab (GeneTex), Anti-HA (ThermoFisher), Anti-Flag (GenScript),

468  Anti-c-Myc (Invitrogen), Anti-double stranded J2 antibodies (Scicons).

469 Plasmid constructions

470  Single guide RNA (sgRNA) oligonucleotides were synthesized by Integrated DNA Technologies (IDT).
471  sgRNA oligoes were annealed and cloned into Lenti-CRISPR V2 plasmid digested by BsmBI. TNK2
472 (pReceiver-TNK2) and WASL (pReceiver-WASL) ORF clones were obtained from GeneCopoeia. NCK1
473 (pcDNA-NCK1) ORF clone was obtained from GenScript. Mutations in the sgRNA binding sites were

474 introduced by site directed mutagenesis (Stratagene) according to the manufacturer’s protocol. TNK2,


https://doi.org/10.1101/737635
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/737635; this version posted August 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

475  WASL and NCK1 were subcloned into a Lentivirus expression vector pFCIV digested with Ascl and Agel.
476  The FRET control plasmid C5V was obtained from Addgene. mVenus cassette was subcloned into
477  pcDNA-NCK1 and pReceiver-WASL. mCerulean cassette was subcloned into pReceiver-TNK2. Myc tagged
478  TNK2 and HA tagged WASL was generated by annealing of oligonucleotides and then subcloned into the
479 expression vector. GFP tagged TNK2 and WASL were subcloned into a tetracycline promoter driven
480 Lentivirus vector pCW57. Constitutive active WASL constructs were generated by site-directed
481 mutagenesis. Domain truncation were generated by overlapping PCR. In brief, to generate pFCIV-WASL
482 A WH1, pFCIV-WASL A B, pFCIV-WASL A PRD, pFCIV-WASL A GBD, and pFCIV-WASL A A, WASL
483  fragments were amplified from the start of the gene to the start of the truncation and from the end of
484  the truncation to the end of the gene, and the fragments were then joined by overlapping PCR. The
485 resulting product was digested by Agel and Ascl and ligated into Lentivirus expression vector pFCIV that

486 were cut by the same restriction enzymes.

487  Lentivirus production and cell transduction

488 800 ng of Lenti CRISPR V2 plasmids or pFCIV plasmids or pCW57 plasmids were transfected with 800 ng
489  pSPAX2 and 400 ng pMD2.G into 293T cells using Lipofectamine 2000 according to the manufacturer’s
490  protocol. Cell culture supernatant was harvested two days post transfection and stored at -80°C. For
491  transduction, A549 cells were seeded one day before transduction. Cells were spin transfected with
492 lentivirus and 8 pg/ml of polybrene at MOI 5. Two days after transduction, cells were passaged and

493 either selected under corresponding antibiotics or fluorescently sorted through flow cytometry.

494  CRISPR genome editing

495 A549 naive cells were transduced by lentiviruses that express the corresponding sgRNA and Cas9 protein.
496  Transduced cells were passaged two days later and then selected with 2 pug/ml puromycin for 7 days.

497  Cells were passaged once during this selection. Clonal selection was performed through limiting dilution
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498  in 96-well plates. After two weeks, single cell clones were picked and expanded in 24-well plates. The
499  desired genome editing was identified by a restriction enzyme digestion-based genome typing assay.
500 Genome edited clonal cells were further sequenced by Sanger sequencing to define the precise genome
501 editing event. Detection of a homozygous 28bp (base pair) deletion allele of TNK2 defined TNK2 KO1
502 and detection of a 25bp deletion allele and 137bp deletion allele of TNK2 defined TNK2 KO2.
503 Identification of a 1bp insertion allele and a 2 bp deletion allele of WASL defined WASL KO. An insertion
504  allele of 94 bp in NCK1 was observed and this defined NCK1 KO. TNK2 KO1, WASL KO and NCK1 KO were

505 used in all experiments except places specified using other cells.

506 For homologous template directed DNA repair through CRISPR genome editing, assembled CRISPR RNP
507  were transfected into A549 cells with single stranded oligodeoxynucleotide (ssODN) as described (59). In
508 brief, Alt-R® S.p. Cas9 nuclease 3NLS protein, Alt-R® CRISPR-Cas9 crRNA designed to target the deleted
509 TNK2 KO1 genomic region, Alt-R® CRISPR-Cas9 ATTO™ 550 tagged tracrRNA and ssODN were purchased
510 from IDT. A549 cells were seeded into 12-well plates one day before transfection. Equal molar crRNA
511  and tracrRNA were annealed by heating to 95 °C for 5 minutes and then cooled to room temperature.
512 RNP was assembled by combing equal molar ratio of annealed cr-tracrRNA with Cas9 nuclease protein in
513  opti-MEM. RNP was then transfected with ssODN into A549 cells by lipofectamine CRISPR-MAX
514  according to the manufacturer’s protocol. 24 hours after transfection, ATTO™ 550 positive cells were
515 FACS sorted individually into 96-well plates. Single cell colonies were expanded one week after sorting
516 and genotyped with a restriction enzyme based genotyping assay. Template directed DNA repair was

517 finally confirmed by both Sanger and PCR product deep sequencing.

518 For generation of gene double or triple knockout cells, the same CRISPR RNP transfection method was
519 used as homologous template directed DNA repair using corresponding crRNA designed to target genes

520  with ssODN omitted. A double knockout of NCK1 and WASL was generated by CRISPR-Cas9 genome
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521 editing of the NCK1 locus in the WASL KO cells. A double knockout of WASL and TNK2, a double
522 knockout of NCK1 and TNK2, and a triple knockout of WASL, NCK1 and TNK2 were generated by CRISPR-
523  Cas9 genome editing of the WASL locus and NCK1 locus in the TNK2 KO1 cells. Genome editing events

524  were screened by a restriction enzyme digestion-based genotyping assay.

525 EMCV virus labeling and infection for imaging

526 EMCV was amplified in BHK-21 cells and purified according to previous publications (4, 40). Virus
527 labeling was performed with Alexa Fluor™A647 succinimidyl ester in a 1:10 molar ratio and was then
528 purified through Nap-5 desalting column (GE Healthcare). Labeled viruses were aliquoted and stored at -
529 80°C. For EMCV entry imaging analysis, A549 cells were seeded at 3000 cells per well in an 18-well IBD
530 imaging slide chamber one day before infection. The next day, cells were washed once with serum free
531 DMEM and then inoculated with labeled EMCV virus at an MOI of 20 on ice for one hour. Cells were
532  washed three times with ice-cold PBS after on ice binding. Cells were then fixed with 4%
533 paraformaldehyde for 15 minutes at room temperature or cells were switched to 37°C incubation with
534  complete medium for internalization. After incubation with complete medium for 30 minutes, cells were
535 then washed once with PBS and fixed with 4% paraformaldehyde. Fixed cells were mounted in IBD
536  mounting medium for image analysis. For GFP-TNK2 and GFP-WASL localization with labeled EMCV virus
537  imaging, live cell experiment was performed in an 18-well IBD imaging slide in a temperature-controlled

538 imaging chamber.

539 EMCYV virus binding and internalization assay

540  A549 cells were seeded at 1X10° cell per well in a 24-well plate one day before the assay. Cells were
541  chilled on ice for 30 minutes and then washed with ice-cold DMEM before inoculation. EMCV was
542  diluted in ice-cold DMEM with 0.1% BSA and then inoculated at an MOI of 20 in 250 ul of DMEM per

543 well of 24-well plate. Viruses were allowed to bind on ice for one hour. For virus binding experiments,
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544 cells were washed three times with ice-cold PBS and then lysed in 350 pl Trizol reagent. For virus
545 internalization assay using trypsinization, experiments were performed as described previously for WNV
546 and AAV (34, 35). In brief, after one hour of binding, the virus inoculum was removed and pre-warmed
547 complete medium was added onto cells. Cells were incubated in a 37°C water bath for 30 minutes to
548 allow for virus internalization. After incubation, cells were washed three times with ice-cold PBS and
549  then trypsinized for 6 minutes to remove surface bound virus. Trypsinized cells were then washed again
550 three times and then spin at 300g for 5 minutes. Cell pellets were lysed in 350 pl Trizol reagents. RNA
551 was extracted using the 96-well Zymo RNA easy column extraction according to the manufacturer’s
552 protocol. Viral RNA was quantified by one step reverse transcription quantitative real-time PCR with an
553 EMCV  assay probe (Primers:  forward 5’-CGATCACTATGCTTGCCGTT-3’; reverse  5’-
554  CCCTACCTCACGGAATGGG-3’; Tagman probe 5 FAM-AGAGCCGATCATATTCCTGCTTGCCA-3’). Fold
555 change was converted from delta delta Ct of an internal control assay by RPLPO (Ribosomal protein
556 lateral stalk subunit PQ). For labeled EMCV, internalization was performed the same way, after
557  trypsinization and washing, cells were fixed in 4% paraformaldehyde for 15 minutes at room
558  temperature and then washed twice with P2F (PBS with 2% Fetal bovine serum). Cells were finally

559  resuspended in P2F and analyzed by MACS flow cytometry.

560 FACS assay

561  A549 cells were seeded one day before infection into 96-well plates. Approximately 16 hours after
562 seeding, cells were infected by EMCV at an MOI of 1. One hour after infection, the inoculum was
563 removed and cells were cultured in DMEM with 2% FBS. 10 hours post infection, cells were trypsinized
564  and fixed with 4% paraformaldehyde. Fixed cells were then permeabilized with perm buffer (1g Saponin,
565 10ml HEPES, 0.025% Sodium Azide in 1L HBSS) for 15 minutes. After permeabilization, cells were

566  incubated with primary antibodies for one hour and then washed twice before incubation with
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567  fluorescently conjugated secondary antibodies. After one hour of secondary antibody incubation, cells
568  were washed three times with perm buffer and then resuspended with 70 ul of FACS buffer P2F (PBS
569  with 2% fetal bovine serum). Infected cells were then analyzed and quantified through MACS flow
570  cytometry (Miltenyi Biotec). FACS analysis of infection by CVB3, polio, enterovirus D68, adenovirus and
571 influenza virus on either A549 or Hap1l cells were performed the same as EMCV infection, except that
572 cells were harvested 8 hours post infection for CVB3, adenovirus, enterovirus D68 and influenza virus,

573  and 6 hours post infection for poliovirus.

574 Multistep growth analysis for EMCV and polio virus

575 For multistep growth analysis, A549 or Hap1 cells were infected by EMCV at an MOI of 0.01. One hour
576 after inoculation, cells were washed 5 times with serum free DMEM and were then cultured in DMEM or
577 IMDM with 2% FBS. Culture supernatant was collected at time 0, 6, 12, 24, 36 and 48 hours post
578 infection. Viruses released in the culture supernatant were titrated on BHK-21 cells by plaque assay. For
579  polio virus multi-step growth titration, A549 or Hap1 cells were infected by virus at MOI 0.01 and culture

580  supernatant were collected. Released viruses were titrated on Hela cells by plaque assay.

581 EMCV genomic RNA transfection

582 EMCV genomic RNA was extracted from pelleted virions by phenol chloroform extraction. For RNA
583 transfection, A549 cells (gene knockouts and control) were seeded into 24-well plate at 1X10° cells per
584  well. 16 hours after seeding, cells were transfected with 1.6 png EMCV RNA by Lipofectamine 3000
585 according to the manufacturer’s protocol. Cell culture supernatant was collected at 10 hours post

586  transfection and was then titrated on BHK-21 cells by plaque assay.

587  Co-immunoprecipitation and Western blot
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588 Flag C-terminal tagged NCK1 was transfected with HA N-terminal tagged WASL or with Myc N-terminal
589  tagged TNK2 into 293T cells. 48 hours after transfection, cells were lysed in IpLysis buffer (Invitrogen).
590 Protein concentrations were quantified by BCA assay. 500 pg protein lysates were incubated with 2 pg
591 of anti-flag antibodies at 4°C for overnight for immunoprecipitation. After antibody binding, the
592 immuno-complex was incubated with protein A/G magnetic beads for one hour at room temperature.
593  The beads were washed and proteins bound to antibodies were eluted according to the manufacture’s
594  protocol (Invitrogen). Protein samples were prepared with 4X NuPAGE sample buffer (Invitrogen) and
595  then resolved on 4-12% NuPAGE gel. Proteins were transferred to a PVDF membrane and then blocked
596  with 5% skim milk. Primary antibodies were incubated in 5% milk for overnight at 4°C. After 3 washes
597  with PBST (PBS with 0.3% of tween-20), corresponding HRP conjugated secondary antibodies were
598 incubated in 5% milk at room temperature for 1 hour. The membrane was washed 5 times with PBST
599 and was then developed with chemiluminescent substrate for 5 minutes and then imaged using a Bio-

600 Rad chemiluminescence imager.

601 a-Sarcin pore forming assay

602  A549 cells were seeded at 3.6 X 10* per well of a 48-well plate. The next day, cells were washed once
603  with PBS and then incubated with methionine and cysteine free DMEM for one hour. Subsequently, cells
604  were inoculated with EMCV virus at an MOI of 50 on ice for one hour. Inoculum were then removed and
605  cells were washed three times with ice cold PBS. Cells were then incubated with 100 pg/ml a-sarcin
606 diluted in methionine and cysteine free DMEM for 90 minutes at 37°C. After a-sarcin treatment, cells
607  were pulsed with 7.4 MBq 3°S methionine and 3°S cysteine in DMEM for 20 minutes. Next, cells were
608  washed four times with ice cold PBS and then lysed with SDS sample buffer. Proteins were resolved on
609 7.5% SDS-PAGE gel and then dried on a Bio-Rad gel dryer. Dried gels were exposed to a phosphorimager

610  overnight and then scanned by Fuji IFA imaging system. As an internal loading control, a parallel SDS-
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611 PAGE gel was ran and then proteins were transferred to PVDF membrane and blotted with anti-actin

612 antibodies.

613 Immunofluorescence assay

614 For EMCV co-localization with EEA1 marker, A549 cells were seeded at 3000 cells per well in an 18-well
615 IBD imaging slide chamber one day before infection. The next day, cells were washed once with serum
616  free DMEM and then inoculated with labeled EMCV virus at an MOI of 20 on ice for one hour. Cells were
617  washed three times with PBS after on ice binding. Cells were then switched to 37°C incubation with
618 complete medium for internalization at indicated time. After incubation with complete medium for
619 different time, cells were then washed once with PBS and fixed with 4% paraformaldehyde for 10
620 minutes. Fixed cells were then permeabilized with 0.2% saponin for 10 minutes at room temperature
621 and subsequently blocked with IFA blocking buffer (10% goat serum, 0.05% saponin in PBS) at room
622  temperature for 30 minutes. Cells were then incubated with EEA1 antibodies at 1:100 dilution in
623 blocking buffer overnight with shaking. Cells were washed three times with PBS and then incubated with
624  secondary antibodies at room temperature for 1 hour. After incubation, cells were washed once with
625 PBS and then incubated with Hoechst at 1:1000 dilution for 10 minutes at room temperature. Cells were
626  washed three time with PBS and mounted in IBD mounting medium for image analysis. For dsRNA
627  immunostaining in EMCV infected cells, the same procedure was performed as EEA1 immunostaining

628  except that 0.1% Triton was used instead of Saponin.

629 Confocal imaging and FRET analysis

630 Cells on slides or in an IBD imaging slide chamber were examined on a Zeiss airy scan confocal
631 microscope (LSM 880 Il). A Plan Apochromat 63X, 1.4-numerical-aperture oil objective lens (Carl Zeiss,
632  Germany) was used to image labeled virus infection. For FRET analysis, 293T cells were seeded on

633  coverslips and transfected with FRET pairs, mCerluean tagged TNK2 with mVenus tagged NCK1 and
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634  mCerulean tagged WASL with mVenus tagged NCK1 respectively. 24 hours post transfection, cells were
635 fixed in 4% paraformaldehyde and mounted on slides. Cells were imaged on a Zeiss airy scan confocal
636  with a Plan Apochromat 100X, 1.4-numerical-aperture oil objective lens. Acceptor photo bleach was
637 performed with 80% laser intensity of the imaging channel. Images were taken before and after photo
638 bleach and FRET efficiency were calculated after image acquisition on Zen pro software (Carl Zeiss,
639 Germany). For quantification of EMCV colocalization with EEA1, image analysis was performed using

640  Volocity software V6.3 (PerkinElmer).

641 Transmission electron microscopy

642 EMCV was incubated with A549 cells (wild type, TNK2 KO and WASL KO) at an MOI of 20 for 1 hour on
643 ice. Cells were then washed with serum free DMEM and incubated with A549 culture media (2% FBS) for
644 6 hours. Infected cells were washed with PBS and fixed with 2% paraformaldehyde, 2.5% glutaraldehyde
645 (Polysciences Inc., Warrington, PA) in 100 mM cacodylate buffer for 1 hour at room temperature. Next,
646  cells were scraped from plates using a rubber cell scraper and cell pellets were embedded in agarose.
647  Agarose embedded cell pellets were post-fixed in 1% osmium tetroxide (Polysciences Inc.) for 1 hour,
648  then rinsed extensively in dH20 prior to en bloc staining with 1% aqueous uranyl acetate (Ted Pella Inc.,
649 Redding, CA) for 1 hour. Following several rinses in dH20, samples were dehydrated in a graded series
650 of ethanol and embedded in Eponate 12 resin (Ted Pella Inc.). Sections of 95 nm were cut with a Leica
651 Ultracut UCT ultramicrotome (Leica Microsystems Inc., Bannockburn, IL), stained with uranyl acetate
652 and lead citrate, and viewed on a JEOL 1200EX transmission electron microscope (JEOL USA, Peabody,
653 MA) equipped with an AMT 8 mega-pixel digital camera (Advanced Microscopy Techniques, Woburn,

654 MA).

655 In vivo infection experiments
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656  Animal experiments were conducted under the supervision of Department of Comparative Medicine at
657  Washington University in St. Louis. All animal protocols were approved by the Washington University
658 Institutional Animal Care and Use Committee (Protocol #20170194 and #20180289). TNK2 knockout
659 mice were generated in the C57BL/6 background by CRISPR-Cas9 genome editing at the Genome
660 Engineering and iPSC Center (GEiC) at Washington University. All animals were housed in the pathogen
661 free barrier. Age-matched animals with mixed gender (6-8 weeks old, 5 females and 6 males for TNK2
662 knockout, 2 females and 5 males for wild type littermates) were infected with 1X10” PFU of EMCV (two
663 doses at day 0 and day 1) via oral gavage according to previous publication (60). Infected mice were

664  monitored for at least 10 days for all experiments.

665  Statistical analysis

666 For statistical analysis, Student T-test was performed on the average values from three replicates. All
667  data shown with statistics are representative of at least two independent experiments. Log-rank test
668 was done in Graphpad Prism V7. Statistical significance are indicated as below: NS: no statistical

669  significance, *: P<0.05, **: P<0.01, ***: P<0.001, ****: P<0.0001, *****: P<0.00001.
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Figure 1. TNK2 is critical for multiple picornavirus infections.

(A) TNK2 protein expression in TNK2 KO1, TNK2 KO2 and Ctrl (control) cells generated by CRISPR-Cas9 genome editing with either
specific targeting or non-specific targeting sgRNA in A549 cells. Cells lysates were analyzed by Western blot.

(B) FACS quantification of EMCV positive cells for TNK2 KO1, TNK2 KO2, and Ctrl cells 10 hours post infection at an MOI of 1.

(C) FACS quantification of CVB3 virus positive cells for TNK2 KO1, TNK2 KO2, and Ctrl cells 8 hours post infection at an MOI of 1.

(D) Multi-step growth curve for EMCV multiplication on TNK2 KO1 and Ctrl cells at an MOI of 0.01. Virus titers in the culture super-
natant were quantified by plaque assay at 0, 6, 12, 24, 36, and 48 hours post infection.

(E) Aim-100 inhibition of EMCYV infection on naive A549 cells. A549 cells were pre-treated with Aim-100 at indicated concentrations and
infected with EMCV at an MOI of 1. Virus positive cells were quantified by FACS.

(B-E) Error bars represent standard deviation of three replicates. The data shown are representatives of three independent experiments.
*: P<0.05, ***: P<0.001, ****: P<0.0001, *****: P<0.00001.
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Figure 1-figure supplement1. TNK2 and WASL are critical for multiple picornavirus infection on A549 cells.

(A) EMCV-GFP infection on Ctrl, TNK2 KO1 and WASL KO A549 cells at MOI 2, 0.5 and 0.1. Percentage of positive cells were quantified (values denote
meanzs.d., n=3). Scale bars represent 20 um.

(B) CVB3-GFP infection on Ctrl, TNK2 KO1 and WASL KO A549 cells at MOI 2, 0.5 and 0.1. Percentage of positive cells were quantified (values denote
meanzs.d., n=3). Scale bars represent 20 um.

(C) dsRNA immunostaining of EMCV infection on Ctrl, TNK2 KO1 and WASL KO A549 cells. Percentage of positive cells were quantified (values denote
meanzs.d., n=3). Scale bars represent 10 um.

(D) Electron microscopy detection of EMCV replication complex on Ctrl, TNK2 KO1, and WASL KO A549 cells. Scale bars represent 2 um.
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Figure 1-figure supplement2. TNK2 and WASL are critical for multiple picornavirus infection on both A549 and Hap1 cell.

(A-D) FACS quantification of EMCV, CVB3, Poliovirus (PV), and influenza A virus (IAV) virus infection on WT (wild type), TNK2 KO and WASL KO Hap1 cells.
(E-I) FACS quantification of poliovirus (PV), enterovirus D68 (EVDE8), influenza A virus (IAV) virus, Adenovirus type 5 (AdV5) and parainfluenza virus
infection on Ctrl, TNK2 KO and WASL KO A549 cells.

(J) EMCV growth titration on WT and TNK2 KO Hap1 cells at 24 hours post infection.

(K) Poliovirus growth titration on WT and TNK2 KO Hap1 cells at 24 hours post infection.

(L) Poliovirus growth titration on Ctrl and TNK2 KO1 A549 cells at 36 hours post infection.

(M) CVB3 growth titration on Ctrl and TNK2 KO1 A549 cells at 36 hours post infection.

(A-L) Error bars represent standard deviation of three replicates. The data shown is representative of at least two independent experiments.

*: P<0.05, **: P<0.01, ***: P<0.001, ****: P<0.0001, NS: not significant (P>0.05).
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Figure 1-figure supplement3. EMCV virus infection of TNK2 rescue on knockout and control cells.

(A-C) Quantification of EMCYV infection on TNK2 KO1 and Ctrl cells transduced with TNK2 isoform 1, 2 and 3 and Fluc. Cells were infected with EMCV at an
MOI of 1 and quantified at 10 hours post infection.

(D) Expression of TNK2 in Ctrl and TNK2 KO1 cells transduced with lentivirus expressing TNK2 isoform 1, isoform 3, and Fluc or GFP by Western blot.

(E) FACS quantification of EMCV positive cells for Ctrl mock repair, TNK2 KO1 HDR, and TNK2 KO1 mock repair cells 10 hours post infection at an MOl of 1.
Mock repair: cells subjected to the same HDR genome edltlngRbut with non- spe0|fctarget|n sgRNA.

F tEMfC\/t_growth titration on Ctrl mock repair, TNK2 KO1 HDR (homologous template directed recomblnatlon) and TNK2 KO1 mock repair cells at 24 hours
post infection.

G) TNK2 protein expression in Ctrl mock repair, TNK2 KO1 HDR cells and TNK2 KO1 mock repair cells. Cells lysates were analyzed by Western blot.

H) Sequence alignment of TNK2 KO1 cells and TNK2 KO1 HDR (homologous template directed recombination) repaired cells. Splice acceptor is marked with
red; synonymous mutations introduced by design and random insertion mutations are marked with blue.

(A-C, E, F) Error bars represent standard deviation of three replicates. The data shown are representative of at least two independent experiments. Fluc: firefly
luciferase. *: P<0.05, **: P<0.01, ***: P<0.001, NS: not significant (P>0.05).
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Figure 2. WASL and NCK1 are critical for multiple picornavirus infections.

(A) WASL protein expression in WASL KO and Ctrl cells generated by CRISPR-Cas9 genome editing with either specific targeting or non-specific targeting
sgRNA in A549 cells. Cells lysates were analyzed by Western blot.

(B) FACS quantification of EMCV positive cells for WASL KO and Ctrl cells 10 hours post infection at an MOI of 1.

(C) FACS quantification of CVB3 positive cells for WASL KO and Ctrl cells 8 hours post infection at an MOI of 1.

(D) Multi-step growth curve for EMCV multiplication on WASL KO and Ctrl cells infected at an MOI of 0.01.

(E) Wiskostatin inhibition of EMCV infection on naive A549 cells. A549 cells were pre-treated with Wiskotstatin at indicated concentrations and infected with
EMCYV at an MOI of 1. Virus positive cells were quantified by FACS.

(F) NCK1 protein expression in NCK1 KO and Ctrl cells generated by CRISPR-Cas9 genome editing with either specific targeting or non-specific targeting
sgRNA in A549 cells. Cells lysates were analyzed by Western blot.

(G) FACS quantification of EMCV positive cells for NCK1 KO and Ctrl cells 10 hours post infection at an MOI of 1.

(H) FACS quantification of CVB3 positive cells for NCK1 KO and Citrl cells 8 hours post infection at an MOI of 1.

(1) Multi-step growth curve for EMCV multiplication on NCK1 KO and Ctrl cells infected at an MOI of 0.01.

(A) The red asterisk indicates WASL protein band. (B, C, E, G, H) Error bars represent standard deviation of three replicates. The data shown is
representatives of at least two independent experiments. **: P<0.01, ***: P<0.001, ****: P<0.0001, *****: P<0.00001, NS: not significant (P>0.05).
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Figure 2-figure supplement EMCYV infection of WASL and NCK1 rescued knock out cells

(A) FACS quantification of EMCV positive cells for lentivirus-mediated WASL rescue in WASL KO and Ctrl cells at an MOI of 1. Fluc: firefly luciferase.
(B) Western blot detection of lentivirus-mediated WASL expression in WASL KO and Citrl cells.

(C) FACS quantification of EMCV positive cells for lentivirus-mediated NCK1 rescue in NCK1 KO and Ctrl cells at an MOI of 1.

(D) Western blot detection of lentivirus mediated NCK1 expression in NCK1 KO and Citrl cells.

Error bars represent standard deviation of three replicates. The data shown is representatives of at least two independent experiments.

**: P<0.01, NS: not significant (P>0.05).
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Figure 3. TNK2, WASL, and NCK1 are in a pathway supporting virus infection.

(A) FACS quantification of EMCV positive cells for TNK2, WASL, NCK1 single, double, triple gene knockout and Ctrl cells 10 hours post infection at an MOI of 1.
(B) Virus titer for EMCV multiplication on TNK2, WASL, and NCK1 single, double, triple gene knockout and Ctrl cells at 24 hours post infection at an MOl of 0.01.
(C) FACS quantification of EMCV positive cells for TNK2 KO1 cells that were transduced with constitutively active WASL constructs 10 hours post infection at

an MOl of 1.

(D) FACS quantification of EMCV positive cells for NCK1 KO cells that were transduced with constitutively active WASL constructs 10 hours post infection at

an MOl of 1.

(A,B) dko: double knockout, tko: triple knockout. (B-D) Error bars for virus infection represent standard deviation of three replicates. The data shown is
representatives of two independent experiments.
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Figure 3-figure supplement1. Gene expression in knock out cells and constitutively active WASL expression.

(A) Western blot detection of TNK2, WASL, and NCK1 expression on single, double, triple gene knockout and Ctrl cells.

(B) Sequence alignment of WASL protein sequences from different vertebrate species. Table indicates specific mutation that have constitutive activity.

(C) Expression of WASL in Ctrl and TNK2 KO1 cells transduced with lentivirus expressing constitutively active WASL, wild type WASL, or Fluc. Cell lysates
were analyzed by Western blot.

(D) Expression of WASL in Ctrl and NCK1 KO cells transduced with lentivirus expressing constitutively active WASL, wild type WASL, or Fluc. Cell lysates
were analyzed by Western blot.

(C, D) The red asterisks indicate WASL protein band.
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Figure 3-figure supplement2. Co-localization of fluorescently tagged NCK1, TNK2, and WASL expressed in 293T cells by confocal
imaging. 293T cells were transfected with Venus-NCK1, Cerulean-TNK2, Cerulean-WASL individually, Venus-NCK1 with Cerulean-
TNK2 or Venus-NCK1 with Cerulean-WASL. Cells were imaged by confocal 24 hours after transfection. Scale bars represent 20 um.
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Figure 3-figure supplement 3. TNK2 and WASL directly interact with NCK1.

(A) FRET imaging of C5V positive control, NCK1 and TNK2, and NCK1 and WASL expression in 293T cells before and after acceptor photo bleach. The red
circles indicate photo bleached areas. Scale bars represents 10 um.

(B) Quantification of FRET efficiency of C5V positive control, NCK1 and TNK2, and NCK1 and WASL expression in 293T cells. Error bars for FRET efficiency
represent standard deviation of average from four individually bleached images. *: P<0.05, ****: P<0.0001, NS: not significant (P>0.05).

(C) Immunoprecipitation of FLAG-tagged NCK1 with HA-tagged WASL and FLAG-tagged NCK1 with Myc-tagged TNK2.
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Figure 4. TNK2, WASL, and NCK1 function at an early stage of virus lifecycle.

(A) EMCV released from viral RNA transfected Ctrl, TNK2 KO1, WALS KO, and NCK1 KO cells 10 hours post transfection was quantified by plaque assay.
(B) Time dependent addition of Aim-100 on EMCYV infection on naive A549 cells. A549 cells were treated with 3.2 uM Aim-100 at different time points before
and after EMCYV infection at an MOI of 1. EMCV positive cells were then quantified by FACS.

(C) Quantification of EMCYV virus binding on TNK2 KO1 and WASL KO cells by qRT-PCR expressed as relative change to Ctrl cell binding.

(D) Quantification of EMCYV virus internalization in TNK2 KO1 and WASL KO cells by qRT-PCR expressed as relative change to Ctrl cell internalization.
(E) FACS quantification of labeled EMCV internalization in TNK2 KO1, WASL KO and Ctrl cells.

(F) a-sarcin pore forming assay performed on TNK2 KO1, WASL KO and Ctrl cells. Translation was measured by phosphorimaging of 35S-methionine/
cysteine incorporation.

(G) elF4G cleavage by CVB3 infection for 2 hours with or without 2mM guanidine hydrochloride.

(A-E) Error bars represent standard deviation of three replicates. The data shown is representative of two independent experiments. ***: P<0.001,

**** P<0.0001, NS: not significant (P>0.05).
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Figure 4-figure supplement. EMCV internalization, transferrin, and dextran uptake in Ctrl, TNK2 KO1 and WASL KO cells.

(A) Labeled EMCYV viruses bind and internalize in TNK2 KO1, WASL KO and Ctrl cells. Scale bars represents 20 pum.

(B) FACS plot of labeled EMCYV internalization in TNK2 KO1, WASL KO, and Ctrl cells.

(C) Fluorescent images of transferrin uptake in Ctrl, TNK2 KO1, and WASL KO cells. Scale bars represent 20 um.

(D) Quantification of transferrin uptake by flow cytometry. Error bars represent standard deviation of three replicates. The data shown is representative of two
independent experiments. TFI: total fluorescence intensity. NS: not significant (P>0.05).

(E) Fluorescent images of dextran uptake in Ctrl, TNK2 KO1, and WASL KO cells. White arrows indicate macropinosomes. Scale bars represent 20 um.

(F) Quantification of Dextran uptake by flow cytometry. Error bars represent standard deviation of three replicates. The data shown is representative of two
independent experiments. TFI: total fluorescence intensity. NS: not significant (P>0.05), ****: P<0.0001.
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Figure 5. TNK2 mediates virus infection through endosomal trafficking pathways.

(A) Confocal imaging of GFP-tagged TNK2 localization with fluorescently labeled EMCV virus in TNK2 KO1 cells and GFP-tagged WASL localization

with fluorescently labeled EMCV virus in WASL KO cells. Scale bars represent 10 um. Individual channels of different insets were shown. Scale bars
represent 2 um.

(B) FACS quantification of EMCV infection on pirl1 treated A549 cells at 10 hours post infection at an MOl of 1.

(C) EEA1 staining of fluorescently labeled EMCYV infected Ctrl, TNK2 KO1, and WASL KO cells. Scale bars represent 20 um. Insets represent magnification
of the boxed region. Scale bars represent 5 um.

(D) Quantification of Pearson correlation coefficient of EMCV and EEA1 colocalization in Ctrl, TNK2 KO1, and WASL KO cells infected with fluorescently
labeled EMCV.

(B, D) Error bars represent standard deviation of three replicates. The data shown is representative of two independent experiments. *: P<0.05, **: P<0.01.
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Figure 5-figure supplement. Localization of GFP-TNK2 with fluorescently labeled EMCV.

(A) Fluorescent images of different GFP-TNK2 expression patterns in TNK2 KO1 cells and its localization with fluorescently labeled EMCV. White arrow
heads indicate EMCVparticles in proximity to GFP-TNK2. Scale bars represent 10 um.

(B) Quantification of GFP-TNK2 high and low expression patterns in TNK2 KO1 cells.

(C) Quantification of EMCYV particles in proximity to GFP-TNK2 in TNK2 KO1 cells express low GFP-TNK2 compared to EMCV particles in proximity to GFP in
TNK2 KO1 cells express GFP.

(D) Quantification of EMCYV infection on TNK2 KO1 cells transduced with lentivirus expressing GFP-TNK2 or GFP at 10 hours post infection. Error bars
represent standard deviation of three replicates. The data shown is representative of two independent experiments. **:P<0.01.

(E) Quantification of EMCV infection on WASL KO cells transduced with lentivirus expressing GFP-WASL or GFP at 10 hours post infection. Error bars
represent standard deviation of three replicates. The data shown is representative of two independent experiments. ***: P<0.001.

(F) Dynasore inhibition of EMCV and VSV infection on naive A549 cells.

(G) Pitstop-2 inhibition of EMCV and VSV infection on naive A549 cells.

(H) Fluorescent images of EEA1 co-localization with fluorescently labeled EMCV at 10, 20, and 30 minutes post internalization. Scale bars represent 20 um.
() Quantification of EEA1 co-localization with fluorescently labeled EMCV at 10, 20, and 30 minutes post internalization. Percentage of EMCV co-localized
with EEA1 were quantified by image analysis. Error bars represent standard deviation of three experiments. *:P<0.05, ***: P<0.001.
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Figure 6. WASL activation and its actin modulation are critical for EMCYV virus infection.

(A) Schematic representation of different WASL domain truncations. Each truncation is indicated by amino acid position on the constructs.
(B) FACS quantification of EMCV infection in WASL KO cells transduced with different WASL domain truncations.

(C) Western blot detection of WASL domain truncation expression constructs in lentivirus transduced WASL KO cells.

(D) CK-869 inhibition of EMCV infection on naive A549 cells at 10 hours post infection at an MOI of 1.

(B, D) Error bars represent standard deviation of three replicates. The data shown is representative of two independent experiments.

*: P<0.05, **: P<0.01, ***: P<0.001, ****: P<0.0001.
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Figure 7. TNK2 is required for EMCV infection in vivo.
(A) Schematic representation of TNK2 knockout design by CRIPSR-Cas9 genome editing in mouse. Exon, intron and genomic position are indicated.

(B) TNK2 expression in mouse primary lung fibroblast cells derived from TNK2 knockout and wild type animals. Cell lysates were analyzed by Western blot.
(C) FACS quantification of EMCV infection in mouse primary lung fibroblast cells derived from TNK2 knockout and wild type animals 6 hours post infection
at an MOI of 1. Error bars represent standard deviation of three replicates. The data shown is representative of two independent experiments. ***: P<0.001.
(D) Survival curve of EMCYV infection via oral gavage in TNK2 knockout and wild type mice. P=0.0051 by log-rank test.
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Figure 8. Model of TNK2, WASL and NCK1 function in picornavirus infection.
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