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Introduction

Breast cancer is the most common female cancer and the 
leading cause of female cancer-related deaths.1 Breast cancer also 
constitutes greater than 25% of cancers in women.2 Despite the 
development of targeted therapeutics, treatment of breast cancer 
remains complex due to the involvement of multiple signaling 
pathways which promote tumor growth, development of resis-
tance to ongoing therapy, and associated cytotoxicity.3-10 Selec-
tion of appropriate treatment is patient-specific, guided by the 
molecular heterogeneity of different disease subtypes charac-
terized by expression of estrogen (ER), progesterone (PR), and 
Her-2 receptors, and identification of tumor grade.11,12 Differen-
tial expression of these hormone and growth factor receptors are 
utilized as therapeutic targets in different breast cancer subtypes 
and provide the foundation for individualized treatments.13,14 

On the other hand, triple-negative breast cancer (TNBC) is a 
clinical term for a subgroup of breast cancers characterized by the 
lack of expression of ER, PR, and Her-2, its aggressiveness and 
metastatic potential, as well as poor prognosis.11 Unlike patients 
with hormone and growth factor receptor-positive breast cancer 
subtypes that respond to targeted therapeutics, patients with 
TNBC do not benefit from similar therapies. For these patients, 
chemotherapy is the only option, and is associated with a high 
chance of relapse and lower survival rates compared with patients 
exhibiting receptor positive breast cancer subtypes.15 As a result, 
there is an urgent and ongoing need for the development of novel 
therapies that efficiently target TNBC subtypes, as well as devel-
opment of therapeutics which bypass the requirement for person-
alized patient treatments.

We have reported that infection with the non-pathogenic, 
tumor suppressive human adeno-associated virus type 2 (AAV2) 
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We have previously reported that infection with the non-pathogenic, tumor suppressive, wild-type adeno-associated 
virus type 2 (AAV2) inhibited proliferation of breast cancer-derived lines representing both weakly invasive (MCF-7 and 
MDA-MB-468), as well as aggressive (MDA-MB-231) cancer types. AAV2-induced death occurred via targeting pathways 
of apoptosis and necrosis. In contrast, normal human mammary epithelial cells were unaffected upon AAV2 infection. 
The current study characterizes AAV2 infection and subsequent death of the highly aggressive, triple-negative (ER-/
PR-/HER2-) MDA-MB-435 cell line derived from metastatic human breast carcinoma. Monolayer MDA-MB-435 cultures 
infected with AAV2 underwent complete apoptotic cell death characterized by activation of caspases -7, -8, and -9 and 
PARP cleavage. Death was further correlated with active AAV2 genome replication and differential expression of viral 
non-structural proteins Rep78 and Rep52. Cell death coincided with increased entry into S and G2 phases, upregulated 
expression of the proliferation markers Ki-67 and the monomeric form of c-Myc. Expression of the p16INK4, p27KIP1, p21WAF1, 
and p53 tumor suppressors was downregulated, indicating marked S phase progression, but sharply contrasted with 
hypo-phosphorylated pRb. In parallel, MDA-MB-435 breast tumor xenografts which received intratumoral injections of 
AAV2 were growth retarded, displayed extensive areas of necrosis, and stained positively for c-Myc as well as cleaved 
caspase-8. Therefore, AAV2 induced death of MDA-MB-435 xenografts was modulated through activation of caspase-
regulated death pathways in relation to signals for cell cycle controls. Our findings provide foundational studies for 
development of novel AAV2 based therapeutics for treating aggressive, triple-negative breast cancer types.
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induced apoptosis in a number of different breast cancer cell lines 
which cumulatively represent multiple grades of aggressiveness.16 
We showed that AAV2 induced caspase-independent apoptosis 
in MCF-7 (ER+) cells, caspase-dependent apoptosis in MDA-
MB-468 (ER-) cells and caspase-dependent apoptosis, mixed 
with necrosis, in MDA-MB-231 (ER-) cells.16 A 100% decrease 
in viability of the AAV2-infected breast cancer cell lines was cor-
related with the ability of the virus to undergo active genome 
replication and differentially express its non-structural proteins: 
Rep78, Rep68, and Rep40, but not Rep52. Although our studies 
failed to identify common AAV2-targeted cell death pathways 
among the different breast cancer cell lines, our studies did show 
that cellular demise coincided with increased expression of c-Myc 
and Ki-67 protein levels, irrespective of the breast cancer cell line 
studied.16 The upregulated expression of c-Myc was a significant 
observation since this protein has been shown to have the dual 
ability to induce cell cycle progression/proliferation as well as 
apoptosis, in the context of other cellular signals.17,18 In contrast, 
expression of Ki-67 is a typical marker of proliferation indicative 
of active S phase cell cycle progression.19,20 We hypothesized that 
the inherent endonuclease activity of AAV2 Rep78 and Rep68 
proteins induces a DNA damage response and activates death 
signaling pathways, as well as simultaneously mediate conflict-
ing activation of cell proliferation pathways, which culminates 
in cancer cell death.16 In contrast, normal human mammary epi-
thelial cells infected with AAV2 failed to express Rep proteins 
or undergo apoptosis.16 Our studies suggest that the mechanistic 
ability of AAV2 to distinguish between normal and cancer cells 
to mediate the cell killing could be clinically advantageous.

Our published studies demonstrated the common ability of 
AAV2 to induce death of a number of breast cancer,16 as well 
as multiple human papillomavirus (HPV) positive cervical can-
cer-derived cell lines,21 which not only represented gradations 
in aggressiveness,16,21 but also represented varying sensitivities 
related to hormone and growth factor signaling.16 In the current 
study, we investigated the ability of AAV2 to infect and induce 
apoptosis in the human MDA-MB-435 breast cancer cell line 
which was derived from metastatic (pleural effusion), infiltrating 
ductal breast carcinoma.22 This cell line is categorized as being 
representative of the triple-negative (ER-/PR-/HER2-) breast 
disease type.23 Additionally, the MDA-MB-435 cell line has also 
been shown to form tumors when injected into the mammary 
fat pads of immuno-compromised mice.22 In the current study, 
AAV2 infection induced 100% cell death of the MDA-MB-435 
cell line and was achieved via activation of caspases which regu-
late both the intrinsic as well as the extrinsic pathways of apop-
tosis. Cell death coincided with active AAV2 genome replication 
and differential expression of AAV2 non-structural Rep proteins: 
Rep78 and Rep52, but not Rep68 and Rep40. AAV2 induced 
cell death was characterized by an increase in the number of cells 
with S phase and G

2
 phase cell cycle DNA content. Decreased cell 

viability of AAV2-infected cells was characterized by upregulated 
expression of Ki-67 and increased expression of the monomeric 
form of c-Myc. Our corresponding in vivo studies demonstrated 
that intratumoral injections of AAV2 into tumor xenografts in 
nude mice bearing MDA-MB-435 cells delayed tumor growth 

and induced extensive areas of tumor necrosis. These results 
portray the ability of AAV2 to regulate targeting of distinct cell 
growth/proliferation, as well as a mixture of cell death pathways 
in this triple-negative breast cancer derived line. Cumulatively, 
our current study and previously published data16 suggest that 
AAV2 mediated cell killing of multiple breast cancer cell lines 
representing both low and high grades of cancer, and that virus 
targeting of cancer cells is independent of hormone and growth 
factor signaling status. Thus, AAV2 has the potential for deriva-
tion of novel therapeutics for TNBC types as well as in other 
breast cancer subtypes.

Results

AAV2 infection induces complete cell death in the MDA-
MB-435 metastatic breast cancer-derived cell line

In the current study, we tested the ability of AAV2 to infect 
and induce death of the MDA-MB-435 cell line. This cell line 
is characterized as a highly aggressive, triple-negative cell line, 
derived from metastatic (pleural effusion), infiltrating ductal 
breast carcinoma, and was shown to form tumors when injected 
into the mammary fat pads of immunocompromised mice.22 The 
MDA-MB-435 cells were synchronized as described in Materi-
als and Methods, by which approximately two-thirds or more 
of the cells were in the G

1
 phase of the cell cycle.21,24 Under the 

growth conditions utilized for our studies, this is the maximum 
level of synchronization that we are normally able to achieve with 
or without the addition of exogenous chemicals. Synchronized 
MDA-MB-435 cultures were infected with AAV2 using an MOI 
of 0.02. We have previously used an MOI of 0.02 and shown it 
to be the lowest dose of AAV2 which was effective in killing mul-
tiple breast cancer lines as well as human papillomavirus positive 
cervical cancer lines.16,21 Both AAV2-infected and mock-infected 
cells were grown to 80% confluence (day 2), at which time the 
cells were passaged at a ratio of 1:2, followed by a period of fur-
ther growth and passaging again at a 1:2 ratio on day 5, day 7, 
day 11, day 13, day 17, and day 20. On day 17, the AAV2-infected 
cells showed growth retardation, and eventually culminated in 
100% cell death as portrayed by the steady-state decrease in cell 
viability over days 17–21, determined utilizing the trypan blue 
exclusion method (Fig. 1A).

The kinetics of AAV2 mediated death of MDA-MB-435 
cells over the 21 d period contrasts sharply with those of MCF-
7, MDA-MB-468, and MDA-MB-231 cells, all cell lines which 
routinely underwent apoptosis upon infection with AAV2 over 
a 7 d period.16 The disparate timelines of AAV2 regulated cell 
killing could be a reflection of the aggressive nature of the MDA-
MB-435 cell line representing its characteristic metastatic/pro-
survival nature and resistance to cell killing. It is also possible 
that the MDA-MB-435 cells are less permissive in expressing 
AAV2 death inducing proteins and/or transcripts compared with 
other cell lines. Using AAV2 MOIs of 10, 20, 30, and 100 to 
infect the MDA-MB-435 line yielded similar results, therefore, 
the 21 d time period of cell death was not limited to virus dosage. 
In the current study, it was 14 d before we observed the initial 
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drop in viability of the AAV2-infected MDA-MB-435 cells, after 
which cell death increased precipitously till day 21. The abrupt 
decrease in cell viability could be due to accumulating AAV2 non-
structural Rep proteins (discussed below) to a critical threshold 
needed to activate the cell death machinery. The observed time 
line of AAV2-induced death in MDA-MB-435 cells is not sur-
prising since we have observed similar kinetics of demise using 
mesothelioma-derived cell lines (unpublished observations).

It is of note that complete AAV2-mediated cell killing of 
MCF-7, MDA-MB-468, MDA-MB-231,16 and MDA-MB-435 
(current study) was accomplished using an initial MOI of 0.02, 
which meant that at best, 1 out of 50 cells were infected. There-
fore, the initial mechanism of cell killing in all these different 
breast cancer cell lines is potentially mediated by a “bystander” 
effect, in which dying cells release cytotoxic metabolites, cel-
lular and/or AAV2 encoded proteins, which are able to affect 
the neighboring non-infected cells via movement through cel-
lular gap junctions to mediate cell killing, a phenomenon which 
has been previously described elsewhere.25,26 Subsequent mass 
cytotoxicity of AAV2-infected cells is potentially due to a down-
stream amplification step, since we also observed that the AAV2-
mediated cell killing was positively associated with viral genome 

amplification (discussed below). Therefore, low levels of AAV2 
infectious particles potentially synthesized in the infected breast 
cancer cell lines and released into the medium could infect neigh-
boring cells, thereby amplifying the bystander effect. We have 
not further pursued this possibility. In future studies, the idea 
of AAV2-regulated bystander effect, whether virus-mediated or 
otherwise, and potential cell killing could be examined using the 
supernatant from virus-infected cultures to test its efficacy in 
killing cancer cells.

We further wanted to demonstrate that the observed decline 
in viability of the AAV2-infected MDA-MB-435 cells was due 
to apoptotic cell death. The MDA-MB-435 cells were synchro-
nized, infected with AAV2, and passaged over the 21 d period, as 
described above. Each day, cells were prepared for flow cytometric 
analysis of DNA content as described in Materials and Methods. 
We then analyzed the histogram of the cell cycle profile and deter-
mined the appearance of sub-G

0
/G

1
 fraction, which is indicative 

of apoptotic cell death. Since AAV2 induced decrease in cell viabil-
ity occurred after passaging on day 14 (Fig. 1A), we analyzed the 
histogram of AAV2-infected MDA-MB-435 cells and compared 
them with control cells at each time point after day 14. We observed 
that the sub-G

0
/G

1
 fraction of AAV2-infected cells progressively 

Figure 1. AAV2 infection of MD-MB-435 cells induces steady decrease in cell viability which results from virus induced cell death. (A) Viability of 
MDA-MB-435 breast cancer cells infected with AAV2. Synchronized MDA-MB-435 cells were infected with AAV2. Both mock and virus-infected cells were 
grown to 80% confluence (day 2) and passaged 1:2, followed by further growth and passaging again at a 1:2 ratio on days 5, 7, 11, 13, 17, and 20 as indi-
cated by arrows. At each time point, cells were counted using the trypan blue exclusion method. Graph generated is representative of 3 independent 
experiments. (B) Apoptotic death of AAV2-infected MDA-MB-435 cells was determined using FACS analysis. On the days indicated, both mock and AAV2-
infected cells were stained with propidium iodide and the histogram of the cell cycle profile was used to determine the appearance of the sub-G0-G1 
fraction that progressively increased with days in culture. FACS analysis is representative of 3 independent experiments.
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increased during the day 15 to day 21 time period (Fig.  1B), 
which is indicative of apoptotic cell death, a property consistent 
with the tumor suppressive activities of AAV2 our laboratory and 
work of others have previously reported. Apoptotic death was also 
correlated with increased entry into S phase of the cell cycle (pre-
sented in Fig. S2). Histogram analysis of AAV2-infected cells at 
earlier time points (day 1–day 14) were similar to non-infected 
cells (Fig. S1).

AAV2 infection of breast cancer cells results in Rep78 and 
Rep52 protein expression and genome replication which culmi-
nates in cell death

AAV2 encodes four non-structural proteins: Rep78 and 
Rep68, which regulate multiple viral functions including DNA 
replication and transcription; and Rep52 and Rep40, which are 
involved in packaging of viral genomes into capsids.27 Only the 
Rep78 and Rep52 proteins were found to be clearly expressed in 
the AAV2-infected MDA-MB-435 cell line, beginning on day 15 
and levels of which steadily increased up to day 21 (Fig. 2A). On 
the other hand, expression of the Rep68 and Rep40 proteins could 
not be clearly determined in the AAV2-infected cells (Fig. 2A). As 

expected, Rep78 and Rep52 protein expression on day 15 
(Fig. 2A) coincided with the clear decrease in cell viability of the 
AAV2-infected cells compared with mock infected cells (Fig. 1). 
In contrast to Rep protein expression, AAV2 genome replication 
was detected in low levels as early as day 6 in the AAV2-infected 
cells, but was clearly detected on day 13 onwards (Fig. 2B). These 
results suggest that low-level Rep protein expression presumably 
occurred as early as day 6 but its expression was at the limits of 
detection using these techniques. In contrast, on day 13, AAV2 
genome replication was significantly higher and correlated with 
increased G

2
 phase cell cycle entry (Fig. S2C), an indication of 

active cell division. High levels of the 4.7 kb monomer AAV2 
genome was detected from day 18 to day 21 (Fig. 2B). The 4.7 kb 
monomer is indicative of active genome replication. This is also 
the time period of active cell death accompanied by non-discrimi-
nate DNA degradation, both cellular and viral, and is reflected in 
the quality of the bands in the Southern blots (Fig. 2B). For pre-
senting the bands with clarity, we have included a similar South-
ern blot obtained using the MCF-7 breast cancer cell line infected 
with AAV2 and protocols described herein (Fig. S4A).

Figure 2. AAV2 induced apoptosis/cell death of MDA-MB-435 cells correlates with (A) Rep protein expression. For detecting Rep proteins in immu-
noblots, total protein extracts were prepared and 60 μg of total protein extracts from AAV2-infected and mock MDA-MB-435 breast cancer cells were 
resolved in a 7.5% SDS-PAGE gel and detected with an AAV2 Rep specific antibody. Results are representative of three individual experiments. t, time; 
+, AAV2-infected; -, mock. Actin is used as a loading control. (B) AAV2 genome replicates in virus infected MDA-MB-435 cells. Southern blot analysis 
to detect 4.7 kb AAV2 replicative form monomer representing active genome replication in the virus infected breast cancer cell line. A total of 5 μg of 
total DNA was then detected with AAV2 genomic DNA as probe. One hundred nanograms of total DNA isolated from cells was used as loading control. 
Results shown are representative of 3 individual experiments. t, time; +, AAV2-infected; -, mock. *Low levels of AAV2 genome replication depicted by 
the 4.7 kb band on days 6 and 13.
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Thus, these experiments show that Rep protein expression, 
which is necessary for active genome replication, coincides with 
decreased viability and eventual cell death. This result is simi-
lar to our previously published studies which showed that AAV2 
induced death of MCF-7, MDA-MB-468, and MDA-MB-231 
cell lines coincided with expression of Rep proteins.16 These 
results suggest the possibility that AAV2 regulated kinetics of 
death in infected breast cancer cells is in part due to the dif-
ferential ability of those cells to allow expression of specific Rep 
proteins. Most likely, growth characteristics which determine 
aggressiveness potentially determine permissiveness for express-
ing AAV2 Rep proteins. For comparison, we have included a 
western blot obtained using the HPV31b positive cervical cancer 
cell line infected with AAV2, showing expression of all four Rep 
proteins (Fig. S4B).

We also consistently detected the dimer form of Rep78 in 
the AAV2-infected MDA-MB-435 cell line (Fig. 2A), which is 
not an uncommon observation since others have also reported 
finding the high molecular weight Rep78 complexes, which are 
essentially Rep–Rep protein aggregates containing 2 to 6 Rep 
proteins which persist in sodium dodecyl sulfate (SDS).28,29 We 
have also detected such high molecular weight Rep78 complexes 
in AAV2 co-infected HPV-positive cervical cancer lines21 as well 
as multiple breast cancer cell lines infected with AAV2 undergo-
ing apoptosis.16

We have previously demonstrated that differential expression 
of specific Rep proteins determine cell killing in different breast 
cancer cell lines.16 However, the optimal Rep protein, alone or in 
combination has been difficult to determine, due to varying sen-
sitivities of the cell lines for transfection. We have reported that 
only the MCF-7 breast cancer cells transfected with the infec-
tious AAV2 vector undergoes apoptosis,16 but not when trans-
fected alone with Rep78 (Alam and Meyers, unpublished obser-
vations), suggesting the need for more than one Rep protein to be 
expressed for efficient AAV2 regulated cell death.

AAV2 Rep protein expression results in activation of both 
extrinsic and intrinsic pathways of apoptosis induction

It was of interest to determine whether AAV2-induced death 
of MDA-MB-435 cells could be correlated with activation of spe-
cific caspase-dependent pathways. Apoptotic cell death occurs 
via activation of two signaling pathways: first, the extrinsic or 
receptor-mediated pathway, and second, the intrinsic or mito-
chondrial pathway.30 Two groups of caspases characterize these 
pathways: the initiator (caspase-8, -9, and -10) and executioner 
(caspase-3, -6, and -7) caspases. Initiator caspases cleave and 
activate executioner caspases, which in turn process cellular sub-
strates that orchestrate the biochemical execution of cell death.31

To investigate which of the executioner caspases were cleaved 
upon AAV2 induced cell death in the MDA-MB-435 cells, we 
examined expression and activation of the executioner caspases 
-3, -6, and -7 in total protein extracts of mock and AAV2-infected 
cells (Fig. 3). On day 21, caspase-7 was cleaved to its 30 kDa form 
in the AAV2-infected cells (Fig. 3, lane 43). In contrast, expres-
sion of the full-length caspase-6 protein levels did not display any 
significant changes and cleavage of caspase-6 was not observed 
under these conditions (Fig. 3). Caspase-6 expression was more 

abundant overall during day 15–day 21, compared with earlier 
time-points, and appears to correlate with extended time of cells 
in culture. The MDA-MB-435 cells maintained high levels of 
both full-length caspase-3 and its 17 kDa cleaved form in con-
trols cells (Fig. 3). Although expression of full-length caspase-3 
did not change upon AAV2 infection, during day 15–day 21, the 
steady-state levels of the 17 kDa cleaved form declined in the 
AAV2-infected cells compared with mock infected cells (Fig. 3), 
which is potentially attributed to degradation by non-caspase 
proteases as has been previously suggested.32,33 In addition, we 
have previously reported that AAV2 infection of MDA-MB-231 
cells resulted in simultaneous decline of both the full-length and 
cleaved forms of multiple executioner caspases16 which poten-
tially indicated activation of cell death pathways also by non-
caspase proteases.32 On day 15–day 21, AAV2-infected MDA-
MB-435 cells additionally displayed the 89 kDa cleaved form of 
PARP (Fig. 3), a DNA repair enzyme which is generally inacti-
vated by cleavage from one of the excecutioner caspases.34 It is 
noteworthy that the 89 kDa cleaved form of PARP appeared in 
AAV2-infected cells as early as day 16 (Fig. 3, lane 33), whereas 
caspase-7 cleavage was not detected in AAV2-infected cells 
until day 21 (Fig.  3, lane 43). These observations suggest the 
possibility that AAV2 targeting of non-caspase proteases regu-
late PARP cleavage during early time points (day 15–day 20) 
(Fig. 3), but at later times (day 21) act in concert with activated 
caspase-7 (Fig. 3, lane 43). Our data showed that both caspase 
8 and caspase 9 are activated well before day 21, indicating that 
downstream activation of mitochondrial functions, such as dis-
ruption of the mitochondrial membrane potential, membrane 
permeabilization, and cytochrome c release, are likely initiated 
earlier than day 21. Since our in vivo results suggest activation 
of necrosis as a pathway of cell death (discussed below), detect-
ing activation of an executioner caspase, in this case caspase 7, 
is likely to be difficult earlier than day 21. However, identifi-
cation of a specific executioner caspase may not be significant. 
Our results potentially suggest PARP-1 cleavage and cell death, 
earlier than day 21, was potentially caused by caspase indepen-
dent pathways. Active AAV2 protein synthesis and active genome 
replication could increase intracellular ROS levels by placing a 
greater energy demand on a cancer cell which is already under a 
certain level of oxidative stress. Caspase-independent pathways, 
such as increased intracellular ROS, and its induction of dou-
ble-strand breaks in genomic DNA, are also known to regulate 
PARP-1 activation, and apoptotic as well as necrotic forms of cell 
death.35-39 Additionally, increased levels of intracellular ROS are 
necessary for dissipation of the mitochondrial membrane poten-
tial, and subsequent PARP-1-dependent AIF translocation from 
the mitochondria to the nucleus, where AIF functions to mediate 
nuclear condensation, chromatinolysis, and cell death.40 A simi-
lar mechanism may be implemented by AAV2 to induce death of 
the MDA-MB-435 cells in the current study.

In contrast to the executioner caspases, during the day 15–
day 21 time period, decreased viability of AAV2-infected MDA-
MB-435 cells was correlated with cleavage of both the initiator 
caspase-8 to its 44 kDa and 42 kDa, and caspase-9 to its 37 kDa 
and 35 kDa proteolytic species (Fig.  3). The AAV2-regulated 



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1018	C ancer Biology & Therapy	 Volume 15 Issue 8

cleavage of caspase-9 implicated disruption of mitochondrial 
functions and release of cytochrome c, which is characteristic of 
the intrinsic pathway of apoptosis.30 On the other hand, simul-
taneous cleavage of caspase-8 in the AAV2-infected cells also 
indicated the activation of the extrinsic pathways of apoptosis.30 
Cumulatively, our results suggest AAV2 mediated co-activation 
of the extrinsic and the intrinsic pathways of apoptotic cell death 
in the MDA-MB-435 cells. In addition, our studies cannot rule 
out simultaneous triggering of non-caspase proteases that act in 
concert and/or amplify induction of these cell death pathways.

AAV2-mediated manipulation of cell cycle check-points is 
related to changes in c-Myc, Ki-67, and PCNA protein levels

Our results also show that AAV2 induction of apoptosis in 
the MDA-MB-435 cells coincided with increased breach of the 

G
1
/S check-point and movement of cells into S phase (Figs. S2 

and S3), which is indicative of implementation of cellular prolif-
eration signals.41 Likewise, AAV2-mediated increase in G

2
 phase 

progression signals readiness of the cells to enter mitosis.42 AAV2 
targeted interference with mechanisms that control cell cycle 
check-points in cells undergoing DNA damage could be a trigger 
for apoptosis induction. Therefore, we reasoned that one or more 
signaling cascades upstream of cell cycle controls could mecha-
nistically couple increased S and G

2
 phase progression, prolifera-

tion, and apoptosis induction.
In normal cells, entry of cells into the G

1
 phase and execution 

of the G
1
/S cell cycle check-point is dependent on multiple sig-

naling mechanisms, a key regulator of which is c-Myc.41 On the 
other hand, proliferating cell nuclear antigen (PCNA) and Ki-67 

Figure 3. AAV2 induction of apoptosis/cell death in the MDA-MB-435 cells results in activation of caspases of both the intrinsic and extrinsic pathways, 
ultimately resulting in PARP cleavage. Monolayer cell cultures were synchronized in G1, followed by infection with AAV2. Cell pellets were collected each 
day over a 21 d period as described in Materials and Methods. Detection of caspases and their cleavage/activation was performed by western blotting. 
Total protein extracts were prepared as described. Sixty micrograms of total protein extracts from AAV2-infected and mock infected cells were resolved 
in SDS-polyacrylamide (SDS-PAGE) gel electrophoresis. To detect the 35 kDa pro-caspase form of caspase-3, proteins were resolved in a 10% SDS-PAGE 
gel and detected with caspase-3 rabbit monoclonal antibody (Cell Signaling Technology). To detect the 17 kDa cleaved caspase-3 form, proteins were 
resolved in a 15% SDS-PAGE gel and detected with a rabbit polyclonal antibody against cleaved caspase-3 (Cell Signaling Technology). To detect the 
35 kDa pro-caspase form of caspase-6, proteins were resolved in a 10% SDS-PAGE gel and to detect the 15 kDa cleaved form of caspase-6, proteins were 
resolved in a 15% SDS-PGE gel and detected with a rabbit polyclonal antibody (Cell Signaling Technology). To detect both the pro- and cleaved- forms of 
caspase-7, caspase-8, and caspase-9, proteins were resolved in a 10% SDS-PAGE gel. The 35 kDa pro-caspase form and the 30 kDa/20 kDa cleaved form of 
caspase-7 was detected with a mouse monoclonal antibody (Cell Signaling). The pro-caspase and cleaved 28 kDa form of caspase-8 was detected with a 
mouse monoclonal antibody (Alexis Biochemicals). The 47 kDa pro-caspase and 37 kDa/35 kDa cleaved forms of caspase-9 were detected with a rabbit 
polyclonal antibody (Cell Signaling). To detect the pro- (116 kDa) form of PARP, proteins were resolved in a 7.5% SDS-PAGE gel and detected with a rabbit 
monoclonal antibody (Cell Signaling). t, time; +, AAV2-infected; -, mock. Actin was used as a loading control. Results shown are representative of three 
individual experiments. t, time; +, AAV2-infected; -, mock. Bottom panel: caspase-7 cleavage on day 21, enlarged for clarity.
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are markers of S phase proliferation.19,20 We performed western 
blot analysis to detect expression of PCNA, Ki-67, and c-Myc in 
AAV2-infected MDA-MB-435 cell line. PCNA expression was 
found to be decreased in apoptotic AAV2-infected cells compared 
with mock infected cells (Fig. 4, day 15–day 21). On the other 
hand, Ki-67 expression was increased in the AAV2-infected cells 
(Fig. 4, day 6–day 7; day 13–day 14; day 15–day 21), which is 
indicative of signals for proliferation but which also coincide with 
decreased cell viability (Fig.  1). Expression of the monomeric 
form of c-Myc was greatly upregulated in the AAV2-infected 
breast cancer cells starting on day 15 whereas the dimeric form 
of c-Myc was detected equally in both the control and AAV2-
infected cells (Fig. 4). In the current study, selectively increased 
expression of the monomeric form of c-Myc in AAV2-infected 
cells and its relation to proliferation and cell death signals is an 
interesting observation. We have previously reported that AAV2 
infection upregulated expression of both the dimer- and mono-
mer forms of c-Myc in multiple breast cancer lines tested,16 which 
suggested that AAV2-regulated expression and/or stabilization of 
c-Myc could serve to amplify proliferation signals which allow 
the breast cancer cells to bypass cell cycle checkpoint controls 
in the presence of damaged cellular DNA.16 On the other hand, 
c-Myc is also a protein which limits growth by sensitizing cells to 
apoptosis,43 and which has the added potential to regulate DNA 
damage response upon imposition of genotoxic stress44 medi-
ated via the inherent endonuclease activity of AAV2 Rep78 and 
Rep68 proteins.45 We have previously proposed that in the breast 
cancer cells, AAV2 regulation of c-Myc activation could poten-
tially mediate simultaneous growth stimulatory (G

1
/S, S, and G

2
 

phase targeting), and growth inhibitory (apoptosis associated 
DNA damage) signals which could represent a central unifying 
mechanism of AAV2-induced cell death in multiple breast cancer 

types.16 In the current study, since the kinetics of cell death of the 
AAV2-infected MDA-MB-435 cells was much slower than the 
time frame we reported for other breast cancer cell lines16 (21 d 
compared with 7 d), it is possible that increased appearance of the 
c-Myc monomers result from AAV2-mediated de novo synthe-
sis. Such an increase would essentially add to pre-existing pools 
of c-Myc in order to achieve the threshold required for apop-
totic induction. In contrast to the monomer form of c-Myc, the 
dimer form was more abundant overall during day 15–day 21, 
compared with earlier time-points, and appears to correlate with 
extended time of cells in culture.

AAV2 infection of MDA-MB-435 breast tumor xenografts 
inhibits tumor growth

Our in vitro data indicate that infecting MDA-MB-435 
monolayer cultures with AAV2 resulted in apoptosis induction 
via activation of caspase-8- and caspase-9-dependent pathways, 
demonstrating that in this breast cancer line AAV2 targeted cell 
death via regulating mitochondrial dysfunction (Fig. 3) and tar-
geting of multiple cell cycle phases and associated check-points 
(Figs. S2 and S3). These studies suggest the potential use of 
AAV2 to target growth/proliferation pathways in tumor tissues 
of breast cancer patients. It is well known that potential agents 
for use as chemotherapeutics which are active in vitro could be 
restricted in their activity in vivo, due to low bioavailability, 
delivery failure, or a fast rate of removal.46 To address this issue, it 
was then of interest to investigate the efficacy of AAV2-mediated 
tumor suppression in vivo using the human breast cancer model 
established in female nude mice. Athymic mice were xenografted 
with the MDA-MB-435 cell line as described in Materials and 
Methods. All mice developed palpable tumors within two weeks 
after implantation, and reached an average volume of 300 mm3. 
We then determined whether infecting the human breast cancer 

Figure 4. AAV2 infection of MDA-MB-435 cells and apoptosis induction results in altered expression of proliferation markers PCNA, Ki-67, and c-Myc. 
Cells were synchronized by trypsinization of 80% confluent cultures and plating at a density of 1 × 106 cells in E medium. The cells were incubated for 10 
to 12 h at which point at least two-thirds of the cells are maximally synchronized in the G1 phase. This time point was designated time zero (t = 0). Cells 
were then infected with AAV2. Cells were further cultured and passaged as described in Materials and Methods and pellets were collected each day over 
the 21 d period. Detection of cell cycle proliferation proteins were performed by western blotting. Total protein extracts were prepared and 60 μg of 
total protein extracts from AAV2-infected and mock cells were resolved in 7.5% SDS-PAGE gels. The PCNA protein was detected using a rabbit polyclonal 
antibody (Santa Cruz). The Ki67 protein was detected using a rabbit polyclonal antibody (Santa Cruz). The c-Myc protein was detected using a rabbit 
polyclonal antibody (Santa Cruz). Results shown are representative of three individual experiments. t, time; +, AAV2-infected; -, mock.
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xenografts with the wild-type AAV2 could regulate growth of 
those tumors. We tested the dose dependence of AAV2 infec-
tion on tumor growth by administering intratumoral injections 
of 105 and 106 infectious AAV2 particles, whereas the control 
tumors were injected with phosphate buffered saline (PBS) or 
left untreated (Mock). We observed significant reduction and/or 
growth delay of tumors infected with AAV2 compared with both 
mock and PBS-treated tumors (Fig. 5A). In contrast, both mock 
and PBS-treated tumors grew to high tumor volumes (Fig. 5A). 
On day 32, all the mice in the mock and PBS control groups were 
euthanized due to observed morbidity resulting from the high 
tumor burden, which was further associated with the failure of 
the mice to move or feed normally. In contrast, at the day 32 time 

point, all the mice in both 105 and 106 
AAV2-treated mice showed no ill effects 
and morbidity. The AAV2-treated mice 
were further maintained and observed 
for changes in tumor volumes. Over the 
time course of the experiment, the large 
fluctuations in the tumor volumes were 
observed, which was especially evident in 
mice infected with 106 AAV2 particles, 
which was attributed to growth charac-
teristics related to tumor heterogeneity 
(Fig.  5B). On day 56, the tumor vol-
umes of both AAV2 treatment groups 
were comparably similar (Fig. 5B). It is 
notable that the two AAV2 dosages did 
not show a linear relationship with the 
observed reduction in tumor volumes, 
since tumors receiving 106 virus particles 
were larger compared with tumors receiv-
ing the lower dosage. This could poten-
tially be due to virus clumping prior to 
injecting the tumors, thereby impairing 
efficient delivery. Another possibility is 
that viral receptors within in the tumors 
could be a limiting factor for AAV2 
binding prior to infection. The experi-
ment was terminated on day 56 and all 
the mice were euthanized. A general 
post-mortem examination of all animals 
revealed no obvious organ-specific toxic-
ity in any of the AAV2-treated animals.

AAV2-mediated inhibition of tumor 
growth in nude mice results from 
necrotic cell death within tumors

A visual difference observed between 
the control and the AAV2-infected 
tumors was the appearance of dry, dark, 
necrotic patches, on the skin over the 
tumors of mice receiving intratumoral 
AAV2 injections (Fig.  6, left panel). 
Since the appearance of necrotic areas 
was specific to tumors infected with 

AAV2, it was then of interest to determine morphological fea-
tures of the virus infected as well as the control tumors. We per-
formed hematoxylin and eosin (H&E) staining of the tumor sec-
tions and observed that the mock and PBS-treated tumors were 
packed with nucleated cells and presented areas of strong infil-
trate of inflammatory macrophages (Fig.  6, right panel). This 
observed pattern of infiltrating macrophages is phenotypically 
similar to studies reported elsewhere.47 It has been previously 
reported that breast tumors containing increased numbers of 
macrophages are significantly more vascularized and metastatic 
than tumors with low number of macrophage infiltrates.47,48 In 
contrast, AAV2-infected tumors showed noticeable decrease in 
the number of tumor-surrounding inflammatory cells (Fig.  6, 

Figure 5. AAV2 infection reduced MDA-MB-435 tumor growth and increased survival in nude mice. 
(A) MDA-MB-435 cells (5 × 106) were implanted subcutaneously in the shoulder of mice. Tumor size 
was measured every other day. When xenografts reached volumes of ~300 mm3 (approximately 
2 wk), the mice were randomly assigned to control and AAV2 treated groups (n = 5). Two sets of 
5 mice each received a single AAV2 dosage of 105 and 106 infectious units per tumor administered 
via intratumoral injections. The respective dosage of AAV2 virus was diluted in 200 μL PBS and used 
for injecting multiple sites of the tumor. Control tumors either received intratumoral injections of 
200 μL PBS or not manipulated (Mock). When the control tumors reached ~2400 mm3 (on day 32), 
the mock and PBS-treated mice were sacrificed due to their grossly restricted ability to move and to 
feed arising from the tumor burden. (B) The mice receiving intratumoral injections of AAV2 at both 
105 and 106 dosages survived longer than the control mice and did not display similar restrictions in 
movements and feeding habits as the controls, and were eventually euthanized on day 56. Statistical 
analyses are expressed as means (SD).
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right panel). In contrast to the mock and PBS-treated tumors, 
AAV2-infected tumors from both 105 and 106 treatment groups, 
presented large areas of central necrosis (Fig. 6, right panel). The 
effective tumor cell death appears to be evident in both treat-
ment groups as determined from the appearance of the necrotic 
areas within the tumors (Fig. 6, right panel). These results are 
significant, since tumor necrosis in response to therapy is also 
used as the measure of an effective chemotherapeutic,49 reduced 
viable tissue mass within the tumor and consequently a reduced 
tumor burden.50 Therefore, our results suggest that AAV2 infec-
tion of human breast cancer xenografts displays the hallmarks of 
an effective chemotherapeutic.

To further confirm that the necrotic areas observed in the 
tumors were indeed devoid of live cells and not the result of an 
artifact due to incomplete H&E staining, we performed immu-
nohistochemical analysis of identical tumor sections using a 
rabbit polyclonal antibody against PCNA, which stains active 
nuclei. We observed that the pattern of nuclei expressing PCNA 
coincided with nuclei observed in the H&E-stained tumor sec-
tions, and PCNA staining further failed to stain nuclei within 
the necrotic areas (Fig.  7A). These results further confirm the 
expected tumor morphology of the AAV2-infected tumors. In 
addition, the observed AAV2-mediated tissue necrosis further 
correlated with virus-regulated tumor growth inhibition and 
increased survival of mice (Fig. 5) compared with tumors in the 
control groups.

AAV2-mediated necrosis coincides with the appearance of 
cleaved caspase-8 in tumors

AAV2 induced tumor necrosis is indicative of the terminal 
stages of activating one, or possibly more, cell death pathways. 
In our current study we have shown that AAV2 induced death 
of the MDA-MB-435 cells in culture results from activation and 
cleavage of both caspase-8 and caspase-9 and downstream induc-
tion of apoptosis (Fig. 3). Since activation of caspase-8 occurs 
upstream of caspase-9, we wanted to determine whether AAV2 
also induced cleavage of caspase-8 in the MDA-MB-435 xeno-
grafted tumors. We performed immunohistochemical analysis 
of tumor sections using a mouse monoclonal antibody against 
cleaved caspase-8, which specifically recognizes the cleaved form 
of the protease. We observed scattered patches of cells within the 
AAV2-infected tumors which stained positively for the cleaved 
form of caspase-8 (Fig.  7B). In contrast, a similar pattern of 
staining was not observed in the mock and PBS-treated tumors 
(Fig. 7B). These results suggest that the tumor necrosis observed 
within the AAV2-infected tumors in nude mice (Fig. 6) resulted 
from virus targeted activation of the extrinsic pathway of apopto-
sis (Fig. 7B), although other pathways of death may also be active 
under these conditions. Thus, AAV2 activation of the extrinsic 
pathway of apoptosis via caspase-8 cleavage observed in vitro 
(Fig. 3) also positively correlated with the detection of the cleaved 
form caspase-8 in AAV2-infected tumors in vivo (Fig. 7B). Fur-
ther, AAV2-specific staining of cell clusters corresponding to 
activation of caspase-8 (Fig. 7B) correlated with virus regulated 
inhibition of tumor growth and increased survival of mice with 
tumors treated with the virus compared with mice with tumors 
in the control groups (Fig. 5).

AAV2-mediated inhibition of tumor growth coincides with 
xenografts positively staining with c-Myc

In the current study, our in vitro results showed that MDA-
MB-435 monolayer cultures infected with AAV2 underwent 
apoptotic cell death, which further coincided with increased 
expression of proliferation markers including the monomeric 
form of the c-Myc protein (Fig. 4). We then determined whether 
the AAV2-infected tumors in nude mice also exhibited altered 
c-Myc expression in vivo, along with other hallmarks of cell death, 
including tumor necrosis and the appearance of cleaved caspase-8. 
We performed immunohistochemical analysis of tumor sections 
using a mouse monoclonal antibody against c-Myc, which was 
also used for detecting the same protein in western blot analy-
sis (Fig. 4). We observed that the AAV2-infected tumors stained 
strongly for c-Myc, whereas in contrast, the necrotic areas were 
devoid of this staining (Fig. 8). In contrast, similar staining was 
not observed in the mock and PBS-treated tumors (Fig. 8). These 
results suggested that the AAV2-mediated inhibition of tumor 
growth in nude mice (Fig. 5) resulted from virus-targeted activa-
tion of the cell proliferation pathways in conjunction with acti-
vation of cell death pathways in vivo (Fig. 7B), which was also 
observed in vitro (Fig.  3). Thus, AAV2 regulated increased in 
the total levels of c-Myc observed in the current study in vitro 

Figure  6. AAV2 infection of MDA-MB-435 tumors induced tumor 
necrosis which correlates with growth inhibition. (A) AAV2 infection of 
MDA-MB-435 xenografts induced dark patches of necrotic areas on the 
skin surrounding the tumors. (B) Tumors were examined using H&E stain-
ing. Mock and PBS-injected tumors were compared with AAV2-injected 
tumors (magnification, 100×). Both mock and PBS-injected tumors show 
areas of infiltrating macrophages (IM) as indicated with arrows, whereas 
AAV2-treated tumors show large areas of tumor necrosis (N) that cor-
relate with the appearance of darkly staining patches on the external 
surface.
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(Fig. 4) also correlated positively with the detection of strongly 
stained areas in AAV2-infected tumors in vivo (Fig.  8). Our 
results further suggest that detection of the cleaved form of cas-
pase-8 as well as c-Myc, in addition to visual determination of 
tumor necrosis, could be used as diagnostic markers for deter-
mining the efficacy of AAV2 as an anti-tumor agent in the treat-
ment of breast tumors in the nude mouse model. Cumulatively, 
our results in this study positively correlate our observations in 
vitro with our in vivo observations and suggest the potential for 
developing wild-type AAV2-based therapeutics for breast cancer.

Discussion

Triple-negative breast cancer is characterized by rapid growth, 
high recurrence rate and poor prognosis. Chemotherapy is the 
only systemic treatment available for TNBC, in conjunction 
with surgery and radiation.51 Treatment of breast cancer involves 
determination of individual patient tumor profiles comprising 
both hormone and growth factor status for delivering personal-
ized therapy.52 Recent studies have further established the clas-
sification of breast cancer into ten novel subgroups with distinct 
clinical outcomes,53 further fine-tuning future opportunities 
for providing tailored therapy. In the interim, development of 

therapies for novel targets in TNBC con-
tinues on an evolutionary path, rendered 
difficult due to multiple mechanisms of 
death evasion/survival culminating in 
metastasis of cancer cells. Multiple stud-
ies, including published studies from our 
laboratory,16,21 have documented the anti-
proliferative nature of AAV2. In particu-
lar, we have recently reported that AAV2 
infection suppressed growth and prolifera-
tion, via apoptosis induction, of multiple 
breast cancer-derived cell lines.16 We tested 
a range of breast cancer cell lines represent-
ing both low and high grades of aggres-
siveness, including MCF-7 (ER+), MDA-
MB-468 (ER-), and MDA-MB-231 (ER-) 
cells.16 In contrast, normal human breast 
epithelial cells infected with AAV2 were 
unaffected.16 Together with these findings, 
our current study strongly suggests the 
potential for developing wild-type AAV2 
as a novel therapeutic for TNBC, regard-
less of identified subgroups, as well as other 
grades of breast cancer, and establishes the 
foundation for further exploration of this 
possibility.

AAV2 is a potential inducer of 
DNA damage and abrogates cell cycle 
check-points

In the current study, we have shown 
that AAV2 infection induces apoptotic 
death of the human MDA-MB-435 triple-

negative breast cancer cell line, in culture resulting in 100% loss 
of viability, as well as in breast tumor xenografts. The MDA-
MB-435 cell line has been derived from metastatic (pleural effu-
sion), infiltrating ductal breast carcinoma22 and is widely used 
as a model of metastatic breast cancer.54 The molecular mecha-
nism of death potentially involves the ability of the AAV2 Rep 
proteins to propel the cancer cells toward a proliferative pheno-
type, as suggested by the increased movement of cells into S and 
G

2
 phases. Increased entry into S phase also suggests a breach 

of the G
1
/S cell cycle check-point, within which Cyclin/CDK 

complexes could be a target of AAV2. Alternatively, upstream sig-
naling mediated by MAP kinase-regulated pathways could also 
be a target of AAV2, which could explain the observed increase 
in S phase entry in AAV2-infected cells. AAV2-mediated breach 
of cell cycle controls to mediate enhanced S phase progression is 
suggestive of AAV2 overcoming mechanisms of DNA damage 
checkpoint regulatory controls. In normal cells, DNA damage sig-
nals activate checkpoint kinases (Chk), which play a critical role 
in determining cellular responses to DNA damage by initiating 
cell cycle arrest, thereby allowing for DNA repair.55 The S, intra-
S, and the G

2
-M phase checkpoints are predominantly regulated 

by Chk1, whereas Chk2 regulates the G
1
 phase checkpoint.55 In 

the current study, addition of DNA damage via AAV2 genomic 
inverted terminal repeats,56 or inherent Rep protein endonuclease 

Figure 7. AAV2-induced necrotic death of MDA-MB-435 xenografts correlated with lack of PCNA 
nuclear staining. (A) Tumor sections were examined with H&E staining and further stained with 
PCNA antibody. Identical areas in both types of stained tumor sections showed lack of PCNA stain-
ing in areas of necrosis induced upon AAV2 infection. AAV2-treated tumors show large areas of 
necrosis (N). (B) AAV2-induced necrotic death of MDA-MB-435 xenografts correlated with increased 
staining with antibody against cleaved caspase-8. Tumor sections were examined with H&E stain-
ing and further stained with an antibody against cleaved caspase-8. AAV2-infected tumors show 
increased focal areas of staining which correlates with tumor cell death compared with mock and 
PBS injected controls.
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functions,45 could induce a significant level of cellular stress, par-
ticularly in cancer cells which are already compromised for DNA 
damage checkpoint functions.55 These observations suggest that 
AAV2 promotes infected breast cancer cell line to increasingly 
enter S and G

2
 phases, and potentially indicates the ability of 

AAV2 to interfere with Chk1 kinase functions. One possibility is 
that AAV2 action on the breast cancer cells is somewhat parallel 
to functions of DNA damage checkpoint kinase inhibitors which 
sensitize cancer cells to genotoxic chemotherapeutics, while non-
cancerous cells are more resistant to such therapeutics due to the 
presence of intact DNA damage checkpoint pathways.

Specific combinations of the AAV2 Rep protein potentially 
determine the kinetics of tumor cell death

Our current studies are not only significant from the view-
point of potentially developing AAV2 as a therapeutic for TNBC, 
but also for development of AAV2 as a common therapeutic for 
less aggressive breast cancer types. We have previously reported 
that MCF-7, MDA-MB-468, and MDA-MB-231 human breast 
cancer-derived cell lines, representing both low and high grade 
types, also underwent cell death in response to AAV2, whereas 
primary breast epithelial cells were unaffected upon AAV2 infec-
tion.16 These results further suggested the property of AAV2 to 
specifically target cancer cells, which in itself is an attribute of an 
ideal chemotherapeutic. Although there did not appear to be a 
“universal” mechanism of cell death among the three cell types,16 
the ability of AAV2 to push these cancer cells into S phase also 
coincides with the ability of the virus to initiate a more prolifera-
tive phenotype in the MDA-MB-435 cells (current study), and 
appears to be a common mechanism of death induction and a 

specific hallmark of AAV2 regulated tumor suppression. A dif-
ference relating to the kinetics of AAV2 regulated cell death was 
the gradual demise of the virus infected MDA-MB-435 cells over 
a period of 21 d (current study), which contrasts sharply with the 
7 d period characteristic of the other breast cancer cell lines.16 
The observed difference could be due to the differential expres-
sion of the four Rep proteins expressed in the different breast can-
cer cell lines. Whereas death of AAV2-infected MDA-MB-435 
cells was correlated with the expression of Rep78 and Rep52 but 
death of MCF-7, MDA-MB-468, and MDA-MB-231 cells was 
correlated with expression of Rep78, Rep68, and Rep40. This 
is potentially due to some Rep proteins being expressed below 
the level of detection under these conditions. On the other hand, 
it is also possible that biochemical environment of the different 
breast cancer cell lines determine differential expression of spe-
cific combinations of Rep proteins, which enables their target-
ing of cell death. Highly metastatic breast cancer cells, similar to 
growth characteristics of the MDA-MB-435 cells, are generally 
more resistant to chemotherapeutics, which may translate to the 
longer kinetics for the observed 100% cell killing observed in the 
current study.

AAV2 regulates increased expression of monomeric c-Myc in 
late-stage apoptotic cells

AAV2-mediated induction of apoptosis in the MDA-MB-435 
breast cancer line coincided with upregulated expression of 
monomeric form of the c-Myc protein. The c-Myc protein is a 
transcription factor which is both a regulator of cell proliferation 
as well as apoptosis.17 Under normal conditions, c-Myc controls 
growth regulatory signals in early G

1
 and at the G

1
/S cell cell 

Figure 8. AAV2-induced necrotic death of MDA-MB-435 xenografts correlated with enhanced c-Myc staining. Tumor sections were examined with H&E 
staining and further stained with c-Myc antibody. Identical areas in both types of stained tumor sections showed darker areas of c-Myc staining in cells 
surrounding areas of necrosis induced upon AAV2 infection.
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cycle check-points.18 Ectopic expression of c-Myc has been shown 
to induce S phase entry in quiescent cells, observations which 
first suggested that c-Myc could play a role in G

1
/S transition.18 

In addition, c-Myc expression also targets cell cycle regulatory 
proteins in the G

2
 phase and could mediate a G

2
/M arrest and 

downstream apoptosis induction.57 We have reported that AAV2 
infection of multiple breast cancer cell lines and ensuing apop-
totic death was correlated with upregulated expression levels of 
the c-Myc protein.16 Taken together, our studies suggest that 
AAV2 modulation of c-Myc expression in breast cancer cells, 
either through enhancing specific expression of the monomer 
form (current study), or via upregulating total protein levels,16 
is correlated with apoptosis induction. In the current study, 
AAV2-mediated increase of c-Myc specifically of the monomer 
form in the infected MDA-MB-435 cells. Under normal condi-
tions, c-Myc binding to E box DNA recognition sequences and 
functional regulation of its target genes requires binding and het-
erodimerization with its partner Max.58 Myc function in tran-
scriptional activation, transformation and apoptosis is dependent 
on the herterodimeration with Max59 as a minimal functioning 
unit.58 Since c-Myc needs to heterodimerize with Max in order to 
be transcriptionally active, increased expression of the monomeric 
species of c-Myc in the AAV2-infected cells could be in response 
to the need to shift the balance in favor of its heterodimerization 
with Max or other partners, perhaps necessary for reaching the 
threshold for favoring the induction of apoptosis.

AAV2 infection of MDA-MB-435 xenografts inhibits tumor 
growth and induces central necrosis

AAV2 infection of MDA-MB-435 xenografts inhibited tumor 
growth. Two different AAV2 dosages successfully inflicted 
extensive areas of tumor necrosis and virus infected tumors, and 
both dosages showed a trend toward decreased size. Additionally, 
induction of necrotic death within tumors is used as the index 
of an effective therapeutic49 as necrosis is further correlated with 
decreased angiogenesis and metastasis.47 The visualization of 
pronounced necrotic areas, tumor growth inhibition, and 100% 
survival of mice with AAV2-infected tumors compared with con-
trols all point to the effectiveness of the wild-type AAV2 as a 
novel therapeutic for TNBC.

TNBC-derived tumors are difficult to treat as they are devoid 
of typical hormone and growth factor targets, which are com-
mon to less aggressive cancer types.11,12 The need for identifica-
tion of novel targets for TNBC is crucial. In the current study, we 
determined the visualization of cleaved caspase-8 as an AAV2-
specific index of apoptosis in the MDA-MB-435 three dimen-
sional xenografts, as well as in cultured cells, which provides the 
potential for the consideration of a novel target for therapeutic 
development. Cell signaling pathways in aggressive/metastatic 
cancers have found ways to activate multiple pathways of sur-
vival by inhibiting pathways of cell death.60 Our studies suggest 
that AAV2 potentially removed blocked signals which allowed 
for sensitization of caspase-8-dependent apoptosis, further disal-
lowing death evasion signals. These data also suggest the pos-
sibility that CD95, a member of the death receptor family, and 
downstream signaling molecules in that pathway, are potential 
targets of AAV2. Under normal conditions, stimulation of CD95 

mediated signaling ultimately mediates activation/cleavage of 
procaspase-8 via downstream formation of DISC.61 The ability 
of AAV2 to activate the caspase-8-dependent pathway of apopto-
sis also suggests the ability of the virus to mediate mitochondrial 
dysfunction in the infected tumors. Our current study demon-
strates proof of principle for the use of AAV2 as a therapeutic for 
tumors of the breast.

In the current study, we demonstrated that AAV2 induction 
of tumor necrosis was accompanied by a reduction in the number 
of inflammatory macrophages compared with control tumors. 
Others have reported that breast tumors containing increased 
numbers of macrophages are significantly more vascularized and 
metastatic than tumors with a low number of macrophage infil-
trates.48 Therefore, our data also suggests the potential for AAV2 
to target pathways of angiogenesis in TNBC.

Conclusions

Our data presented in the current report suggests the potential 
for developing the wild-type AAV2 as a novel and effective anti-
cancer therapeutic agent for treatment of TNBC. Our current 
study clearly demonstrates the ability of AAV2 to sensitize path-
ways which regulate caspase-8 activation for mediating tumor cell 
death, although activation of other pathways potentially remain 
to be explored. Developing the wild-type AAV2 in its entirety, 
as well as identifying active protein domains and derivation of 
peptides of one or more Rep proteins as small molecule therapeu-
tics, are possibilities for future consideration. Our studies sug-
gest that very low dosages of AAV2 are required for inducing 
cell death and promoting tumor regression. Future studies would 
necessitate testing the wild-type AAV2 in an immune-competent 
mouse model. Overall, our studies provide proof of principle for 
developing wild-type AAV2 as a novel therapy for TNBC as well 
as other grades of breast cancers.

Methods

Cell lines
The MDA-MB-435 cell line has been previously described.22 

Cells were maintained in monolayer culture with E medium con-
taining 5% fetal bovine serum.

Viral stocks
AAV2 stocks were prepared in our laboratory using the 

whole-cell lysate method, by banding twice on CsCl gradients 
and determination of infectious titers as we have described previ-
ously.21 The AAV2 virus stocks were tested for residual contami-
nation with helper adenovirus using the following methods. A 
2 μL aliquot from 0.5 μL CsCl gradient fractions was used for 
infecting 293 cells in 24-well dishes. The AAV2 positive frac-
tions exhibiting low cytopathic effects were pooled, and heated 
at 56 °C for 30 min. The AAV2 stocks were then serially diluted 
and further used to infect 293 cells in 60-mm dishes and the 
presence of residual contaminating adenovirus was visualized 
using plaque assays.
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Cell synchronization and infection of cells
The MDA-MB-435 cell line was grown to approximately 

80% confluence, trypsinized, and plated at a density of 1 × 106 
cells in 100-mm plates in E medium. After plating, cells were 
incubated between 10 and 12 h, at which time about two-thirds 
or more of the cells are synchronized at the G

1
 phase (without the 

addition of exogenous chemicals) as previously described.21 This 
time point was designated time zero. The medium was aspirated 
from the plates, and infections were performed using AAV2 at a 
multiplicity of infection (MOI) of 0.02 (using AAV2 MOIs of 
10, 20, 30, and 100 yielded similar results). The infections were 
performed by diluting the AAV2 stocks into 1 mL of E medium 
without serum and used for infection of cells. Mock infections 
were performed using 1 mL of E medium without serum. Plates 
were incubated at 37 °C for 2 h with intermittent swirling. At 
the end of the incubation, residual medium was aspirated from 
the plates and replaced with 10 mL of fresh E medium supple-
mented with serum. Virus infected and mock infected cells were 
collected at t = 0 and day 1 through day 21 post-infection with 
AAV2. Both mock-infected and AAV2-infected cell samples were 
trypsinized, inactivated with the addition of serum, pelleted, and 
stored at -70 °C until further manipulations. Both floating cells 
and adherent cells were collectively pooled before pelleting, fol-
lowed by storage at -70 °C. Additionally, on day 2, day 5, day 9, 
day 12, and day 16 (when cells were approximately 80% conflu-
ent), both mock and AAV2-infected cells were passaged at a ratio 
of 1:2 and plated in fresh E medium.

Southern blot analysis of AAV2 DNA replication
A 5 μg aliquot of the isolated low molecular weight DNA was 

separated by electrophoresis in a 0.8% TAE agarose gel followed 
by transferring to GeneScreen Plus membranes (New England 
Nuclear Research Products), as previously reported.62 Samples 
were probed with 32P-labeled total AAV2 genomic DNA probe 
generated by random primer extension using methods previously 
described.62

Preparation of total cellular protein extracts and western 
blotting

Total protein extracts were prepared from the monolayer 
cultures and quantitated using the Lowry Method as previ-
ously described.21,24 For detecting cell cycle proteins, a total of 
60 μg whole cell extract was used in western blots to determine 
expression of p21WAF1, p27KIP1, and p16INK4. To detect pRb and 
p53 protein expression, 30 μg of whole cell extracts were used. 
Protein extracts were applied to sodium-dodecyl sulfate (SDS)-
polyacrylamide (SDS-PAGE) gel (acrylamide/bisacrylamide 
ratio, 30:0.8). Gel compositions for resolving various proteins 
are as follows. A 12% gel was used to detect p21WAF1, 15% gel for 
p16INK4, 10% gel for p27KIP1, and 7.5% SDS-PAGE gel for pRb 
and p53. Polyclonal antibodies against p21WAF1, p27KIP1, p16INK4, 
and pRb (Santa Cruz) were each used at a dilution of 1:2000 
to detect the respective proteins, and have been described previ-
ously.21,24 A monoclonal antibody against p53 (Oncogene) was 
used at a dilution of 1:1000 for detecting the protein and has 
been described previously.21,24

To detect c-Myc and Ki-67 protein expression, 60 μg of whole 
cell extracts were used. Monoclonal antibodies against c-Myc 

(Santa Cruz) were used at a dilution of 1:500 and polyclonal 
antibodies against Ki-67 (Santa Cruz) were used at a dilution of 
1:2000.

To detect apoptosis regulatory proteins, 60 μg of whole cell 
extracts were used. To detect the pro-caspase form of caspase-3, 
proteins were resolved in a 10% SDS-PAGE gel and detected 
with caspase-3 rabbit monoclonal antibody (Cell Signaling Tech-
nology) and used at a dilution of 1:1000. To detect the 19 kDa 
and 17 kDa cleaved caspase-3 forms, proteins were resolved in 
a 15% SDS-PAGE gel and detected with rabbit polyclonal anti-
body against cleaved caspase-3 (Cell Signaling Technology) and 
used at a dilution of 1:1000. To detect the pro-caspase form of 
caspase-6, proteins were resolved in a 10% SDS-PAGE gel and 
to detect the cleaved form of caspase-6, proteins were resolved 
in a 15% SDS-PAGE gel and detected with a rabbit polyclonal 
antibody (Cell Signaling Technology) used at a dilution of 
1:1000. To detect both the pro- and cleaved forms of caspase-7, 
caspase-8, and caspase-9, proteins were resolved in a 10% SDS-
PAGE gel. Caspase-7 was detected with a mouse monoclonal 
antibody (Cell Signaling) and used at a dilution of 1:1000. Cas-
pase-8 was detected with a mouse monoclonal antibody (Alexis 
Biochemicals) and used at a dilution of 1:2000. Caspase-9 was 
detected with a rabbit polyclonal antibody (Cell Signaling) and 
used at a dilution of 1:1000. To detect the pro- and cleaved forms 
of PARP, proteins were resolved in a 7.5% SDS-PAGE gel and 
detected with a rabbit monoclonal antibody (Cell Signaling) 
and used at a dilution of 1:1000. Proteins were detected using 
enhanced chemiluminescence (ECL) method (Perkin Elmer) as 
per manufacturer’s instructions.

Cell viability assay and flow cytometric analysis of DNA 
content

MDA-MB-435 cultures were synchronized and infected with 
AAV2 as described above. At each time point, cell samples were 
collected at t = 0 and days 1 through 21. On day 2, day 5, day 9, 
day 12, and day 16, both mock and AAV2-infected cells were 
passaged 1:2 as described above. Both mock and AAV2-infected 
cell samples were trypsinized, inactivated with the addition of 
serum, and counted using trypan blue exclusion using standard 
protocols.

For performing flow cytometry, mock and AAV2-infected 
cells were prepared for analysis as previously described.24 
Briefly, MDA-MB-435 cells were synchronized and infected 
with AAV2 as described above. Mock and AAV2-infected cells 
were sampled at t = 0 and from day 1 through day 21, with pas-
saging on day 2, day 5, day 9, day 12, and day 16, as described. 
On each day, cells were harvested by trypsinization, washed 
with PBS, fixed in 70% ethanol, and stored at -20 °C. The 
fixed cells were washed in PBS and then resuspended in PBS 
containing 0.1% Triton X-100 (Sigma), 200 μg/mL DNase-
free RNase A (Boehringer Mannheim), and 100 μg/mL of 
propidium iodide (Sigma) for 30 min at 37 °C. Flow cytometric 
analysis of 106 cells was performed in a f luorescence-activated 
cell sorter (FACS), and the percentages of cells in the G

1
, S, and 

G
2
/M phases of the cell cycle were determined using the Cell 

Quest program of Becton Dickinson. Data were analyzed with 
the Mod Fit LT program.
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Human breast tumor xenograft experiments
Five- to six-week-old female athymic nude mice were pur-

chased from Harlan and housed under pathogen-free conditions 
according to Penn State University College of Medicine ani-
mal care guidelines. The protocols of animal experiments were 
reviewed and approved by Institutional Animal Care and Use 
Committee of Penn State University College of Medicine. MDA-
MB-435 cells (5 × 106) were resuspended in 100 μL PBS and 
implanted subcutaneously in the shoulder of mice. Tumor size 
was measured every other day. Since the xenograft tumors develop 
volumetric shapes which are roughly elliptical, tumor volume (V ) 
was determined by the equation: V = π(w + l)3 / 48, where l is the 
length and w is the width of the tumor, measured with calipers 
without applying compression, as published elsewhere.63 When 
xenografts reached volumes of ~300 mm3 (approximately 2 wk), 
the mice were randomly assigned to control and AAV2 treated 
groups (n = 5). Two sets of 5 mice each received a single AAV2 
dosage of 105 and 106 infectious units per tumor administered via 
intratumoral injections. The respective dosage of AAV2 virus was 
diluted in 200 μL PBS and used for injecting multiple sites of the 
tumor. Control tumors either received intratumoral injections 
of PBS or not manipulated (mock). When the control tumors 
reached ~2400 mm3 (on day 32), the mock and PBS-treated mice 
were sacrificed due to their grossly restricted ability to move and 
to feed arising from the tumor burden. The mice receiving intra-
tumoral injections of AAV2 at both 105 and 106 dosages did not 
display similar restrictions in movements and feeding habits as 
the control mice, survived longer than the control mice and were 
eventually euthanized on day 56.

Histochemical analysis
At the end of the experiment, animals were euthanized and 

tumors were removed, fixed in 10% buffered formalin (for 24 h), 

paraffin embedded, and 4-μm cross-sections were prepared as 
we have previously described.64 Sections were stained with hema-
toxylin and eosin as previously described.65

For immunohistochemical analysis, the c-Myc antibody 
(Santa Cruz) was used at a dilution of 1:100 using protocols 
previously described.66 The PCNA antibody (Santa Cruz) was 
used as we have described previously.67 The cleaved caspase-8 
(Cell Signaling) antibodies were used as recommended by the 
manufacturers.
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