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Abstract V-set and transmembrane domain-containing 1
(VSTM1), which is downregulated in bone marrow cells
from leukemia patients, may provide a diagnostic and
treatment target. Here, a triple-regulated oncolytic aden-
ovirus was constructed to carry a VSTM1 gene expression
cassette, SG611-VSTMI, and contained the Ela gene with
a 24-nucleotide deletion within the CR2 region under
control of the human telomerase reverse transcriptase
promoter, E1b gene directed by the hypoxia response ele-
ment, and VSTM1 gene controlled by the cytomegalovirus
promoter. Real-time quantitative PCR and Western blot
analyses showed that SG611-VSTMI1 expressed VSTM1
highly efficiently in the human leukemic cell line K562
compared with SG611. In Cell Counting Kit-8 and flow
cytometric assays, SG611-VSTM1 exhibited more potent
anti-proliferative and pro-apoptotic effects in leukemic
cells compared with SG611 and exerted synergistic cyto-
toxicity with low-dose daunorubicin (DNR) in vitro. In
xenograft models, SG611-VSTM1 intratumorally injected
at a dose of 1 x 10° plaque forming units combined with
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intraperitoneally injected low-dose DNR displayed signif-
icantly stronger antitumor effects than either treatment
alone. Histopathologic examination revealed that SG611-
VSTMI1 induced apoptosis of leukemic cells. These results
implicate an important role for VSTMI in the pathogenesis
of leukemia, and SG611-VSTMI1 may be a promising agent
for enhancing chemosensitivity in leukemia therapy.
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Introduction

Benefiting from the development of recombinant DNA
technology and molecular-based therapeutics, gene therapy
has become an important part of oncotherapy. Immune-
related factors, such as GMCSF, CD40L, CD154 and
MDA-7/IL-24 [1-4] have been used in gene therapy to
directly stimulate cell activation, proliferation and differ-
entiation, induce apoptosis or synergistically enhance the
effects of chemotherapy.

V-set and transmembrane domain containing 1 (VSTM1),
a potential leukocyte differentiation antigen gene identified
by immunogenomic analysis, encodes two main splicing
isoforms, VSTM1-v1l and VSTM1-v2 [5, 6]. VSTM1-vl is a
type I membrane molecule and is mainly expressed in human
peripheral blood granulocytes and monocytes [7]. VSTM1-
v2 is a soluble glycoprotein and can promote the differenti-
ation and activation of Th17 cells [8]. VSTMI1 has been
reported to be highly expressed in normal myeloid cells, but
silenced in multiple leukemic cell lines and downregulated in
bone marrow cells from leukemia patients compared with
healthy donors [9]. Moreover, restoration of VSTM1-v1
expression in the leukemic cell lines could inhibit cell growth

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10495-016-1276-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10495-016-1276-8&amp;domain=pdf

1180

Apoptosis (2016) 21:1179-1190

[5, 9], indicating that VSTM1 may be a tumor-specific
molecular target and improving its expression in leukemic
cells may be useful for leukemia therapy.

Oncolytic adenoviruses, also known as conditionally
replicating adenoviruses (CRAds), can not only destroy
cancer cells, but also be armed with therapeutic transgenes to
generate greater antitumor effects [10]. The genome is large
enough to accommodate the incorporation of foreign genes
with high transfection efficiency, while the risk of recom-
bination and mutation is low as the viral genome does not
integrate into the cell genome [11]. They have been used in
different preclinical and clinical studies, showing their
capacity to specifically kill tumor cells without major
adverse events [12].

Based on two common characteristics of high telomerase
activation and low oxygen environment in most cancers
[13, 14], Qian et al. previously constructed a mono-regulated
CRAd, CNHK300 [15], a dual-regulated CRAd, CNHKS500
[16], and a triple-regulated CRAd, SG600 [17], with a deletion
of 24 nucleotides within the CR2 region of E/a; meanwhile,
the Ela and E1b genes were controlled by the human telom-
erase reverse transcriptase (WTERT) promoter and the hypoxia
response element (HRE), respectively. Remarkably, SG600-
p53 and SG611-PDCDS5, constructed based on the SG600
system, carrying the p53 or PDCD5 gene expression cassette,
displayed more effective tumor-selective killing capacities
than replication-defective Ad-p53 and Ad-PDCDS, respec-
tively [17, 18]. In a prior study, we demonstrated that Ad-
PDCDS5 could sensitize K562 cells to apoptosis induced by
etoposide and idarubicin [19, 20], providing a novel
chemosensitization strategy for leukemia therapy.

Prompted by features of CRAds and the hypothesis that
the VSTMI gene may play an important biological role in
leukemogenesis, in this study we constructed a triple-regu-
lated CRAd carrying the VSTMI gene expression cassette,
SG611-VSTMI1. Daunorubicin (DNR) is an effective
chemotherapeutic agent widely used in cancer treatment
[21], butitis accompanied by severe side effects at increased
doses [22, 23]. Here, we examined the impacts of SG611-
VSTMI1 on the chemosensitivity of leukemic cells to low-
dose DNR in vitro and the antitumor effects of SG611-
VSTMI1 and DNR in vivo. We believe that VSTM1 may
represent a therapeutic target for leukemia, and SG611-
VSTMI can be a valuable option for leukemia therapy,
particularly in combination with chemotherapeutic drugs.

Materials and methods
Cell culture

The human embryo kidney cell line (HEK293) was pur-
chased from Microbix Biosystems Inc. (Toronto, Ontario,
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Canada). The human chronic myelogenous leukemic cell
line K562, human megakaryoblastic leukemic cell line
MEG-01, human acute promyelocytic leukemic cell lines
NB4 and HL-60, and human acute lymphoblastic leukemic
cell lines SUP-B15 and BV-173 were maintained in
RPMI1640 (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) containing 10 % fetal bovine serum (FBS)
(Gibco), 100 U/ml penicillin and 100 pg/ml streptomycin
(HyClone, Logan, UT, USA). The human fibroblast cell line
BJ and human hepatic cell line L-02 were maintained in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco) con-
taining 10 % FBS and penicillin/streptomycin. Cells were
cultured in a humidified atmosphere containing 5 % CO, at
37 °C and harvested in the exponential growth phase.

Virus construction

The vector pSG600 mentioned above was kindly provided
by the Laboratory of Viral and Gene Therapy, Eastern
Hepatobiliary Surgical Hospital (Shanghai, China). The
plasmids pClon25 and pPE3-F11B were purchased from
Baize Biological Technology Co., Ltd. (Shanghai, China).
The VSTM1 cDNA template was kindly provided by the
Peking University Human Disease Genome Center (Bei-
jing, China).

First, the PCR-VSTMI1 fragment was inserted into
pClon25-INS-TK by using Ncol and Sall after amplifica-
tion and identification. The product was transformed into
DHS5a Escherichia coli, and positive transformants were
isolated by ampicillin selection. The novel vector pClon25-
INS-VSTMI1 was confirmed by Pvull single digestion and
Pstl/Bgll double digestion. Second, the VSTM1 fragment
with a cytomegalovirus promoter and SV40 polyA was
released from pClon25-INS-VSTMI1 and ligated with
pSG600-EGFP by using Pacl and NotI-HF. The obtained
vector pSG600-VSTMI1 was confirmed by Psfl and Sacl
single digestions, as well as HindlIl/Ncol and Xhol/Kpnl
double digestions. Lastly, pPE3-F11B, which is the back-
bone of the adenovirus with the fiber knob of adenovirus
serotype 11B, was co-transfected with pSG600-VSTM1
into HEK293 cells using Lipofectamine 2000 (Gibco)
according to the manufacturer’s instructions. The recom-
binant CRAd, tumor-specific oncolytic adenovirus type 11
carrying the VSTMI gene, was confirmed by PCR and
designated SG611-VSTMI1. Similarly, CRAd SG611 was
constructed as a blank control.

HEK?293 cells were incubated in 10 % FBS/DMEM and
infected with SG611-VSTMI1 and SG611. Upon replicating
to an adequate titer in HEK293 cells, the viruses were
purified by a routine method with CsCl,. High performance
liquid chromatography (HPLC) was used to determine viral
purity. HEK293 cells were seeded in 96-well plates
(Corning Costar, Corning, NY, USA) at a density of
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1 x 10* per well for 24 h, and subsequently eight serial
tenfold dilutions of purified viruses were added to the wells
(100 pl/well). Ten replicate wells were used for each
dilution (107°-107"%), and two wells were used as negative
control. The cytopathic effect was detected after co-culture
for 10 days. The virus titer was determined with the 50 %
tissue culture infectious doses (TCIDsy) method [24].

RQ-PCR

K562 cells were plated in 6-well plates at a density of
8 x 10° per well and exposed to SG611-VSTMI and
SG611 at the multiplicity of infection (MOI) of 1 and 5
plaque-forming units (pfu) per cell, with normal saline as a
control. Each group was tested in triplicate. On days 0, 1, 2,
3, 4, 5 and 6 after infection, the cells were collected, and
the cellular RNA was extracted using the TRIzol®reagent
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. The cDNA synthesis reaction was
performed and was used to detect the VSTMI expression
level by real-time quantitative PCR (RQ-PCR) on the
ABI7500 Sequence Detection System (Applied Biosys-
tems, Carlsbad, CA, USA) as described previously [25].
The Abelson (ABL) gene was used as an internal standard.

Western blot

Similarly, K562 cells were infected with SG611-VSTM1
and SG611 at the MOI of 1 and 5 pfu/cell. Ondays 1, 3, and 5
after infection, the cellular proteins were extracted, and
protein concentrations were determined using the BCA
Protein Assay Kit (Pierce, Rockford, IL, USA) as described
by the manufacturer. Protein lysates were separated on 10 %
SDS—polyacrylamide gels and electro-transferred to nitro-
cellulose membranes (Millipore, Bedford, MA, US). Wes-
tern blotting was performed as previously described [5]. B-
actin was used as an internal standard to indicate the amount
of input lysates and verify the integrity of these lysates.

CCK-8 assay

Cell viability was assessed by the Cell Counting Kit-8
(CCK-8) assay. K562, MEG-01, NB4, SUP-B15, BV-173,
HL-60, L-02 and BJ cells were seeded in 96-well plates at a
density of 1 x 10* per well and infected with SG611-
VSTM1 or SG611, with normal saline as a control, at
increasing MOI from O to 1280 pfu/cell. To evaluate the
cytotoxicity of SG611-VSTM1 in combination with DNR,
cell lines K562, MEG-01, NB4 and SUP-B15 were treated
with 40, 120 or 240 ng/ml DNR (Cayman Chemical Co.,
Ann Arbor, MI, USA) for an additional 24 h after infection
with SG611-VSTM1 for 48 h. Each group was provided
with three wells. The CCK-8 assay was separately

performed at 72, 96, 120 and 168 h after infection. CCK-8
agent (10 pl, Dojindo, Japan) was added to each well, and
then the cells were incubated for an additional 1-2 h.
Absorbance was read at 450 nm on a scanning multiwell

spectrophotometer with a reference wavelength at 570 nm
(Bio-Rad 650, Hercules, CA, USA).

Flow cytometry

K562 and MEG-01 cells were cultured in 24-well plates at a
density of 1 x 10° per well and infected with SG611-
VSTM1 and SG611 at the MOI of 10, 40, 80 and 160
pfu/cell for 48 and 72 h. To study the combined effect of
SG611-VSTM1 and DNR on cell apoptosis, the cells were
infected with SG611-VSTMI, followed 24 h later by
treatment with 40, 120 and 240 ng/ml DNR for an addi-
tional 24 h. The cells were collected, washed with phos-
phate buffered saline (PBS, Solarbio, Beijing, China) and
Annexin V Binding Buffer (Becton—Dickinson, San Jose,
CA, USA) successively, and resuspended in 100 pl binding
buffer. PE Annexin V (5 pul) was added as well as 7-AAD
(5 pl) according to the protocol of the Apoptosis Detection
Kit I (Becton—Dickinson). After incubation for 15 min at
room temperature in the dark, 100 pl Binding Buffer was
added, and samples were immediately analyzed on a
FACSCalibur flow cytometer (Becton—Dickinson). Apop-
tosis could be measured over time by tracking the change in
labeling of cells from PE Annexin V-/7-AAD- (viable), to
PE Annexin V+/7-AAD-(early apoptosis) and finally to PE
Annexin V+4/7-AAD + (end stage apoptosis and death).
Each analysis was performed using at least 20,000 events.

Animal experiments

BALB/c nu/nu female mice (age 4-5 weeks; weighing
15-16 g) at the Experimental Animal Center of Peking
University People’s Hospital (Beijing, China) were used in
this study. All care and handling of animals were per-
formed with the approval of Institutional Authority for
Laboratory Animal Care of Peking University People’s
Hospital. Mice were pretreated with 100 mg/kg
cyclophosphamide by intraperitoneal (i.p.) injection once
daily for 2 consecutive days. Two days later, 1.0 x 10’
K562 cells in a total volume of 100 pl were subcutaneously
(s.c.) injected into the right flank of each mouse. When the
diameters of the tumors reached 6—8 mm, mice were ran-
domly divided into five groups, as follows: six mice for
Group I, SG611; seven mice for Group II, SG611-VSTMI,;
seven mice for Group III, DNR; eight mice for Group IV,
SG611-VSTM1 plus DNR and six mice for Group V, with
normal saline as a control. Mice in Groups I, Il and IV were
given a total of 1 x 10° pfu viruses by intratumoral
injection administered once every other day for 5 times.
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Fig. 1 Diagram of SG611-VSTMI construct. A VSTMI gene
expression cassette containing VSTMI cDNA, cytomegalovirus
promoter and SV40 polyA was inserted into the genome of SG611
to generate SG611-VSTMI. ITR, inverted terminal repeats; Vs,
adenovirus type 5 packaging signal

Starting from the next day following the first injection of
viruses, mice in Groups III and IV were i.p. treated with
300 pg/kg DNR once every other day, for a total of five
times. In Group V, normal saline (50 pl per mouse each
time) was injected intratumorally or i.p. Tumor sizes were
measured every day. Tumor volume was calculated using

Fig. 2 VSTMI1 expression in a 1031

the following formula: (maximal diameter) x (perpendic-
ular diameter)2 x 0.5 [26]. Results were expressed as the
mean of each group =+ standard deviation (SD).

TUNEL assay

Mice were sacrificed, and tumors were excised on day 13.
Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) staining (Roche, Basel, Switzerland)
was used to detect apoptosis in formalin-fixed, paraffin-
embedded tumor tissues. The samples were digested with
proteinase K at 37 °C for 30 min and then incubated with
the TUNEL reaction mixture containing terminal
deoxynucleotidyl transferase and fluorescein-dUTP at
37 °C for 1 h in a humidified atmosphere in the dark. The
slides were washed twice and incubated with converter-
POD at 37 °C for 30 min. Sections were visualized with
3,3’-diaminobenzidine (DAKO, Glostrup, Denmark) using
a light microscope, and nuclei appearing brown were
considered positive cells. At 400x magnification, the
eyepiece provided a field size of 0.24 mm?. Results were
expressed as the mean of apoptotic cells per field £ SD,
and three different fields per slide were examined.

Statistical analysis

Statistical analyses were performed using SPSS 20.0
(Chicago, IL, USA). Data from in vitro experiments were
assessed by Student’s t test, and data from in vivo exper-
iments were assessed by one-way analysis of variance

—e— Control
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SG611-VSTM1 and SG611. N -8 SG611MOI 1
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Fig. 3 Cell viability of leukemic cell lines and normal cell lines after
infection with SG611-VSTMI1 and SG611. The viabilities of these
leukemic cells decreased gradually along with the increase of MOI,
especially in the SG611-VSTMI group. However, the cell viabilities

(ANOVA). Experimental figures were generated by using
GraphPad Prism 5.0 (San Diego, CA, USA). P < 0.05 was
considered statistically significant.

Results

Generation of a recombinant triple-regulated
oncolytic adenovirus, SG611-VSTM1

The novel triple-regulated oncolytic adenovirus carrying
VSTM1 gene expression cassette, SG611-VSTMI1, was
constructed and confirmed. In SG611-VSTMI1, the Ela
gene with a deletion of 24 nucleotides within the CR2
region was controlled under the hTERT promoter, the E1b
gene was directed by the HRE, whereas the VSTM1 gene
was controlled by the cytomegalovirus promoter (Fig. 1).
HPLC showed that the viral purity was over 98 %. The
titers of SG611-VSTM1 and SG611 were 5.71 x 10" and
2.06 x 10" TCIDsy/ml, respectively.

remained at a relatively higher level in the normal cell lines BJ (about
50 %) and L-02 (about 60 %) after infection with SG611-VSTMI1 at
the MOI of 1280 pfu/cell. *represents P < 0.05, **represents
P <0.01

SG611-VSTM1 expresses VSTM1 with high
efficiency in leukemic cell line K562

To investigate the infection efficiency of SG611-VSTM1
and the relative VSTMI1 expression levels in leukemic
cells, RQ-PCR and Western blot were performed. RQ-PCR
analysis (Fig. 2a) showed that VSTM I was not expressed in
untreated K562 cells, K562 cells treated with normal saline
or K562 cells infected with SG611. By contrast, the
expression level of VSTMI in K562 cells infected with
SG611-VSTM1 increased gradually along with the
increase of MOI and time after infection. At the MOI of
5 pfu/cell, the ratios of VSTM1/ABL on days 1, 2, 3,4, 5
and 6 were 0.11 £0.01, 1.52 + 0.25, 5.85 + 0.91,
36.08 + 24.86, 70.24 + 1620 and 240.52 £ 34.13,
respectively. SG611-VSTM1 expressed VSTMI in K562
cells efficiently compared with SG611 (P < 0. 001). Sim-
ilar results were observed in Western blot assays (Fig. 2b).
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Fig. 4 Apoptosis of K562 and MEG-01 cells after infection with SG611-VSTM1 and SG611. The percentage of apoptotic cells increased
gradually along with the increase of MOI and length of time post-infection, especially in the SG611-VSTMI1 group

SG611-VSTM1 selectively inhibits leukemic cell
proliferation in vitro

Next, we evaluated the effect of SG611-VSTM1 on cell
proliferation using six human leukemic cell lines and two
normal cell lines by the CCK-8 assay. As shown in Fig. 3, the
viabilities of these leukemic cells decreased gradually along
with the increase of MOIL. Compared with SG611, SG611-
VSTM1 displayed a more potent inhibitory effect on leu-
kemic cell proliferation. At 96 h after infection at the MOI of
80, 120 and 160 pfu/cell, the viability of K562 cells infected
with SG611-VSTM1 was lower than that of cells infected
with SG611 at the corresponding dose (all P < 0.01). Similar
results were observed in the following cell lines: MEG-01 at
72 h after infection at the MOI of 40, 80, 160 and
320 pfu/cell; HL-60 at 72 h after infection at the MOI of 40,
80, 160 and 320 pfu/cell; BV-173 at 96 h after infection at
the MOI of 80, 120 and 160 pfu/cell; NB4 at 96 h after
infection at the MOI of 80, 120 and 160 pfu/cell; SUP-B15 at
120 h after infection at the MOI of 80, 120 and 160 pfu/cell
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(all P < 0.01). However, the cell viabilities remained at a
relatively higher level in the normal cell lines BJ (about
50 %) and L-02 (about 60 %) after infection with SG611-
VSTMI1 at the MOI of 1280 pfu/cell.

SG611-VSTM1 effectively promotes leukemic cell
apoptosis in vitro

Using PE Annexin V/7-AAD staining, we assessed if
SG611-VSTMI could influence the apoptosis of leukemic
cells. In K562 cells, a significant increase in the percentage
of apoptotic cells was observed, especially early apoptotic
cells, along with the increases of MOI and time post-in-
fection (Fig. 4). At 48 h after infection at the MOI of 40
and 160 pfu/cell, the percentages of apoptotic cells exposed
to SG611-VSTM1 were significantly higher at 19.3 and
70.9 % compared with those infected with SG611 (11.0
and 46.6 %), respectively. Similar results were found at
72 h after infection. In MEG-01 cells, similar results also
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Fig. 5 Cell viability of leukemic cell lines after infection with SG611-VSTMI1 followed by DNR treatment. Compared with SG611-VSTM1 and
DNR treatment alone, the combined treatment exerted a stronger inhibitory effect on leukemic cell proliferation

showed that the pro-apoptotic effect on leukemic cells of
SG611-VSTM1 was superior to that of SG611.

SG611-VSTM1 and DNR synergistically inhibit
leukemic cell proliferation

To examine the effect of VSTMI1 overexpression on the
cellular response to combination treatment with DNR,
K562, NB4, MEG-01 and SUP-B15 cells were infected
with SG611-VSTMI1, followed 48 h later with DNR
treatment for 24 h. We found that the viabilities of these
leukemic cells were obviously decreased after infection
with SG611-VSTMI1 alone or treatment with DNR alone
(Fig. 5). In K562 cells, the cell viability (%) of SG611-
VSTMI1 at the MOI of 80 pfu/cell in combination with
120 ng/ml DNR was 29.07 £ 1.38, significantly lower
than that of SG611-VSTMI1 alone (38.64 £ 5.58, P = 0.
017) or DNR alone (90.79 & 3.39, P < 0. 001). Similar
trends were seen in NB4, MEG-01 and SUP-B15 cells,
indicating that SG611-VSTM1 and DNR synergistically
inhibited leukemic cell proliferation.

SG611-VSTM1 and DNR synergistically promote
leukemic cell apoptosis

K562 and MEG-01 cells were infected with SG611-
VSTMI, followed 24 h later by treatment with low-dose
DNR for 24 h. As shown in Fig. 6, in K562 cells, the
percentage of apoptotic cells was not obviously changed
after treatment with 40 ng/ml DNR compared with the
control (8.3 vs. 3.2 %), but it was significantly different
after treatment with 120 ng/ml DNR (13.5 vs. 3.2 %).
Compared with the single treatment group, an increased
percentage of apoptotic cells was observed in the combined
treatment group. The percentage of apoptotic cells infected
with SG611-VSTMI at the MOI of 80 pfu/cell in combi-
nation with 120 ng/ml DNR was 51.7 %, significantly
higher than that of SG611-VSTMI alone (32.1 %) or DNR
alone (13.5 %). The results also showed that SG611-
VSTM1 combined with DNR enhanced apoptosis in a
dose-dependent manner (27.8 vs. 39.5 %, combined with
40 ng/ml DNR; 30.7 vs. 51.7 %, combined with 120 ng/ml
DNR). Similar results were observed in MEG-01 cells.
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<«Fig. 6 Apoptosis of K562 and MEG-01 cells after infection with
SG611-VSTM1 followed by DNR treatment. The percentage of
apoptotic cells in the combined treatment group was significantly
higher than those in the SG611-VSTMI1 group and DNR group

SG611-VSTM1 and DNR exert potent antitumor
effects in vivo

Xenograft K562 tumor models in nude mice were used to
evaluate the antitumor effects of SG611-VSTMI in vivo.
As shown in Fig. 7a, compared with the control group,
significant suppression was observed in the SG611-VSTM1
group on days 3—-13 (P < 0.05 on day 3; P < 0.01 on days
4-13), in the SG611 group on days 3—-13 (P < 0.05 on days
3 and 5; P < 0.01 on days 4 and 6—13), and in the DNR
group on days 7 and 9-13 (all P < 0.05). Remarkably, the
combined treatment resulted in more significant tumor
suppression on days 9-13 compared with SG611-VSTM1
alone (P =0.003, P =0.046, P =0.047, P = 0.048,
P = 0.036, respectively) and DNR alone (all P < 0.01).
Tumors were excised on day 13 (Fig. 7b). Accordingly,
SG611-VSTM1 alone could completely inhibit tumor
growth, and SG611-VSTM1 combined with low-dose DNR
exhibited synergistic antitumor activity in vivo.

Fig. 7 Antitumor efficacy of
SG611-VSTMI in xenograft
K562 tumor models in nude
mice. a Tumors were measured
every day after infection with
viruses. Compared with the
control group, significant
suppression was observed in the
SG611-VSTMI group on days
3-13 (P < 0.05 on day 3;

P < 0.01 on days 4-13), in the
SG611 group on days 3-13

(P < 0.05 on days 3 and 5;

P < 0.01 on days 4 and 6-13),
and in the DNR group on days 7
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SG611-VSTM1 and DNR Kkill tumor cells
by inducing apoptosis in vivo

Apoptosis in excised tumors were detected by the TUNEL
assay. As shown in Fig. 8, the apoptotic cells per field in
the control, SG611, SG611-VSTM1, DNR and SG611-
VSTMI1 plus DNR group were 3.7 £ 0.6, 10.7 + 3.5,
11.0 £ 2.7, 7.3 &+ 2.3, and 20.3 & 5.1, respectively. More
apoptotic cells per field were observed in the SG611-
VSTMI plus DNR group than in the SG611-VSTM1 or
DNR group (P = 0.049, P = 0.016, respectively). These
results suggest that inducing cell apoptosis is a potential
antitumor mechanism of the SG611-VSTMI1 and DNR
combination in vivo.

Discussion

VSTM1, located on chromosome 19q13.42, is a potential
leukocyte differentiation antigen gene identified by Peking
University Human Disease Genome Center [8]. It has at
least five variants, VSTMI1-vl to -v5, among which
VSTMI1-vl and VSTM1-v2 (GenBank accession numbers:
NM_198481, BC100943) are the functionally predominant
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Fig. 8 Detection of apoptosis in excised tumors after different
treatments by TUNEL assay. The apoptotic cells per field in the
control, SG611, SG611-VSTMI, DNR and SG611-VSTM1 plus DNR
group were 3.7 £ 0.6, 10.7 £ 3.5, 11.0 £ 2.7, 7.3 &£ 2.3, and

forms. VSTM1-v1, also known as signal inhibitory recep-
tor on leukocytes-1 (SIRL-1), is an ITIM-bearing immune
receptor that negatively regulates neutrophil activity, with
an extracellular IgV-like domain and two ITIM motifs in
its cytoplasmic tail [7, 27, 28]. Lacking the transmembrane
domain compared with VSTM1-v1l, VSTM1-v2 is a classic
secreting glycoprotein capable of promoting CD4+ T cells
to secret IL-17A [8], and its secretion capacity can be
enhanced by the mouse IgGx signal peptide [29]. Previous
studies have identified that VSTM1 is widely expressed in
normal human peripheral blood leukocytes, including
granulocytes, monocytes and lymphocytes, but unde-
tectable in numerous hematopoietic tumor cell lines with
promoter hypermethylation and downregulated in bone
marrow cells from leukemia patients compared with heal-
thy donors. Moreover, the expression level is positively
correlated with the myeloid cell maturation state [5, 9].
Similar to its function in Jurkat cells [5], plasmid-mediated
VSTMI1 overexpression in leukemic cell lines K562 and
MEG-01 also inhibits cell growth [9]. These results suggest
that VSTMI1 may play an important role in
leukemogenesis.

CRAds are designed to infect, replicate and kill cancer
cells while sparing normal cells, and they are expected to
be effective vectors for gene therapy for some solid tumors
[30, 31]. Two types of genetic modifications lead to two
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20.3 % 5.1, respectively. More apoptotic cells per field were observed
in the SG611-VSTMI1 plus DNR group than in the SG611-VSTMI or
DNR group (P = 0.049, P = 0.016, respectively)

different subclasses of CRAds, type I and type II [12].
Unlike the latter in which the genome is placed under the
control of a tumor-specific promoter, the former is char-
acterized by mutations or deletions in the E1 region of the
genome, interfering with the inactivation of cell cycle
regulators such as p53 and retinoblastoma protein (Rb). For
example, SG600 contains a deletion of 24 nucleotides in
the Ela-CR2 region, which abrogates Ela-Rb interaction
and causes it to replicate mainly in actively dividing tumor
cells [12, 32]. Recently, the tumor-selective killing
capacities of SG600-p53 and SG611-PDCDS5, constructed
based on the SG600 system, were demonstrated in several
tumor cell lines in vitro and in xenograft models of human
non-small-cell lung cancer or leukemic cell line in nude
mice [17, 18, 33, 34]. Specifically, CRAds have provided
favorable safety profiles for patients in early clinical trials
and showed the ability to eradicate cancer stem cells
directly through shared targets or indirectly via synergistic
effects with chemotherapy and radiation therapy [35],
favoring multimodal approaches to cancer therapy.

DNR, an anthracycline chemotherapeutic agent, acting
through inducing DNA damage, is commonly used in the
treatment of hematopoietic malignancies [21]. However, it
can dose-dependently lead to severe myelosuppression and
cardiac toxicity [22, 23]. A chemo-gene-viro-therapeutic
strategy has emerged as a viable alternative to conventional
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chemotherapy combinations [36-38]. It works through
enhancing the sensitivity of tumor cells to chemothera-
peutic drugs at lower doses by utilizing the tumor-selective
replication vector carrying a specific gene, thus reducing
systemic toxicity. We have reported that adenovirus-me-
diated overexpression of the PDCD5 gene sensitized K562
cells to apoptosis induced by low-dose anthracycline
idarubicin in vitro and in vivo [19], indicating that this
strategy may be used in the treatment of leukemia.

In this study, a tumor-selective oncolytic adenovirus
carrying the VSTMI gene expression cassette, SG611-
VSTMI1, was constructed based on the SG600 system. Our
results showed that SG611-VSTM1 expressed VSTMI with
high efficiency in leukemic cells and exhibited more potent
anti-proliferative and pro-apoptotic effects on leukemic
cells compared with SG611 in vitro. However, the inhibi-
tory effect on normal cell growth was weaker, indicating
that SG611-VSTMI selectively exerted high levels of
toxicity in leukemic cells. Similar to the results in vitro,
intratumoral injection of SG611-VSTMI1 in combination
with the i.p. injection of low-dose DNR resulted in syn-
ergistic antitumor effects in xenograft models. These
findings suggest that the VSTM1 gene may be involved in
leukemic cell proliferation and apoptosis. However, no
significant difference in tumor size was observed between
the SG611-VSTM1 group and the SG611 group in vivo,
which may have resulted from the use of excess viruses in
this experiment. Thus, the function and the exact mecha-
nism of the VSTM1 gene in vitro and in vivo will need to be
further explored.

In conclusion, we successfully constructed a triple-reg-
ulated oncolytic adenovirus SG611-VSTM1 with selective
cytotoxicity to human leukemic cells. The combination
treatment of SG611-VSTM1 and DNR exerted synergistic
suppressive effects on leukemic cell growth in vitro and
in vivo. This study provides evidence that when leukemic
cells are treated with SG611-VSTMI1, low doses of DNR
can efficiently induce apoptosis. The combined chemogene
therapy of DNR and SG611-VSTM1 may lead to the
development of new strategies for effective leukemia
treatment with a potential reduction in systemic toxicity.
Future studies will focus on increasing the effectiveness
and clinical feasibility of our gene-viral therapy strategy.
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