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Abstract
Genetically engineered Sindbis viruses (SIN) are excellent oncolytic agents in preclinical models.
Several human cancers have aberrant Akt signaling, and kinase inhibitors including rapamycin are
currently tested in combination therapies with oncolytic viruses. Therefore, it was of interest to
delineate possible cross-regulation between SIN replication and PI3K/Akt/mTOR signaling. Here,
using HEK293T cells as host, we report the following key findings: a) robust SIN replication
occurs in the presence of mTOR specific inhibitors, rapamycin and torin1 or Ly294002- a PI3K
inhibitor, suggesting a lack of requirement for PI3K/Akt/mTOR signaling; b) suppression of
phosphorylation of Akt, mTOR and its effectors S6, and 4E-BP1 occurs late during SIN infection:
a viral function that may be beneficial in counteracting cellular drug resistance to kinase
inhibitors; c) Ly294002 and SIN act additively to suppress PI3K/Akt/mTOR pathway with little
effect on virus release; and d) SIN replication induces host translational shut off, phosphorylation
of eIF2α and apoptosis. This first report on the potent inhibition of Akt/mTOR signaling by SIN
replication, bolsters further studies on the development and evaluation of engineered SIN
genotypes in vitro and in vivo for unique cytolytic functions.
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Introduction
Addiction to Akt/mTOR signaling is common among human cancers [1,2]. Oncolytic
virotherapy in combination with mTOR specific inhibitor, rapamycin is an emerging
paradigm in several preclinical settings [3–6]. Sindbis virus (SIN) is one of the best studied
oncolytic viruses that selectively targets cancer cells in vivo [7–9]. The effective use of SIN
in combination therapy against cancer requires mechanistic studies on the cross-regulation
between SIN replication and mTOR signaling both in normal and cancer cells. Virus
infection of host cells and the accompanying stress signaling can alter virus replication, host
response, and disease outcomes [10–13]. An actively studied pathway during virus infection
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is the PI3K/Akt/mTOR axis of signaling [14–17]. In this cascade, the lipid kinase, PI3K
activates its major downstream effector Akt which in turn activates mTOR [18]. mTOR is a
pivotal kinase that integrates a variety of signals from growth factors, nutrients, and
microbes to control growth, metabolism, immunity and cancer [19]. Activation of Akt
occurs during infection with many DNA and RNA viruses to minimize cell death and
promote virus survival [14,16]. However, a number of other viruses including Vesicular
Stomatitis Virus (VSV) do not require Akt signaling for productive infection [20 and
references therein].

mTOR forms two multiprotein complexes, namely mTORC1 and mTORC2 [21]. The two
important downstream effectors of mTORC1 are S6K1and 4E-BP1 which control translation
of mRNAs that contain 5′ cap group [22]. Although the roles of mTORC2 are sketchy, it
phosphorylates Akt [21]. Rapamycin, an approved immunosuppressant and allosteric
inhibitor of mTOR, blocks mainly mTORC1and its substrates leading to inhibition of
translation [21]. However, the presence of a pool of rapamycin-resistant mTORC1override
this effect [23]. In addition, mTORC1 exerts feedback inhibition on Akt1 by preventing its
phosphorylation through PI3K [24]. While rapamycin does not inhibit mTORC2, prolonged
treatment reduces the pool of mTORC2 [21]. Torin1, an ATP-competitive mTOR inhibitor
effectively blocks rapamycin-sensitive, and -insensitive mTORC1, and mTORC2 [23]. For
example, while rapamycin is a poor inhibitor of herpes virus growth, torin1 effectively
blocks rapamycin-resistant mTORC1 and virus replication [25].

SIN and other alphaviruses are positive-sense RNA viruses that replicate in a number of
vertebrate cells [26]. Genetically engineered alphaviruses are extensively used in molecular
dissection of gene functions [27] vaccine delivery [28], and oncolytic [7] applications.
Systemically delivered SIN targets both primary and metastatic tumors, derived from colon
and ovarian cancers in mouse xenograft models [7–9]. Although host cell protein synthesis
is shut-off in alphavirus infected cells, viral mRNA translation is efficient [29]. SIN infected
cells also undergo autophagy, and apoptosis during the course of infection which are
regulated by the mTOR [13]. Therefore, we undertook this study to examine the cross-
regulation between SIN replication and mTOR signaling using two specific mTOR
inhibitors. Here we report that SIN replication does not require PI3K/Akt/mTOR signaling,
and later during infection suppresses Akt/mTOR activation in HEK cells. The implications
of these findings for the use of alphaviruses as oncolytic agents are discussed.

Materials and methods
Cells, viruses and reagents

Human embryonic kidney cells (HEK 293T) obtained from ATCC were grown in
Dulbecco’s modified eagle medium (DMEM, Invitrogen) supplemented with 10% fetal
bovine serum. Cell viability checked by trypan blue dye exclusion was more than 90%.
Baby Hamster Kidney (BHK) and African green monkey kidney (Vero) cells were
maintained in minimal essential medium (Invitrogen) containing 10% fetal bovine serum.

The engineered SIN used in these studies was prepared by in vitro transcription of plasmids
SIN Toto1101 and SIN/GFP/TE followed by transfection into BHK cells, propagation and
titering in vero cells as previously described [27,30]. Virus preparations were purified by
ultracentrifugation at 30K rpm, using 20% sucrose cushion. UV-inactivation of purified
virus particles was carried out in a Bio-RAD UV-chamber by two cycles of program C4. No
infectious virus was detectable in UV-inactivated virus (UV-SIN) preparations, as confirmed
by plaque assay.
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Rapamycin and Ly294002 were purchased from Sigma (St. Louis, MO, USA). Torin1 was a
kind gift from Nathanael Gray, Boston. Primary antibodies were from cell signaling
Technology (Danvers, MA, USA) and the anti-mouse and anti-rabbit secondary antibodies
were from Invitrogen. 35S labeled L-methionine was from Perkin Elmer.

Infection and plaque assays
HEK cells were pretreated with 100nM rapamycin, 250nM torin1or 40μm Ly 294002 in 1ml
DMEM containing 5% FBS for 1hr and infected with SIN at a MOI of 5 or its equivalent of
UV-SIN for 4 and 24h. Culture supernatants were recovered after centrifugation, and stored
frozen. The cells were harvested using ice cold PBS. HEK cells infected with SIN/GFP/TE
at MOI of 5, for 24hr at 37°C were observed for GFP fluorescence under fluorescent
microscope (Nikon Eclipse E2000-S). Virus titer in culture supernatants from HEK cells
was determined by plaque assay as described previously [27,30]

Metabolic labeling and determination of protein synthesis
Cells were labeled for two hours before harvest with 20μCi 35S labeled L-methionine, and
lysed with a buffer containing 10mM Tris (pH 7.4), 0.15M NaCl, 1mM EDTA and 0.8%
NP40. Protein was precipitated with 20% trichloroacetic acid (TCA) and filtered onto glass
microfibre filters (GF/C, Whatman) and washed with 10% TCA using Millipore filtration
module. The air dried filters were immersed in scintillation fluid (Amersham) and
radioactivity was measured in a liquid scintillation analyzer (Packard Tri-Carb 2300TR).

Apoptosis assay
Annexin/PI staining was done according to manufacturer’s protocol (BD biosciences) to
determine the percentage of cells undergoing apoptosis by flow cytometry (Becton
Dickinson FACS-Calibur) and the data was analysed by Cell quest pro software.

RNA isolation and quantitative real time PCR
Total RNA from infected and uninfected HEK cells was isolated using Trizol reagent
(Invitrogen), treated with DNase (RQ1 RNAse free DNAse, Promega) and cDNA was made
using random hexamers by M-MuLV reverse transcriptase[30]. SYBR green based
quantitative real time PCR [qPCR] was done using primers specific to the 5′ NTR region of
SIN genome (forward, 5′ AAC AGC CGA CCA ATT GCA CTA CCA; reverse, 5′ TTT
GCA GTT GCA CGA CAA ACG GAC) with beta actin (forward, 5′ GGA CTT CGA GCA
AGA GAT GG; reverse, 5′ AGC ACT GTG TTG GCG TAC AG) as internal control.

Western blotting
At the indicated times, HEK cells were recovered with ice cold PBS and lysed with
Laemmli loading dye. An aliquot of the cells was lysed with mammalian protein extraction
reagent (Thermo Scientific) for quantification of total protein levels by Bradford method
(Sigma). The Laemmli lysates were boiled, sonicated and equal amounts of protein were
resolved in 4–15% or 10% SDS–PAGE gels and transferred to PVDF membranes. The
membranes were blocked with fat free milk (Cell Signaling) and incubated overnight with
the primary antibodies, followed by incubation with horseradish peroxidase (HRP)
conjugated anti-rabbit/anti-mouse secondary antibodies. After treating with the substrate
(Super signal west Pico, Thermo Scientific) for 1min, the membranes were exposed to X-ray
films (Kodak).
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Results and discussion
SIN replicates efficiently in HEK 293T cells

The effective use of SIN as an oncolytic agent in combination with mTOR inhibitors
warrants an in depth knowledge on how these inhibitors affect virus replication, and how the
kinase inhibitory activity of the drugs are modified by virus infection. In the present work,
we addressed this objective using a cell culture based infection model. In the infected host,
and in vitro cultures, SIN replicates in a number of cell types including fibroblasts,
myocytes, endothelium and neuronal cells [7,8,26]. Much of the previous studies in SIN
made use of fibroblasts of animal origin including BHK-21, vero and chicken embryo
[26,27,30]. We chose to study SIN infection of HEK293T cells as a human fibroblast model,
since fibroblasts are important targets for SIN, and there is a large research literature for
signaling pathways in HEK293T cells. We used Toto1101, a prototype genetically
engineered SIN (Fig. 1a), since defined mutations can be easily introduced in the SIN
genome for further studies. HEK cells were infected at different multiplicities, and the
amount of virus recovered from culture supernatant was determined. Peak levels (4 × 108

pfu/ml, Fig. 1b) of SIN release was observed at 24 hrs (MOI, 10), which is comparable to
the amount of virus release observed in other cell lines [26,27]. At the MOI of 0.1 and 1, the
virus titer was 10–100 fold lower even at 48 hr. Determination of viral RNA by qPCR
indicated a 700 fold lower RNA at 4 hr, implying very low level of genome replication at
early times (Fig. 1c). More than 95% of the cells showed fluorescence, when HEK cells
were infected with a recombinant SIN expressing GFP reporter, SIN/GFP/TE (Fig. 1d). At
24 hr p.i, SIN infected cells showed distinct morphological changes including cell rounding
and brightness. These results indicated that HEK cells are excellent host cells for productive
SIN replication.

Altered protein synthesis, and apoptosis in SIN infected cells
A salient feature of SIN infected vertebrate cells is the inhibition of host protein synthesis
that is attributed to early events in virus replication as well as PKR-dependent and
independent pathways [29]. When HEK cells were infected with SIN at a MOI of 10, a 20%
inhibition of protein synthesis was observed at 8 hr, and 80% inhibition at 24 hr p.i (Fig. 2a).
Cells exposed to UV-SIN showed no inhibition of protein synthesis even at 48 hr compared
to uninfected cells, indicating that the inhibition of protein synthesis requires active virus
replication. Although a number of pathways lead to inhibition of host protein synthesis
[10,11], phosphorylation of eIF2α is an important event that inactivates this protein and
makes it unavailable for initiation of translation [31]. Cellular stress due to nutrients, toxins,
and virus infections induce different cellular kinases that phosphorylate eIF2α [31]. SIN
infected cells showed normal levels of eIF2α at 2 and 8hr p.i (Fig. 2b). However a drastic
increase in phosphorylated eIF2α was observed at 24 hr, which also corresponded to the
peak inhibition of protein synthesis. Cells exposed to UV-SIN showed no increase in p-
eIF2α. Flow cytometric analysis of HEK cells infected with SIN showed that 68% of cells
were apoptotic, compared to 8% in uninfected cells (Fig. 2c). These results indicated that
SIN infection of HEK cells manifests changes that are characteristic of SIN infection of
other vertebrate cells [26] and this infection model is suitable for further studies.

SIN replication is unaltered by rapamycin and torin1
Many viruses activate mTOR pathway to counteract host antiviral strategies [14,16]. For
example, rapamycin has been used to control virus replication in nephropathy or in
preclinical testing of oncolytic virotherapy [3–6]. As reported for VSV infection, rapamycin
may not affect replication of all viruses [32]. To determine the requirement of mTOR for
SIN specific RNA synthesis and virus release, HEK cells were infected with a MOI of 10, in
the presence and absence of mTOR inhibitors, rapamycin or torin1. Rapamycin increased
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viral RNA levels by 2- fold both at 4 and 24h, whereas torin1 increased it by 1.5 fold at 24h
(Fig. 3B, C). However, the virus titer in the culture supernatants was largely unaltered by
both rapamycin and torin 1 (Fig. 3A). These results indicate that rapamycin and torin1
enhance SIN RNA synthesis moderately, but do not alter virus release from infected cells.
Robust replication of SIN in the presence of mTOR inhibitors should bode well for
combination virotherapy.

Regulation of mTOR signaling by SIN replication
Although SIN replication is unaffected by mTOR inhibitors, it is possible that SIN
replication could positively or negatively impact mTOR function. The details as to how
mTOR pathway is altered by virus infections are beginning to emerge [4,14,16]. Contrary to
herpes viruses, RNA viruses such as poliovirus and VSV, blocked phosphorylation of 4E-
BP1, a key substrate in mTOR pathway, and rapamycin treatment of virus infected cells
further suppressed phosphorylation of 4E-BP1 [16,32]. We chose to determine if virus
infection alters mTOR signaling by analyzing the phosphorylation status of mTOR (Ser
2448) and its downstream effector molecules S6 (Ser 235/236) and 4E-BP1 (Thr 36/47). At
4 hr, both rapamycin and torin1 reduced the levels of p-mTOR (Fig. 3D). However, SIN as
well as UV-SIN showed comparable levels of p-mTOR to that of uninfected cells. Notably
at 24 hr, both rapamycin and torin1 showed only a moderate decrease in mTOR
phosphorylation, but SIN infected cells showed drastic reduction in p-mTOR levels.
Interestingly, while rapamycin treatment did not alter SIN induced suppression of p-mTOR
levels, torin1 restores the p-mTOR levels to some extent. These results are suggestive of a
mechanistic difference between rapamycin and torin1 in regulating mTOR after prolonged
treatment late during SIN replication as previously reported [21].

Next, we examined the downstream effectors of mTOR. Since we had difficulty in detecting
p-S6K, we resorted to the determination of its substrate, S6. At 4 hr, both rapamycin and
torin1 blocked phosphorylation of S6, while SIN and UV-SIN had no effect on S6, as
observed for p-mTOR (Fig. 3E). However, at 24 hr, rapamycin and torin1 eliminated all p-
S6, although p-mTOR levels were unaffected. SIN infected cells showed lowered p-S6,
although the suppression of p-mTOR was much stronger than that of p-S6. Torin1 inhibited
the phosphorylation of 4E-BP1 and the effect was more potent at 4h compared to 24h (Fig.
3F). However, rapamycin did not have any effect on 4E-BP1 phosphorylation. SIN did not
alter p4E-BP1levels at 4hr, but drastically reduced the phosphorylation of 4E-BP1 at 24 hr
(Fig. 3F), although the total 4E-BP1 levels were unaltered (data not shown). The inhibitory
effect of SIN on 4E-BP1 phosphorylation was unaltered by rapamycin, but the effect of
torin1 appeared additive along with SIN. Therefore, at 24 hr p.i the drastic inhibition of host
protein synthesis in SIN infected cells coincides with suppression of 4E-BP1
phosphorylation, as observed for VSV [32]. In the present study, SIN induced
phosphorylation of eIF2a, and dephosphorylation of 4E-BP1 are associated with strong
translational shut-off in HEK cells.

Efficient SIN replication in Ly294002 treated cells
Since mTOR is regulated by Akt and PI3K sequentially, we asked if PI3K activity is
required to support SIN replication using PI3K specific inhibitor Ly 294002 (Ly). Unlike
rapamycin and torin1, Ly decreased SIN RNA levels by 8-fold at 4hr and 3 fold at 24hr (Fig.
4b, c), However Ly treatment had little effect on virus release from SIN infected cells (Fig.
4a) suggesting that particle assembly and virus release are not dependent on PI3K. At 4hr,
Ly decreased Akt phosphorylation (Ser 473) in uninfected cells, but the inhibitory effect was
moderately relieved in cells infected with SIN, and UV-SIN (Fig. 4d). Notably, the level of
p-mTOR in Ly treated cells was unaltered at 4hr, both in the presence and absence of virus
under our culture conditions with 5% serum. As observed for rapamycin, Ly also did not
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alter the level of p-4E-BP1, but inhibited S6 phosphorylation in the presence and absence of
virus, despite minimal changes in p-Akt or p-mTOR (Fig. 4d). This observation suggests
that S6 is more sensitive to Ly treatment than mTOR and Akt at 4 hr. At 24 hr, both Ly, and
SIN infection strongly lowered the levels of p-Akt, p-mTOR, and S6 suggesting that SIN
downregulates PI3/Akt/mTOR signaling. Torin1 drastically downregulated p-Akt levels at
24 hr, whereas rapamycin had only a moderate effect. These results suggest that torin1 is a
potent inhibitor of Akt, perhaps due to its effect on mTORC2[23]. SIN replication
suppressed Akt phosphorylation both in the presence and absence of rapamycin and torin1.
Although both rapamycin and torin1 inhibited Akt phosphorylation variably, the inhibition
was slightly reversed in SIN infected cells. Ly completely inhibited phosphorylation of Akt,
mTOR and S6 in the presence or absence of SIN at 24h and also did not alter the inhibitory
effect of SIN on 4E-BP1 phosphorylation (Fig. 4d).

Interplay between PI3K/Akt/mTOR signaling and SIN replication machinery—
The drastic suppression of phosphorylation of Akt, mTOR, S6, and 4E-BP1, late during SIN
infection, along with efficient viral RNA synthesis and particle production is intriguing. This
result suggests that SIN replication blocks mTOR pathway, although PI3K and Akt -
dependent and -independent mechanisms [2] may also be involved. Dunn et al., recently
reported that VSV blocks phosphorylation of Akt and mTOR in a PI3K independent manner
[17]. Kinase inhibitors, including rapamycin are meant to slow down growth and
proliferation, although the host compensatory pathways might antagonize the effect of these
inhibitors [3,22]. Therefore, the suppression of Akt/mTOR growth signaling by SIN
replication could circumvent drug resistance. Viruses including SIN have evolved
mechanisms to replicate well by antagonizing host defense pathways such as interferon
(IFN) induction and translational shut off [12–14]. Therefore, studies as to how SIN alters
Akt/mTOR signaling in IFN-sensitive and –insensitive cancer cells in the presence of kinase
inhibitors are needed to fully dissect the outcomes of preclinical animal models of cancer.
Screening and defining cognate SIN genotypes that alter cellular balance between growth
promotion and apoptosis are prerequisites for effective combination therapy.
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Abbreviations

PI3K phosphatidylinositol 3-kinase

mTOR mammalian target of rapamycin

mTORC1 mTOR complex1

mTORC2 mTOR complex2

S6K1 p70 S6 kinase1

S6 ribosomal protein S6

4E-BP1 eIF4E1 binding protein1

eIF2α eukaryotic initiation factor 2α

PKR ds RNA activated protein kinase
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SIN Sindbis virus

UV-SIN UV inactivated Sindbis virus

HEK293T human embryonic kidney cells
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Fig. 1.
Robust replication of SIN in HEK cells: a) map of engineered SIN, Toto1101 (A), and
recombinant SIN expressing GFP (B). NS, non-structural proteins; S, structural proteins. b)
Virus release from infected HEK cells. C) Viral RNA accumulates late during infection: The
level of virus specific genomic RNA was determined by qPCR using 5′ genome specific
primers and beta-actin for normalization. d) Virus induced cytopathology, and GFP
expression: Uninfected (UI) and infected cells (SIN, SIN/GFP/TE) were photographed under
phase contrast and fluorescent microscopy. Data represent results from at least three
different experiments.
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Fig. 2.
SIN induced cellular alterations: a) SIN replication shuts off host protein synthesis. Cells
were labeled with 35S-Methionine and TCA precipitable counts were determined. b)
Phosphorylation of eIF2α by SIN replication. Cell extracts were analysed by western
blotting using p-eIF2α (Ser 51) antibody. c) Induction of apoptosis by SIN replication. HEK
cells recovered at 48h, stained with Annexin/PI and analysed by flow cytometry. Data
represent results from at least three different experiments.
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Fig. 3.
Cross regulation between SIN replication and mTOR signaling: A) Rapamycin and torin1 do
not block virus replication. B, C) Rapamycin and torin1 mildly upregulate SIN genome
levels. Virus specific RNA at 4h (B) and 24h (C) was determined by qPCR. D-G)
Alterations in Akt/mTOR signaling by SIN replication and the effect of rapamycin and
torin1. Cell extracts were analysed by western blotting using antibodies specific for
phosphorylated and total forms of mTOR (D), S6 (E), 4E-BP1 (F) and Akt (G) with actin as
loading control. Data represent results from at least three different experiments.
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Fig. 4.
Effect of Ly 294002 and SIN replication and Akt/mTOR signaling: a-c) Ly decreases viral
RNA synthesis, but not particle release from HEK cells. d) Alterations in Akt/mTOR
signaling by SIN replication in the presence of Ly. Data represent results from at least three
different experiments.
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