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ABSTRACT
The preclinical evaluation of oncolytic adenoviruses (OAds) has been limited to cancer xenograft mouse
models because OAds replicate poorly in murine cancer cells. The alkylating agent temozolomide (TMZ)
has been shown to enhance oncolytic virotherapy in human cancer cells; therefore, we investigated
whether TMZ could increase OAd replication and oncolysis in murine cancer cells. To test our hypothesis,
three murine cancer cells were infected with OAd (E1b-deleted) alone or in combination with TMZ. TMZ
increased OAd-mediated oncolysis in all three murine cancer cells tested. This increased oncolysis was, at
least in part, due to productive virus replication, apoptosis, and autophagy induction. Most importantly,
murine lung non-cancerous cells were not affected by OAdCTMZ. Moreover, TMZ increased Ad
transduction efficiency. However, TMZ did not increase coxsackievirus and adenovirus receptor; therefore,
other mechanism could be implicated on the transduction efficiency. These results showed, for the first
time, that TMZ could render murine tumor cells more susceptible to oncolytic virotherapy. The proposed
combination of OAds with TMZ presents an attractive approach towards the evaluation of OAd potency
and safety in syngeneic mouse models using these murine cancer cell-lines in vivo.

Abbreviations: Adhz60, OAd serotype 5 lacking the E1B gene; CAR, coxsackievirus and adenovirus receptor; CMV,
cytomegalovirus.; CPE, cytopathic effect; GFP, green fluorescent protein; ivp, infectious viral particles; kDa, kilodal-
tons; KPCL, active oncogenic mutation in K-ras and loss-of-function in a p53 mouse model; LacZ, b-galactosidase;
LC3, microtubule-associated protein 1A/1B-light chain 3; MOI, multiplicity of infection; OAds, oncolytic adenovi-
ruses; TCID50, tissue culture infective dose 50; TMZ, temozolomide
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Introduction

One promising approach for the treatment of malignant
tumors is the use oncolytic adenovirus (OAds). OAds have the
ability to kill cancer cells via viral oncolysis, while leaving nor-
mal cells intact.1 Even though OAds are known to replicate in
and destroy human tumors, the preclinical characterization of
OAds has, so far, been limited to immunodeficient xenograft
tumor models.2 Xenograft models are used because OAds for
use in humans replicate poorly in murine tumor cells. The
immunodeficient xenograft tumor model, however, does not
allow for the evaluation of safety and efficacy profiles of OAds
or the impact of a functional immune system on overall OAds
potency. To more accurately model the study of OAds in the
preclinical setting, an approach is needed that allows OAd rep-
lication and oncolysis in murine cancer cells lines.

There have been several recent advances toward the devel-
opment of murine cancer cells that are permissive to OAd rep-
lication. Cheng et al.3 reported that the ED-1 cell line derived
from mouse lung adenocarcinoma overexpressing human
cyclin E allowed OAd replication and oncolysis. In another

study, Zhang et al.4 found that the murine K-ras-induced lung
adenocarcinoma cell line ADS-12 could be efficiently infected
and OAd replication supported. Kang et al.5 found that the
expression of the coxsackievirus and adenovirus receptor
(CAR), and E1b-55K genes enhanced adenovirus infectivity
and replication in mouse melanoma cells.

We recently evaluated whether the alkylating agent temozo-
lomide (TMZ) could enhance virotherapy potency in human
lung cancer cells that are resistant (semi-permissive) to OAd-
mediated oncolysis.6 In the study abovementioned, we used an
Ad serotype 5 containing a deletion of the entire Ad E1B gene
that encodes both E1B19K and E1B55K proteins.7 In this cur-
rent study, we chose the same vector (Adhz60) to confirm that
the findings in human cancer cells are reproducible in murine
cancer cells. We found that TMZ-induced autophagy enhanced
OAd replication and oncolysis in these semi-permissive lung
cancer cell lines, and that the combination (OAdCTMZ) led to
a synergistic cancer cell killing effect. Our data indicated that
this enhanced anti-tumor activity was, at least in part, due to
autophagy induction in these lung cancer cells. In the current
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study, we evaluated whether treatment with TMZ could
increase OAd replication and oncolysis in murine cancer cells.
Our results suggest that the chemotherapeutic agent TMZ has
the capability to increase OAd replication and oncolysis in all
three murine cancer cells tested but not in non-cancerous cells.
Furthermore, we believe that TMZ-treated murine cells will be
a valuable tool to establish novel immunocompentent mouse
models for the pre-clinical evaluation of the OAd-based
therapies.

Results

Evaluation of OAd-mediated cytopathic effect and TMZ-
induced cytotoxicity on murine cancer cells

Two murine cancer cells, KPCL and TC-1, cells were
infected with an OAd serotype 5 lacking the E1B gene
(Adhz60) at increasing concentrations of multiplicity of
infection (MOI). At 72 hours post-infection, crystal violet
staining revealed that cytopathic effect (CPE) increased in a
virus dose-dependent manner in both cell lines (Fig. 1A).
At an MOI concentration of 100, Adhz60 inhibited cell via-
bility 40% in KPCL cells and 18% in TC-1 cells (Fig. 1B).
KPCL and TC-1 cells also displayed OAd replication in a
virus dose-dependent manner in murine cancer cells
(Fig. 1C). These mouse cancer cell lines were then treated
with increasing concentrations of TMZ. At 72 hours post-
treatment, cell viability in the TMZ-treated cell lines
decreased in a dose-dependent manner. Both KPCL and

TC-1 displayed similar sensitivity to TMZ. The cell survival
was approximately 60% at a concentration of 400 mM
(Fig. 1D).

TMZ increases OAd-mediated CPE and productive virus
replication in murine cancer cells but not in lung non-
cancerous cells

Murine cancer and non-cancerous cells were infected with a
replication-incompetent AdLacZ expressing b-galactosidase,
which was used as a negative control for virus replication or
Adhz60 and followed by either DMSO (vehicle control) or
TMZ treatments. Crystal violet staining showed that TMZ
increased the Adhz60-mediated CPE in both KPCL and TC-1
cells, whereas no CPE increase was observed in non-cancerous
MM14.Lu cells (Fig. 2A). In KPCL cells treated with TMZ-
alone or Adhz60-alone, the percentage of cell viabilities were
65% or 97%, respectively, whereas TMZ C Adhz60 combina-
tion treatment resulted in 20% of cell viability. A similar effect
was observed in TC-1 cells; treatment with TMZ-alone or
Adhz60-alone resulted in 55% or 80% of cell viability, respec-
tively, whereas the combination treatment resulted in 10% of
cell viability. The analysis of cell viabilities revealed that these
differences in both cell lines were statistically significant
(Fig. 2B, �P < 0.05). In contrast, Adhz60CDMSO or
Adhz60CTMZ treated-MM14.Lu cells displayed 88% and 81%
of cell survival, respectively; this difference was not significant
(Fig. 2B). As expected, AdLacZ did not induce CPE when used
in combination with either DMSO or TMZ (Fig. 2B).

Figure 1. Evaluation of OAd-mediated cytopathic effect (CPE) and TMZ induced-cytotoxicity in murine cancer cells. (A) Murine lung cancer KPCL and TC-1 cell lines were
infected with Adhz60 at a multiplicity of infection (MOI) concentration of 0, 10, 25, 50 and 100. At 72h post-infection, crystal violet staining was used to evaluate CPE. A
representative staining is shown of three experiments performed. (B) OAd-mediated CPE was calculated by measuring the absorbance of solubilized dye at 590 nm. Each
point represents the mean of three independent experiments § standard deviation (SD; bars). (C) Supernatants were collected and used to determine adenovirus yield
from each cell line. Results represent the mean of three independent experiments § standard deviation (SD; error bars) (�P < 0.05). (D) The cell lines above-mentioned
were treated with TMZ at concentrations of 0, 50, 100, 200, and 400 mM. A MTT assay was used to determine cell survival at 72h post-treatment. Each point represents
the mean of three independent experiments § standard deviation (SD; bars).
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To further assess the effect of TMZ upon Ad replica-
tion, Ad E1A and capsid hexon protein expressions and
release of infective virus particles were evaluated. The ade-
novirus E1A region encodes two closely related gene prod-
ucts: 243 and 289 amino acid phosphoproteins. These
proteins differ in their primary sequence only by 46 amino
acids unique to the 289 amino acid protein.8 An immuno-
blot assay revealed two main reactive species: the upper
band corresponding to 46 kDa and a lower band corre-
sponding to 35 kDa. It was found that TMZ increased
E1A proteins expression in both KPCL and TC-1; whereas
TMZ treatment did not increase E1A expressions in
MM14.Lu cells (Fig. 2C). In a hexon immunostaining
assay (supplemental online material 1A), cells infected
with Adhz60 alone or in combination with DMSO showed
approximately 13 and 11 hexon positive-cells, respectively.
In KPLC or TC-1 cells, there were 16 and 18 hexon

positive-cells, respectively. In contrast, KPCL or TC-1 cells
treated with Adhz60 and TMZ displayed 22 and 47 hexon
positive-cells, respectively. This difference was significant
(supplemental online material 1B, �P < 0.05). There was a
two-fold increase in the number of hexon-positive cells in
the presence of TMZ.

The supernatants from the combined treatment (Fig. 2A)
were used to determine the release of infectious viral particles
(ivp) by the TCID50 protocol in HEK293 cells. KPCL and TC-
1 cells were shown to support production of ivp. In contrast,
MM14.Lu cells were unable to produce ivp. TMZ increased
Adhz60 virus production approximately 100-fold in KPCL and
TC-1 cells in comparison with Adhz60-infected cells alone or
in combination with drug vehicle control DMSO (Fig. 2D �P <

0.05). Overall, this suggests that TMZ increases Adhz60-medi-
ated CPE in KPCL and TC-1 via increased Ad E1A expressions
and productive virus replication. More importantly, the

Figure 2. Effect of combined therapy of TMZ and OAd on virus replication in murine cancer and non-cancerous cells. (A) Murine cancer KPCL and TC-1 and non-cancerous
MM14.Lu cells were treated with Adhz60 and TMZ at the following doses for Adhz60 and TMZ, respectively: (10 MOI, 400 mM). AdLacZ was used at 10 MOI for all cell lines.
DMSO was added as a control at its respective volume for each cell line. At 72h post-infection, crystal violet staining was used to evaluate CPE. A representative staining is
shown of three experiments performed. (B) OAd-mediated CPE was calculated by measuring the absorbance of solubilized dye at 590 nm. Results represent the mean of
three repeated measurements§ standard deviation (SD; error bars) (�P< 0.05 for all cell lines). (C) Expression of adenovirus E1A proteins were detected with an anti-ade-
novirus type 5 E1A monoclonal antibody. Actin was used as a loading control; a representative experiment is shown from three performed. (D) Supernatants from Fig. 2A
were used to determine adenovirus yield from each cell line. Results represent the mean of three independent experiments § standard deviation (SD; error bars)
(�P < 0.05).
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combined therapy of OAd with TMZ did not induce CPE in
MM14.Lu murine non-cancerous lung cells, making this
approach safe for normal tissues.

TMZ increased Adhz60-mediated CPE was, at least in part,
due to apoptosis induction

We investigated whether apoptosis could be associated with
combined therapy-mediated CPE. Both TC-1 and KPCL
cells were stained with Annexin V, and the percentage of
total apoptosis was analyzed by FACScan flow cytometer
(Fig. 3A). In TC-1 cells, TMZ-alone and Adhz60-alone
induced 23.5% and 17.5% of late apoptosis, respectively,
and the combined therapy induced 34% of total apoptosis
(Fig. 3B; �P < 0.05). TMZ-alone and Adhz60-alone-treated
KPCL cells displayed 36.5% and 19.5% of total apoptosis,
respectively. The combination (Adhz60CTMZ) resulted in
53% of total apoptosis (Fig. 3B; �P < 0.05).

Apoptosis was further validated by detecting the endoge-
nous expression of cleaved caspase-3. In KPCL cells, TMZ
alone induced caspase-3 activation. Greater levels of cleaved

caspase-3 were observed in Adhz60CTMZ treated-cells. A sim-
ilar effect was observed in TC-1 cells (Fig. 3C).

Combined therapy of Adhz60 and TMZ induces greater
autophagosomes formation and LC3-II accumulation than
either agent alone

We previously demonstrated that TMZ induces autophagy in
human lung cancer cells.6 Therefore, the ability of TMZ to
induce autophagy in murine cancer cells was evaluated. KPCL
and TC-1 cell lines were transfected with pEGFP-LC3 followed
by untreated or treated with either TMZ or Adhz60 alone or in
combination. The formation of cytoplasmic punctate GFP fluo-
rescence was then observed. The conversion of cytoplasm-dif-
fuse GFP-LC3-I to membrane-associated GFP-LC3-II formed
punctate patterns, indicating LC3-II incorporation into the
autophagosomes. This formation of punctate was observed at
48 hours (Fig. 4A). TMZ-treated KPCL and TC-1 cells dis-
played significant accumulation of the fluorescent punctate pat-
tern, from 6 to 29 and 3 to 24 GFP dots/cell, respectively
(Fig. 4B). Adhz60-infected KPCL and TC-1 cells displayed a

Figure 3. Evaluation of Adhz60 and TMZ combined therapy induced-apoptosis. Murine cancer cells were untreated or treated with DMSO, TMZ and Adhz60 alone or in
combination as described in Fig. 2. (A) Seventy-two h post treatment, murine cancer cells were stained with annexin V-PE and 7-aminoactinomycin D (7-AAD). Positive
cells for annexin V-PE and 7-AAD staining were analyzed by FACScan flow cytometer with FlowJo software. (B) Results represent the mean of three independent experi-
ments § standard deviation (SD; error bars) (�P < 0.05). (C) Whole cell protein lysates were collected 72h after indicated treatment. Expression of cleaved caspase-3 was
detected by western blot; actin was used as a loading control. A representative experiment is shown from three performed.
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similar effect, from 6 to 23 and 3 to 18 GFP dots/cell, respec-
tively (Fig. 4B). Greater fluorescent punctate pattern accumula-
tion was observed in combined therapy-treated KPCL and TC-
1 cells, from 58 and 47 GFP dots/cell, respectively (Fig. 4B).

The conversion of LC3-I to LC3-II is considered an auto-
phagy marker and used to detect autophagy induction.9 We
evaluated autophagy induction in murine cancer cells after
treatment with TMZ and Adhz60 either independently or in
combination. An immunoblot analysis revealed two reactive
LC3 species: the upper band corresponding to LC3-I (19 kDa)
and a lower band corresponding to LC3-II (17 kDa). KPCL and
TC-1 cells infected with Adhz60 displayed a clear decrease in
LC3-I expression levels (Fig. 4C). A marked accumulation of
LC3-II was observed in Adhz60 C TMZ-treated cells as com-
pared to untreated TMZ or Adhz60-treated cells (Fig. 4C, �P <

0.05). These results suggest that the combination of Adhz60
and TMZ induced a significant decrease in LC3-I and LC3-II

accumulation than that observed when cells were treated with
either agent alone. The increased LC3-II accumulation in
Adhz60 C TMZ-treated cells may be, at least in part, due to
increased virus replication (Fig. 2).

TMZ increases OAd-mediated CPE in mouse triple-negative
breast cancer cells

To determine whether TMZ could enhance adenovirus-medi-
ated oncolysis in mouse triple-negative breast cancer (TNBC)
cells, mouse TNBC 4T1 cells were treated with the combined
therapy or the respective controls. CPE was observed only in
instances where the combination Adhz60 C TMZ was used; by
contrast, in Adhz60 or TMZ-alone treatment groups (Fig. 5A),
no significant CPE was observed. The analysis of murine breast
cancer cell viability revealed that these differences were statisti-
cally significant (Fig. 5B, �P < 0.05). Virus production
increased in Adhz60 C TMZ-treated cells relative to those
observed in Adhz60-alone or Adhz60CDMSO-treated cells
(Fig. 5C, ��P < 0.01).

To determine whether the combination of Adhz60 with
TMZ could induce greater autophagy induction than treatment
with either of the agents independently, 4T1 cells were treated
independently with TMZ or Adhz60 at indicated doses or in
combination. At 72 hours post-treatment, autophagy induction
was evaluated by LC3-I to LC3-II conversion (Fig. 5D).
Untreated cells displayed no LC3-II accumulation; in contrast,
TMZ treatment induced LC3-II accumulation, while Adhz60-
alone slightly induced the conversion of LC3-I to LC3-II. LC3-
II induction was greater in cells treated with Adhz60 C TMZ
(Fig. 5D, �P < 0.05).

In addition, the percentage of apoptotic cells was deter-
mined by annexin V staining and flow cytometry analysis
(Fig. 5E). Our results indicate that the percentage of apoptotic
cells was more increased in the viral-chemotherapy combina-
tion than any single treatment (Fig. 5E). When used indepen-
dently, TMZ and Adhz60 induced 17%, and 18% of total
apoptosis, respectively (Fig. 5F). A significantly higher apopto-
sis (66%) was induced in cells when treated with
Adhz60CTMZ combination. The difference between single
treatment and combined therapy was significant (Fig. 5F, �P <

0.05).
Apoptosis induction was further validated by detection of

endogenous cleaved caspase-3. TMZ-alone induced caspase-3
activation, whereas Adhz60 or Adhz60 C DMSO-treated cells
slightly induced caspase-3 activation; however, the combination
of Adhz60 and TMZ induced greater caspase-3 activation
(Fig. 5G). These data suggest that TMZ treatment appears to
increase the susceptibility of mouse breast cancer cells to OAd
replication and oncolysis. These findings also suggest that the
viral-chemotherapy-mediated cytotoxicity induces apoptosis as
a mechanism of cell death in addition to oncolysis.

TMZ increases Ad transduction efficiency in murine cancer
cells but not coxsackievirus and adenovirus receptor

To determine whether TMZ may affect Ad transduction effi-
ciency positively, murine cancer cells were infected with repli-
cation-defective Ad expressing green fluorescent protein

Figure 4. Evaluation of combined therapy ability to induce autophagy in mouse
cancer cells. (A) Murine cancer cells were transfected with pEGFP-LC3 followed by
untreated or treated with TMZ at 400 mM or Adhz60 at an MOI concentration of
10 alone or in combination. Integration of GFP-LC3 into the autophagosome is
depicted by punctate structures and was analyzed by fluorescence microscopy at
48h post-treatment. Images were taken at 40£ magnification with the EVOS FL
Imaging System (Advanced Microscopy Group) under 357/44 (nm) and 447/60
(nm) excitation and emission visualization. Comparison of number of GFP dots per
cell in untreated cells or treated with TMZ, Adhz60 or combination of both. A rep-
resentative experiment showing punctate (arrows) is shown from three performed.
(B) Comparison of number of GFP dots per cell in untreated or treated cells with
TMZ, Adhz60 or combination of both. A representative experiment is shown from
three performed. (C)Whole cell protein lysates were collected 72h after indicated
treatment. Western blot and bar graphs of LC3-I and II expressions. Bars represent
mean § SEM expressed as percentage of change from 3 separate experiments, (�P
< 0.05) decrease in the level of LC3-I expression. Actin was used as a loading
control.
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Figure 5. Effect of TMZ on OAd-mediated CPE in murine triple negative breast cancer cells. 4T1 Murine breast cancer cells were no treated (Mock) or treated with Adhz60
and TMZ at the following doses for Adhz60 and TMZ, respectively: (10 MOI and 400 mM). AdLacZ was used at 10 MOI. DMSO was added as a control. (A) Cytopathic effect
was evaluated by crystal violet staining at 72 hours following treatment and reported as percentage of control (mock). (B) Cell viability was calculated by measuring the
absorbance of solubilized dye at 590 nm. Results represent the mean of three repeated measurements § standard deviation (SD; error bars) (�P < 0.05). (C) Seventy-two
hours post-treatment, supernatants were collected and used to determine virus adenovirus yield from each cell line. Results represent the mean of three independent
experiments § standard deviation (SD; error bars) (��P < 0.01). (D) Whole cell protein lysates were collected 72h after indicated treatment. Western blot and bar graphs
of LC3-I and II expressions. Bars represent mean§ SEM expressed as percentage of change from 3 separate experiments, (�P < 0.05) decrease in the level of LC3-I expres-
sion. Actin was used as a loading control. (E) Cells were stained with annexin V-PE and 7-aminoactinomycin D (7-AAD). Positive cells for annexin V-PE and 7-AAD staining
were analyzed by FACScan flow cytometer. (F) Results represent the mean of three independent experiments § standard deviation (SD; error bars) (�P < 0.05). (G) Whole
cell protein lysates were collected 72h after indicated treatment. Expression of cleaved caspase-3 was detected by western blot; actin was used as a loading control. A rep-
resentative experiment is shown from three performed.
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(AdGFP) in the presence of either DMSO or TMZ. At 48 hours
post-treatment, the percentage of GFP-positive cells was deter-
mined by FACScan flow cytometer. 7AAD was used as a cell
viability marker. Only 7AAD-negative and GFP-positive cells
were counted. In KPCL cells with DMSO, 5% of cells were posi-
tive for GFP. In the presence of TMZ, there was an increase to
12% of GFP-positive cells (Fig. 6A). TC-1 and 4T1 cells dis-
played 16% and 13% of GFP-positive cells with DMSO, respec-
tively. GFP expression increased to 45% and 57%, respectively,
in the presence of TMZ (Fig. 6A). In addition, expression of
coxsackievirus and adenovirus receptor (CAR) was evaluated.
No difference in CAR expression was observed in either DMSO
or TMZ-treated cells (Fig. 6B). This suggests that there are
other mechanisms involved in the increased Ad transduction
capability of murine cancer cells. This result suggests that TMZ
affects positively the Ad transduction efficiency at least in
murine cancer cells tested.

Discussion

Oncolytic adenoviruses have been shown to replicate in and
destroy human tumors, however, the OAd preclinical charac-
terization has been restricted to immunodeficient xenograft
tumor models.2 Immunodeficient xenograft models have been
used because human OAds replicate poorly in murine tumor
cells. The immunodeficient xenograft tumor model, however,

does not effectively evaluate the efficacy, safety profiles, how
the immune system impacts OAds effectiveness, or whether it
contributes to vector potency. Therefore, identifying mouse
cancer cells that are permissive for OAd replication is needed
for the development of immunocompetent murine models to
evaluate the pre-clinical effects of virotherapy in a manner that
better approximates the treatment of cancer patients clinically.
Some progress has been made in developing oncolytic viruses
that can replicate in mouse cancer cells.10-12 Previously, it was
reported that the ED-1 cell line derived from mouse lung
adenocarcinomas overexpressing human cyclin E allowed OAd
replication and oncolysis.3 In other study, it was found that the
murine K-ras-induced lung adenocarcinoma cell line ADS-12
supported adenoviral infection and OAd replication.4 It was
also reported that the expression of the coxsackievirus, adeno-
virus receptor (CAR), and E1b-55K genes enhanced adenovirus
infectivity and replication in mouse melanoma cells.5

We recently found that semi-permissive lung cancer cells are
efficiently destroyed by oncolytic adenovirus in combination
with TMZ.6 This enhanced killing effect was due to enhanced
apoptosis, virus replication, and autophagy induction. In a lung
cancer xenograft model, the combination of TMZ and Adhz60
therapy displayed superior tumor growth suppression than
either each treatment alone. In this study, we evaluated the
capability of TMZ to increase OAd replication and oncolysis in
murine cancer cells as address the need for an improved

Figure 6. Effect of TMZ on Ad transduction efficiency and expression of coxsackie adenovirus receptor. Murine cancer cells were infected with AdGFP at an MOI of 10 fol-
lowed by DMSO or TMZ at 400 mM. (A) Forty-eight h post treatment, cells were collected and GFP expression was analyzed by FACScan flow cytometer (Becton Dickinson,
Franklin Lakes, NJ) and with FlowJo software (Tree Star Inc., Ashland, OR). A representative experiment is shown from three performed. (B) Expression of coxsackie adeno-
virus receptor was detected with an antibody that can recognize both human and mouse CAR. Actin was used as a loading control, a representative experiment is shown
from three performed.
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approach to evaluate OAds in three syngeneic mouse cancer
models.

Human OAds replicate poorly in murine tumor cells,2 but it
is possible that E1b-deleted OAds replicate more efficiently in
HPV-16-E6/E7-positive murine cancer cells (TC-1) because
HPV E6 or E7 expressing tumor cells can support the DNA
replication of E1a- and E1b-deleted adenoviruses.13,14 The
HPV-16 E7 open reading frame specifically is known to encode
transcriptional transactivation and cellular transformation
functions, which are analogous to those of adenovirus E1A
protein.15 Therefore, the presence of HPV-16-E6/E7 in TC-1
cells may transcomplement Adhz60 (lacking the Ad E1b gene)
and explain why Adhz60 has a greater replication and oncolysis
in TC-1 than in KPCL cells.

Both TC-1 and KPCL cells contains oncogenes (i.e., E6/E7,
c-Ha-ras and K-ras respectively) that may contribute to their
ability to support OAd-mediated oncolytic cell death. One
piece of evidence is that the murine K-ras-induced lung adeno-
carcinoma cell line ADS-12 supports adenoviral infection and
generates infectious viral progeny.4 This suggests that cancer
cells expressing significant levels of at least c-Ha-ras and/or K-
ras oncogenes may be excellent candidates for OAd therapy.

TMZ likely rendered 4T1 cells more susceptible to OAd repli-
cation and oncolysis, thus increasing OAd efficacy in combina-
tion with TMZ. These 4T1 cells are the current standard animal
model for highly aggressive, metastatic human BC stage IV or
triple-negative BC.16 Therefore, these findings open up the possi-
bility to evaluate the combination therapy of OAd with TMZ in
an immunocompetent mouse model of TNBC and thus to assess
the safety and efficacy profiles of these OAds and the impact of
an active immune system upon overall OAds efficacy.

Autophagy is an essential mechanism for cells to degrade
unnecessary or dysfunctional cellular components. The break-
down of these components can ensure cell survival during star-
vation and stress by maintaining cellular energy homeostasis.
Autophagy has a dual role, acting as a survival mechanism and
as a caspase-independent form of programmed cell death.17,18

Although we do not know the precise mechanism by which
TMZ increased Ad transduction efficiency in murine cancer
cells, it is possible that TMZ mediated-autophagic stress may
weaken cell membranes facilitating Ad entry into the cell. Mito-
chondrial depolarization and permeability transition pore
(MPTP) opening was observed as a prelude to TMZ-induced
autophagy. These were followed by the loss of mitochondrial
mass.19

In summary, we report, for the first time, that TMZ, an alky-
lating chemotherapy drug, is able to increase OAd replication
and oncolysis in murine lung and breast cancer cells. These
findings can lead to developing valuable tools that can be used
to test the efficacy, safety, and impact of OAds in a preclinical
immunocompetent mouse models that are more comparable to
cancer patients than xenograft mouse models.

Materials and methods

Cell lines and culture conditions

Murine lung or bronchus non-cancerous cells MM14.Lu (Cat #
CRL-6382), murine triple-negative estrogen receptor breast

cancer (TNBC) 4T1 (Cat # CRL-2539), lung cancer TC-1 (Cat
# CRL-2785) cells derived from primary epithelial cells of
C57BL/6 mice co-transformed with HPV-16 E6/E7, and the c-
Ha-ras and human embryonic kidney cell line HEK-293 (Cat #
CRL-1573) were all purchased from the American Type Cul-
ture Collection (ATCC). The mouse non-small cell lung carci-
noma (NSCLC) cell line KPCL containing an active oncogenic
mutation in K-ras and loss-of-function in a p53 was derived
from K-rasLSL-G12D/C;p53fl/fl(B6) transgenic C57BL/6 mice, was
kindly provided by Dr. Zippelius, Department of Biomedicine,
University Hospital Basel, Switzerland.20 MM14.Lu, KPCL, and
HEK-293 cells were grown in DMEM (Cat # 10-013-CV); TC-1
and 4T1 cells were cultured in RPMI-1640 (Cat # 10-040-CV).
All media were supplemented as described previously.21 All cell
culture reagents were obtained from Corning Cellgro.

Adenoviral vectors and drugs

Two replication-deficient adenoviral vectors expressing either
b-galactosidase (AdLacZ) or green fluorescent protein
(AdGFP) under regulation of the CMV promoter were used as
a negative control for virus replication or for transduction effi-
ciency assay as described previously.21,22 The conditionally rep-
licating adenovirus (Adhz60, E1b-deleted) was used as
previously reported by us.7 Temozolomide (TMZ, Cat #
T2577) stock solution of 100 mM was prepared in dimethyl
sulfoxide (DMSO, Cat # D8418) and stored at -20�C. TMZ and
DMSO were purchased from (Sigma-Aldrich). The volume of
TMZ or DMSO added to the cell cultures was less than 1%.

Single and combined therapies

A total of 2.5 £ 104 cells were plated in 24-well plates and
treated after 24 hours as indicated. Viral infection was per-
formed at the indicated MOI concentrations, whereas TMZ or
4-hydroxytamoxifen (TAM) treatments were performed at the
micromolar (mM) concentrations as indicated. Adhz60-medi-
ated CPE was evaluated at 72 hour post-infection by crystal vio-
let staining. Suspended cells were removed by aspiration. The
remaining adherent cells were then fixed with 3.7% formalde-
hyde for 3 min at room temperature. The excess formaldehyde
was washed with phosphate buffered saline. The cells were then
stained using 1% crystal violet at room temperature for 3 min.
Excess crystal violet was washed away with PBS. Plates were
scanned using an HP Scanjet 4070 scanner (HP, Palo Alto, CA,
USA). The remaining crystal violet was then solubilized with a
2% sodium dodecyl sulfate (SDS) solution, and the sample
absorbances were measured at 590 nm using a Synergy HT
Multi-Mode Microplate Reader (Bio-Tek, Winooski, VT,
USA). The absorbance (OD) values of each treatment were
then normalized to mock-treated cells converting each sample
OD into the percent of cell viability according to the formula
previously by our group.23

Cellviability%D ODoftreatedcells 6 ODofmock¡ treatedcellsð Þ£100%

Temozolomide-mediated inhibition of cell viability was
assessed 72 hours after treatment by measuring the conversion
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the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium (MTT) to formazan according to the manufac-
turer’s instructions (Sigma Aldrich, Cat # M2128) and as
described by our group.21 The supernatant from each plate was
collected for measurement of absorbance at a wavelength of
570 nm. The results are expressed as the percentage of live cells.
For therapeutic negative control treatment groups, we used cell
line-specific media alone without virus treatment (mock) or
drug vehicle (DMSO) instead of TMZ. For combined therapies,
cells were treated with Adhz60 and TMZ at the indicated con-
centrations respectively. At 72 hours post-treatment, cell viabil-
ity was evaluated by crystal violet assay as described above.

Annexin V staining

Cells were treated with the respective single or combined agents
72 hours post-treatment. The nonadherent cells were harvested,
and adherent cells were trypsinized for 1 minute and then
stopped with PBS/10% FCS. Nonadherent cells and adherent
cells were pulled and stained with annexin V-PE and 7-AAD
according with the manufacturer’s instructions (BD Pharmin-
gen, Cat # 559763) and as reported previously.24 Cells were
analyzed by FACScan flow cytometer (Becton Dickinson) and
with FlowJo software (Tree Star Inc.).

Adenovirus titer assay

For production of infectious virus particles measurement, cells
were infected with Ahz60-alone or treated as described in the
combined therapies section. At 72 hours post-treatment, super-
natants were collected (1 ml) and centrifuged for 10 min at
14,000 rpm. Supernatants were transferred to a new 1.5 ml tube
to eliminate the cell debris and/or cells in suspension that may
have contained Ads. Supernatants were diluted serially by using
median tissue culture infective dose or the amount of a patho-
genic agent that will produce pathological change in 50% of cell
cultures inoculated (TCID50) or by using the end-point dilu-
tion method with HEK-293 cells seeded on 96-well plates as
described previously.25

Western blot analysis

Cells were harvested and lysed in RIPA buffer as described
previously.26 Cell lysates were centrifuged, and protein concen-
tration was determined by PIERCE BCA Protein Assay kit
(Thermo Scientific, Cat # 23225). Equal amounts of cellular
protein were electrophoresed in 10% or 12% SDS-polyacryl-
amide gels and transferred to Hybond-PVDF membranes (GE,
Healthcare, Life Sciences, Cat # 10600023). The membranes
were first incubated with the following primary antibodies:
mouse anti-adenovirus type 5 E1A (BD Pharmingen, Cat #
554155), rabbit anti-LC3 polyclonal antibody (Sigma-Aldrich,
Cat # L7543), rabbit anti-cleaved caspase-3 (Cell signaling, Cat
# 9664), rabbit anti-coxsackie adenovirus receptor (abcam, Cat
# 02139-1517), and rabbit-antihuman-actin (Sigma-Aldrich,
Cat # A2066). Next, the membranes were incubated with anti-
mouse immunoglobulin (Ig) or anti-rabbit Ig, peroxidase-
linked, species-specific whole antibody (Thermo Scientific, Cat
# 31430 and 31460 respectively). ECL reagents were used to

detect the signals according to the manufacturer’s instructions
(GE Healthcare, Cat # RPN3244). All films were scanned with
an optical scanner (Epson Expression 1680) and quantified by
measuring the density of each band using UNSCAN-IT soft-
ware (Silk Scientific, Inc; Orem, UT). To correct for possible
unequal loading, each band’s density was normalized to its
a-actin density. To allow for multiple comparisons between
films, each sample was compared to its respective mock (not
infected) or not treated that was run on the same gel. Results
are expressed in percentage of change that was calculated by
dividing the averages of each protein band.22

GFP-LC3 puncta

Plasmid vector containing green fluorescent protein (GFP)
linked to microtubule-associated protein 1 light chain 3 (LC3)9

was used to detect autophagosome formation in lung cancer
cell lines. At 24 hours post-transfection, cells were untreated or
treated with TMZ at 400 mM or Adhz60 at an MOI concentra-
tion of 10 alone or in combination. At 48 hours post-treatment,
cells were examined under a fluorescence microscope. Cells
were classified as having a predominantly diffuse GFP stain or
having numerous punctate structures representing autophago-
somes. Images were taken at 40£ magnification with the EVOS
FL Imaging System (Advanced Microscopy Group) under 357/
44 (nm) and 447/60 (nm) excitation and emission visualization.
The percentage of cells with GFP puncta were calculated as the
proportion of cells with GFP puncta divided by the total num-
ber of GFP expressing cells.

Hexon immunostaining

TC-1 or KPCL cells (5£104) were seeded on a 24-well plate
overnight. These cells were infected the next day with Adhz60
at an MOI of 10 followed by either DMSO or TMZ (400 mM).
At 48 hours post-infection, hexon immunostaining was per-
formed according with the manufacturer’s instructions (Takara
Clontech, Cat # 632250). The number of hexon-positive cells
was calculated as brown-positive cells per total cell number in
the field imaged at 20x objective magnification in three differ-
ent fields.

Adenovirus transduction efficiency assay

Murine cancer cells were plated in a 6-well plate at a density of
1£105 cells per well. Cells were infected the next day with
AdGFP at an MOI concentration of 10 followed by DMSO
vehicle drug control or TMZ at 400 mM. At 48 hours post-
treatment, cells were collected, and GFP expression was ana-
lyzed by FACScan flow cytometer (Becton Dickinson, Franklin
Lakes, NJ) and with FlowJo software (Tree Star Inc., Ashland,
OR).

Statistical analysis

The results of the in vitro assays were analyzed by unpaired
Student’s t test using a one-way ordinary parametric analysis of
variance. A significance level of P < 0.05 was considered statis-
tically significant.
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