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ABSTRACT The mechanism by which avian reovirus (ARV)-modulated suppression of
mTORC1 triggers autophagy remains largely unknown. In this work, we determined that p17
functions as a negative regulator of mTORC1. This study suggest novel mechanisms whereby
p17-modulated inhibition of mTORC1 occurs via upregulation of p53, inactivation of Akt,
and enhancement of binding of the endogenous mTORC1 inhibitors (PRAS40, FKBP38,
and FKPP12) to mTORC1 to disrupt its assembly and accumulation on lysosomes. p17-modu-
lated inhibition of Akt leads to activation of the downstream targets PRAS40 and TSC2,
which results in mTORC1 inhibition, thereby triggering autophagy and translation shutoff,
which is favorable for virus replication. p17 impairs the interaction of mTORC1 with its activa-
tor Rheb, which promotes FKBP38 interaction with mTORC1. It is worth noting that p17 acti-
vates ULK1 and Beclin1 and increases the formation of the Beclin 1/class III PI3K complex.
These effects could be reversed in the presence of insulin or depletion of p53. Furthermore,
we found that p17 induces autophagy in cancer cell lines by upregulating the p53/PTEN
pathway, which inactivates Akt and mTORC1. This study highlights p17-modulated inhibition
of Akt and mTORC1, which triggers autophagy and translation shutoff by positively modulat-
ing the tumor suppressors p53 and TSC2 and endogenous mTORC1 inhibitors.

IMPORTANCE The mechanisms by which p17-modulated inhibition of mTORC1 induces
autophagy and translation shutoff is elucidated. In this work, we determined that p17
serves as a negative regulator of mTORC1. This study provides several lines of conclusive
evidence demonstrating that p17-modulated inhibition of mTORC1 occurs via upregulation
of the p53/PTEN pathway, downregulation of the Akt/Rheb/mTORC1 pathway, enhance-
ment of binding of the endogenous mTORC1 inhibitors to mTORC1 to disrupt its assem-
bly, and suppression of mTORC1 accumulation on lysosomes. This work provides valuable
information for better insights into p17-modulated inhibition of mTORC1, which induces
autophagy and translation shutoff to benefit virus replication.
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The mammalian target of rapamycin (mTOR) forms two functionally different complexes
termed mTORC1 and mTORC2 (1) and modulates many signaling pathways, thereby

promoting tumorigenesis via the coordinated phosphorylation of its target proteins that
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directly regulate translation, cell cycle, cell growth, and proliferation (2–4). mTORC1 consists
of a complex that includes mTOR and raptor, whereas mTORC2 is composed of a complex
that includes mTOR and rictor (rapamycin-insensitive companion) (3, 4). Both mTORC1 and
mTORC2 are activated by growth factors, including insulin, insulin-like growth factor 1, and
others (5–7). Growth factors activate mTORC1 through class I phosphatidylinositol 3-kinase
(PI3K), PDK1, Akt, TSC1/TSC2 complex, and Rheb (Ras homolog enriched in brain) (8). Akt
inhibits several host proteins by phosphorylation/inactivation of these downstream targets
such as PRAS40, TSC2, glycogen synthase kinase-3a/b (GSK3a/b), and forkhead transcrip-
tion factor class O1/3a (FoxO1/3a). Akt activates mTORC1 through multisite phosphorylation
of TSC2 within the TSC1/TSC2 complex (9–11), and this inhibits the ability of TSC2 to serve
as a GTPase-activating protein (GAP) for Rheb, a Ras-like small GTPase (8), thereby allowing
Rheb-GTP to accumulate. Many reports have suggested that Rheb promotes cell growth in
an mTOR- and p70S6K-dependent manner (12–14). Akt-mediated phosphorylation can
downregulate tuberin’s GTPase-activating potential toward Rheb, which regulates mTOR
through FKBP38. FKBP38 binds mTOR and inhibits its activity in a manner similar to that of
the FKBP12-rapamycin complex (15). The interaction of FKBP38 with mTOR is regulated by
Rheb, which binds directly to FKBP38 and prevents it from association with mTOR (15).
Several reports have shown that mTORC1 substrates, such as S6K, 4E-BP1, and PRAS40 pos-
sess the TOS motif (16–19). Since PRAS40 has a TOS motif for binding raptor, it inhibits
mTORC1-directed phosphorylation of p70S6K and 4E-BP1 by competing with these proteins
for raptor binding (19).

Avian reoviruses (ARVs) are nonenveloped and belong to the family Reoviridae. ARV is an
oncolytic virus that has been the focus of studies on anticancer treatments (20–22). ARVs con-
tain 10 double-stranded RNA genome segments and replicate in the cytoplasm of infected
cells. Genome segment S1 contains three open reading frames that are translated into p10,
p17, and sC proteins. p17 has been demonstrated to modulate cellular signal pathways
which regulate autophagy, cell cycle, viral protein synthesis, and virus replication (23–28).
Although p17 is a nucleocytoplasmic shuttling protein (26) which induces autophagy and cell
cycle retardation by activation of p53 and inactivation of mTORC1 (23–25, 27), the mecha-
nisms by which p17 modulates suppression of mTORC1 remain largely unknown. The aim of
this work was to perform a comprehensive study to investigate the mechanisms underlying
p17-modulated inhibition of mTORC1. This work reveals for the first time that p17 inactivates
mTORC1 inducing autophagy in cancer cell lines. The current study provides insight into p17-
modulated suppression of mTORC1 through upregulation of the p53/phosphatase and tensin
homology deleted on chromosome 10 (PTEN) pathway, downregulation of the Akt/Rheb/
mTORC1 pathway, and enhancement of the endogenous mTORC1 inhibitors binding to
mTORC1 to dysregulate its assembly and accumulation on lysosomes.

RESULTS
p17 activates PRAS40 and increases the formation of class III PI3K/Beclin 1 complex

through the p53-dependent pathway. Previously, we found that ARV infection and p17
transfection can trigger autophagy in immortalized chicken embryo fibroblast (DF-1) cells
and African green monkey kidney (Vero) cells by suppression of mTORC1 through regulation
of the p53/PTEN/Akt pathway (23). This finding inspired us to further investigate the mecha-
nisms underlying p17-modulated effects on downstream targets of Akt, PRAS40, TSC2,
Rheb, and mTOR. The activity of mTORC1 is negatively regulated by the TSC1/TSC2 complex
and PRAS40 (10, 19). Previous reports suggested distinct roles for the TSC complex/Rheb
axis and PRAS40 in regulating mTORC1 (29, 30). Genetic ablation of TSC2 is lethal during de-
velopment in mice or flies, while depletion of PRAS40 is tolerated. This reveals that Rheb
activation and PRAS40 inhibition are not redundant mechanisms for mTORC1 activation,
revealing that Rheb activity is required for PRAS40 dissociation. Both TSC2 and PRAS40 are
substrates of Akt kinase (9–11). PRAS40 is not only a substrate of Akt but also a component
of mTORC1; thus, it links the Akt and the mTOR pathway. Phosphorylation of p70S6K, 4E-
BP1, and ULK1 by mTORC1 is commonly used as an indicator of mTORC1 activity (16–19).
Therefore, we next chose to examine the phosphorylation levels of PRAS40, TSC2, and
downstream targets of mTOR (p70S6K and ULK1). As shown in Fig. 1A, increased levels of
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FIG 1 The ARV p17 protein induces autophagy via activation of p53. (A) The levels of the respective proteins and their phosphorylated forms were
examined by Western blotting assays with the indicated antibodies. Western blots were quantitated by densitometric analysis using ImageJ and

(Continued on next page)
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p-p53, p-PTEN, Beclin1, and LC3-II were observed in p17-transfected cells with concomitant
Akt and mTOR dephosphorylation/inactivation, which results in a significant decrease in
phosphorylation levels of the downstream targets PRAS40, 70S6K, and ULK1 (Fig. 1A). To
further confirm that p17-modulated activation of p53 inactivates mTORC1, depletion of
p53 with a short hairpin RNA (shRNA) was carried out. In this study, Vero and DF-1 cells
were transfected with the pcDNA3.1-p17 plasmid or cotransfected with p17-pcDNA3.1
and p53 shRNA plasmids. The negative effects of p17 on the Akt/mTORC1 pathway could be
reversed in p53 knockdown cells, further confirming that p17-modulated mTOR dephospho-
rylation/inactivation and PRAS40 dephosphorylation/activation occur via the p53-dependent
pathway. Beclin 1, which is involved in the initial step of the formation of autophagosomes, is
directly targeted by signaling pathways and is found in a complex with Vps34, a class III PI3K
(31). Since Beclin 1 is at the heart of a regulatory complex for class III PI3K/Vps34, whose activ-
ity is required for preautophagosome formation (31), the levels of Beclin 1 and the amounts of
Beclin 1 and class III PI3K association were assayed. Importantly, the decrease in the level of p-
ULK, increase in the level of Beclin 1, and upregulation of an autophagy marker (LC3-II) by p17
were reversed in p53 knockdown cells. Collectively, our findings suggest that p17-modulated
upregulation of the upstream activator of autophagy (Beclin 1 and ULK1) occurs in a p53-de-
pendent manner.

As shown in Fig. 1A, phosphorylation of Akt at T308 and S473 was dramatically reduced in
p17-transfected cells with concomitant decreased levels of phosphorylated PRAS40 at T246
compared to the mock-treated control. PRAS40 contains a TOS motif binding to the raptor
site (16–19) and suppresses mTORC1-directed phosphorylation of p70S6K and 4E-BP1 by com-
peting with these proteins for raptor binding (19). It was reported that PRAS40 phosphoryla-
tion at T246 by Akt forms a docking site for 14-3-3, which binds to raptor and sequesters rap-
tor from mTORC1 (32, 33). To examine whether p17 modulates inhibition of mTORC1 by
PRAS40 binding to raptor, overexpression of PRAS40 and PRAS40T24A mutant proteins was car-
ried out to examine the levels of downstream targets of mTOR1 (p70S6K and ULK) and the
autophagy marker LC3-II. Data shown in Fig. 1B reveal a decrease in p-p70S6K and p-ULK lev-
els in p17-transfected cells. Importantly, the levels of LC3-II were elevated in p17-transfected
Vero cells (Fig. 1B) and could be enhanced with coexpression of the PRAS40T24A mutant pro-
tein (Fig. 1B). Furthermore, coimmunoprecipitation assays were carried out to investigate
whether p17 promotes the binding of PRAS40 to raptor. The results reveal that increased
amounts of PRAS40 and raptor association were observed in the p17-transfected and mock-
transfected control groups, respectively (Fig. 1C). p17-modulated elevation of PRAS40 binding
to raptor could be enhanced along with coexpression of PRAS40 or PRAS40T24A mutant pro-
teins accompanied by reduction of the association of p70S6K with the raptor (Fig. 1C), sug-
gesting that there is less interactive effect between raptor and p70S6K in p17-transfected cells.
Taken together, our findings suggest that p17 can promote the interaction of PRAS40 and rap-
tor. Furthermore, since the expression level of Beclin1 is upregulated by p17 (Fig. 1A), we next
aimed to study whether p17 promotes the interaction of Beclin 1 and class III PI3K. The
amounts of Beclin 1 and class III PI3K association in cellular extracts from untreated, ARV-
infected, and p17- and p53 shRNA-transfected cells were analyzed by Western blotting assays.
We found that increased amounts of Beclin 1 and class III PI3K association were observed in
ARV-infected and p17-transfected cells (Fig. 1D). p17-modulated elevated interaction of
Beclin1 and class III PI3K could be reversed in p53 knockdown cells (Fig. 1D), suggesting that

FIG 1 Legend (Continued)
normalized to actin. Numbers below each lane are percentages of the control level of a specific protein in mock-treated cells. Similar results were
obtained in three independent experiments. (B) Vero cells were transfected with the indicated vectors for 24 h. The levels of p-p70 S6k, p-ULK1,
and LC3-I/II were examined by Western blotting assays with the indicated antibodies. b-Actin was used as an internal control. (C) (Top) Vero cells
were transfected or cotransfected with the indicated vectors for 24 h. Rabbit IgG was used as a negative control. (Bottom) Western blots from the
upper panel were quantitated by densitometric analysis using ImageJ and normalized to actin. Data are means and SE from three independent
experiments. (D) Coimmunoprecipitation experiments with class III PI3k and Beclin 1. Vero cells were transfected or cotransfected with the
indicated vectors for 24 h. In p53 knockdown cells, Vero cells were transfected with p53 shRNA for 6 h followed by infection with ARV at an MOI
of 10 for 24 h. Densitometry analysis results for Western blotting are expressed as the amount (fold) of class III PI3k and Beclin 1 association as
shown on the left. The levels of indicated proteins in cells alone or with mock transfection was considered 1-fold. Similar results were obtained in
three independent experiments. Significance between the treatments was determined by DMRT using SPSS software. Values followed by the same
letter are not significantly different (P , 0.05). Each value is the mean (with SE) from three independent experiments.

Oncolytic ARV p17-Modulated Inhibition of mTORC1 Journal of Virology

September 2022 Volume 96 Issue 17 10.1128/jvi.00836-22 4

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00836-22


p17 enhances the formation of the Beclin 1/class III PI3K complex in a p53-dependent
manner.

Reversion of insulin-modulated activation of the Akt/mTORC1 pathway by the ARV
p17 protein. An earlier study suggested that the phosphorylation of p70S6K and 4E-BP1
stimulated by insulin depends on activation of Akt and that Akt directly phosphorylates
mTOR (5). In this work, increased levels of p-Akt, p-RAS40, p-TSC2, p-mTOR, p-p70S6K, p-
eIF4E, and p-ULK1 were observed in insulin-treated cells while the expression levels of Beclin
1 were decreased. The LC3-II levels were unchanged compared to the mock-treated group
(Fig. 2). We next wanted to investigate whether p17 is capable of antagonizing insulin-stimu-
lated PI3K signaling that upregulates the Akt/mTORC1 pathway. Importantly, our results
reveal that the positive effect of insulin on the Akt/mTORC1 pathway could be reversed by
p17 (Fig. 2). The increased LC3-II levels were seen in p17-transfected cells but reversed in the
presence of insulin (Fig. 2). Since this work focuses on p17-modulated regulation of PRAS40
and TSC2, it is worth noting that insulin-modulated phosphorylation/inactivation of PRAS40
and TSC2 could be reversed in p17-transfected cells. Because p70S6K is an important factor

FIG 2 Reversion of p17-modulated mTORC1 inhibition by insulin. The effect of insulin on the phosphorylation
levels of Akt, PRAS40, mTOR, and downstream molecules in p17-transfected Vero and DF-1 cells was
analyzed. Vero and DF-1 cells were pretreated with insulin (0.2 mM) for 2 h, followed by transfection
with either pcDNA3.1-Flag or pcDNA3.1-Flag-p17 for 24 h. Densitometry analysis results for Western
blotting are expressed as percentages representing levels of Akt, PRAS40, mTOR, and downstream molecules,
normalized to b-actin. Western blots were quantitated by densitometric analysis using ImageJ and normalized
to actin. Numbers below each lane are percentages of the control level of a specific protein in cells alone.
Similar results were obtained in three independent experiments.
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downstream of mTOR and eIF4E phosphorylation is regulated by mTORC1, as expected, a
decrease in p-p70S6K and p-eIF4E levels was seen in p17-transfected cells (Fig. 2). This work
has yielded promising results, which show for the first time that insulin-stimulated activation
of mTORC1 could be reversed by p17 through a p53/PTEN-dependent mechanism.

p17 activates TSC2 and PRAS40 through inactivation of Akt. As mentioned above,
insulin-modulated PRAS40 and TSC2 phosphorylation/inactivation could be restored by p17
(Fig. 2). Because of our interest in p17 modulating mTORC1 regulators TSC2, PRAS40, Rheb,
FKBP12, and FKBP38, we next examined whether ARV infection and pcDNA3.1-p17 and
pcDNA3.1-p171-118 transfection influence the levels of these host proteins. To rule out the
possibility of overexpression artifacts, all assays were carried out in both ARV-infected and
p17-transfected cells. Since the p17(1–118) mutant protein cannot reach the nucleus to exert
its effect on activation of p53 (24), it was used as a negative control. Importantly, a marked
decrease in p-TSC2 and p-PRAS40 levels was seen in p17-transfected cells in a time-dependent
manner, while the levels of p-TSC2 and p-PRAS40 in the mock-treated controls (untreated and
p17 mutant-transfected cells) were not changed (Fig. 3A and B). Interestingly, a decrease in in
the level of p-TSC2 was observed in ARV-infected cells at 12 and 24 h postinfection (Fig. 3A
and B). In addition, the levels of Rheb, FKBP38, and FKBP12 were not altered (Fig. 3A and B).
We also found that decreased levels of p-raptor were observed in p17-transfected cells in a
time-dependent manner (Fig. 3C).

p17-modulated mTORC1 inhibition through its negative effect on Rheb enhances
FKBP38 interaction with mTORC1. An earlier report suggested that activity of mTOR is
regulated by Rheb and that Rheb regulates mTOR by antagonizing its endogenous inhibitor,
FKBP38 (15). Rheb interacts directly with FKBP38 and prevents its association with mTOR in a
GTP-dependent manner. Having shown that p17-modulated Akt and mTOR dephosphoryl-
ation/inactivation results in a significant decrease in phosphorylation levels of p70S6K and
ULK1 accompanied by increased levels of LC3II (Fig. 1A), we next employed a rescue assay by
overexpression of Rheb in p17-transfected Vero cells to study whether the effect of p17 on
mTORC1 could be reversed. The negative effect of p17 on mTORC1 could be moderately
reversed in cells overexpressing Rheb (Fig. 4A). Furthermore, coimmunoprecipitation assays
were carried out to study p17-modulated interaction of Rheb/FKBP38, Rheb/mTOR1, and
FKBP38/mTORC1. As shown in Fig. 4B, the binding of Rheb to FKBP38 or mTOR was dramati-
cally reduced in p17-transfected cells compared to the mock-treated control (vector alone)
(Fig. 4B). The negative effect of p17 could be reversed in the presence of insulin (Fig. 4B).
Consistent with results shown in Fig. 1A, p17 exerts a negative effect on Rheb through activa-
tion of the p53/PTEN pathway, which inactivates Akt, thereby reducing Rheb interaction with
mTOR. Similar to the negative effect of p17 on the interaction of Rheb/FKBP38 and Rheb/
mTOR, the binding of Rheb to FKBP38 or mTOR was dramatically reduced in cells treated with
the Akt inhibitor Akt III (Fig. 4C). We found that overexpression of Rheb enhanced the interac-
tion of Rheb/FKBP38 or Rheb/mTOR and that this effect could be reversed in cells coexpress-
ing p17 and Rheb (Fig. 4D). Since p17 reduces the binding of Rheb to FKBP38 or mTOR, we
next investigated whether p17 can enhance the binding of FKBP38 to mTOR via activation of
TSC2. The amounts of FKBP38, mTOR, and TSC2 in cellular extracts from different treatments
were analyzed by Western blotting assays. Coimmunoprecipitation results reveal that p17
increases the association of FKBP38 and mTOR, while this effect could be reversed in cells
overexpressing Rheb or TSC2 shRNA (Fig. 4E). Since the levels of TSC2, Rheb, FKBP38, and
FKBP12 were unchanged in ARV-infected or p17-transfected cells (Fig. 3A and B), this rules out
the possibility that p17 weakens the interaction of Rheb/FKBP38, Rheb/mTOR, and FKBP38/
mTOR due to the availability of interaction partners. In this work, p17 was analyzed to deter-
mine whether it can interact with Rheb or FKB38. We found that p17 does not associate with
either Rheb or FKBP38 (Fig. 4B to E). In addition, we found that p17 does not coprecipitate
with PRAS40 and FKBP12 (data not shown).

p17 dysregulates mTORC1 assembly. Insulin and a well-studied negative regulator
of mTORC1, rapamycin, were used to explore how p17 modulates inhibition of mTORC1 as-
sembly. Inhibition of mTORC1 by rapamycin or ARV reduced raptor and mTOR association,
as determined by a reduction in the amount of raptor that coimmunoprecipitated with
mTOR (Fig. 5A). Furthermore, in the absence of rapamycin, raptor interaction with mTOR
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FIG 3 Analysis of expression levels of TSC2, PRKS40, Rheb, FKBP12, FKBP38, and raptor. (A and B) Levels of the respective
proteins and their phosphorylated forms in the mock-treated control and different treatments. (C) Levels of p-raptor and

(Continued on next page)
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was elevated and FKBP12/mTOR binding was blunted (Fig. 5A). Having shown that p17
promotes FKBP38 interaction with mTOR (Fig. 4E), we next examined whether p17 modulates
FKBP12 interaction with mTOR. Interestingly, the interaction of FKBP12 with mTOR was ele-
vated in ARV-infected and rapamycin-treated cells (Fig. 5A). The effect of rapamycin on the
interaction of FKBP12 and mTORC1 could be enhanced in ARV-infected Vero cells (Fig. 5A).

FIG 4 The ARV p17 protein exerts a negative effect on Rheb-mTORC1 interaction. (A) To study whether the effect of p17 on mTORC1 could be
reversed by overexpression of Rheb in p17-transfected Vero cells, cells were transfected or cotransfected with the indicated vectors for 24 h. The
levels of the respective proteins and their phosphorylated forms were examined by Western blotting assays with the indicated antibodies. Western
blots were quantitated by densitometric analysis using ImageJ and normalized to actin. Numbers below each lane are percentages of the control
level of a specific protein in mock-treated cells. Similar results were obtained in three independent experiments. (B to D) To understand whether
p17, insulin, or Akt inhibitor (Akt III) affects the interaction between Rheb and other host cell proteins, coimmunoprecipitation experiments of Rheb,
p17, mTOR, FKBP38, and FKBP12 were performed. (B) To study whether insulin reversed p17-modulated inhibition of Rheb/mTORC1 interaction,
cells were treated with insulin (0.2 mM) for 2 h followed by transfection of cells with either pcDNA3.1-Flag-p17 plasmid for 24 h at 37°C. The
interaction of Rheb and other host cell proteins was examined by coimmunoprecipitation experiments. (C) Vero cells were treated with the
Akt inhibitor Akt III (2.5 mM) and transfected with pcDNA3.1-Flag-p17 plasmid DNA for 24 h. (D) Vero cells were transfected or cotransfected
with the indicated vectors for 24 h. (E) To investigate whether p17 can enhance the binding of FKBP38 to mTOR via activation of TSC2, a
coimmunoprecipitation assay was carried out. Vero cells were transfected or cotransfected with the indicated vectors for 24 h. The amounts of
FKBP38, mTOR, and TSC2 in cellular extracts from different treatments were analyzed by Western blotting assays. Densitometry analysis results
for Western blotting shown in panels B to E are expressed as the amount of protein and protein association (fold). Values for mock-treated
cells were considered 1-fold. Similar results were obtained in three independent experiments.

FIG 3 Legend (Continued)
raptor in pcDNA3.1 (vector only)- and pcDNA3.1-p17-transfected cells. Whole-cell lysates were collected at the indicated
time points for Western blotting. Western blots were quantitated by densitometric analysis using ImageJ and normalized
to actin. Numbers below each lane are percentages of the control level of a specific protein in mock-treated cells. Similar
results were obtained in three independent experiments.
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Our results reveal that once FKBP12 binds more to mTORC1 in rapamycin-treated Vero cells,
FKBP38 binds less mTORC1. This finding is supported by a previous study suggesting that
FKBP38 is structurally related to FKBP12 and is able to bind mTOR to inhibit its activity in a
manner similar to that of the FKBP12-rapamycin complex (15). As shown in Fig. 5A, the bind-
ing of PRAS40 to mTORC1 was also reduced in ARV-infected Vero cells. These data are consist-
ent with a report revealing that PRAS40 interaction with mTORC1 requires the presence of
both mTOR and raptor (19).

Since ARV infection or p17 transfection increased the binding of FKBP12 or FKBP38 to
mTOR, the binding of raptor to mTOR was reduced (Fig. 5B). The increased amounts of
FKBP38 and mTOR association are consistent with data shown in Fig. 4B and C revealing
p17-modulated reduction of Rheb and mTORC1 interaction. The binding of FKBP12 or FKBP38
to mTOR was increased with concomitant decreased binding of p70S6K and 4E-BP1 to raptor
or mTOR in p17-transfected cells (Fig. 5B and C). p17-modulated inhibition of raptor and mTOR
interaction was reversed in the presence of insulin, thereby reducing the binding of FKBP12
or FKBP38 to mTOR, which results in increased binding of p70S6K and 4E-BP1 to raptor or
mTOR (Fig. 5B and C). Inhibition of mTORC1 by rapamycin diminished raptor interaction with
mTOR, as determined by a reduction in the amount of raptor that coimmunoprecipitated

FIG 5 The ARV p17 protein disrupts the mTORC1 assembly. (A) Coimmunoprecipitation of p17, mTOR, raptor, FKBP38, FKBP12, and PRAS40 was
carried out. Vero cells were pretreated without or with rapamycin (5 mM) for 2 h, followed by infection with ARV at an MOI of 10 or without
ARV infection. The cellular proteins were incubated with mTOR antibody, and the immunoprecipitated proteins were detected using the
indicated antibodies by Western blotting assays. (B and C) In order to study the effects of insulin (0.2 mM) or rapamycin (5 mM) on mTORC1
assembly, coimmunoprecipitation of p17, mTOR, raptor, FKBP38, FKBP12, PRAS40, Rheb, p70 S6k, and 4EBP1 was carried out. Vero cells were
pretreated with either insulin or rapamycin for 2 h, followed by transfection with either pcDNA3.1-p17 or pcDNA3.1 plasmid for 24 h,
respectively. The cellular proteins were incubated with mTOR or raptor antibodies, and the immunoprecipitated proteins were detected using
the indicated antibodies by Western blotting assays. Densitometry analysis results for Western blotting in panels A to C are expressed as the
amount of protein and protein association (fold). Values for mock-treated cells were considered 1-fold. Signals for all blots were quantified
using ImageJ software. Data in panels A, B, and C are means and SE from three independent experiments.
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with mTOR (Fig. 5A to C). Since PRAS40 disrupts mTORC1, similar to the effect of rapamycin,
the association of PRAS40 to raptor or mTORC1 was significantly reduced in rapamycin-
treated cells (Fig. 5A and C). Based on our findings, we next investigated whether the posi-
tive effect of insulin on mTORC1 could be reversed by p17. In the absence of insulin,
increased binding of PRAS40 to raptor was seen in p17-transfected Vero cells (Fig. 5C),
thereby reducing the binding of 4E-BP1 and p70S6K to raptor and presentation to mTORC1,
which results in a decrease in phosphorylation levels of p70S6K and 4E-BP1 (Fig. 1A and B).
As expected, p17-modulated increased interaction of PRAS40 and raptor was moderately
reversed in the presence of insulin, thereby increasing 4E-BP1 and p70S6K binding to raptor
or mTOR (Fig. 5C). Since mTORC1 is bound by rapamycin/FKBP12 complex in rapamycin-
treated Vero cells, PRAS40 interaction with raptor was dramatically reduced in p17-trans-
fected Vero cells (Fig. 5C). Additionally, our results reveal that p17 does not coprecipitate
with either mTOR or raptor (Fig. 5B and C).

p17-modulated inhibition of mTORC1 accumulation on lysosomes. In the presence
of amino acids, mTORC1 is recruited to the lysosomal surface and is necessary for its activation
by Rheb (34). The above-described results prompted us to explore whether p17 inhibits
mTORC1 accumulation on lysosomes through regulation of PRAS40, TSC2, and Rheb. Therefore,
Vero cells were transfected with the different vectors or shRNAs for 24 h. Cells were fixed and
processed for immunofluorescence staining of mTOR and LAMP1 (lysosome marker) and
observed under a confocal fluorescence microscope. The yellow dots in the merged
panel show that mTORC1 is located on the lysosomes (Fig. 6A). Our results suggest

FIG 6 The ARV p17 protein inhibits mTORC1 translocation to lysosomes. (A) To study whether p17, PRAS40, TSC2, and insulin regulate
mTORC1 translocation to lysosomes, Vero cells were fixed and processed for immunofluorescence staining with DAPI. Vero cells were
pretreated with insulin (0.2 mM) for 2 h, followed by transfection with the pcDNA3.1-p17 vector for 24 h. All transfections or cotransfections
were performed for 24 h. Stained mTOR (red) and lysosome (green) were observed under a fluorescence microscope. The yellow dots in the
merged panel show that the mTOR complex is located on the lysosome. (B) Quantification of colocalization was quantified with ImageJ
software. The amount of colocalized fluorescence in the mock-treated control group was considered to be 1-fold. At least 10 fields of 2 cells
per field were taken for each sample per experiment. All experiments were performed in three independent experiments.
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that p17 inhibits mTORC1 recruitment to lysosomes and that this effect could be
moderately reversed in the presence of insulin (Fig. 6A and B) and enhanced by the
PRAS40T24A mutant protein. Conversely, mTORC1 accumulation on lysosomes could be
enhanced in cells overexpressing Rheb. This effect was moderately reversed with coexpres-
sion of p17 (Fig. 6 and B). In this study, we also examined the effect of TSC2, an important in-
hibitor of mTORC1, on mTORC1 accumulation on lysosomes. As shown in Fig. 6A and B,
mTORC1 accumulation on lysosomes was elevated in TSC2 knockdown cells compared to the
mock-treated group, and this effect could be reversed in cells cotransfected with the
pcDNA3.1-p17 and TSC2 shRNA vectors. Collectively, our results suggest that p17 can inhibit
mTORC1 accumulation on lysosomes through modulation of PRAS40, TSC2, and Rheb.

p17 induces autophagy in cancer cell lines. Our previous studies showed that p17
induces autophagy through upregulation of the p53/PTEN pathway and inactivation of
the Akt/mTORC1 pathway and mTORC2 in Vero and DF-1 cells (23, 35). In this work, we further
investigated whether p17 can trigger autophagy in two cancer lines, non-small cell lung carci-
noma (A549) and human cervical carcinoma (HeLa). These two cancer cell lines could be
infected with the ARV S1133 strain at a multiplicity of infection (MOI) of 10 for 48 h. Virus titers
of ARV-infected A549 and HeLa cancer cells reached 106.4 and 106.04, respectively, at 48 h post-
infection, while ARVs do not infect normal human lung fibroblast (HFL-1) cells. The results sug-
gest that oncolytic ARVs can infect and replicate in these cancer cell lines. Western blot results
reveal that p17 increases the levels of p-p53 (S15) and p-PTEN (S380/T382/383) accompanied
by decreased levels of p-Akt (T308 and S473), p-mTOR (S2488), p-70S6K (T308), and p-ULK
(S757) (Fig. 7A). Importantly, the decrease in the level of p-ULK, increase in the level of autoph-
agy regulator (Beclin 1), and upregulation of LC3-II (36) by p17 were observed in HeLa and
A549 cancer cells (Fig. 7A). The results reveal that the Akt and mTORC1 inhibition is correlated
with the conversion of LC3-I to LC3-II, suggesting a role for Akt andmTORC1 as negative medi-
ators of p17-induced autophagy. Formation of autophagosomes can be analyzed by immuno-
fluorescence analysis, as the staining of LC3-I is diffusely cytoplasmic, whereas the staining of
LC3-II is punctate (37). Since the green fluorescent protein (GFP)-LC3 construct is unstable
under lysosomal acidic and degradative conditions, the relatively stable construct mCherry-
LC3 was used in this study (37). Assays performed in both ARV-infected and p17-transfected
HeLa and A549 cancer cells showed a significant increase in the numbers of mCherry-LC3
puncta in a time-dependent manner (Fig. 7B). Thapsigargin (TG) can induce LC3-II puncta (23)
and was used as a positive control. As shown in Fig. 7B, numbers of mCherry-LC3 puncta sig-
nificantly increased in a time-dependent manner in TG-treated cancer cells. The numbers of
mCherry-LC3 puncta were significantly increased at 18 h posttreatment (Fig. 7B and C). This is
consistent with Fig. 7A revealing decreased levels of p-mTORC1 and p-ULK1 accompanied by
increased levels of LC3-II in p17-transfected cells. This is the first report to suggest that p17
induces autophagy in HeLa and A549 cancer cell lines.

p17 induces autophagy and translation shutoff to benefit virus replication. Our
findings reveal that p17 inhibits mTORC1 and reduces the level of the phosphorylated
form of eIF4E. We next investigated whether p17 regulates cellular protein synthesis. Our
results reveal that p17 reduces host protein synthesis in a time-dependent manner (Fig. 8A).
The increase in transfection time was inversely proportional to the levels of cellular protein
translation (Fig. 8A). The data are consistent with Fig. 2 revealing p17-modulated inhibition
of p70S6K and eIF4E, which play important roles in translation initiation control. Cell viability
in p17-transfected DF-1 cells was assessed by a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay and was only slightly reduced compared to that of the
mock-treated cells (Fig. 8B). Modulation of the activity of various translation initiation factors
is a critical strategy by which viruses regulate cellular protein production. Our findings are
supported by our earlier studies (23, 38). Previously, we suggested that ARV shuts off cellular
protein synthesis by modulating phosphorylation of eIF2a (23), eukaryotic translation initiation
factors, and elongation factor (eEF2) but not its own protein production (38). Collectively, this
work further suggests that p17 is the major protein that is responsible for ARV-induced transla-
tion shutoff. Furthermore, our previous work suggested that depletion of p53 and PTEN
reduces virus yield while knockdown of Tpr, CDK2, and CDK4 increases virus production
(24, 35). To investigate whether p17-modulated inhibition of mTORC1 affects virus replication,
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FIG 7 ARV p17-induced autophagy in cancer cell lines. (A) HeLa and A549 cancer cell lines were transfected with the pcDNA3.1-p17
and pcDNA3.1 vectors, respectively. The levels of the respective proteins and their phosphorylated forms were examined by Western

(Continued on next page)
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knockdown of p53, TSC2, and LC3, rapamycin treatment, and overexpression of Rheb and
PRAS40T24A mutant proteins in Vero cells were carried out. We found that knockdown of p53,
TSC2, and LC3 as well as overexpression of Rheb in cells reduced virus yield, while overexpres-
sion of the PRAS40T24A mutant protein or rapamycin treatment increased virus production (Fig.
8C). Collectively, our results reveal that p17-modulated mTORC1 inhibition triggers autophagy
and translation shutoff, which benefits virus replication.

DISCUSSION

Although p17 has been shown to modulate mTORC2, autophagy, cell cycle, viral protein
synthesis, and virus replication (21, 23–28, 35), the precise mechanisms by which p17 modu-
lates host factors or signal pathways to suppress mTORC1 remains largely unknown. The pres-
ent study provides novel insights into p17-modulated inactivation of mTORC1 by upregulation
of p53 and TSC2, two negative regulators of the pathway, enhancement of endogenous
mTORC1 inhibitor (FKBP38, FKBP12, and PRAS40) interaction with mTORC1, and suppression
of mTORC1 accumulation on lysosomes. Our findings reveal that p17-modulated inhibition
of mTORC1 relies on several different mechanisms. First, p17 disrupts mTORC1 assembly by
promoting PRAS40 interaction with raptor and sequestering raptor from mTORC1, thereby
disrupting the mTORC1 complex. Through this mechanism, PRAS40 disrupts the mTORC1
complex, similar to the effect of rapamycin. Raptor is involved in recruiting substrates for
phosphorylation by the kinase domain of mTOR. PRAS40 interaction with raptor competes
with the binding of raptor to p70S6K and 4E-BP1, which inhibits mTORC1-directed phospho-
rylation of p70S6K and 4E-BP1, thereby causing translation shutoff. Akt can activate mTORC1
by phosphorylating PRAS40 at T246, thereby relieving the PRAS40-mediated inhibition of
mTORC1 (32, 33). Therefore, p17 elevates PRAS40 interaction with raptor due to its effect on

FIG 8 ARV p17 induces translation shutoff and autophagy, benefiting virus replication. (A) Relative translation
levels of cellular proteins at the indicated time points in different treatments in DF-1 cells were assayed using
pulse-chase labeling. Cellular protein band intensity was assessed in relation to actin to quantify p17-regulated
cellular translation shutoff. Data are means of triplicate results. (B) Cell viability in pcDN3.1 vector- or pcDN3.1-
p17-transfected DF-1 cells was assessed by MTT assay. (C) The influence of the p53/Akt/mTOR pathway on ARV
replication was analyzed by measuring the virus titers of different treatment groups. Vero cells were
transfected with shRNAs or overexpressed PRAS40, PRAS40T24A, and Rheb for 6 h, followed by infection with
ARV at an MOI of 10 for 24 h. Aside from these treatments, cells were also pretreated with rapamycin (5 mM)
for 2 h, followed by infection with ARV at an MOI of 10 for 24 h. The treated- and untreated-cell lysates were
collected to determine virus titers 24 h postinfection.

FIG 7 Legend (Continued)
blotting assays with the indicated antibodies. (B) HeLa and A549 cancer cells were infected with ARV at an MOI of 10 or transfected
with the pcDNA3.1-p17 vectors at the indicated time points. Aside from these treatments, cells were also treated with TG (5 mM) at the
indicated time points. The mCherry-GFP-LC3 puncta (red) in cells were observed under fluorescence microscopy. Cell nuclei were
stained with DAPI. Bars, 25 mm. (C) The numbers of LC3 puncta were calculated from the results in panel B. Each value is the mean
(with SE) from three independent experiments.
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inactivation of Akt. This notion is further supported by our finding that p17 antagonizes insu-
lin-stimulated p70S6K and 4EBP1 phosphorylation by preventing these proteins from raptor
binding (19). In addition, our results reveal that p17 triggers dephosphorylation of raptor in
the tested cell lines, very likely reducing affinity of the binding of raptor to mTOR.

Second, in addition to the Akt/PRAS40 signaling axis, our results suggest a mechanism
whereby p17 exerts a negative effect on Rheb through inactivation of Akt, which weakens
Rheb and mTORC1 interaction and promotes the inhibitory interaction of the endogenous
mTORC1 inhibitor FKBP38 and mTORC1, thereby inhibiting mTORC1. It has been reported
that Akt phosphorylates the downstream target TSC2, which inhibits its GTPase activating pro-
tein activity toward the GTP-binding protein Rheb (10). This study suggests that Akt-mediated
phosphorylation of TSC2 is an important strategy for p17 to inactivate mTORC1. Furthermore,
a compelling finding in this work is that p17 enhances FKBP12 interaction with mTORC1 in
rapamycin-untreated or -treated Vero cells. Rapamycin binds to FKBP12, creating a drug-recep-
tor complex that binds and inhibits mTORC1 (39). Since p17 does not directly interact with
FKBP12, p17 seems to act indirectly in promoting FKBP12 binding to mTORC1, which disrupts
the mTORC1 complex by preventing mTOR interaction with raptor. Based on our findings, this
work suggests a mechanism whereby p17 functions as a negative regulator of mTORC1 in a
manner different from that of rapamycin. Clinical data obtained so far suggest that rapamycin
treatment shows promise against some tumors (40, 41). A recent study by our group sug-
gested that p17 is able to retard cell growth and cell cycle of several cancer cell lines and
reduces tumor size in nude mice (21). It is of highest importance to learn more about the
mechanism with the aim of predicting the types of tumors that will respond to p17. We
believe that our description of p17 modulating cellular factors and signaling pathways to inac-
tivate mTORC1 provides new insight into viral nonstructural proteins regulating autophagy,
cellular translation, cell cycle, and tumorigenesis. mTORC1 must be recruited to lysosome
membranes and activated by Rheb, a direct mTORC1 activator (34). In addition to the above-
mentioned strategies, we found that p17 regulates the TSC2/Rheb pathway and PRAS40 to
suppress mTORC1 accumulation on lysosomes. Importantly, we found that the negative effect
of p17 on mTORC1 accumulation on lysosomes could be reversed in the presence of insulin
and enhanced by the PRAS40T24A mutant protein (Fig. 6A and B). Furthermore, mTORC1 accu-
mulation on lysosomes could be further elevated in Rheb-overexpressing or TSC2 knockdown
cells, and this effect could be moderately reversed with coexpression of p17 and Rheb.
Collectively, these findings suggest that p17 modulates accumulation of mTORC1 on lyso-
somes and inhibits the mTORC1 complex.

Our findings suggest that ARV-induced host translation shutoff is due to the effect
of ARV p17. The shutoff of host protein synthesis in virus-infected cells is the important mecha-
nism for supporting viral replication (42, 43). During an early step in the initiation of protein
synthesis, eIF4E recognizes and binds the 7-methylguanosine-containing mRNA cap (44). In
this work, we demonstrate that p17 inactivates mTORC1, which in turn reduces the phospho-
rylated levels of p70S6K and eIF4E, resulting in translation shutoff. This is supported by our
previous reports suggesting that ARV inactivates several translation initiation and elongation
factors (23, 38). The results presented here suggest that two changes occur in the host transla-
tion machinery regulated by ARV. First, several translation initiation and elongation factors are
inactivated, and second, the eIF4F complex may be disrupted by the ARV p17 protein. The
alteration in the eIF4F complex involves dephosphorylation of the cap-binding protein IF4E
and dissociation of eIF4E from the eIF4F complex. Many viruses were found to impede cap-de-
pendent translation that potentially facilitates translation of viral transcripts or slows produc-
tion of cellular proteins (42, 43). Several reports suggested that rapamycin specifically inhibits
cap-dependent translation by inhibiting phosphorylation of 4E-BP1 and accelerates the shutoff
of host protein synthesis (45, 46). In this work, enhanced virus yield and elevated dephospho-
rylation of eIF4E, 4E-BP1, eIF4B, and eIF4G (38) after rapamycin treatment suggest that ARV
replication was not hindered by inhibition of cap-dependent translation, suggesting that ARV
can withstand cap-dependent translation inhibition. ARV may exploit these mechanisms to
govern the expression of viral or cellular genes that are important for the completion of the vi-
rus life cycle. This work provides a novel insight into the mechanism by which p17 triggers
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autophagy and host translation shutoff through activation of p53 signaling and inactivation of
mTORC1, which is beneficial for virus replication.

In the current and previous studies, the interplay of p17, the p53/PTEN and Akt/TSC2/
Rheb/mTORC1 pathways, and mTORC2 have been studied (21, 23, 24, 35). Several reports
suggest that rapamycin blocks G1-S progression by decreasing the level of cyclin D1, show-
ing that mTORC1 controls this stage of the cell cycle (47). It was demonstrated that p53-in-
dependent inhibition of mTORC1 suppresses senescence (48). Conversely, p17 inactivates
mTORC1 and causes cell cycle retardation in a p53-dependent manner (21, 24, 25), implying
that p17 may suppress cellular senescence by its ability to inhibit the mTORC1 pathway. The
RTK/PI3K/Akt pathway is one of the most potent driving forces promoting tumor progres-
sion. Since p17 upregulates the p53/PTEN pathway (23, 24), inactivates the Akt/mTORC1
pathway, and induces cell cycle retardation (21) and autophagy in several cancer cell lines,
targeting p53, PTEN, and mTORC1 using p17 may be an effective strategy for the virother-
apy of human cancers. More basic and mechanistic studies will further elucidate the role of
p17 in the complexity of the cancer-signaling pathway networks.

As alluded to earlier, the process of autophagosome formation is tightly controlled by
mTOR and Beclin 1, which are central in the regulation of autophagy (31, 49). mTOR is one of
the key regulators of autophagy and shuts off autophagy (49). Downstream of mTORC1,
Beclin 1 is at the heart of a regulatory complex for class III PI3K/Vps34 whose activity is
required for preautophagosome formation (27). In this work, we found that p17 induces
autophagy in HeLa and A549 cancer cells by the p53/Akt/mTORC1 pathway. Our recent report
suggested that p17 weakens the interaction between Beclin 1 and 14-3-3 through inactivation
of Akt, thereby inducing autophagy (35). This work further suggests a mechanism whereby
p17 triggers autophagy through upregulation of the expression level of Beclin1 and promot-
ing the formation of Beclin1/class III PI3K complex in a p53-dependent manner. These data
reveal that p17 functions as an activator of Beclin 1 by at least two independent mechanisms.
Collectively, our results provide novel insight into p17-triggered autophagy by modulating the
upstream autophagy activators through activation of p53 and inactivation of Akt and
mTORC1. A clearer understanding of the molecular basis for virus-induced changes can
shed light on normal cellular events and on the specific ways that viruses manipulate
their hosts. A model of the interplay between p17 and the mTORC1 activators and inhibitors
is depicted in Fig. 9.

MATERIALS ANDMETHODS
Virus and cells. In this work, DF-1 and Vero cells as well as two human cancer cell lines (A549 and HeLa)

were cultured in minimum essential medium (MEM) or Ham's F-12K (Kaighn's) medium supplemented with
10% fetal bovine serum (FBS) and 10 mM HEPES (pH 7.2). One day before each experiment, all tested cells

FIG 9 Model depicting ARV p17-modulated inhibition of mTORC1, which induces autophagy and
translation shutoff. p17 upregulates the p53/PTEN pathway, which in turn downregulates the Akt/
Rheb/mTORC1 pathway. p17 activates PRAS40 and FKBP38 to bind mTORC1 and disrupts mTORC1
assembly through inactivation of Akt. p17 also promotes FKBP12 interaction with mTORC1 and
inhibits mTORC1. The p17 protein activates the upstream regulators of autophagy, ULK1 and Beclin1,
to induce autophagy. Arrows indicate activation; bars indicate repression.
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were seeded in 6-cm cell culture dishes at 1 � 106 cells in a 37°C incubator with 5% CO2. Except for insulin
treatment or coimmunoprecipitation assays, all cells used in the study were maintained in serum-free medium for
2 h and then refreshed with medium containing 5 to 10% FBS overnight once cell confluence reached about 75%.

Reagents and antibodies. Insulin was purchased from Life Technologies (Carlsbad, USA). Rapamycin
was purchased from Merck Co. (Darmstadt, Germany). The Akt III inhibitor, specific for Akt, was pur-
chased from Enzo Life Science (New York, USA). Polyclonal antibodies against the p17 protein of ARV
were from our laboratory stock. The catalog numbers and dilution factors of the primary and secondary
antibodies used in this study are shown in Table 1.

Plasmid construction and transfection. pcDNA3.1-p17 and its mutant pcDNA3.1-p171-118 of ARV
were described previously (24). In order to understand how PRAS40 and Rheb are regulated by ARV p17 to
cause mTORC1 inhibition, pCI-neo-PRAS40, pCI-neo-PRAS40T246A, and pCI-neo-Rheb vectors were constructed.
To prepare cDNA for PRAS40 and Rheb genes, total RNA was extracted from Vero cells using TRIzol solution
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. The PRAS40,
PRAS40T246A, and Rheb gene fragments were amplified by PCR using the primers shown in Table 2. Reverse
transcription (RT) was carried out at 42°C for 15 min and 72°C for 15 min. PCR was performed with 1 mL of
cDNA, 1mL of each primer, 2mL of PCR mix, and 15mL of double-distilled water (ddH2O), in a total volume of
20mL. The PCR conditions for amplification were 95°C for 5 min, 35 cycles of 95°C for 30 s, 55°C for 30 s (Rheb)
or 57°C for 30 s (PRAS40), and extension at 72°C for 30 s (Rheb) or 1.5 min (PRAS40), followed by 72°C for
10 min for a final extension. For transfection, cells were seeded into 6-cm cell culture dishes. At about 75% con-
fluence, cells were transfected with respective constructs by using the Lipofectamine reagent based on the man-
ufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). In this work, the pLKO-AS1-puro plasmids encoding shRNA
were from the National RNAi Core Facility of Academia Sinica, Taiwan. Sequences for p53, TSC2, and LC3 are as
follows: p53, CTCAGACTGACATTCTCCACTTCTTGTTC (catalog no. TG320558); TSC2, GAGGGTAAACAGACGGAG
TTT (catalog no. TRCN000028 8686); and LC3, TGGACAAGACCAAGTTCCTGGTGCCTGCAC (catalog no. TG503902).
In this work, cells were transfected with their respective shRNAs for 6 h, followed by infection with ARV at MOI of
10 for 24 h. The whole-cell lysates were collected for Western blot analysis.

Coimmunoprecipitation assays. To understand whether ARV p17 protein affects the interaction
between mTOR complex proteins as well as Beclin 1 and class III PI3K, immunoprecipitation was performed using
Millipore's Catch & Release V2.0 (Upstate Biotechnology, Lake Placid, NY, USA) according to the manufacturer's

TABLE 1 Catalog numbers and dilution factors of the antibodies used in this study

Antibody Catalog no. Clone name Dilution factor Manufacturer
Mouse anti-p17a 2,000 Our laboratory
Mouse anti-p53 2527 7F5 3,000 Cell Signaling
Rabbit anti-p-p53 (S15)a 9284 2,000 Cell Signaling
Rabbit anti-PTEN 9559 138G6 3,000 Cell Signaling
Rabbit anti-p-PTEN (S380/T382/383) 9554 2,000 Cell Signaling
Rabbit anti-Akt 4691 C67E7 3,000 Cell Signaling
Rabbit anti-p-Akt (T308) 2965 C31E5 2,000 Cell Signaling
Rabbit anti-p-Akt (S473) 3787 736E11 2,000 Cell Signaling
Rabbit anti-TSC2 3990 D57A9 2,000 Cell Signaling
Rabbit anti-p-TSC2 (S939) 3615 1,000 Cell Signaling
Rabbit anti-p-TSC2 (T1462) 3617 5B12 1,000 Cell Signaling
Rabbit anti-PRAS40 2691 D23C7 3,000 Cell Signaling
Rabbit anti-p-PRAS40 (T246) 13175 D4D2 3,000 Cell Signaling
Mouse anti-Rheb sc-271509 B-12 1,000 Santa Cruz
Rabbit anti-FKBP38 sc-66894 H-220 1,000 Santa Cruz
Rabbit anti-raptor 2280 24C12 3,000 Cell Signaling
Rabbit anti-p-raptor (S863) sc-130214 1,000 Santa Cruz
Mouse anti-FKBP12 sc-100282 L-17 1,000 Santa Cruz
Rabbit anti-mTOR 2983 7C10 3,000 Cell Signaling
Mouse anti-p-mTOR (S2448)a 2971 2,000 Cell Signaling
Rabbit anti-LAMP1 9091 D2D11 3,000 Cell Signaling
Rabbit anti-eIF4Ea 3591 2,000 Cell Signaling
Rabbit anti-p-eIF4E (S209) 9741 2,000 Cell Signaling
Rabbit anti-p70 S6ka 9202 3,000 Cell Signaling
Mouse anti-p-p70 S6k (T389) 9234 108D2 1,000 Cell Signaling
Rabbit anti-ULK1a 4773 R600 3,000 Cell Signaling
Rabbit anti-p-ULK1 (S757)a 6888 2,000 Cell Signaling
Mouse anti-Beclin 1 3495 D40C5 3,000 Cell Signaling
Rabbit anti-PI3k class III 4263 D9A5 2,000 Cell Signaling
Rabbit anti-4EBP1 9644 53H11 2,000 Cell Signaling
Rabbit anti-LC3Ba 2775 2,000 Cell Signaling
Mouse anti-b-actin MAB1501 C4 10,000 Millipore
Goat anti-mouse IgG (H1 L) HRP 5220-0341 5,000 SeraCare
Goat anti-rabbit IgG (H1 L) HRP 5220-0336 5,000 SeraCare
aPolyclonal antibody.
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protocol. Vero cells were seeded in a 6-well plate containing 10% FBS in MEM until the cells formed a monolayer.
The cells were transfected with the p17 gene for 24 h. The transfected cells were washed twice with phosphate-
buffered saline (PBS) to remove the medium. Trypsin was added at a concentration of 0.5%, cultures were placed
in a 37°C incubator to digest the cell adhesion proteins, and then medium containing 10% fetal bovine serum
was added to terminate the trypsin activity. After the cells were evenly dispersed, samples were centrifuged at
500� g for 8 min at 4°C, the supernatant was removed, and the culture medium was removed by washing with
PBS. The protein was quantified and stored in a refrigerator at 4°C. Five hundred micrograms of total proteins col-
lected from each sample was incubated with 4mg of p17, Rheb, mTOR, and raptor antibodies or rabbit or mouse
IgG (negative control) at 4°C for 24 h. The immunoprecipitated proteins were separated by 10% sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) followed by Western blotting analysis with the indicated
antibodies.

Electrophoresis and Western blotting assays. The cells were seeded in a 6-well cell culture dish 1
day before infection with virus or transfection with plasmid as described above. The collected cells were
washed twice with 1� PBS and lysed with lysis buffer (Cell Signaling, Danvers, MA, USA). The Bio-Rad protein assay
(Bio-Rad, Hercules, CA, USA) was used according to the manufacturer's protocol to determine the concentration of
solubilized protein in cell lysates. An equal amount of sample was mixed with 2.5� Laemmli loading buffer and
boiled in a water bath for 10 min. The samples were electrophoresed by 10% SDS-PAGE and transferred to a poly-
vinylidene difluoride (PVDF) membrane. The appropriate primary antibody and horseradish peroxidase secondary
antibody conjugate were used to check protein expression. After membrane incubation with enhanced chemilu-
minescence (ECL Plus) reagent (Amersham Biosciences, Little Chalfont, United Kingdom), the results were detected
on X-ray film (Kodak, Rochester, NY, USA). ImageJ was used to calculate the amount of target protein.

Immunofluorescence staining. An active mTOR is located on the surface of lysosomes. To study
whether p17 affects the accumulation of mTOR on lysosome, Vero cells were mock transfected or transfected
with the pcDNA3.1-p17 vector for 24 h. The cells were washed thoroughly with PBS and fixed in 4% formalde-
hyde. The cells were incubated with primary antibodies (mTOR and the lysosome marker LAMP1) at 4°C over-
night. The cells were washed with PBST (PBS containing Triton 20) and incubated with a fluorescent dye-conju-
gated secondary antibody (1:500) for 2 h at room temperature. Then, after five washes with PBST, the cells
were fixed with 49,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA) and observed
under confocal microscopy. For quantifying the colocalization of mTOR and lysosome, at least 10 regions were
taken from each sample in each experiment, with 1 or 2 cells in each region. The quantification of colocaliza-
tion was performed using ImageJ software.

LC3 puncta. To study whether ARV or p17 can induce autophagy of A549 and HeLa cancer cells,
cells were transfected with the mCherry-LC3 vector, and LC3 puncta were observed under fluorescence
microscopy. Cancer cell lines were infected with ARV at an MOI of 10 or transfected with the pcDNA3.1-
p17 vectors. Aside from these treatments, cells were also treated with TG (5 mM). Cells were fixed with
4% paraformaldehyde in PBS for 1 h at room temperature, followed by soaking in PBS with 0.3% Triton
X-100 for 10 min. After washing with PBS, the cells were blocked with SuperBlock T20 (PBS) blocking
buffer (Thermo Fisher Scientific, Waltham, MA, USA) at 4°C for 30 min. Cell nuclei were stained with DAPI
for 10 min in the dark, followed by observation with a BX51 fluorescence microscope. The coverslips
were washed with PBS three times at room temperature and then mounted onto glass slides using ibidi
mounting medium (ibidi GmbH, Lochhamer Schlag, Germany).

Isotope labeling. Relative translation levels of cellular proteins at the indicated time points in mock-,
pcDNA3.1-, and pcDNA3.1-p17-transfected DF-1 cells were determined using pulse-chase labeling. Cells
that had been mock transfected or transfected with the pcDNA3.1-p17 vector at different time points
were labeled with [35S]methionine. After labeling, cells were washed twice with PBS and lysed with 70 mL
of 5� Laemmli loading dye. Cells were harvested by scraping and boiled for 10 min. Equal amounts of
samples were analyzed by 10% SDS-PAGE. A set of gels were transferred to polyvinylidene fluoride

TABLE 2 Primers used for amplification of targeted genesa

Gene Accession no. Directionb Sequence (59–39)c Location
Expected
size (bp)

p17 AF330703 F CGGAATTCATGCAATGGCTCCGCCATACGA (EcoRI) 293–314 441
R GCTCTAGATCATAGATCGGCGTCAAATCGC (XbaI) 733–712

p171-118 AF330703 F CGGAATTCACAATGCAATGGCTCCGCCATACG (EcoRI) 293–313 354
R AAACTCGAGTCAGGATTGAGACCCGCCATCCCAATG (XhoI) 646–623

PRAS40 NM_032375.5 F TAGAATTCAAGATGGCGTCGGGGCGC (EcoRI) 793–807 782
R CGGTCGACCTCCCTGGACTTCAATATTTCC (SalI) 1574–1553

PRAS40T246A NM_032375.5 F TAGAATTCAAGATGGCGTCGGGGCGC (EcoRI) 793–807 782
R TAGTCGACTCAATATTTCCGCTTCAGCTTCTGGAAGTCGCTGG

CGTTAAGCCG (SalI)
1563–1519

Rheb NM_005614.4 F CAGAATTCAAGATGCCGCAGTCCAAGTC (EcoRI) 382–401 558
R TTGTCGACTCACATCACCGAGCATGAAG (SalI) 939–920

aPrimers used for creating pcDNA3.1-p17, pcDNA3.1-p-171-118, pCI-neo-PRAS40, pCI-neo-PRAS40 T246A, and pCI-neo-Rheb vectors for transfection.
bF, forward; R, reverse.
cUnderlines indicate restriction enzyme digestion sites in the primers.
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membranes to detect actin content and the expression level of p17. Labeling results were obtained from
exposing dried gels to X-ray film (Kodak, Rochester, NY, USA). Cellular protein band intensity was assessed
in relation to actin to quantify p17-modulated cellular translation shutoff.

Determination of virus titer. To further investigate whether ARVs infect the cancer cell lines A549
and HeLa, cells were infected with the ARV S1133 strain at an MOI of 10 for 48 h. Normal HFL-1 cells
were included as a negative control. To determine the effect of the mTOR pathway on ARV replication,
shRNAs were used to knock down p53, TSC2, and LC3 in ARV-infected Vero cells. Cells were transfected
with shRNAs or induced for overexpression of PRAS40, PRAS40T246A, and Rheb for 6 h, followed by infec-
tion with ARV S1133 at an MOI of 10 for 24 h. In this study, cells were also pretreated with rapamycin (5
mM) for 2 h, followed by infection with ARV at MOI of 10 for 24 h. After collection of the extracellular su-
pernatant, an equal volume of MEM or F-12K was added to each well, and the cell membrane was
destroyed by freezing and thawing three times. The supernatant was centrifuged at 12,000 � g for 10
min at 4°C to collect the intracellular fraction and stored at 280°C for further virus titration. Virus titer
was determined by an agar-covered plaque assay performed in triplicate as described previously (27).

Statistical analysis. Duncan’s multiple range test (DMRT) using SPSS software (version 20.0) was
used to evaluate the statistical significance of all data obtained in this study. Each value represents the
mean and standard error (SE) from three independent experiments.
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