
original article © The American Society of Gene & Cell Therapy

Oncolytic virotherapy is a novel and emerging treat-
ment modality that uses replication-competent viruses 
to destroy cancer cells. Although diverse cancer cell 
types are sensitive to oncolytic viruses, one of the major 
challenges of oncolytic virotherapy is that the sensitivity 
to oncolysis ranges among different cancer cell types. 
Furthermore, the underlying mechanism of action is 
not fully understood. Here, we report that activation of 
cyclic adenosine monophosphate (cAMP) signaling sig-
nificantly sensitizes refractory cancer cells to alphavirus 
M1 in vitro, in vivo, and ex vivo. We find that activation 
of the cAMP signaling pathway inhibits M1-induced 
expression of antiviral factors in refractory cancer cells, 
leading to prolonged and severe endoplasmic reticulum 
(ER) stress, and cell apoptosis. We also demonstrate that 
M1-mediated oncolysis, which is enhanced by cAMP 
signaling, involves the factor, exchange protein directly 
activated by cAMP 1 (Epac1), but not the classical cAMP-
dependent protein kinase A (PKA). Taken together, 
cAMP/Epac1 signaling pathway activation inhibits anti-
viral factors and improves responsiveness of refractory 
cancer cells to M1-mediated virotherapy.
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INTRODUCTION
Human cancer remains a global burden and public health prob-
lem,1 despite the progresses made in our understanding of tumor-
igenesis over the past few decades. Oncolytic virotherapy has been 
reported to be an emerging and promising modality.2 Viruses 
preferentially target cancer cells as they can exploit the genetic 
abnormalities of malignant cells to achieve high-replicative 

capacity, and in turn, contribute to virus-mediated tumor cell 
killing. Numerous studies have found that a growing number 
of viruses including adenovirus,3,4 reovirus,5 poxvirus,6,7 vesicu-
lar stomatitis virus,8,9 and herpes simplex virus10 can be adapted 
to cancer therapies for their restricted replication in tumor cells 
before or after engineering. For example, Talimogene laher-
parepvec (T-VEC) is the first oncolytic immunotherapy used 
in a phase 3 clinical trial that demonstrated therapeutic benefit 
against melanoma.11 The durable response rate was found to be 
significantly higher with T-VEC (16.3%) than with granulocyte-
macrophage colony-stimulatory factor (GM-CSF) (2.1%). Median 
overall survival was 23.3 months with T-VEC and 18.9 months 
with GM-CSF.12

Although the evidence for oncolytic viruses inhibiting cancer 
cell viability in vitro is definitive, the penetrance of oncolytic activ-
ity ranges as a consequence of a variety of critical cellular barriers. 
For example, intratumoral innate immunity can play a crucial role 
in blocking the therapeutic spread of oncolytic viruses. Pattern-
recognition receptors (PRR), both cytoplasmic receptors and Toll-
like receptors, recognize invading viruses to induce the Interferon 
signaling cascade to restrict virus replication.13 IRF3 and IRF7 are 
crucial transcription factors for Interferon production. Induced 
Interferon will further lead to the amplified expression of a diverse 
panel of Interferon stimulated genes, such as MDA5 and IFIT1. 
MDA5 is a cytoplasmic helicase protein that recognizes viral 
dsRNA and induces the antiviral response.14 IFIT1 was previously 
shown to repress viral replication by binding to the eIF3 initiation 
factor15 and sequestering specific viral RNAs.16

Incidentally, activation of cyclic adenosine monophosphate 
(cAMP) signal pathway can inhibit the innate immune response of 
the host,17 lipopolysaccharide (LPS)- or polyinosinic:polycytidylic 
acid (Poly[I:C])-induced IFNs production in vitro,18 and the 
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production of inflammatory mediators.19 cAMP associates with 
components related to a variety of cellular activities, including 
immunosuppression,18 apoptosis,20 generation of reactive oxy-
gen intermediates,21 and phagocytosis.22 In eukaryotic cells, pro-
tein kinase A (PKA) is widely known to be the primary effector 
of cAMP, controlling many cellular mechanisms such as gene 
transcription, ion transport, and protein phosphorylation.23,24 In 
addition, the guanine nucleotide exchange factor Epac1 has also 
been identified as a receptor for cAMP.25 The mediated control 
of these pathways may be key to overcoming inhibitory antiviral 
mechanisms.

We have previously identified a naturally occurring alpha-
virus (M1) as a selective killer that targets tumors deficient in 
zinc-finger antiviral protein (ZAP) in vitro and in vivo.26 M1 is 
an alphavirus isolated in the 1960s from the Hainan province of 
China, and belongs to the Togavirus family of viruses.27,28 The 
genome of M1 is 11,690 nucleotides (nt) in length and contains 
two open reading frames, encoding four nonstructural proteins 
(nsP1-nsP2-nsP3-nsP4), and five structural proteins (C-E3-E2-
6K-E1).27 Importantly, we previously observed that M1 causes 
prolonged and severe endoplasmic reticulum (ER) stress that in 
turn induced cell apoptosis.

ER stress is primarily caused by endogenous imbalances in 
the cell, which include increased protein production, loss of Ca2+ 
homeostasis, inhibition of N-linked glycosylation, and accumu-
lation of misfolded proteins.29 During virus infection, the lumen 
of the ER rapidly accumulates substantial amounts of viral pro-
tein required for virus replication. If the stress is prolonged and 
unresolvable, three central apoptotic pathways are activated: the   
C/EBP-homologous protein (CHOP) pathway, the Jun N-terminal 
kinase (JNK) pathway, and the Caspase-12 pathway.30

In this study, we sought to investigate the anticancer effec-
tiveness of M1/cAMP combination treatment and uncover the 
mechanisms. cAMP signaling pathway activators, as tumor-spe-
cific viral sensitizers, have the potential to dramatically increase 
the spectrum of malignancies amenable to oncolytic virotherapy.

RESULTS
M1 infection inhibits cancer cell viability
To determine the oncolytic efficiency of M1, a panel of commonly 
used cancer cell lines (Supplementary Table S1) was challenged 
with M1 for 48 hours and cell viability was subsequently mea-
sured (Figure 1a). Sensitivity to M1 treatments was categorized 
into three groups. We found that 12.3% of cancer cells were inhib-
ited by more than 75% (hypersensitive), 47.1% of cancer cells 
were inhibited between 25 and 75% (sensitive, S), and in 40.3% 
of cancer cells, inhibition was lower than 25% (refractory, R) 
(Figure 1b). Using titer determination, we found that M1 repli-
cation was significantly higher in hypersensitive cancer cells and 
lower in refractory cancer cells (Figure 1c). These results sug-
gest that the replication of M1 highly associates with oncolysis. 
Furthermore, we chose three additional cell lines representing the 
three sensitivity groups to validate these results. We observed that 
M1 rapidly replicates in the hypersensitive bladder cancer cell line 
T24. M1 replicates slower in the sensitive Huh-6 liver cancer cell 
line. While in the refractory HCT-116 colorectal cancer cell line, 
M1 replication lags (Figure 1d,e).

M1 infection induces antiviral factors in refractory 
cancer cells, while cAMP signal abrogates them
We next probed whether M1 infection affected the expression of 
antiviral factors related to the Interferon cascade in refractory 
cancer cells. We discovered that IFNA, IFNB, IRF3, IRF7, MDA-
5, and IFIT1 were dramatically upregulated in HCT-116 after 
M1 treatment (Figure 2a–f). Thus, we speculated that blocking 
the induced antiviral response may increase M1 replication and 
enhance M1-induced oncolysis.

cAMP has been reported to block various components of cell 
activation such as the production of IFN-α and IFN-β, and the pro-
duction of inflammatory mediators.18 To block the induced antivi-
ral response, we used two cAMP signaling activators to inhibit the 
M1-induced antiviral response: db-cAMP (an analogue of cAMP, 
widely used in vitro), and Forskolin (a ubiquitous activator of 
eukaryotic adenylyl cyclase that increases intracellular cAMP levels). 
We observed that cAMP signaling activators dramatically abrogated 
the induced expression of genes related to the Interferon cascade 
(Figure 2g–l). These results are in accordance with our hypothesis 
that cAMP activation blocks the induced antiviral response.

Activation of the cAMP signaling pathway cooperates 
with M1 to selectively kill cancer cells
To examine the oncolytic effects of M1, we infected HCT-116 and 
Capan-1 cancer cells. L-02 normal human liver cells were also 
infected as controls. Our results show that M1 alone had little effect 
on cancer or normal cells, even at 10 plaque forming unit (PFU)/
cell (Figure 3a). Interestingly, the cAMP signaling activators db-
cAMP, 8-CPT-cAMP (another analogue of cAMP), and Forskolin 
significantly enhanced oncolytic efficiency of M1 in cancer cells 
(Figure  3b,c and Supplementary Figure S1). Importantly, we 
observed that these activators did not inhibit cell viability of L-02 
cells and primary human hepatocyte cells in conjunction with M1 
infection (Figure 3d,e and Supplementary Figure S1). We next 
determined the cell viabilities of 11 additional cell lines treated with 
M1/db-cAMP. We observed that this combination of treatment 
inhibits the cell viabilities of a diverse range of refractory cancer cells, 
but not normal cells (Figure 3f). Moreover, treating with db-cAMP 
significantly increased viral titers in HCT-116 and Capan-1 cells in 
a time-dependent manner, but had no effect on L-02 and human 
hepatocyte cell lines (Figure 3g–j). At 24 hours postinfection, viral 
proteins E1 and NS3, in HCT-116 and Capan-1 cells, were dramati-
cally increased by db-cAMP, but not in L-02 or human hepatocyte 
cells (Figure 3k). To validate the effect specificities of M1/db-cAMP 
treatment, we also tested two additional normal human primary cell 
lines: Human skeletal muscle cells, and Human aortic endothelial 
cells. Our results show that db-cAMP has no effect on the cell viabil-
ity of noncancer cells with M1 infection (Supplementary Figure 
S2). All together, we demonstrate that cAMP signaling activators 
selectively facilitates M1 oncolysis in cancer cells.

Enhanced oncolysis is mediated by prolonged and 
severe ER stress
We next sought to determine the mechanism underlying 
M1-induced oncolysis. We hypothesized that db-cAMP treatment 
increases viral replication, resulting in an increase in nonfolded or 
misfolded viral protein accumulating in the lumen of the ER. Such 

Molecular Therapy vol. 24 no. 1 jan. 2016 157



© The American Society of Gene & Cell Therapy
cAMP Activation Cooperates With M1 to Kill Cancer

an occurrence could subsequently induce ER stress, and when ER 
stress levels become insurmountable, this could cause the activation 
of apoptosis. Of note, viral infections, by HSV-1, rhabdovirus, M1, 
and others are known to initiate ER stress-mediated apoptosis.31–33

Hence, we reasoned that db-cAMP cooperates with M1 to 
induce prolonged and severe ER stress, leading to programmed 
cell death in refractory cancer cells. Using transmission elec-
tron microscopy, we observed catastrophic destruction of ER in 
HCT-116 cells 48 hours after treatment with db-cAMP and M1 
(Figure 4a). To confirm the increase of ER stress levels, we probed 
the expression of markers of the unfolded protein response: the 
abundant ER chaperone immunoglobulin binding protein, inosi-
tol-requiring protein-1α, protein kinase RNA-like ER kinase, and 
its downstream phosphorylated eukaryotic translational initia-
tion factor 2α (eIF2).34 All of these markers were elevated during 
M1/db-cAMP treatment (Figure 4b), indicating that ER stress 
response is activated when cells are exposed to M1 and db-cAMP. 

We next queried whether specific ER stress-mediated apoptosis 
pathways were induced by M1/db-cAMP treatments (CHOP path-
way, JNK pathway, and caspase-12 pathway).30 Our results showed 
that CHOP and phosphorylated JNK were elevated in HCT-116 
cells after M1/db-cAMP treatment, but cleaved- Caspase-12 was 
not (Figure 4c). Taken together, M1/db-cAMP treatment induced 
catastrophic ER stress and cell apoptosis, via CHOP and JNK 
pathways, but not via Caspase-12 activation.

To determine the biological consequences of ER stress as a 
function of M1/db-cAMP, we next asked whether M1/db-cAMP 
treatment stimulated the intrinsic apoptosis pathway. We observed 
marked abnormal nuclear morphology and chromatin condensation 
within the nucleus during M1/db-cAMP treatments in HCT-116, 
but not in L-02 cells (Supplementary Figure S3). This observation 
suggested to us that the apoptosis pathway was activated. Thus, we 
quantitated the activities of Caspase-9 and its downstream effector 
Caspase-3 in HCT-116 cells. Notably, these factors were significantly 

Figure 1 The oncolytic effects of M1 in diverse cancer lines. (a) Cell viability of 57 cancer cell lines. Cells were infected with or without M1 (10 
plaque forming unit (PFU)/cell) and cell viabilities were determined 48 hours postinfection by MTT assay. (b) Sensitivity distribution of cancer cells 
to M1-mediated inhibition. (c) Virus replication levels in different cancer cells (mean ± SD). All the cells were infected with 0.1 PFU/cell and viral titer 
were determined 36 hours postinfection. (d) Dose response of M1 in three representative cancer cells. HCT-116 (refractory), Huh-6 (sensitive), and 
T24 (hypersensitive) were infected with M1 virus at the indicated multiplicity of infection (MOI) (mean ± SD). (e) Time course of viral replication in 
the three representative cells after infection of M1 (0.01 PFU/cell).
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activated during M1/db-cAMP treatment compared with M1 
infection alone (Figure 4d). To determine if the mitochondrial 
apo ptotic pathway was activated, we assayed mitochondrial mem-
brane potential using JC-1 staining. JC-1 is a green-fluorescent 
monomer at low-membrane potential, indicative of apoptotic cells. 
At higher membrane potentials, JC-1 forms red-fluorescent aggre-
gates, indicative of healthy cells. We found dramatic depolariza-
tion of the mitochondrial membrane with M1/db-cAMP treatment 
(Supplementary Figure S3). These results together demonstrate 
that the intrinsic apoptosis pathway is triggered in tumor cells.

Epac1 is necessary for cAMP-enhanced viral oncolysis
There are a handful of known downstream effectors of cAMP, 
including PKA/CREB, Epac, and cyclic nucleotide-gated chan-
nels.35 We therefore aimed to determine the mechanism by 
which M1/db-cAMP treatment leads to oncolysis. We first 

knocked down both PKA and CREB by small interfering RNAs 
(siRNAs), and observed that neither PKA nor CREB could abro-
gate the increased oncolytic activity or virus replication by db-
cAMP (Figure 5a and Supplementary Figure S4).

We next performed siRNA knock-down of Epac1, a guanine 
nucleotide exchange factor for the Ras-like small GTPase Rap1. 
We observed that both db-cAMP-induced oncolytic activity and 
M1 viral production were abrogated by siRNAs against Epac1 
(Figure 5b). Furthermore, we used an Epac1-specific inhibi-
tor ESI-09 (ref. 36) to pharmacologically block the activity of 
Epac1. We found that ESI-09 also reversed the decrease in cell 
viability caused by M1/db-cAMP treatment in both HCT-116 
and Capan-1 cells (Figure 5c). Additionally, ESI-09 significantly 
abrogated db-cAMP-induced viral protein production after 0.1 
PFU/cell of M1 infection (Figure 5d). Similarly, we observed that 
ESI-09 decreased the expression of the viral structural protein E1, 

Figure 2 Activation of cAMP signaling inhibits M1 virus-induced antiviral factor expression. (a–f) The colorectal cancer cell line HCT-116 was 
infected with M1 virus (10 plaque forming unit (PFU)/cell) and interferon cascade genes were quantified. IFNA (a), IFNB (b), IRF3 (c), IRF7 (d), MDA5 
(e), and IFIT1 (f) show mRNA fold-expression at 0, 6, 12, and 24 hours after M1 infection (mean ± SD). (g–l) HCT-116 cells were infected with 
M1 virus (10 PFU/cell) in the presence or absence of db-cAMP (1 mmol/l) or Forskolin (10 μmol/l), and mRNA levels were quantified by reverse 
transcription-polymerase chain reaction (mean ± SD). IFNA (g), IFNB (h), IRF3 (i), IRF7 (j), MDA5 (k), and IFIT1 (l) show mRNA fold-expression after 
M1 infection and db-cAMP treatments. Fold-expression of genes was normalized to β-actin. *P < 0.05; **P < 0.01.
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and the non-structural protein NS3 in independent of db-cAMP 
(Figure 5e). These results indicate that the increased oncolytic 
activities of db-cAMP are mediated by Epac1, but not by PKA.

8-CPT-cAMP inhibits tumor growth in combination 
with M1 and promotes virus replication in tumors
Given the significant oncolytic efficacy of a combined M1 and 
cAMP activator in vitro treatment, we next sought to evaluate the 

antitumor efficacy of this combination in a subcutaneous xeno-
graft model. We therefore developed an HCT-116 subcutaneous 
xenograft model in nude mice. The in vivo use of 8-CPT-cAMP 
for acute promyelocytic leukemia therapy has been previously 
reported.37 Thus, we performed intravenous injections of M1, 
8-CPT-cAMP, or in combination. Interestingly, M1 infection and 
8-CPT-cAMP treatments together significantly restricted tumor 
growth compared with vehicle, M1, or 8-CPT-cAMP treatment 

Figure 3 Activation of cAMP signaling renders refractory cancer cells, but not normal cells, sensitive to oncolytic virus M1. (a–e) Determination 
of cell viability by MTT assays. Cancer cells (HCT-116 and Capan-1) and normal cells (L-02 and Human hepatocyte) were infected with M1 virus and 
treated with or without dbcAMP. Following 72 hours, cell viabilities were determined by MTT assay (mean ± SD). (f) Bar graphs depict the relative 
differences in AUC (area under the curve) (i.e., gray areas shown in b and c). (g–j) Viral titer determination in different cell lines (mean ± SD). Ctl, 
control groups. *P < 0.05; **P < 0.01. (k) Western blots showing the expression of viral proteins E1 and NS3 24 hours postinfection. “P” indicates 
positive controls from M1 infected T24 cancer cells. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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groups (Figure 6a). To validate the combinatorial effects of M1 and 
8-CPT-cAMP, we generated hepatocellular carcinoma Hep-3B and 
pancreatic cancer Capan-1 subcutaneous xenograft models. In the 
combined group, we also observed significant inhibition of tumor 
growth in Hep-3B and Capan-1 subcutaneous xenografts by both 
tumor growth curves and tumor mass indices (Figure 6b,c).

We have now demonstrated that M1 infection induces an 
antiviral response in cancer cells. In addition, we have shown 
that cAMP signaling activators can inhibit the induced antiviral 
response and M1 replication. We therefore probed the in vivo 
distribution of M1 and demonstrated that 8-CPT-cAMP specifi-
cally and dramatically increases viral RNA expression in subcu-
taneous tumor tissues (Figure 6d). We also analyzed Ki-67 and 
cleaved-Caspase-3 expression in subcutaneous xenograft tumor 
sections by Immunohistochemistry staining across treatment 
groups (Figure 6e,f). We observed that Ki-67 was significantly 
downregulated, while cleaved-Caspase-3 was elevated in the 
M1/8-CPT-cAMP combined group compared with M1 treatment 
alone group. Collectively, these results indicate that 8-CPT-cAMP 
and M1 can inhibit tumor growth and can induce tumor apoptosis 
in vivo.

8-CPT-cAMP enhances oncolytic efficiency of M1 in 
primary human tumor specimens
To evaluate the clinical relevance of this therapeutic strategy, 
we finally examined whether cAMP treatment could sensitize 
freshly derived patient tumor samples to M1-mediated oncoly-
sis. Dissociated cultures isolated from four patients with pri-
mary human hepatocellular carcinoma were treated with or 

without 8-CPT-cAMP in the presence or absence of M1. Cell 
viabilities were then determined 96 hours following treatment. 
Representative images of ex vivo tumor specimens are shown in 
Figure 7a and quantification of the images are shown in Figure 7b. 
The clinical drug, 5-fluorouracil, for hepatocellular carcinoma was 
also applied. In three of the four specimens, the combination of 
8-CPT-cAMP and M1 dramatically killed tumor cells compared 
with M1 and 8-CPT-cAMP treatments alone (Figure 7c). Taken 
together, these results demonstrate the ability of cAMP to specifi-
cally enhance the oncolytic effects of M1 in primary tumor tissues, 
but not in normal human cells (Figure 3 and Supplementary 
Figure S2b,c).

DISCUSSION
Our large-scale cell line screen revealed that the sensitivities to 
M1 are quite variable. We evaluated viral replication in these can-
cer cells, and we found that the replication of M1 is highest in 
hypersensitive cancer cells, intermediate in sensitive cancer cells 
and lowest in refractory cancer cells. These results prompted us to 
seek strategies to enhance the oncolytic efficiency of M1 in refrac-
tory cancer.

We have demonstrated that the activation of cAMP signal 
pathway can only enhance the oncolytic effects of M1 in refrac-
tory cancer cells. Oncolytic viruses exploit the immunodeficiency 
of cancer cells to achieve replication. This may be the reason 
that most cancer cell lines are sensitive to the oncolytic virus 
M1. Nevertheless, M1 infection induces the activation of antivi-
ral factors in refractory cancer cells, restricting M1 replication 
and oncolysis. We therefore have established that the targeted 

Figure 4 M1 infection plus db-cAMP treatment induces severe and prolonged ER stress, leading to cell apoptosis. (a) Transmission electron micros-
copy images (9,700, up; 13,800, down) of HCT-116 cells. The marker indicates the relative size of the ER. N, nucleus. M, mitochondrion. Scale bars, 500 nm. 
(b) Expression of ER stress markers by western blot. (c) Western blots of p-JNK, Jun N-terminal kinase (JNK), C/EBP-homologous protein, and Caspase-12 in 
HCT-116 cells treated with db-cAMP, M1, or M1/db-cAMP. (d) Caspase-3 and Caspase-9 activity assays (mean ± SD). HCT-116 cells were plated on 96-well 
plates and M1 virus was infected for 72 hours in the presence or absence of db-cAMP. **P < 0.01. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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enhancement of M1-mediated oncolysis by immunosuppressive 
cAMP in refractory cancer cells, but not in sensitive cells is intrin-
sically important. Furthermore, we do not find that the intracel-
lular levels of cAMP correlate with the sensitivity of cell lines (data 
not shown). Therefore, cAMP signaling pathway activation can 
only improve the oncolytic effects of M1 in refractory cancer cells, 
but not in sensitive cells.

Increased replication of M1 induces prolonged and severe ER 
stress. It has been reported that oncolytic Maraba virus induces 
cancer cell death through ER stress and inhibiton of unfolded 
protein response, which leads to ER preload, facilitates the onco-
lytic effects of Maraba virus.38 We found that M1 infection alone 
induces prolonged and severe ER stress in sensitive cancer cells 
but not in refractory cancer cells. Thus, cAMP signaling activators 
sensitize refractory cancer cells to M1 replication, which further 
induces ER stress-mediated apoptosis. It would be worth testing 
whether the use of unfolded protein response inhibitors might 
further lead to enhanced oncolysis by M1.

The immunosuppressive effect of cAMP improves M1 rep-
lication and oncolysis in vitro, but its effects of inducing an 

antitumor immune response during oncolytic virus treatment are 
still unknown. Our combinatorial use of M1 infection and cAMP 
activation still requires further exploration in immunocompetent 
mice and patient tumor samples. It is important that further sys-
tematic and detailed investigation regarding the effects of cAMP 
on the M1-mediated immune response be pursued.

An emerging strategy to safely cope with the rapid clearance of 
virus is to reactivate oncolytic viruses within tumors.39 Interestingly, 
based on the induced antiviral response in refractory cancer cells, 
we have revealed that cAMP activators can transiently dimin-
ish induced antiviral response and can increase M1 enrichment 
in refractory tumors. Most importantly, cAMP activators do not 
increase viral replication and do not inhibit cell viability in nor-
mal cells. Additionally, we did not observe any toxicity in vivo. 
Thus, cAMP activators can efficiently enrich oncolytic virus within 
malignant tumors, without changing the tropism of M1. Our stud-
ies highlight a novel and safe strategy that enhances the potency of 
oncolytic viruses.

In summary, our study shows that cAMP, together with M1, 
dramatically inhibits cancer cell growth in vitro, in vivo, and 

Figure 5 Epac1 is the downstream effector of cAMP. (a and b) The effects of PKA and Epac1. HCT-116 cells were transfected with small interfering 
RNAs (siRNAs) against PKA or Epac1 and infected with or without M1 (10 plaque forming unit (PFU)/cell) in the presence or absence of db-cAMP. 
Cell viabilities were determined by MTT assay (left) (mean ± SD). PKAcα (a, right) and Epac1 (b, right) expression levels were determined. (c) The 
effect of Epac1 inhibitor treatment in cancer cells (mean ± SD). HCT-116 and Capan-1 cells were pretreated with ESI-09 (10 μmol/l) for 1 hour and 
then infected with M1 (10 PFU/cell) in the presence or absence of 400 μmol/l db-cAMP for 72 hours. (d and e) Viral production after Epac1 inhibi-
tor treatment (mean ± SD). All four groups were infected with M1 (0.1 PFU/cell) (d). NC, negative control (scrambled siRNA). *P < 0.05; **P < 0.01; 
NS, not significant; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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ex vivo. With systemic administration of cAMP analogues to 
maintain the robust oncolytic virus replication within tumors, 
this combinatorial treatment can reduce cancer malignancy and 
induce cancer cell apoptosis through prolonged and severe ER 
stress. At the same time, this approach does not induce death 
in normal cells and visible toxicity in mice. Notably, the ability 
of cAMP to increase virus replication may identify a novel and 
potentially targetable strategy to therapeutically kill cancer cells.

MATERIALS AND METHODS
Reagents, viruses, and cell lines. Production of Alphavirus M1 in this study 
was described previously.27,28 All viruses were propagated in Vero cells (OPTI-
SFM, 12309-019, Thermo Fisher, Waltham, MA)  and virus titers were deter-
mined by TCID50 in the BHK-21 cell line. All cell lines were maintained at 
37 °C with 5% CO2, in Dulbecco’s modified Eagle’s medium, supplemented 
with 10% fetal bovine serum, penicillin/streptomycin. Cell lines were 

purchased from American Type Culture Collection and Shanghai Institute 
of Cell Biology. Reagents used in this study are listed as follows: dbcAMP 
(100 mm, dissolved in ddH2O, D0627-1G, Sigma, St. Louis, MO), Forskolin 
(20 mmol/l, dissolved in dimethylsulfoxide, F6886-10MG, Sigma), 8-cpt-
cAMP (50 mmol/l, dissolved in ddH2O, C 010-500, Biolog, Germany), ESI-09 
(10 mmol/l, dissolved in dimethylsulfoxide, B 133, Biolog).

Cell viability assays. Cell lines were purchased from American Type Culture 
Collection, Shanghai Institute of Cell Biology. All primary cell lines were pur-
chased from Sciencell Research Laboratories. Cells were seeded in 96-well 
plates at 4,000 cells per well, and were infected with M1 virus (10 PFU/cell) 
and various drugs were added as described in the figure legends where appli-
cable. Seventy-two hours later, cell viability was determined by 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays. Cells were 
stained with MTT at a concentration of 1 mg/ml and plates were further 
cultured at 37 °C for another 3 hours. Media was removed and precipitates 
were dissolved in 100 μl dimethylsulfoxide. The optical absorbance was deter-
mined at 570 nm using an iMark microplate reader (Bio-Rad).

Figure 6 8-CPT-cAMP plus M1 virus significantly reduces tumor size. (a–c) Measurement of the oncolytic effects of M1 in vivo. Nude mice (NU/
NU) bearing subcutaneous HCT-116 (a), Hep-3B (b), and Capan-1 (c) tumors were treated with vehicle, 8-CPT-cAMP (20 mg/kg/day), M1 virus 
(Hep3B, 5 × 106 plaque forming unit (PFU)/day; HCT-116 and Capan-1, 3 × 107 PFU/day), M1 virus and 8-CPT-cAMP (n ≥ 7). Tumor growth was 
assessed by tumor volume measurement over time (mean ± SD). At experimental endpoints, mice were anesthetized and sacrificed. Tumors were 
subsequently dissected and photographed. i.v., intravenously injection (tail vein). **P < 0.01, compared with the combination group. (d–f) In vivo 
distribution of M1 (d) and intratumoral expression of Ki-67 and cleaved-Caspase-3 (e and f). Immunohistochemistry was performed to analyze 
the expression of Ki-67 and Cleaved-Caspase-3. Relative protein expressions were quantified with Image-Pro Plus 6.0 (IPP 6.0, MediaCybernetics, 
Rockville, MD). **P < 0.01, compared with tumor in control group. Scale bars, 50 μmol/l.
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RNA interference. Specific and nontargeting siRNAs, were synthesized by 
Ribobio (Guangzhou, China). Cells were replaced with 10% fetal bovine 
serum DMEM (without penicillin/streptomycin). siRNAs were transfected 
using Lipofectamine RNAiMAX (13778-150, Thermo Fisher) with OPTI-
MEM (31985070, Thermo Fisher).

Quantitative reverse transcription-polymerase chain reaction. Total 
RNA was extracted using TRIzol (Life Technologies) reagent and 
reverse transcribed to cDNA with oligo (dT). Specific gene expres-
sion was quantified using SuperReal PreMix SYBR Green (FP204-02, 
TIANGEN, Beijing, China) on an Applied Biosystems 7500 Fast Real-
Time PCR system (Life Technologies). All genes were normalized to 
β-actin. Amplification primers (Thermo Fisher) are listed as follows: 
M1 NS1 sense (GTTCCAACAGGCGTCACCATC), M1 NS1 antisense  
(ACACATTCTTGTCTAGCACAGTCC); ACTB sense (GATCATTGCT 
CCTCCTGAGC), ACTB antisense (ACTCCTGCTTGCTGATCCAC); 
DDX58 sense (ATCCCAGTGTATGAACAGCAG), DDX58 antisense  
(GCCTGTAACTCTATACCCATGTC). MDA5 sense (TCACAAGTTGA 
TGGTCCTCAAGT), MDA5 antisense (CTGATGAGTTATTCTCCATG 
CCC). IRF3 sense (AGAGGCTCGTGATGGTCAAG), IRF3 antisense  
(AGGTCCACAGTATTCTCCAGG). IRF7 sense (CCCACGCTATACC 
ATCTACCT), IRF7 antisense (GATGTCGTCATAGAGGCTGTTG). 
IFNB sense (GCTTGGATTCCTACAAAGAAGCA), IFNB antisense 
(ATAGATGGTCAATGCGGCGTC).

Transmission electron microscopy. HCT-116 cells were infected with M1 
(10 PFU/cell) in the presence or absence of db-cAMP for 48 hours. In brief, 
cells were harvested and pelleted at 1,000×g for 5 minutes at room tempera-
ture. Cell pellets were then resuspended, washed once with phosphate-buff-
ered saline, pelleted at 1,500×g for 5 minutes, and fixed on ice for 4 hours in 

0.1 M phosphate-buffered saline (pH 7.4) containing 2.5% glutaraldehyde 
and 2% paraformaldehyde. Samples were then submitted to the Zhongshan 
School of Medicine (Sun Yat-sen University) Electron Microscopy Facility 
for standard transmission electron microscopy ultrastructural analysis.

Antibodies and western blot analyses. Cells were lysed using M-PER 
Mammalian Protein Extraction Reagent (Thermo Scientific) and sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis was performed. 
Antibodies used in this study are listed as follows: Human immunoglobu-
lin binding protein (3177, Cell Signaling Technology, Danvers, MA), eIF-
2α (5324, Cell Signaling Technology), phosphorylated eIF-2α (3398, Cell 
Signaling Technology), JNK (9252, Cell Signaling Technology), phos-
phorylated JNK(9255, Cell Signaling Technology), Caspase-12 (2202, 
Cell Signaling Technology), glyceraldehyde-3-phosphate dehydrogenase 
(AP0060, Bioworld, St. Louis Park, MN), β-actin (AP0063, Bioworld), 
M1 E1 and NS3 (produced by Beijing Protein Innovation, Beijing, China) 
PKAcα (4782s, Cell Signaling Technology), Epac1 (4155s, Cell Signaling 
Technology, Danvers, MA), IRF7 (4920s, Cell Signaling Technology), Ki-67 
(9449s, Cell Signaling Technology), and Cleaved-Caspase-3 (9664s, Cell 
Signaling Technology).

Caspase activity analyses. Cells were cultured in 96-well plates and 
infected with M1 virus (10 PFU/cell) in the presence or absence of db-
cAMP. Caspase-3/7 and Caspase-9 activities were determined by Caspase-
Glo Assay Systems (Promega, Madison, WI) according to manufacturer’s 
protocols. The results were normalized to cellular viability (MTT assay).

Animal models. Mouse studies were approved by the Animal Ethical and 
Welfare Committee of Sun Yat-sen University. HCT-116 (5 × 106 cells/
mouse), Hep3B (5 × 106 cells/mouse), and Capan-1 (1x107 cells/mouse) 
cancer cells were inoculated subcutaneously into the hind-flank of 4-week-
old female BALB/c-nu/nu mice. After 5–7 days, palpable tumors devel-
oped (50 mm3), and mice were divided into four groups by random. The 
four groups were intravenously injected with vehicle (OPTI-SFM), M1, 
8-CPT-cAMP, and in combination (M1/8-CPT-cAMP) in a total volume 
of 200 μl. Tumor lengths and widths were measured every other day and 
the volume was calculated according to the formula (length × width2)/2. 
Measurements were performed blinded to group allocations.

Immunohistochemistry assay. The expressions of Cleaved-Caspase 3 and 
Ki-67 in tumors were characterized by immunohistochemistry using spe-
cific antibodies. Briefly, tumor sections (4 μm) were dewaxed in xylene, 
hydrated in descending concentrations of ethanol, immersed in 0.3% 
H2O2-methanol for 30 minutes, washed with phosphate-buffered saline, 
and probed with monoclonal anti-Cleaved-Caspase 3 (1:100) or Ki-67 
antibodies (1:100) or isotype control at 4 °C overnight. After washing, the 
sections were incubated with biotinylated goat anti-rabbit or anti-mouse 
IgG at room temperature for 2 hours. Immunostaining was visualized with 
streptavidin/peroxidase complex and diaminobenzidine, and sections were 
then counterstained with hematoxylin. We quantified the relative protein 
expression with software Image-Pro Plus 6.0 (MediaCybernetics).

Mitochondrial membrane potential assays. 5 μmol/l of the fluorescent 
probe, 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine iodide 
(JC-1, Sigma-Aldrich, St. Louis, MO) was treated on cultured cells seeded 
onto 35-mm dishes, and incubated for 20 minutes at 37 °C. Cells were 
then washed twice with DMEM and imaged by fluorescence microscopy 
(Olympus, Tokyo, Japan) using a “dual-bandpass” filter.

Ex vivo. Tissue culture-end point staining-computer image analysis 
(TECIA) was used to evaluate the ex vivo anticancer activity. TECIA is an 
improved histoculture drug response assay, and is described elsewhere.40 
Primary tumor tissue specimens were obtained from consenting patients 
who underwent tumor resection. Informed consent was obtained from the 
patients before tissue collection. The work was approved by an ethics review 
committee at Sun Yat-sen University (Guangzhou, China). The institutional 
review board of Sun Yat-sen University Cancer Center has approved all 
human studies. Tumor samples were received in cell culture medium and 

Figure 7 8-CPT-cAMP enhances M1 oncolysis in primary tumor speci-
mens. Surgical liver cancer specimens 50–100 mg were cut into small 
pieces (1 mm3) and cultured in Dulbecco’s modified Eagle’s medium con-
taining 15% fetal bovine serum at 37 °C. Tissues were then treated with 
vehicle (OPTI-SFM), 5-fluorouracil (5-Fu, 100 μl/ml), M1 (5 × 107 plaque 
forming unit (PFU)), 8-CPT-cAMP (1 mmol/l), M1 plus 8-CPT-cAMP, or 
HgCl2. Tissue viability was assessed by tissue culture-end point staining-
computer image analysis (TECIA) after MTT staining. (a) Representative 
images of ex vivo tumor specimens. The left panel indicates the area of 
the tissue and the right panel indicates living cells after drug treatment 
(MTT staining) captured by the TECIA system. (b) Inhibition percentages 
corresponding to the calculated areas displayed in a. (c) Cytotoxicity 
after treatment of four specimens (*, not detectable).
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processed within 2–6 hours. Samples were manually divided using a scalpel 
blade into approximately 1 mm3 blocks using sterile techniques. The explants 
were placed on moist but not submerged filter-paper inserted into single 
wells of 24-well plates with 1 ml DMEM containing 15% fetal bovine serum, 
and cultured at 37 °C with 5% CO2 for 24 hours. The A-score was recorded 
by volumetric integral of samples using the Image Analysis System. Samples 
were then exposed to saline (negative control), 5-fluorouracil, M1, cAMP, 
cAMP plus M1, and HgCl2 (positive control) for 4 days. After treatment, 100 
μl of MTT (5 mg/ml) was added and cultured for 4 hours. The B-score was 
determined by the area and intensity of staining using the Image Analysis 
System. Every treatment on each sample was tested in quadruplicate. The 
efficacy of different treatments was presented as percentage inhibition that 
was calculated using the following formula: Inhibition (%) = (1-(mean of 
B-scores of treated sample/mean of A-scores of treated sample)/(mean of 
B-scores of control)/(mean of A-scores of control)) × 100%. Neither negative 
control samples with low MTT staining nor positive control samples with 
low inhibition (<80%) were accepted for analysis.

Statistical analysis. All statistical analyses were performed using SPSS 
13.0 software (SPSS, IBM, Armonk, NY). Most of the data were subjected 
to Student’s t-test or one-way analysis of variance followed by Dunnett’s 
multiple post-hoc tests. Values of tumor volume were analyzed by repeated 
measures one-way analysis of variance. Unless otherwise indicated, all 
error bars indicate SD. Significance was defined as P < 0.05.

Study approval. All animal studies were approved by the Sun Yat-sen 
University Institutional Animal Care and Use Committee. Primary cancer 
tissue specimens were approved by an ethics review committee at Sun Yat-
sen University.

SUPPLEMENTARY MATERIAL
Figure S1. 8-CPT-cAMP and Foskolin also selectively enhance onco-
lytic effects of M1 in refractory cancer cells.
Figure S2. Combination of M1 with db-cAMP does not affect the cell 
viability of normal cells.
Figure S3. Combination of M1 with db-cAMP induces nuclear con-
centration and mitochondrial potential loss in HCT-116 cancer cells.
Figure S4. Knockdown of CREB did not affect viral protein expres-
sion level during db-cAMP treatment.
Table S1. Cancer cell line screening for M1 anti-cancer efficacy.
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