
UC San Diego
UC San Diego Previously Published Works

Title
Selective replication of oncolytic virus M1 results in a bystander killing effect that is 
potentiated by Smac mimetics

Permalink
https://escholarship.org/uc/item/8mf5h2hd

Journal
Proceedings of the National Academy of Sciences of the United States of America, 
114(26)

ISSN
0027-8424

Authors
Cai, Jing
Lin, Yuan
Zhang, Haipeng
et al.

Publication Date
2017-06-27

DOI
10.1073/pnas.1701002114
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8mf5h2hd
https://escholarship.org/uc/item/8mf5h2hd#author
https://escholarship.org
http://www.cdlib.org/


Selective replication of oncolytic virus M1 results in a
bystander killing effect that is potentiated by
Smac mimetics
Jing Caia,1, Yuan Lina,b,1, Haipeng Zhanga, Jiankai Lianga, Yaqian Tana, Webster K. Caveneec,2, and Guangmei Yana,2

aDepartment of Pharmacology, Zhongshan School of Medicine, Sun Yat-sen University, Guangzhou 510080, China; bDepartment of Medical Statistics and
Epidemiology, School of Public Health, Sun Yat-sen University, Guangzhou 510080, China; and cLudwig Institute for Cancer Research, University of
California, San Diego, CA 92093-0660
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Oncolytic virotherapy is a treatment modality that uses native or
genetically modified viruses that selectively replicate in and kill
tumor cells. Viruses represent a type of pathogen-associated mo-
lecular pattern and thereby induce the up-regulation of dozens of
cytokines via activating the host innate immune system. Second
mitochondria-derived activator of caspases (Smac) mimetic com-
pounds (SMCs), which antagonize the function of inhibitor of ap-
optosis proteins (IAPs) and induce apoptosis, sensitize tumor cells
to multiple cytokines. Therefore, we sought to determine whether
SMCs sensitize tumor cells to cytokines induced by the oncolytic
M1 virus, thus enhancing a bystander killing effect. Here, we re-
port that SMCs potentiate the oncolytic effect of M1 in vitro, in
vivo, and ex vivo. This strengthened oncolytic efficacy resulted
from the enhanced bystander killing effect caused by the M1 virus
via cytokine induction. Through a microarray analysis and subse-
quent validation using recombinant cytokines, we identified IL-8,
IL-1A, and TRAIL as the key cytokines in the bystander killing effect.
Furthermore, SMCs increased the replication of M1, and the accu-
mulation of virus protein induced irreversible endoplasmic reticulum
stress- and c-Jun N-terminal kinase–mediated apoptosis. Neverthe-
less, the combined treatment with M1 and SMCs had little effect on
normal and human primary cells. Because SMCs selectively and sig-
nificantly enhance the bystander killing effect and the replication of
oncolytic virus M1 specifically in cancer cells, this combined treat-
ment may represent a promising therapeutic strategy.

oncolytic virus | SMAC mimetics | bystander killing effect

Oncolytic viruses are replicating microorganisms that specif-
ically replicate in and kill tumor cells without causing harm

to normal cells (1). Some viruses have a natural preference for
tumor cells, whereas others can be engineered to replicate in and
lyse tumor cells (2). The cancer tropism and safety of oncolytic
viruses make them promising anticancer biological agents, and
there are many ongoing or completed clinical trials using onco-
lytic viruses belonging to at least 10 different virus families (2).
Encouraging results were obtained in 2015, when the US Food
and Drug Administration approved talimogene laherparepvec,
which is derived from HSV and was genetically engineered to
express granulocyte/macrophage colony stimulating factor for
melanoma patients (3, 4), making it the first oncolytic virus ap-
proved to treat patients.
We have previously identified M1, a strain of Getah-like

alphavirus isolated from culicine mosquitoes in the Hainan
province of China, as an oncolytic virus that induces endoplasmic
reticulum (ER) stress-mediated apoptosis in zinc-finger antiviral
protein (ZAP)-deficient cancer cells (5, 6). Recently, M1 was
reported to be nonpathogenic in nonhuman primates after
multiple rounds of repeated i.v. injections (7). Although onco-
lytic viruses selectively kill tumor cells, the outcome of infection
with them varies a lot due to the complex interactions between
the virus and the host defense system (8). This fact has led to
efforts aimed at increasing the effects of oncolytic viruses by

genetically modifying or combining them with chemical sensi-
tizers (1, 2, 9–14). This fact has also prompted us to test whether
combining M1 with various chemical compounds enhances the
oncolytic effect in refractory tumor cells in which M1 inhibits less
than 25% of cell viability (15). For example, we recently reported
that the activation of cyclic adenosine monophosphate (cAMP)
and exchange protein directly activated by cAMP1 (Epac1) sig-
naling pathways enhances the oncolytic effect of M1 (15, 16),
which supports our hypothesis.
Viral infection causes the release of viral pathogen-associated

molecular patterns and cellular danger-associated molecular pat-
terns, which activate the host innate immune system to secrete
cytokines, such as TNF-α, TRAIL, IFN-γ, IL-12, as well as dozens
of other cytokines and chemokines (17–19). Current perspective
supports that the immune response to oncolytic virus appears to
be a critical component of the antitumor immune effect (8, 11).
Inhibitors of apoptosis protein (IAPs) comprise a family of

antiapoptotic proteins that promote prosurvival signaling path-
ways and prevent the activation of caspases (20). The most studied
and classical IAPs are caspase-IAP1 (c-IAP1), c-IAP2, and X-
linked IAP (XIAP). Second mitochondria-derived activator of
caspases (Smac), a natural IAP inhibitor in the mitochondria, can
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activate caspase and promote apoptosis by binding to several IAPs
via its amino-terminal acid residues (21), leading to the elimina-
tion of the inhibitory effect of IAPs. Due to its proapoptotic role,
Smac mimetic compounds (SMCs) were developed as anticancer
agents, and some SMCs have been evaluated in early- to midstage
clinical trials (20). Moreover, various researchers have reported
that by inhibiting the function of IAPs, SMCs sensitize tumor cells
to the bystander killing effect induced by cytokines, such as TNF-α
(22–24), TRAIL (22, 25, 26), and IL-1β (27). We therefore rea-
soned that SMCs may also potentiate the bystander killing effect
mediated by virus-induced cytokines.
To determine whether SMCs potentiate the oncolytic effect of

M1 in refractory tumor cells and to explore whether SMCs
sensitize tumor cells to the bystander killing effect induced by
M1, we combined SMCs [LCL161 (28) and birinapant (29)] with
M1 in refractory tumor cells. Here, we report that by specifically
targeting c-IAP1 and c-IAP2, SMCs sensitize tumor cells to cy-
tokines induced by M1 and increase its replication. We also
verified the potentiated oncolytic effect in vivo and ex vivo.
Taken together, combination of SMCs and M1 shows great po-
tential against tumors and provides a promising therapeutic
strategy for patients who have cancer in the future.

Results
SMCs Potentiate M1-Induced Apoptosis in Tumor but Not Normal
Cells. To explore whether SMCs potentiate the oncolytic effect
of M1 in refractory tumor cells, we chose four tumor cell lines
[two hepatocellular carcinoma cell lines (Huh-7 and PLC) and
two colorectal carcinoma cell lines (HCT 116 and SW620); blue
columns in Fig. 1A] in which M1 has only minor inhibitory effects
on cell viability (Fig. 1A). LCL161 exerts a cytotoxic effect on
these cells when the concentration is higher than 5 μM (Fig.
S1A), which is considered as the maximal noneffective dose and
was chosen to examine the combined effect. On combination, the
SMCs LCL161 and birinapant significantly increased M1-
induced cell death in each of the four cell lines in both the
LCL161 dose-dependent and M1 dose-dependent manners (Fig.
S1 B and C). Moreover, in another two M1-sensitive cell lines
(LoVo and Hep3B) and two M1-resistant cell lines (Hep-G2 and
SK-HEP-1), SMC LCL161 failed to potentiate the oncolytic ef-
fect of M1 (Fig. S1D), indicating that the combination strategy
applies to tumors that are midsensitive to M1 virus. To un-
derstand whether the combination is synergistic, we calculated
the IC50 value for each treatment with nonlinear regression
(vertical dotted lines in Fig. S1 A and E), as well as the combi-
nation index (CI) (30) under IC50. The CIs in HCT 116 and Huh-7
cells were 0.21 and 0.16, respectively (Fig. 1B) (CI < 1, CI = 1,
and CI > 1 indicate synergism, additivity, and antagonism, re-
spectively), indicating that the combination of SMCs and M1 is
synergistic. The dead tumor cells in the combined treatment
group showed severe karyopyknosis with Hoechst 33342 staining
(red arrows in Fig. 1C and Fig. S1F), indicating apoptosis of the
cells. As expected, M1 alone could slightly induce the activities
of caspase-3/7, caspase-8, and caspase-9, but the activities of
caspase-3/7, caspase-8, and caspase-9 were dramatically elevated
after treatment with the combination of M1 and LCL161 (Fig.
1D and Fig. S1G).
To explore the safety of the combined strategy, the normal

colorectal cell line NCM460, normal hepatic cell line L-02, and
three types of human normal primary cells (human hepatocytes,
human aortic endothelial cells, and human corneal epithelial
cells) were treated with SMC LCL161 or birinapant plus M1.
Neither M1 alone nor the combined treatment significantly re-
duced cell viability (Fig. S1 H and I). These results suggest that
SMCs potentiate caspase-3/7–, caspase-8–, and caspase-9–
dependent apoptosis induced by M1 in multiple tumor cells but
not in normal cells.

SMCs Potentiate the Bystander Killing Effect Triggered by M1. Inter-
estingly, in the combined treatment group, some of the dead HCT
116 and Huh-7 cells showed severe karyopyknosis with Hoechst
33342 staining but were not infected with iRFP-tagged M1 (yellow
arrows in Fig. 2A and Fig. S2A), indicating cell death in the
neighboring uninfected cells. Further, we detected the percentage
of apoptotic cells among the infected and uninfected cells on
combined treatment using flow cytometry. Most of the apoptotic
cells were uninfected with M1 virus (black columns in Fig. 2B and
Fig. S2B). These results suggest that the combination of SMCs and
M1 virus elicits a bystander killing effect, which is characterized by
cell death in neighboring uninfected cells. To evaluate whether
M1 virus induces some components synergized by SMCs to elicit
the bystander killing effect, UV irradiation was used to inactivate
M1 in the supernatant from M1-infected HCT 116 and Huh-7
cells (Fig. 2C). HCT 116 and Huh-7 cells treated with LCL161
plus UV-inactivated supernatant showed significantly decreased
cell viability (Fig. 2 D and E). Moreover, denaturation of the
proteins in the supernatant by boiling abrogated the effect (Fig. 2
D and E), indicating that the functional molecules in the UV-
inactivated supernatants were proteins.

IL-8, IL-1A, and TRAIL Mediate the Bystander Killing Effect Potentiated
by SMCs. As reported, a virus is a kind of immune stimulus with
responses that include, in addition to antiviral IFNs, other growth-
promoting or death-inducing cytokines (11). SMCs sensitize tumor
cells to different cytokines, such as TNF-α, TRAIL, and IL-1β,
and promote the bystander killing effect with these cytokines.

Fig. 1. SMCs enhance M1-induced apoptosis in tumor cells. (A) Relative cell
viability in 24 tumor cell lines treated withM1 [multiplicity of infection (MOI) = 1
plaque-forming unit per cell (pfu/cell), 48 h]. (B) IC50 and CI values in HCT
116 and Huh-7 cells. IC50 values are indicated in Fig. S1 A and D by vertical
dotted lines, and the calculation formula for the CI is detailed in SI Materials and
Methods. (C) Phase-contrast and Hoechst 33342 staining (5 μg/mL for 10 min)
of HCT 116 cells treated with M1 (MOI = 1 pfu/cell) with or without 5 μM
LCL161 for 72 h. (Scale bars: 50 μm.) (D) Relative activities of caspase-3/7,
caspase-8, and caspase-9 were detected in HCT 116 cells treated as in C. Error
bars represent mean ± SD obtained from three independent experiments. Ctrl,
control; L+M, LCL161 + M1. *P < 0.05; **P < 0.01; ***P < 0.001.
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Therefore, proteins in the UV-supernatant synergized with SMCs
are likely cytokines. To prove this hypothesis, we conducted an
expression profile in HCT 116 cells treated with or without M1 and
focused on the mRNA expression of 112 cytokines and chemokines
in the array data based on related research on their induction of
the bystander killing effect (14) and whole cellular cytokine and
chemokine signaling pathways (14, 19). We ranked the cytokines
and chemokines by the expression ratio upon M1 treatment com-
pared with the control group (Fig. 3A). Among the 112 cytokines,
we selected the top 10 [Fig. 3 A (red dots) and B], combined their
recombinant proteins with LCL161, and analyzed their influence
on the bystander killing effect. IL-1A, IL-8, and TRAIL synergized
with LCL161 to induce cell death in HCT 116 and Huh-7 cells, but
other cytokines did not (Fig. 3C and Fig. S3 A–C). The expression
and secretion of IL-1A, IL-8, and TRAIL in mRNA and protein
levels were also verified by RT-quantitative PCR and ELISA (Fig.
3 D and E and Fig. S3 D and E). On the other hand, the cytokines,
such as TRAIL, did not increase M1 cytotoxicity in HCT 116 cells
and just slightly increased cytotoxicity in Huh-7 cells, which was
attributed to the addictive effect of TRAIL and M1 virus (Fig.
S3F). In conclusion, IL-1A, IL-8, and TRAIL were induced by

M1 virus to be potentiated by SMCs to elicit the bystander
killing effect.

c-IAP1 and c-IAP2 Play Key Roles in the Enhanced Oncolytic Effect
Induced by SMCs. The most studied and classical members of
the IAP family, c-IAP1, c-IAP2, and XIAP, are often designated
as targets of SMCs. In our model, only c-IAP1 and c-IAP2, but
not XIAP, were inhibited by LCL161 and birinapant (Fig. 4 A
and B and Fig. S4 A and B), indicating that they may play key
roles in the enhanced oncolytic effect. To confirm this conclu-
sion, we used siRNAs to knock down each of the proteins.
Combination of sic-IAP1 or sic-IAP2 with M1, but not siXIAP,
significantly reduced cell viability (Fig. 4 C–H and Fig. S4 C–H).
These results indicate that only c-IAP1 and c-IAP2, but not
XIAP, function to enhance the oncolytic effect of M1.

SMCs Increase the Replication of M1 and M1-Induced ER Stress-
Mediated Apoptosis. We have previously shown that cancer-
selective replication underlies the cancer targeting property of
M1 (6, 15, 16). To understand whether the replication of
M1 virus is affected by SMCs, we analyzed the effect of SMCs on
the replication of M1 virus. The expression of viral proteins and
RNA, as well as the titer of virus, increased on treatment with

Fig. 2. SMCs synergize with M1 to potentiate the bystander killing effect.
(A) HCT 116 cells were treated with recombinant M1 (rM1)-iRFP (MOI =
1 pfu/cell) with or without 5 μM LCL161 for 72 h and stained with Hoechst
33342. (Scale bars: 20 μm.) (B) Percentages of caspase-3/7+/− and iRFP+/− cells
were detected using flow cytometry in HCT 116 cells treated as in A.
(C) Effect of UV irradiation (1 h) on viability (TCID50 method) of M1 in the
supernatants. Supernatants were collected from HCT 116 and Huh-7 cells
(MOI = 1 pfu/cell) infected with M1 for 48 h. (D and E) Ten percent of
supernatants inactivated by UV irradiation in Cwere treated with or without
boiling and were then combined with LCL161, after which cell viability was
detected. Error bars represent mean ± SD obtained from three independent
experiments. N.D., not detected; n.s., no significance; TCID50, median tissue
culture infectious dose. *P < 0.05; ***P < 0.001.

Fig. 3. IL-8, IL-1A, and TRAIL play key roles in the potentiated bystander
killing effect. (A) Expression ratio of 112 cytokines relative to the control
group was shown in HCT 116 cells infected with M1 (MOI = 1 pfu/cell) for
24 h. (B) Detailed information on the top 10 cytokines in A (red dots).
(C) HCT 116 cells were treated with LCL161 or LCL161 plus different con-
centrations of recombinant proteins of IL-8, IL-1A, and TRAIL for 72 h, and
cell viability was detected. HCT 116 cells were treated with M1 for different
lengths of time, and mRNA level (D) and protein level (E) of IL-8, IL-1A, and
TRAIL were detected with RT-quantitative PCR and ELISA. Error bars repre-
sent mean ± SD obtained from three independent experiments. *P < 0.05;
**P < 0.01; ***P < 0.001.
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LCL161 plus M1 (Fig. 5 A–C and Fig. S5 A and B). The
knockdown of c-IAP1 and c-IAP2, but not XIAP, with specific
siRNAs increased viral titer and proteins (Fig. 5D and Fig. S5
C–I). Additionally, the expression of viral proteins in the nor-
mal cell lines L-02 and NCM460 was undetectable under all of
the treatments (Fig. S5J).
Increased replication induces the aggregation of viral protein in

host cells, which, in turn, induces the unfolded protein response
and changes in the ER (31), as observed using SEM (32). The
combination of LCL161 and M1 induced severe ER swelling in
HCT 116 and Huh-7 cells (Fig. S6 A and B), indicating irreversible
ER stress. In three specific ER stress-mediated apoptosis path-
ways [CHOP, c-Jun N-terminal kinase (JNK) and caspase-12]
(33), the expression of phosphorylated JNK was elevated on
combined treatment, but CHOP and caspase-12 expression was
not (Fig. S6 C and D). Taken together, these results suggest that
SMCs increase the replication of M1 and that the accumulation of
viral protein induces irreversible ER stress and cell apoptosis via
the JNK, but not the caspase-12 or CHOP, pathway. Moreover,
c-IAP1 and c-IAP2, but not XIAP, play key roles in this effect.

SMCs Synergize with M1 to Inhibit Tumor Progression in Vivo and ex
Vivo. To investigate whether the effects of the combination of
SMCs and M1 virus that we observed in vitro were also

achievable in vivo, a xenograft tumor model was established in
nude mice with HCT 116 and Huh-7 cells (Fig. 6A and Fig. S7A).
The combination of LCL161 and M1 resulted in smaller tumors
than in the other three experimental groups, therefore inhib-
iting tumor progression (Fig. 6 B and C and Fig. S7 B and C).
Moreover, in each tumor, Ki67 was substantially down-
regulated and cleaved caspase-3 was correspondingly up-
regulated in the combined treatment group (Fig. 6 D and E
and Fig. S7 D and E), indicating that the combination of
LCL161 and M1 inhibits the malignant characteristics of the
tumors in vivo. Further, in another HCT 116 tumor xenograft
model using larger tumors over a prolonged period, which is
more similar to the clinical situation, the combination of
LCL161 and M1 virus still significantly inhibited tumor growth
and delayed tumor progression (Fig. 6 F and G). Moreover, the
replication of M1 virus is also increased in vivo (Fig. S7F).
Consistent with the safety experiment in normal cell lines, none
of the mice showed any abnormal pathology (Fig. S8). Finally,
we examined the effect of the combination on primary human
colon tumor surgical samples using tumor histoculture end-
point staining computer image analysis (34). Consistent with
the in vivo results, the combination of LCL161 and M1 induced
a greater percentage of death in four (patient 1 and patients 6–8)
of the eight (50%) tumor tissues from patients with colon cancer
(Fig. 6H). Moreover, the other four tumor tissues showing no
combined effect were sensitive to LCL161, suggesting a thera-
peutic potential of the combined treatment strategy in LCL161-
nonsensitive tumors.

Discussion
Our results identify SMCs as therapeutic agents to potentiate the
oncolytic effect caused by M1 viral infection in vitro, in vivo, and
ex vivo. SMCs or M1 alone induces only minimal tumor cell
death, but their combination has a substantial killing effect. The
mechanisms behind this effect have dual functions: (i) SMCs
increase the replication of oncolytic virus M1 in HCT 116 co-
lorectal tumor cells and Huh-7 hepatic tumor cells, achieving

Fig. 4. c-IAP1 and c-IAP2 play key roles in the enhanced oncolytic effect
induced by SMCs. The effect of LCL161 on expression of three classical IAPs in
HCT 116 cells (A) and Huh-7 (B) cells is shown. The effect of siRNAs to c-IAP1
(C), c-IAP2 (D), and XIAP (E) on the protein level of each is shown. (F–H) HCT
116 cells were treated with siRNAs to cIAP1, cIAP2, and XIAP. Forty-eight
hours later, M1 virus (MOI = 1 pfu/cell) was added for another 48 h and cell
viability was detected. Error bars represent mean ± SD obtained from three
independent experiments. L, LCL161; M, mock; NC, negative control. *P <
0.05; **P < 0.01; ***P < 0.001.

Fig. 5. LCL161 increases replication of M1 virus. The effect of LCL161 on
replication of M1 at protein (MOI = 1 pfu/cell) (A), mRNA (MOI = 1 pfu/cell,
24 h postinfection) (B) and viral titer (C) levels in HCT 116 cells is shown. Viral
titer (MOI = 0.1 pfu/cell) was detected with the TCID50 method. (D) Effect of
siRNAs to c-IAP1, c-IAP2, and XIAP on replication of M1 (MOI = 1 pfu/cell,
48 h postinfection) in HCT 116 cells. Viral titer was detected with the TCID50

method. The viral yield of each treatment was compared with the NC group.
Error bars represent mean ± SD obtained from three independent experi-
ments. LM, LCL161 + M1. *P < 0.05; ***P < 0.001.
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levels sufficient to cause tumor cell lysis, and (ii) SMCs sensitize
these tumor cells to cytokines induced by M1, thus potentiating
the bystander killing effect. Moreover, we identified the key cy-
tokines in this potentiated bystander killing effect as IL-8, IL-1A,
and TRAIL.
Although the intratumoral delivery of oncolytic viruses shows

good outcomes in many clinical trials, systemic delivery will be
required for metastatic cancers (2). However, the main limitation
of systemic delivery is the intratumoral spread of oncolytic
viruses, which are often attenuated by the host antiviral system.
Although some cancer cells completely lack antiviral activity and
can be successfully infected with oncolytic virus (35), most cancer
cells are partially inactivated, which leads to limited sensitivity to
the oncolytic virus (36). SMCs can increase the replication of
M1 and the M1-induced bystander killing effect, thereby over-
coming the limitation of systemic delivery in two ways. More-
over, some SMCs have already entered clinical trials, thus
making the combined strategy more convenient in clinical ap-
plication. In the future, we can arm M1 with Smac protein to
enhance its replication and tumor-killing effect.
SMCs promote apoptosis by inhibiting functions of IAPs. In

our model, SMCs also increase the replication of M1. The re-
lationship between apoptosis and replication of oncolytic viruses
is controversial. In the early stages of infection, viruses need
tumor cells to be alive so they can take over and control the
cellular molecular cell death machinery, but at later periods of
infection, oncolytic viruses lyse and kill tumor cells to release
newly assembled viruses (2). Some studies have reported that
apoptosis limits the replication of influenza virus and other
viruses (37–40), but others have found that promoting apoptosis
activates the replication of human herpes virus and hepatitis B
virus (41, 42). We found that neither pan-caspase inhibitors
(Z-VAD-FMK and Q-VD-Oph) nor a JNK inhibitor (SP600125)
abrogated the combined cytotoxicity (Fig. S9A), indicating that
the virus replication mainly accounts for the combined cytotox-
icity. Meanwhile, neither pan-caspase inhibitors nor the JNK
inhibitor decreased the viral load (Fig. S9B), suggesting that the
increased virus replication is independent of apoptosis. Our
findings here provide an important building block to facilitate
understanding of the relationship between apoptosis and viral
replication, and may contribute to further investigations of the
biological characteristics of viruses.
We report here another key mechanism by which SMCs syn-

ergize with M1 to kill tumor cells: the bystander killing effect.
This mechanism is a newly identified method of tumor killing by
the combination of vesicular stomatitis virus (VSV) and chemical
agents (43). Combination of SMCs with M1 shows a tumor-
killing mechanism (bystander killing) similar to the combination
of SMCs and VSV, except that SMCs increase the replication of
M1 but not VSV. By promoting M1 viral replication, the combi-
nation of SMCs and M1 presents advantages against tumors in two
ways: (i) SMCs enhance the direct oncolysis as a result of increased
M1 virus replication, and (ii) increasing M1 virus replication may
stimulate more cytokines in tumor cells, which could be sensitized
by SMCs to induce a stronger bystander killing effect. These
findings provide a potential combined strategy to kill tumors.
A main concern in oncolytic virotherapy is the safety of the

viruses; however, our results showed the combination of SMCs
and M1 virus is exceptionally safe in animals. This finding sug-
gests that the combined strategy is appropriate to treat cancers
and is without side effects to normal organs.
In summary, our study shows that SMCs provide a significant

benefit when combined with oncolytic virus M1. Our combined
strategy overcomes the limitations of both SMCs and oncolytic
virus M1 as single agents in tumor cells, murine models, and even
in tumor tissues from patients, thus providing a promising
strategy for treatment of human colorectal carcinoma and human
hepatic carcinoma.

Fig. 6. Combination of LCL161 and M1 inhibits tumor progression in a mouse
xenograft model and in human ex vivo tissues. (A–C) Effect of LCL161 and
M1 combination on the mouse xenograft model with HCT 116 tumors (n = 5,
tumor volume in each group was compared with the control group). D, day.
(D) Intratumoral expression of Ki67 and cleaved caspase-3 (Cl-casp3) was detected
by immunological histological chemistry in HCT 116 tumors. (Scale bars: 50 μm.)
(E) Quantitation of cells positive for Ki67 and Cl-casp3 from multiple HCT
116 tumors and relative positive cells are shown (n = 5). (F and G) HCT 116 cells
were implanted in nude mice when the tumor volume reached about 150 mm3.
Nude mice were treated with vehicle, LCL161, M1, and LCL161 plus M1 as in A.
(G) According to the Animal Ethical and Welfare Committee of Sun Yat-sen
University, when the tumor volume reached 1,500 mm3, the mice were euthan-
atized for the survival curve drawing. (F) Tumor volume reached 1,500 mm3 first
in the control group at day 17 (control, n= 12; LCL161, n= 12;M1, n= 9; LCL161+
M1, n = 9.). (H) Surgical colon cancer specimens (50–100 mg) were cut into
small pieces (∼1 mm3) and cultured in DMEM with 10% FBS and 5% penicillin/
streptomycin at 37 °C. Tissues were then treated with vehicle (OPTI SFM), M1 (5 ×
107 pfu), LCL161 (10 μM), and LCL161 (10 μM) plus M1 (5 × 107 pfu) for 3 d. Ac-
tivity of tissues wasmeasured by tissue culture end-point staining computer image
analysis after staining with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide. The inhibition rates of each treatment for eight patients are shown.
Error bars represent mean ± SD. pt, patient. *P < 0.05; ***P < 0.001.
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Materials and Methods
Cells, Reagents, and Virus. Cell lines were from the American Type Culture
Collection and Shanghai Institute of Cell Biology, and were cultured in
DMEM, Ham’s F-12 nutrient medium, or RPMI-1640 supplied with 10% FBS
and 1% penicillin/streptomycin (Life Technologies). All human primary cells
were purchased from Sciencell Research Laboratories and cultured according
to the instructions of the manufacturer. Specimens were obtained from
consenting patients who underwent tumor resection. The institutional re-
view board of Sun Yat-sen University Cancer Center has approved all human
studies. All cells were cultured at 37 °C with 5% CO2. LCL161 and birinapant
were from Selleck, and were dissolved in DMSO at 10 mM. The caspase-3/7
flow cytometry assay kit was from Life Technologies (C10427). The strain of
M1 virus has been described in our previous research (5, 6), and the virus was
grown in the Vero cell line. The titer of virus was calculated by median tissue
culture infectious dose assay in BHK-21 cell line.

Animal Models. The mouse study was approved by the Animal Ethical and
Welfare Committee of Sun Yat-sen University.

Antibodies and Western Blot Assay. Cells were lysed by M-PER Mammalian
Protein Extraction Reagent (Thermo Scientific), and the protein was resolved
by SDS/PAGE. The primary antibodies are listed in SI Materials and Methods.

Caspase Activity Detection. Cells were cultured in 96-well plates in 100 μL of
media and treated with different reagents (as listed in the figure legends).
One hundred microliters of caspase-3/7, caspase-8, or caspase-9 (Promega)
reaction buffer was added, and cells were cultured for another 30 min.
Liquids were transferred to a black-bottomed, 96-well plate, and luminescence
was detected using a Synergy H1 Microplate Reader (BioTek). The values were

normalized to cell number [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay].

Microarray Analysis. Total RNA was extracted from 1 × 106 cells with TRIzol
Reagent (Life Technologies), and was sent to CapitalBio for labeling and
hybridization to the Affymetrix GeneChip Human Genome U133 Plus 2.0
Array (Affymetrix). The data are accessible in the Gene Expression Omnibus
(accession no. GSE92918). Functional analysis of differentially expressed
genes was performed by DAVID (https://david.ncifcrf.gov/).

Statistical Analysis. All statistical analyses were performed using SPSS
19.0 software. Most of the data were analyzed by the Student t test or one-
way ANOVA with Dunnett’s tests for pairwise comparison. Tumor volumes
were analyzed by repeated measures of ANOVA. Bars show the mean ± SD
of at least three independent repeat experiments. The Wilcoxon signed rank
test was used to compare paired nonnormally distributed data.
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