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SUMMARY

Swine acute diarrhea syndrome coronavirus (SADS-CoV) is an enveloped, single-
stranded, positive-sense RNA virus belonging to the Coronaviridae family.
Increasingly studies have demonstrated that viruses could utilize autophagy to
promote their own replication. However, the relationship between SADS-CoV
and autophagy remains unknown. Here, we reported that SADS-CoV infection-
induced autophagy and pharmacologically increased autophagy were conducive
to viral proliferation. Conversely, suppression of autophagy by pharmacological
inhibitors or knockdown of autophagy-related protein impeded viral replication.
Furthermore, we demonstrated the underlying mechanism by which SADS-CoV
triggered autophagy through the inactivation of the Akt/mTOR pathway. Impor-
tantly, we identified integrin «3 (ITGA3) as a potential antiviral target upstream
of Akt/mTOR and autophagy pathways. Knockdown of ITGA3 enhanced auto-
phagy and consequently increased the replication of SADS-CoV. Collectively,
our studies revealed a novel mechanism that SADS-CoV-induced autophagy to
facilitate its proliferation via Akt/mTOR pathway and found that ITGA3 was an
effective antiviral factor for suppressing viral infection.

INTRODUCTION

Coronaviruses are a large group of enveloped, single-stranded, positive-sense RNA viruses with strong recom-
bination tendency and high mutation rates (Herrewegh et al., 1998; Woo et al., 2006). In the first two decades of
this century, three highly pathogenic zoonotic coronaviruses, including severe acute respiratory syndrome co-
ronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), and the ongoing SARS-CoV-
2, have caused widespread human infection (Corman et al., 2012; Drosten et al., 2003; Zhou et al., 2020). These
three viruses are thought to originate from bat species and intermediate mammalian hosts with the ability to
cross the species barrier and zoonotic transmission (Millet et al., 2021). In addition, a recent study reported
for the first time that porcine deltacoronavirus (PDCoV) can also infect humans, highlighting that more attention
should be paid to poultry and livestock coronaviruses with a board host spectrum (Lednicky et al., 2021). Swine
acute diarrhea syndrome coronavirus (SADS-CoV) is another recently emerged coronavirus discovered in 2017,
(Gongetal,, 2017; Panetal., 2017; Zhou et al., 2018) which was also identified as an HKU2-related coronavirus
with a bat-origin (Gong et al., 2017; Zhou et al., 2018). Moreover, several recent studies have shown that SADS-
CoV has a wide range of cell tropism, which can infect cells not only from natural host pigs, but also from rats,
monkeys, and humans (Yang et al., 2019b; Edwards et al., 2020; Luo et al., 2021). These data highlight the po-
tential cross-species transmissibility of SADS-CoV, and therefore, a more comprehensive understanding of the
interaction between host and pathogen is needed to promote the development of novel antiviral therapies for
the prevention and control.

Autophagy is an evolutionarily conserved degradative biological process that is important in maintaining
cellular homeostasis by eliminating damaged organelles and long-lived proteins (Mizushima, 2009). It can
be activated by many intracellular and extracellular stresses, such as cellular starvation, growth factor
depletion, organelle damage, endoplasmic reticulum stress, and viral infection (King et al., 2011; Kroemer
et al., 2010; Mizushima et al., 2010; Sun et al., 2018). In the process of autophagy, the phagophore, a cup-
shaped isolation membrane, nucleates and elongates to engulf intracellular cargo, and then sequesters the
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contents in a double-membraned autophagosome, which fuses with late endosomes for degradation
(Boya et al., 2013; Yang and Klionsky, 2009). The microtubule-associated protein light chain 3 (LC3), en-
coded by the mammalian homolog of autophagy-related gene (ATG) 8, plays a key role in the maturation
of the phagophore. During this stage, cytosolic LC3-1is covalently linked to phosphatidylethanolamine (PE)
and converts into an active, autophagosome membrane-bound, phosphatidylethanolamine conjugated
form, LC3-Il. The increased synthesis and processing of LC3 make it a hallmark of autophagy and an indi-
cator of autophagy activity (Barth et al., 2010).

As an important part of the host defense against virus infection, the activation of autophagy leads to the
isolation of subviral components in autophagosomes for lysosomal degradation, a process known as xen-
ophagy orvirophagy (Dong and Levine, 2013). However, studies on the interaction between autophagy and
viruses revealed that some viruses, such as herpes simplex virus type 2 (HSV2), human papillomavirus, and
Zika Virus, have evolved strategies to block autophagy and evade subsequent degradation, while thera-
peutic enhancement of autophagy can decrease viral burden and improve cells survival (Hait et al., 2020;
Jiaetal, 2016; Mattoscio et al., 2018; Sahoo et al., 2020). In some cases, viruses could hijack the autophagy
pathway for their own proliferation (Dreux and Chisari, 2010; Richards and Jackson, 2013; Sumpter and Lev-
ine, 2011). For instance, some RNA viruses, such as coxsackievirus, Influenza A Virus, and hepatitis C virus
(HCV), seem to induce the formation of double-membrane compartments as a physical platform for the
viral replication machinery (Wang et al., 2019b; Ke and Chen, 2011a; Mohamud et al., 2018). Most corona-
viruses (CoVs), including SARS-CoV, SARS-CoV-2, and porcine epidemic diarrhea virus (PEDV), also induce
autophagy, and the endoplasmic reticulum (ER)-derived double-membrane vesicles (DMVs) are consid-
ered to be the site of viral transcription-replication complex assembly, which indicates that coronaviruses
are likely to mimic the cellular autophagy pathway (Angelini et al., 2013; Guo et al., 2017; Hui et al., 2021,
Snijder et al., 2020). In addition, individual components of the autophagic machinery could be utilized, in-
dependent of their activity in autophagic processing. It has been found that the canonical autophagic
pathway is not necessary for mouse hepatitis virus (MHV) infection, but the non-lipidized form of LC3-I is
associated with coronavirus-induced DMV and is required for MHV replication (Reggiori et al., 2010).

Of note, a serine/threonine kinase called the mechanistic target of rapamycin (mTOR), is a major player in
integrating metabolic, growth factor, and energy signals into the autophagy pathway (Diaz-Troya et al.,
2008). mTOR negatively regulates autophagy via modulating autophagy-related proteins and lysosome
biosynthesis (Wang et al., 2019a). Upstream of mTOR, the phosphoinositide 3-kinase (PI3K)/the serine-thre-
onine kinase Akt pathway is one of the critical signal cascades regulating its activity, which also plays a key
role in coordinating cellular responses to a variety of internal and external stimuli (Manning and Toker,
2017). Activation of the PI3K-Akt-mTOR pathway inhibits autophagy through mTOR phosphorylation (He
and Klionsky, 2009), whereas signaling loss eliminates the negative regulation of mTOR and, consequently,
some viruses may usurp these cascades to facilitate viral replication. In support of this, several research
have demonstrated that viruses such as coxsackievirus (Chang et al., 2017), avian influenza A virus (Ma
etal., 2011), and Zika virus (Liang et al., 2016), could modulate the PI3K-Akt-mTOR pathway, thereby hijack-
ing autophagy for survival.

In the present study, we reported that SADS-CoV infection-induced autophagy both in African green monkey
kidney (Vero Eé) cells and porcine ileum epithelial cell line (IPI-FX). Importantly, induction or inhibition of auto-
phagy via pharmacological treatment could promote/reduce the viral replication, respectively, suggesting
that SADS-CoV hijacked the autophagy pathway for proliferation during the viral invasion. Based on the pre-
vious work of transcriptome (Zeng et al., 2021), we intended to explore the mechanism of virus-induced auto-
phagy and found that SADS-CoV could activate autophagy by suppressing the Akt/mTOR signaling pathway.
Further screening of proteomic research revealed that integrin a3 (ITGA3) could be a potential functional pro-
tein as it was significantly reduced in SADS-CoV-infected Vero E6 cells. Exogenous expression and RNA inter-
ference suggested that ITGA3 plays an antiviral role by inhibiting autophagy; moreover, this suppression could
be mediated by Akt/mTOR pathway. Taken together, our findings identified a novel antiviral target of SADS-
CoV, which could affect viral replication via the regulation of the autophagy pathway.

RESULTS
Swine acute diarrhea syndrome coronavirus infection activates the autophagy pathway

To explore the relationship between SADS-CoV infection and autophagy, we first determined whether
SADS-CoV infection could induce autophagy in Vero E6 cells and IPI-FX cells by Western blotting. Since
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Figure 1. SADS-CoV infection triggers the autophagy pathway

(A) Vero E6 cells and IPI-FX cells were mock infected or infected with SADS-CoV at different MOI (0.01, 0.1, 1, and 2). Cell
lysates were collected at 24 hpi and subjected to Western blot analysis.

(B) The normalized ratios of LC3-1I/GAPDH at different MOl were quantified and plotted.

(C) Vero E6 cells and IPI-FX cells were infected with SADS-CoV at an MOl of 0.1. Cell lysates were harvested at 0, 12, 24, 36,
and 48 hpi, and processed for Western blot analysis.

(D) The normalized ratios of LC3-II/GAPDH at different time points were quantified and plotted.

(E) Vero E6 cells and IPI-FX cells were mock infected or infected with SADS-CoV at an MOl of 0.1. Then, cells were fixed at
24 hpi and subjected to the immunoconfocal microscopy analysis to detect LC3 puncta (green). The nuclei were stained
with DAPI (blue). Scale bar, 5 pm in Vero E6 cells, 2.5 um in IPI-FX cells.

(F) The number of LC3 puncta per cell was counted from confocal images.

(G) Vero E6 cells and IPI-FX cells were treated as described in the legend of Figure 1E and subjected to transmission
electron microcopy. Magnified views of the autophagosome-like vesicles are enclosed by black square frames. Scale bar,
0.5 um in Vero E6 cells, 0.25 pm in IPI-FX cells.
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Figure 1. Continued

(H) Vero E6 cells were infected with replication-competent or UV-inactivated SADS-CoV (MOI = 0.1) for 24 h. Cell samples
were processed for western blot analysis. PEDV and UV-inactivated PEDV were used as positive control and negative
control, respectively.

(I) The normalized ratios of LC3-1I/GAPDH were calculated to present the autophagic level. The data presented are
means + SD from at least three independent experiments. ns, non-significant.

the ratio of expression level between LC3-Il, a hallmark of autophagosome, and housekeeping gene
expression is considered to be an accurate indicator of autophagic activity, we evaluated the density ratio
of LC3-Il to GAPDH. The expression level of LC3-Il has significantly increased in SADS-CoV infected cells
with different MOl from 0.1 to 2, but there was little change in low-dose 0.01 MOl compared to control cells
(Figures 1A and 1B). In addition, we detected the autophagic activity at different time points (0, 12, 24, 36,
48 h of infection) during viral infection with an MOI of 0.1 and found that the expression of LC3-Il was
increased with the course of infection, while the highest expression level occurred at 36 h post-infection
(hpi) and 24 hpi in Vero E6 cells and IPI-FX cells, respectively (Figures 1C and 1D). To further confirm the
accumulation of autophagosome, confocal microscopy and transmission electron microcopy (TEM) were
performed (Figures 1E-1G) both in Vero Eé6 cells and IPI-FX cells. Indeed, we observed increased formation
of LC3 puncta and autophagosomes in infected cells.

In order to investigate whether SADS-CoV-induced autophagy requires viral replication, LC3-Il expression
was measured in Vero Eé cells upon ultraviolet (UV)-inactivated SADS-CoV infection. PEDV was used as a
control, for it was reported that autophagy could be triggered by active but not ultraviolet (UV)-inactivated
PEDV (Guo et al., 2017). Before the experiment, the infectivity of UV-inactivated viruses was detected by
TCIDsp and real-time fluorescence quantitative PCR (gPCR) assay (data not shown). The results showed
that neither the UV-inactivated SADS-CoV nor UV-inactivated PEDV did not stimulate the expression level
of LC3-Il relative to mock-treated cells, while native SADS-CoV and PEDV normally induced autophagy
(Figures TH and 11). Altogether, these results indicate that SADS-CoV infection induces the autophagy
pathway and this activation requires the replication of native virions.

Swine acute diarrhea syndrome coronavirus-induced autophagy is conducive to viral
replication

To determine the role of autophagy in SADS-CoV replication, we used well-established autophagy reg-
ulators to trigger or suppress the autophagy pathway and then checked their effects on viral replication
by Western blotting. All drugs or compounds (including those mentioned later in discussion) were pre-
tested for toxicity at the concentration used and the results showed no significant effect on cell activity
(Figure S1). Pharmacological treatment of rapamycin, an inducer of autophagy, was added into the Vero
E6 cells and IPI-FX cells followed the infection of SADS-CoV at an MOI of 0.1, then cell lysates were har-
vested at 24 and 36 h post-transfection (hpi). As expected, the LC3-Il expression level was increased in
rapamycin-treated cells and importantly, the expression level of nucleocapsid protein (N) of SADS-CoV
was also upregulated (Figures 2A and 2B). In contrast, cells treated with autophagy inhibitor
3-methylademine (3-MA) in a similar way resulted in decreased expression of LC3-Il and N protein rela-
tive to non-treated infected cells (Figures 2C and 2D). To further confirm that autophagy modulation was
able to influence viral infection, TCIDsg was performed to assess viral load under the different conditions
tested (Figure 2E). A similar pattern of changes in viral titers was also observed both in Vero E6 cells and
IPI-FX cells. These substantial evidence reveal that SADS-CoV utilizes the autophagy pathway to favor its
replication during viral infection.

Swine acute diarrhea syndrome coronavirus infection induces complete autophagy flux

With the progress of the autophagy pathway, autophagosome fuses with lysosomes, and subsequently
leading to the degradation of autophagosome cargo. It is thought that some coronaviruses may allow
or promote the fusion of the autophagosome with the late endosome for survival (van der Meer et al.,
1999), while in some cases, coronaviruses disrupt the fusion of the autophagosome with the lysosome
and thus block the autophagic flux (Oudshoorn et al., 2017). Given that sequestosome 1 (SQSTM1) is
degraded within autolysosomes, it is widely considered a marker for monitoring autophagic flux. There-
fore, to further decipher the functional autophagy activity during SADS-CoV infection, we investigated
the level of SQSTM1 in Vero Eé cells at 24 and 36 hpi. Compared with uninfected control cells,
SQSTM1 showed a significant decrease upon viral infection, suggesting that the autophagy pathway
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Figure 2. The autophagy machinery is required for SADS-CoV production

(A and C) Vero E6 cells and IPI-FX cells were mock infected or infected with SADS-CoV (MOI = 0.1) and then treated with
rapamycin or 3-MA at 6 hpi. Cell samples were collected at 24 and 36 hpi. The effect of rapamycin or 3-MA on the level of
autophagy and the replication of SADS-CoV were tested by Western blot analysis.

(B and D) The normalized ratios of SADS-CoV-N/GAPDH under rapamycin or 3-MA condition.

(E) The viral titer of the culture supernatant was determined by TCIDsg. The data presented are means + SD from at least
three independent experiments.

was functionally active (Figures 3A and 3B). We suspected that SADS-CoV-induced complete autophagy
flux which was required for virus replication. To corroborate our hypothesis, the cells were infected with
SADS-CoV and subsequently subjected to the treatment of bafilomycin A1 (Baf A1), an inhibitor of
autophagosome-lysosome fusion. The quantities of LC3-Il and SQSTM1 were upregulated in Baf A1
treatment infected cells due to the reduction of autophagic flux and accumulation of autophagosome,
and as expected, the expression of N protein was suppressed (Figures 3C and 3D). Similar results were
obtained in viral titers that Baf Al-treated cells showed a lower viral load than untreated cells at 24
and 36 hpi (Figure 3E). Confocal microscopy was performed as an additional assay to visualize the auto-
phagic structures and the virions under Baf A1 conditions, and the images showed an increase in the for-
mation of LC3 puncta but a decrease in N protein level (Figure 3F). Notably, we equally noticed that there
were fewer red immunostainings of viruses where LC3 puncta accumulated in large quantities in Baf A1-
treated cells. The observation reinforced our previous results that complete autophagy flux was required
for SADS-CoV replication while blocking the fusion of the autophagosome with the lysosome impeded
viral proliferation.
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Figure 3. SADS-CoV replication requires autophagy flux

(A) Vero E6 cells were mock infected or infected with SADS-CoV at 0.1 MOI. Cell lysates were collected and subjected to
western blot analysis at 24 and 36 hpi.

(B) The normalized ratios of SQSTM1/GAPDH were calculated to present functional autophagy activity.

(C) Vero E6 cells were mock infected or infected with SADS-CoV (MOI = 0.1) and then treated with bafilomycin A1 at 6 hpi.
Cell samples were collected at 24 and 36 hpi. The effect of bafilomycin A1 on the level of autophagy activity and the
replication of SADS-CoV were tested by western blot analysis.

(D) The normalized ratios of SADS-CoV-N/GAPDH under bafilomycin A1 condition were quantified and plotted.

(E) The viral titer of the culture supernatant was determined by TCID50.

(F) Infected Vero E6 cells (MOl = 0.1) were treated with bafilomycin A1 at 6 hpi and were fixed at 24 hpi. Confocal
microscopy was performed to assess the effect of bafilomycin A1 on the autophagy flux and viral replication. Scale bar,
10 pm. The data presented are means + SD from at least three independent experiments.

Knockdown of the endogenous autophagy-related gene 5 reduces Swine acute diarrhea
syndrome coronavirus replication

The biogenesis of autophagy requires the interaction of various autophagy-related proteins, among which
ATGS is an essential protein for autophagosome formation (Mizushima et al., 2001). Consistently, ATG5
was upregulated in a pattern similar to LC3-Il in Vero E6 cells during SADS-CoV infection (Figures 4A
and 4B). To further validate the relationship between autophagy and SADS-CoV proliferation, we extended
the above research by further analyzing the effects of endogenous ATG5 knockdown on viral replication
through target-specific RNA interference. We searched for two small interfering RNAs (siRNA) targeting
ATGS (siATG5) and detected their knockdown efficiency at 48 h post-transfection in Vero Eé cells by West-
ern blotting. All the cells transfected with siATG5 displayed significant reductions in ATGS5 protein expres-
sion (Figure 4C) compared to negative control (NC) cells. Subsequently, Vero E6 cells were infected with
SADS-CoV after the transfection of siNC or siATG5 for 24 h, and the cell lysates were collected at
24 hpi. Western blot analysis showed that ATG5 silencing led to a suppression of LC3 turnover, accompa-
nied by a reduction in the synthesis of viral N protein (Figures 4D and 4E). Likewise, viral titration validated
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Figure 4. Silencing ATG5 gene reduces the SADS-CoV titer

(A) Vero E6 cells were infected with SADS-CoV at an MOl of 0.1. Cell lysates were harvested at0, 12, 24, 36, and 48 hpi, and
processed for Western blot analysis.

(B) The normalized ratios of ATG5/GAPDH at different time points were quantified and plotted.

(C) Vero E6 cells were transfected with siATG5 or siNC and were collected for Western blot analysis at 48 hpi. Knockdown
efficiency of specific siRNA was determined by the relative expression of ATG5 to GAPDH.

(D) Vero E6 cells treated with the indicated siRNAs were infected with SADS-CoV at an MOI of 0.1 after 24 h transfection.
Then the cells were harvested at 24 hpi and subjected to Western blot analysis.

(E) The normalized ratios of SADS-CoV-N/GAPDH were calculated to reflect the effect of ATG5 knockdown on the viral
replication.

(F) The viral titer of the culture supernatant was measured by TCIDso. The data presented are means + SD from at least
three independent experiments. ns, non-significant.

that cells transfected with siATG5 exhibited a decrease in viral yields relative to the control (Figure 4F).
Taken together, these findings suggest that SADS-CoV-induced autophagy is ATG5 dependent, and
knockdown of the endogenous ATG5 could thwart SADS-CoV replication.

Swine acute diarrhea syndrome coronavirus induces autophagy via the Akt/mTOR pathway
Autophagy is modulated by a variety of cellular signaling pathways, in which the mTOR pathway plays a key
role in autophagy initiation. Upstream of mTOR, Akt kinase activity is a very important regulatory factor. The
transcriptome of Vero E6 cells infected with SADS-CoV in our previous studies implied that Akt/mTOR
pathway might act as a role in viral infection (Zeng et al., 2021). Therefore, we hypothesized that SADS-
CoV-induced cellular autophagy via the Akt/mTOR signal cascade. To investigate the effect of SADS-
CoV infection on Akt/mTOR signaling, we first monitored the status of Akt and mTOR activation in Vero
E6 cells at different time points (0, 12, 24, 36 and 48 h) during SADS-CoV infection by determining the levels
of total protein and phosphorylation. Our results showed no significant changes in the levels of total Akt
and mTOR, but the phosphorylation of both proteins was time-dependently downregulated (Figures 5A
and 5B). Meanwhile, the observation of increased LC3 conversion upon infection was consistent with
that Akt/mTOR signaling is inversely correlated with autophagy induction.

To further examine the relationship between SADS-CoV proliferation and Akt/mTOR pathway, pharmaco-
logical modulators of Akt activity were employed in infected cells and subjected to western blot analysis at
24 hpi. Treatment of an allosteric small-molecule inhibitor of Akt MK2206 led to the reduction of Akt
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Figure 5. SADS-CoV infection inhibits the Akt/mTOR signaling pathway to induce autophagy

(A) Vero E6 cells were infected with SADS-CoV at an MOI of 0.1. Cell samples were collected at various time points and
subjected to immunoblot with indicated antibodies.

(B) The normalized ratios of p-Akt/Akt and p-mTOR/mTOR, respectively, were quantified and plotted.

(C and E) Vero Eé6 cells were mock infected or infected with SADS-CoV (MOI = 0.1) and then treated with MK2206 or
Neferine at 1.5 hpi. Cell samples were collected at 24 hpi. The effect of the regulators on the level of Akt and mTOR
activities and the replication of SADS-CoV were measured with indicated antibodies.

(D and F) The normalized ratios of N/GAPDH, p-Akt/Akt, and p-mTOR/mTOR under different conditions were quantified
and plotted. (G) Vero E6 cells were prepared as described in the legend of Figures 5C and 5E. Confocal microscopy was
performed to examine the effect of MK2206 or Neferine on autophagy activity and viral replication. Scale bar, 10 um.
(H) The viral titer of the culture supernatant was determined by TCIDso.

(1) Vero E6 cells were transfected with siAkt or siNC and were harvested for Western blot analysis at 48 hpi. Knockdown
efficiency was tested by the relative expression of Akt to GAPDH.

(J) Vero E6 cells treated with the indicated siRNAs were infected with SADS-CoV at an MOl of 0.1 after 24 h transfection.
Then the cells were harvested at 24 hpi and subjected to Western blot analysis.

(K) The normalized ratios of SADS-CoV-N/GAPDH in different transfected cells.

(L) The viral titer of the culture supernatant was determined by TCIDsy. The data presented are means + SD from at least
three independent experiments. ns, non-significant.
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phosphorylation, which subsequently resulted in the suppression of mTOR phosphorylation. Compared
with the control cells, inhibition of Akt/mTOR signal cascade upregulated the expression level of LC3-Il,
indicating a higher level of autophagy, and as a consequence, viral N protein was enhanced (Figures 5C
and 5D). In addition, we treated Vero Eé cells with another Akt regulator Neferine, which in previous studies
has been shown to prevent autophagy through the activation of the Akt/mTOR pathway in muscle cells
(Baskaran et al., 2016), to make our assessment of the role of Akt/mTOR more credible. As expected, Ne-
ferine-treated cells possessed a higher level of phosphorylation in Akt and mTOR, and a lower efficiency of
LC3 turnover (Figures 5E and 5F). Certainly, the expression of SADS-CoV N protein was restrained. We also
visualized the differential expression of LC3 and N protein under these two pharmacological conditions by
performing confocal microscopy. Similarly, MK2206 triggered the formation of LC3 puncta and promoted
viral replication while Neferine displayed an opposite effect (Figure 5G). Viral titration was used to assess
the viral production in pharmacological experiments. Using untreated infected cells as control, treatment
of MK2206 increased the viral load in the supernatant while Neferine decreased it (Figure 5H). Finally, we
conducted the RNA interference experiment and designed three siRNAs targeting Akt, of which only
siAkt-1 showed significant inhibition (Figure 5I). Thus, siAkt-1 was selected for the subsequent virus infec-
tion experiment. Vero Eé cells were infected with SADS-CoV after the transfection of siNC or siAkt-1 for 24
h, and the cell lysates were collected at 24 hpi for western blotting and viral titration, respectively. Knock-
down of Akt resulted in reduced level of p-Akt and p-mTOR, and the expression of LC3-Il and viral N protein
were both enhanced (Figures 5J and 5K). Similar observations were obtained by viral titer assay (Figure 5L).
Collectively, SADS-CoV appears to induce autophagy via the suppression of the Akt/mTOR pathway, and
thus facilitates its proliferation.

Integrin a3 prevents Swine acute diarrhea syndrome coronavirus production through
autophagy inhibition

To further gain insight into the mechanism of SADS-CoV-induced autophagy, proteome research of SADS-
CoVinfected Vero Eé cells was performed at 24 hpi (Figure S2 and Table S1). Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis revealed that multiple cellular pathways corresponding to the
SADS-CoV infection were highly enriched, including the PI3K/Akt pathway, which was thought to be one
of the most important signal cascades upstream of mTOR (Figure 6A). The differentially altered proteins
in PI3K/Akt pathway were picked out for cluster analysis (Figure 6A). Based on the above studies of Akt/
mTOR and relevant literature, we selected eight PI3K/Akt-related candidate proteins for preliminary
screening of their effects on viral proliferation. Western blotting indicated that integrin a3 (ITGA3) sup-
pressed the expression level of viral N protein (Figures 6D and 6E), whereas others had no obvious antiviral
properties (data not shown). Besides, endogenous expression change of ITGA3 in response to SADS-CoV
infection was confirmed at 24 and 36 hpi, which was consistent with its downregulation in proteome profiles
(Figures 6A-6C). Virus titer assay showed a similar observation that overexpression of ITGA3 noticeably
decreased viral yield (Figure 6F). Hence, we further explored the antiviral mechanism of ITGA3.

ITGA3 belongs to a large family of transmembrane glycoproteins that are essential for the cell matrix
attachment and act as signal transducers for various cellular biological processes (Ramovs et al., 2027; Vla-
hakis and Debnath, 2017). Furthermore, it has been found that integrin is also closely related to autophagy
(Vlahakis and Debnath, 2017). We consequently speculated that ITGA3 might inhibit virus replication
through autophagy. To verify our suppose, the level of LC3 conversion in cells overexpressing ITGA3
was assessed during SADS-CoV infection, and LC3-Il expression was indeed downregulated compared
to empty vector-transfected cells (Figure 4D). Due to the above-mentioned role of the Akt/mTOR pathway
in the SADS-CoV-induced autophagy, we evaluated the phosphorylation of Akt and mTOR in infected cells
transfected with ITGA3 overexpression vector or empty vector. Exogenous expression of ITGA3 did not
lead to significant changes in the total protein level of Akt and mTOR, but resulted in the upregulation
of their phosphorylation, suggesting activation of Akt/mTOR signal cascade (Figure 6G). These findings
implied that Akt/mTOR pathway might be an intermediate signal bridge between ITGA3 and autophagy.
In addition, RNA interference was employed for further validation. We designed three siRNAs targeting
ITGA3, among which silTGA3-3 showed the best inhibitory effect (Figure 6H). Vero E6 cells were infected
with SADS-CoV after the transfection of siNC or silTGA3 for 24 h, and the cell deposits and supernatant
were harvested at 24 hpi for western blotting and viral titration, respectively. In line with expectation,
the LC3-Il and viral N protein expression were both enhanced in the ITGA3-knockdown cells compared
with the level in the NC-knockdown cells during viral infection (Figures 61 and 6J). Similar observations
were obtained through viral titer assay (Figure 6K). Likewise, we examined Akt and mTOR activation status
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Figure 6. ITGA3 suppresses SADS-CoV replication through autophagy inhibition

(A) Dot map (left) shows the compilation of the top 14 enriched Kyoto encyclopedia of genes and genomes (KEGG)
pathways in all SADS-CoV infection groups. Each vertical column of the dot represents a SADS-CoV infection group.
Heatmap (right) shows the fold change of genes in four KEGG pathways in SADS-CoV-infected cells compared with mock-

infected cells at 24 hpi.

(B) Vero E6 cells were mock infected or infected with SADS-CoV (MOI = 0.1) and were collected at 24 and 36 hpi. Cell

samples were then processed for Western blot analysis.

(C) The normalized ratios of ITGA3 to GAPDH at different time points.
(D) Vero E6 cells were transfected with pcDNA3.1(+)-HA or pcDNA3.1(+)-HA-ITGA3 and were infected with SADS-CoV
(MOI = 0.1) after 24 h transfection. Cell lysates were collected and subjected to Western blot analysis at 24 hpi.

(E) The SADS-CoV-N levels relative to the GAPDH levels were determined by densitometry.
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Figure 6. Continued

(F) The viral titer of the culture supernatant was measured by TCIDsg.

(G) Vero E6 cells were prepared as described in the legend of Figure 6D. The effect of the overexpressed exogenous
ITGA3 on the level of Akt and mTOR activities and the replication of SADS-CoV were measured with indicated antibodies.
(H) Vero E6 cells were transfected with silTGA3 or siNC and were harvested for Western blot analysis at 48 hpi. Knockdown
efficiency of specific siRNA was tested by the relative expression of ITGA3 to GAPDH.

(1) Vero E6 cells treated with the indicated siRNAs were infected with SADS-CoV (MOI = 0.1) after 24 h transfection. Then
the cells were harvested at 24 hpi and subjected to Western blot analysis.

(J) The normalized ratios of SADS-CoV-N/GAPDH in different transfected cells.

(K) The viral titer of the culture supernatant was determined by TCIDso.

(L) Vero E6 cells were prepared as described in the legend of Figure 61. The effect of the knockdown of ITGA3 on the level
of Akt and mTOR activities and the viral replication was measured with indicated antibodies. The data presented are
means * SD from at least three independent experiments.

in silTGA3-3 transfected cells and the results displayed a lower phosphorylation level of Akt and mTOR,
indicating stronger inhibition of the Akt/mTOR pathway (Figure 6L). Together, these findings suggest
that SADS-CoV could induce autophagy through the regulation of ITGA3, which might be mediated by
the Akt/mTOR pathway.

DISCUSSION

In mammalian cells, macromolecular homeostasis requires selective degradation of damaged units, which
is mainly mediated by two proteolytic systems: the ubiquitin-proteasome system (UPS) and the autophagy-
lysosome system (Chen et al., 2021). UPS is the major extra-lysosomal pathway for protein degradation, in
which proteins, especially short-lived proteins, are selectively labeled with ubiquitin tags for destruction
(Rousseau and Bertolotti, 2018). In contrast, autophagy degrades proteins via engulfing cytoplasmic cargo
through autophagosomes, including long-lived proteins, protein aggregates, organelles, RNA, and DNA,
and delivers this cargo to lysosomes for degradation (Levine and Kroemer, 2019). Therefore, the host often
uses the degradation function of autophagy as one of the powerful tools to defend against viral infection.
For the coronavirus family, many viruses have been shown to induce autophagy, while SADS-CoV remains
unclear. Here, we clearly show that SADS-CoV infection promotes the conversion of LC3-I to LC3-Il, and
increases the formation of punctate LC3 proteins and cytoplasmic DMVs in Vero cells and IPI-FX cells,
demonstrating that SADS-CoV infection can trigger the cellular autophagy pathway. Notably, coronavi-
rus-induced DMVs, structurally similar to autophagosomes, are thought to provide a platform for viral
RNA synthesis. Evidence that autophagy proteins are involved in the formation of DMVs in rhinovirus
and poliovirus-infected cells indicates that DMVs may come from the viral hijacking of the host autophagy
pathway (Jackson et al., 2005).

Previous studies have revealed that the interaction between coronavirus and autophagy is very complex
and diverse, which is difficult to generalized. As a protective catabolic process, activation of autophagy re-
duces MERS-CoV replication, and the deletion of ATG 5 rescues the survival of the virus in Vero B4 cells
(Gassen et al., 2019). However, some porcine CoVs, such as PEDV and transmissible gastroenteritis virus
(TGEV), select a strategy to facilitate their proliferation by inducing autophagy (Guo et al., 2017; Zhu
et al., 2016). In addition, the classical autophagy pathway may not be necessary for avian infectious bron-
chitis virus (IBV) replication, for the induction or inhibition of autophagy does not affect its replication (Ma-
ier et al., 2013), but it does not rule out whether a single autophagic component has an effect. To further
investigate the role of autophagy in viral infection, we treated cells with autophagy regulators. Our results
showed that viral replication increased after treatment with autophagy inducer rapamycin; in contrast, the
autophagy inhibitor 3MA reduced it, suggesting a proviral role of autophagy in SADS-CoV infection.
Nevertheless, some coronavirus can induce autophagy but block the fusion process of autophagosome
and lysosome in the later stage to escape degradation (Chen et al., 2014). It was reported that ORF3a of
the SARS-CoV-2 inhibited autophagy activity by blocking the fusion of autophagosomes/amphisomes
with lysosomes (Miao et al., 2021). Thus, we used Baf A1, an inhibitor that can block the autopha-
gosome-lysosome fusion, to investigate whether SADS-CoV replication needed autophagy flux. The
observation of the accumulation of LC3-I, but the reduction of SADS-CoV-N protein indicated that viral
proliferation required the complete autophagy pathway. Actually, similar results have previously been
found in some other coronaviruses. Human coronavirus HCoV-OC43 infection increased autophagic flux
in MRC-5 cells, while treatment with kurarinone to impair the flux inhibited viral replication (Min et al.,
2020). The autophagy flux also elevated in PEDV-infected Vero cell, but could be suppressed by
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chloroquine (CQ), an inhibitor of autophagosome-lysosome fusion, and as a consequence, the yield of
PEDV was decreased (Guo et al., 2017). We speculated that the virus utilized the membrane structure of
autolysosomes in a way similar to DMVs to facilitate its proliferation, and as a supporting example, Ke
et al. found that HCV-activated autolysosome formation was essential for viral RNA replication (Ke and
Chen, 2011b). Clearly, further mechanistic research to elucidate the interaction between SADS-CoV and
autophagy is warranted.

The mTOR pathway plays a pivotal role in autophagy activation; and meanwhile, is an important integrator
of metabolic, growth factor, and energy signals in orchestrating cell metabolism and innate immune re-
sponses under the regulation of the Akt kinase (Diaz-Troya et al., 2008; Yang et al., 2020). Previous work
of transcriptome in Vero E6 cells (Zeng et al., 2021) suggested significant changes in Akt/mTOR signaling
cascade during SADS-CoV infection. Therefore, to define the upstream signal that led to SADS-CoV-
induced autophagy, we analyzed the Akt/mTOR pathway. Our research showed that the total protein levels
of Akt and mTOR did not change significantly with the course of infection, but both phosphorylations were
downregulation. Pharmacological treatment using Akt regulator Neferine inhibited autophagy and subse-
quently, the viral proliferation was decreased. On the contrary, suppression of Akt signaling by MK2206 led
to the induction of autophagy and an increase in viral yield. These findings revealed that SADS-CoV could
modulate the Akt/mTOR pathway to usurp autophagy as a survival strategy. Actually, many other viruses
also target this pathway in a similar way to evade host supervision and facilitate their own replication.
For instance, alphaherpesvirus US3 could inhibit autophagy levels via activation of the Akt/mTOR pathway,
thereby escaping host clearance (Sun et al., 2017). Since the critical role of this pathway in regulating
various cell functions, it is often a powerful target for anti-coronavirus pharmaceutical intervention. Maria
et al. summarized the potential therapeutic and prophylactic effects of targeting the PI3K/Akt/mTOR axis
on SARS-CoV-2 infection (Basile et al., 2022), which provided valuable pharmacological strategies for the
management of COVID-19 treatment. Of note, Akt inhibitor MK-2206 significantly reduced the yield of
SARS-CoV-2 in vitro (Appelberg et al., 2020). The opposite pharmacological effects on SARS-CoV-2 and
SADS-CoV are most likely due to diverse regulatory functions of autophagy during the life cycle of different
coronaviruses (Gassen et al., 2021). Another inhibitor GSK690693 could induce autophagy through Akt/
mTOR signaling pathway, and thereby enhancing PEDV replication, which is also a swine diarrhea corona-
virus similar to SADS-CoV (Lin et al., 2020). In a word, future research on the therapeutic effects of specific
inhibitors of PI3K/Akt/mTOR pathway could be extended to more coronavirus.

Given that Akt is a kinase, further insight into the mechanism of SADS-CoV-induced autophagy may be
provided by investigating the upstream events of the Akt/mTOR pathway. In order to excavate possible
functional proteins, we performed proteomics to screen the differentially changed pathways and related
proteins during SADS-CoV infection in Vero E6 cells. Of the significantly altered genes in the Akt-related
pathway, we identified ITGA3, a member of the integrin family, as a potential antiviral regulator. Interest-
ingly, transmembrane glycoproteins integrins not only mediate cell-matrix adhesion but also regulate a va-
riety of intracellular kinase activation pathways (lzmailyan et al., 2012; Ramovs et al., 2021). Integrin B1 has
been reported to mediate vaccinia virus entry in both mouse embryonic fibroblast and Hela cells in a
manner of PI3K/Akt signaling activation (Izmailyan et al., 2012). In breast cancer, the downregulation of
ITGA3 inhibited the activity of the PI3K-Akt axis and promoted cell proliferation, apoptosis, invasion,
and migration (Zhang et al., 2020). In addition, it seems that some B-integrin proteins are likely to act in
the cell entry system of SARS-CoV-2 through their short linear motif and LC3-interacting region motif (Mes-
zaros et al., 2021), implying a potential link between SARS-CoV-2, integrin, and autophagy. Actually, several
previous researches indicated an inverse relationship between autophagy and integrin. Integrin B3 in-
hibited lipopolysaccharide-induced autophagy in cardiomyocytes (Zhu et al., 2015). Likewise, blockage
of integrin a3B1 function is sufficient to activate autophagy in mammary epithelial cells (Chen and Debnath,
2013). Here, we also found that exogenous expression of ITGA3 inhibited SADS-CoV proliferation through
the suppression of autophagy, and this effect could be medicated by Akt/mTOR signal cascade. The obser-
vation revealed a strong link between integrin, autophagy, and viral survival; however, more studies will be
needed to dissect the interaction between SADS-CoV and integrins in the future.

Collectively, our study shows that SADS-CoV infection induces the autophagy pathway to facilitate its repli-
cation in Vero Eé cells and IPI-FX cells, while pharmacological inhibition of autophagy reduces viral yield.
Importantly, based on transcriptomic and proteomic research, we infer and validate an axis of ITGA3-medi-
ated autophagy upon SADS-CoV infection. Akt/mTOR pathway activation is negatively correlated with
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autophagy induction, and ITGA3 is one of the functional regulators upstream of Akt kinase. These findings
could contribute to the understanding of the host antiviral response and the development of novel antiviral
therapies to prevent and control SADS-CoV infection.

Limitations of the study

In this study, we demonstrated that ITGA3 prevented SADS-CoV production through autophagy inhibition
in Vero Eé cells. In many coronavirus-related researches, Vero E6 cells are often used as a model system due
to the highly permissible virus infection, including SADS-CoV. However, pigs are the natural host of SADS-
CoV, while the Vero E6 cell is a kidney cell line from the African green monkey. Since there could be some
variation in signal transduction pathways among different cell types, future studies to dissect the role of the
Akt/mTOR pathway and ITGA3 in pig cells infected with SADS-CoV will be important extensions of this
work.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

LC3B Rabbit mAb CST 3868S

Akt Antibody CST 9272
Phospho-Akt (Ser473) Rabbit Antibody CST 9271
mTOR Antibody CST 2972
Phospho-mTOR (Ser2448) Rabbit mAb CST 5536
Anti-SQSTM1/p62 antibody Abcam ab101266
Anti-APG5L/ATG5 Antibody Abcam ab108327
HA Tag Polyclonal Antibody Proteintech 51064-2-AP
GAPDH Monoclonal Antibody Proteintech 60004-1-Ig
Integrin Alpha 3 Monoclonal Antibody Proteintech 66070-1-Ig
HRP-conjugated Affinipure Goat Anti-Mouse IgG(H + L) Proteintech SA00001-1
HRP-conjugated Affinipure Goat Anti-Rabbit IgG(H + L) Proteintech SA00001-2
Anti-SADS-CoV-N Antibody Prof. Yongchang Cao N/A

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Invitrogen A-11034
Secondary Antibody, Alexa Fluor 488

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed Invitrogen A-21236
Secondary Antibody, Alexa Fluor 647

Bacterial and virus strains

SADS-CoV strain GDS04 Prof. Yongchang Cao N/A

PEDV strain GDS01 Prof. Yongchang Cao N/A
Chemicals, peptides, and recombinant proteins

Rapamycin Sigma-Aldrich V900930
3-MA Sigma-Aldrich M9281
bafilomycin A1 Selleckchem S1413
Neferine Selleckchem S5144
MK2206 Selleckchem S1078
Critical commercial assays

jetPRIME® Polyplus 101000046
Cell Counting Kit(CCK-8) YEASEN 40203ES60

Deposited data

The proteome data

This manuscript

PXD030559(EMBL-EBI)

Experimental models: Cell lines

Vero E6 ATCC CCL-81
IPI-FX Prof. Shaobo Xiao N/A
Oligonucleotides

ATG5 RNAi 5'-GGCAUUAUCCAAUUGGUUU-3' RiboBio N/A
ATGS5 RNAI 5-GCAGAACCAUACUAUUUGC-3' RiboBio N/A
ITGA3 siRNA 5'-CAGGAUGGAUUUCAGGAUAUU-3 GenePharma N/A
ITGA3 siRNA 5'-AGAUGGAUGUAGAUGAGAACU-3 GenePharma N/A
ITGA3 siRNA 5-CCUACAACUGGAAAGGAAACA-3’ GenePharma N/A
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Akt siRNA 5'-GCUACUUCCUCCUCAAGAAUG-3 GenePharma N/A

Akt siRNA 5-AAUGAAAGUGCCAUCAUUCUU-3' GenePharma N/A

Akt siRNA 5'-CGAGUUUGAGUACCUGAAGCU-3 GenePharma N/A

Software and algorithms

GraphPad Prism8 GraphPad https://www.graphpad.com

STRING (11.5) STRING Consortium https://cn.string-db.org/

Cytoscape (3.9.0) Cytoscape Consortium https://cytoscape.org/

cytoHubba (0.1) cytoHubba https://apps.cytoscape.org/apps/cytohubba
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Hao Zhang (zhanghao5@mail.sysu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® The proteome data have been deposited at European Molecular Biology Laboratory- European Bioin-
formatics Institute (EMBL-EBI) and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table. All data reported in this paper will be shared by the
lead contact, Hao Zhang (zhanghao5@mail.sysu.edu.cn), upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact, Hao Zhang (zhanghao5@mail.sysu.edu.cn), upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells and viruses

The African green monkey kidney (Vero E6) was obtained from ATCC (ATCC number: CCL-81) (USA), and
porcine ileum epithelial cell line (IPI-FX) was kindly provided by Professor Shaobo Xiao (Huazhong Agricul-
tural University, Wuhan, China). All cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS, Gibco) at 37°C with 5% CO,. SADS-CoV strain GDS04 and
PEDV strain GDSO1 were isolated and propagated in our laboratory, which were described by our previous
studies. Viral titers were evaluated by 50% tissue culture infectious dose (TCIDsp) analysis on Vero E6 cells.

The inactivated virus was obtained by UV light irradiation for 1 h and the absence of virus infectivity was
confirmed by gPCR and TCIDsp.

METHOD DETAILS

Viral infection and drug treatment

Vero E6 cells and IPI-FX cells reaching approximately 80-90% confluence were infected with SADS-CoV and
the inoculums were exchanged with serum-free DMEM containing EDTA-free trypsin (Gibco) after 1.5 h in-
cubation. A single-cycle of infection takes approximately 4-6 h (Yang et al., 2019a). For drug treatment,
cells were treated with autophagy regulators rapamycin (1 ng/mL for Vero Eé cells, 0.5 pg/mL for IPI-FX
cells), 3-MA (0.25 mM for Vero E6 cells, 0.1 mM for IPI-FX cells) or bafilomycin A1 (1 uM), at 6 hpi, and treated
with Akt regulators MK2206 (1 uM) or Neferine (5 uM) at 1.5 hpi.

Plasmids and siRNAs

The monkey ITGA3 gene was amplified by reverse transcription (RT)-PCR from total RNA extracted of Vero
E6 cells using gene-specific primers and cloned into pcDNA3.1(+) vector containing a C-terminal HA tag.
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The plasmid was sequenced to confirm that the amplified products had no errors introduced by PCR ampli-
fication. RNA interference (RNAI) oligonucleotide 5-GGCAUUAUCCAAUUGGUUU-3’, 5-GCAGAACCA
UACUAUUUGC-3' were used for the ATG5 (L-004374-00-0005), 5-CAGGAUGGAUUUCAGGAUAUU-3,
5-AGAUGGAUGUAGAUGAGAACU-3, 5-CCUACAACUGGAAAGGAAACA-3 were used for the ITGA3,
5-GCUACUUCCUCCUCAAGAAUG-3, 5-AAUGAAAGUGCCAUCAUUCUU-3, 5-CGAGUUUGAGUACC
UGAAGCU-3' were used for the Akt siRNA experiments. Vero Eé6 cells were transfected with plasmids or
siRNAs using Jet Prime according to the manufacturer’s instructions.

Western blotting

Cells were collected and lysed in lysis buffer (Beyotime) containing protease inhibitor cocktail (Medchem
Express) for 30 min. The lysates were centrifuged at 12,000 g for 5 min and the supernatants were mixed
with sodium dodecyl sulfate (SDS) loading buffer and then boiled for 5 min. The samples were run on an
SDS-PAGE gel and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, 0.2 um). After
blocking with 5% non-fat milk (Sangon Biotech, Shanghai) or 4% bovine serum albumin (BSA, Solarbio)
for 1 h, the membranes were incubated with the primary antibody at 4°C overnight. Following three times
washing using Tris-buffered saline with Tween-20 (TBST), the membranes were incubated with the corre-
sponding secondary antibody for 1 h. Finally, the specific protein bands were detected and visualized using
a blot scanner.

Confocal immunofluorescence microscopy

Vero E6 cells were grown on the glass bottom cell culture dish (15 mm, NEST) and infected with SADS-CoV
followed by different pharmacological treatment. At 24 hpi, cells were fixed with precooled 4% paraformal-
dehyde in phosphate-buffered saline (PBS) for 15 min and permeabilized with 0.5% Triton X-100 for 15 min.
Then, cells were blocked in 4% BSA for 1 h and subsequently incubated with the corresponding primary
antibody for 1 h at room temperature. After washing with PBS, the corresponding secondary antibody
was incubated with the cells for 1 h at 37°C. Finally, the cells stained with 4/,6-diamidino-2-phenylindole
(DAPI) for 5 min at room temperature and were observed under a confocal microscopy.

Transmission electron microscopy
Vero E6 cells and IPI-FX cells were mock infected or infected with SADS-CoV and collected in the bottom of
1.5 mL Eppendorf tubes by centrifugation at 4000 g for 5 min at 24 hpi. Then the cell pellets were fixed in
2.5% glutaraldehyde diluted with PBS and next made into ultrathin sections. Finally, transmission electron
microscope was used for observation.

Cell viability assay

Cell viability assay was determined by a cell counting kit (CCK8, YEASEN). Briefly, Vero E6 cells and IPI-FX
cells were cultured in 96-well plates and allowed to grow overnight. Next, cells were treated with different
pharmacological regulators for 24 and 36 hpi. CCK-8 reagent was subsequently added into cells for 1-4 h at
37°C according to the manufacturer’s protocol. The absorption value was measured at 450 nm (ODys0) and
the results were calculated compared to those for control cells.

Proteomic assay

Vero E6 cells were mock infected or infected with SADS-CoV at an MOI of 0.1. After 1.5 h of viral uptake,
cells were collected and lysed at 24 hpi. Then, all proteins were digested into peptides and aliquots were
detected by mass spectrometry (MS) to determine changes in protein abundance during SADS-CoV infec-
tion. A data-independent acquisition (DIA) approach was used for the MS acquisitions. All conditions were
carried out in biological triplicate.

KEGG pathway enrichment was performed in Kyoto Encyclopedia of Genes and Genomes database (Ka-
nehisa etal., 2021). Proteins involved in PI3K/Akt pathways were used to search protein-protein interaction
network with “Multiple proteins” function in String online tool (version 11.0, accessed date: 04, 23, 2021)
(Szklarczyk et al., 2021). Meaning of network edges was set to “confidence”, and other parameters were
set to default. The output result was downloaded as a short tabular text file for further analysis. Hub
gene rank scores were calculated with Cytoscape app cytoHubba (v0.1) (Chin et al., 2014), and then visu-
alized in Cytoscape (v3.9.0) (Shannon et al., 2003).
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QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were conducted independently at least three times. Statistical analysis was performed us-
ing GraphPad Prism8 software and data were expressed as means + standard deviations (SD). The signif-
icance of the differences between the two groups was determined by an unpaired two-tailed Student’s
t-test.
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