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Abstract: Our previous study showed that specifically delivering BikDD, a constitutive active mutant of pro-apoptotic 
protein Bik, to breast cancer cell xenografts in immunocompromised mice has a potent activity against tumor initiat-
ing cells (TICs), and that the combination between tyrosine kinase inhibitors (TKI) and BikDD gene therapy yielded 
synergistic effect on EGFR and HER2 positive breast cancer cells in immunodeficient nude mice. Those encour-
aging results have allowed us to propose a clinical trial using the liposome-complexing plasmid DNA expressing 
BikDD gene which has been approved by the NIH RAC Advisory committee. However, it is imperative to test whether 
systemic delivery of BikDD-expressing plasmid DNAs with liposomes into immunocompetent mice has therapeutic 
efficacy and tolerable side effects as what we observed in the nude mice model. In this study, we investigated the 
effects of BikDD gene-therapy on the primary mammary tumors, especially on tumor initiating cells (TICs), of a 
genetically engineered immunocompetent mouse harboring normal microenvironment and immune response. The 
effects on TIC population in tumors were determined by FACS analysis with different sets of murine specific TIC 
markers, CD49fhighCD61high and CD24+Jagged1-. First we showed in vitro that ectopic expression of BikDD in murine 
N202 cells derived from MMTV-HER2/Neu transgenic mouse tumors induced apoptosis and decreased the num-
ber of TICs. Consistently, systemic delivery of VISA-Claudin4-BikDD by liposome complexes significantly inhibited 
mammary tumor growth and slowed down residual tumor growth post cessation of therapy in MMTV-HER2/Neu 
transgenic mice compared to the controls. In addition, the anti-tumor effects of BikDD in vivo were consistent with 
decreased TIC population assessed by FACS analysis and in vitro tumorsphere formation assay of freshly isolated 
tumor cells. Importantly, systemic administration of BikDD did not cause significant cytotoxic response in standard 
toxicity assays or body weight changes. Taken together, our findings validated that selective expression of BikDD 
in the primary mammary tumors in immunocompetent hosts significantly reduced tumor burden and inhibited the 
residual tumor growth at off-therapy stage by eliminating TICs. Hence, the VISA-Claudin4-BikDD-mediated gene 
therapy is worthy of further investigation in breast cancer clinical trials.
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Introduction

Breast cancer is one of the most common can-
cers among women worldwide, especially in the 
developed countries. It is well known that hu- 
man epidermal growth factor receptor 2 (HER2) 
plays an important role in development and pro- 

gression of certain types of breast cancers [1]. 
The HER2-enriched subtype of breast cancer, 
characterized by overexpression of HER2 re- 
ceptor or HER2 gene amplification, comprises 
approximately 15-25% of breast cancers [1, 2], 
and more recently, somatic mutations in HER2 
in the absence of overexpression or gene ampli-
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fication account for 1-2% of breast cancer 
cases [3]. Although single or combinatorial anti-
HER2 targeted therapies such as monoclo- 
nal antibodies (e.g., trastuzumab) or tyrosine 
kinase inhibitors (e.g., lapatinib) have improved 
the poor-prognosis associated with this sub-
type of breast cancer patients, intrinsic or 
acquired resistance still limits the efficacy to 
such treatments [4, 5]. Treatment resistance, 
recurrence, and metastasis in breast cancer 
has been attributed to a small population of 
cancer cells termed cancer stem cells or tumor 
initiating cells (TICs) that are able to self-renew 
and generate the heterogeneous cell types  
that make the tumor burden [6-8]. Several 
studies support a role for HER2 as a regulator 
of TICs in human breast cancer cell lines [9-12] 
and MMTV-HER2/Neu mouse mammary tum- 
ors [13, 14].

In an earlier work, we demonstrated that BikDD, 
a double phosphorylation mimic and constitu-
tively active form of the pro-apoptotic protein 
Bik, synergizes with lapatinib to target breast 
TICs by inhibition of multiple members of the 
anti-apoptotic Bcl-2 family [15]. Integration of 
BikDD into an expression vector complex term- 
ed VISA-Claudin4 that selectively and efficient-
ly induces BikDD expression in breast cancer 
cells, with minimal expression in normal cells, 
showed that VISA-Claudin4-BikDD specifically 
enhanced the killing effect of lapatinib on 
EGFR+/HER2+ breast cancer cell lines and pre-
vented chemotherapy-induced increase of TICs 
in vitro and in vivo [15].

To further study the effects of BikDD gene ther-
apy on the primary mammary tumors and on 
TICs of breast cancers in immunocompetent 
hosts, we used well-established MMTV-HER2/
Neu transgenic mice, which develop spontane-
ous mammary tumors with similar features as 
the human disease [16, 17], as a model to 
determine whether BikDD effectively inhibits 
tumor growth and/or eliminates TICs in the 
tumor burden. In this study, we showed that in 
N202 cells, a murine mammary carcinoma cell 
line derived from MMTV-HER2 transgenic mice, 
ectopic expression of BikDD induced apoptosis 
and also decreased total cell viability and TIC 
number in vitro. Furthermore, we demonstrated 
that systemic delivery of VISA-Claudin4-BikDD-
liposome complex and specific expression of 
BikDD proteins in the primary mammary tumor 

cells suppressed tumor growth and decelerat-
ed residual tumor expansion at off-therapy 
stage concomitantly with decrease of TICs in 
the genetically engineered mice. Our study  
provided positive preclinical evidence in mice 
with normal microenvironment and immunity 
response to safely move VISA-Claudin4-BikDD 
gene therapy into clinical trials for breast can-
cer patients.

Materials and methods

Cell lines and in vitro treatment

The N202 mammary carcinoma cell line was 
derived from an MMTV-HER-2/Neu transgenic 
mouse. N202 cells were grown in DMEM sup-
plemented with 10% fetal bovine serum, and 
1% penicillin/streptomycin. Cell viability was 
measured by trypan blue exclusion method in 
N202 cells infected either with pLOVE-vector  
or pLOVE-BikDD lentiviral supernatants after 
96 hours. Viral titer was quantified using a 
qPCR Lentivirus Titration Titer Kit following the 
manufacturer’s instructions (Abm Inc., Rich- 
mond, BC, Canada). For all in vitro experiments 
the cells were analyzed 96 hours post infect- 
ion.

Animal studies

Female MMTV-HER2/Neu transgenic mice 
(FVB/N, Tg-MMTV-Neu 202Mul/J; Jackson 
Laboratory) were used to test the effect of 
VISA-Claudin4-BikDD gene therapy on mam-
mary tumor growth and the TIC populations. 
Once mammary tumor volume reached ~100-
150 mm3, mice (8-10 mice per group) were ran-
domly assigned to be administered either 
pUK21 vector alone (Control group) or pUK21-
VISA-Claudin4-BikDD (BikDD group) DNA com-
plexed with liposomes (15 µg DNA/mouse) via 
tail vein injection using a 29-gauge needle 
twice per week for total of 3 weeks. DNA:DOTAP 
liposome complex preparation was made as 
described previously [15]. HLDC (Hung Lab-
modified DOTAP:cholesterol) was produced in 
our laboratory according to Dr. Nancy 
Templeton’s protocol [18]. Briefly, HLDC (20 
mmol/L) stock solution and stock DNA solution 
were diluted in sterile 5% dextrose water and 
mixed in equal volumes to make a final solution 
of 4 mmol/L HLDC and 15 µg DNA in 100 µl of 
solution. Plasmid DNAs for animal injection 
were purified by Qiagen Endo-Free Mega Prep 
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kit (Qiagen, Valencia, CA) with endotoxin level < 
10 units/mg (QCL-1000 kit; BioWhittacker, 
Walkersville, MD). Tumor burden was measured 
twice a week with a caliper, and tumor volume 
was calculated by the formula: 0.5 × length × 
width2. Mouse survival was monitored after 
cessation of VISA-Claudin4-BikDD treatment 
until tumors reached 1500 mm3 or when mice 
showed signs of distress.

Preparation of single mammary tumor cell

All animal protocols were reviewed and app- 
roved by IACUC committee at the University of 
Texas MD Anderson Cancer Center. Isolation of 
single tumor cells from mammary tumors of 
MMTV-HER2/Neu transgenic mice for FACS 
analysis and tumorsphere formation assay was 
performed as described previously with slight 
modifications [19]. Briefly, the tumor tissues 
were harvested 24 hours after last injection. 
The mammary tumors were minced using razor 
blades and digested in 10 mL digestion media/ 
1 g tissue [digestion media containing DMEM/
F12, 1% antibiotic-antimycotic (Invitrogen), and 
freshly added 100 U/mL collagenase/hyaluron-
idase (Stemcell Technologies)] at 37°C for 1 
hour in a rotary shaker at 200 rpm (pipetted  
up and down every 15 min). The resultant cells 
were filtered through 40 µm cell strainers and 
washed with washing buffer [DMEM/F12 medi-
um, 5% fetal bovine serum (FBS), 1% antibiotic-
antimycotic (Invitrogen)]. The dispersed cell su- 
spensions were centrifuged at 800 rpm for  
3 min until the supernatant was clear and no 
red blood cells were visible in the pellet. The 
single cells were then resuspended in HBSS 
(Invitrogen) containing 2% FBS and 10 mmol/L 
HEPES buffer till further analysis.

Flow cytometry of cancer stem cells and nor-
mal mammary stem cells

Effect of BikDD on TICs in vivo was determined 
by FACS analysis of freshly isolated tumor cells 
using previously reported MMTV-HER2/Neu-
specific murine TIC markers CD49fhighCD61high 
[13] and CD24+Jagged1- [14]. We also analyzed 
TICs by using normal mammary stem cell mark-
ers CD24 and CD29 [20]. Briefly, freshly isolat-
ed single tumor cells were resuspended in 
HBSS-5% FBS buffer (1×107 cells/ml) and 
stained with specific antibodies of biotin-conju-
gated lineage surface markers and FITC- and 
PE-conjugated TIC surface markers for 30 min 

on ice. Cells were then washed with HBSS-5% 
FBS buffer and incubated with streptavidin-
APC for 20 min on ice. The cells were pelleted 
and washed once with HBSS buffer and then 
subjected to FACS on a Beck man Coulter 
Gallios Flow Cytometer. Dead and mouse-lin-
eage-positive cells were excluded using 
4’,6-diamidino-2-phenylindole (DAPI; 3 μM; 
Molecular Probes) and mouse lineage panel 
(BD Biosciences), respectively. Results shown 
for isolated tumor cells are from seven (using 
TIC markers) and five (using normal stem cell 
markers) independent experiments, with each 
experiment representing a different mouse.

Tumorsphere formation assays

Freshly isolated single tumor cells from MMTV-
HER2/Neu transgenic mice after last treatment 
were used for tumorsphere assays. Tumor- 
sphere culture was performed as previously 
described [21]. In brief, 50,000 cells per well 
were grown in 24-well Ultra Low Attachment 
plates (Corning, NY) with 0.5 mL serum-free 
mammosphere medium (DMEM/F12 with 20 
ng/mL basic fibroblast growth factor, 20 ng/mL 
epidermal growth factor, 10 µg/mL heparin, 1X 
B27, 100 μg/ml gentamicin, 1% antibiotic-anti-
mycotic). Cells were grown in non-adherent cul-
ture dishes and allowed to form tumorspheres. 
Tumorsphere-forming units (TFU: ≥ 60 μM) 
were manually counted at day seven. Results 
shown were from four independent experi-
ments, with each experiment representing cells 
isolated from a different mouse and performed 
in six replicates.

Systemic toxicity analysis

After reaching tumor end-point, serum was  
collected from either control or BikDD-treated 
mice for analysis of aspartate aminotransfer-
ase/serum glutamic-oxaloacetic transaminase 
(AST/SGOT), alanine aminotransferase/serum 
glutamic pyruvic transaminase (ALT/SGPT), and 
blood urea nitrogen (BUN) using assay kits 
(Roche) following manufacturer’s recommenda-
tions. The body weight of both mouse groups 
was recorded twice a week.

Western blot analysis

Western blotting was performed as described 
[22] with the following antibodies against Bik 
(Cat #4592S), PARP (#9542S) from Cell Sig- 
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naling Technology, and α-tubulin (T5168) from 
Sigma-Aldrich.

Results

Ectopic expression of BikDD inhibits tumor cell 
growth and reduces TIC population in vitro

Given that breast TICs are resistant to current 
standard of care therapies and that HER2 is  
a positive regulator of human breast TICs, we 
used the murine mammary carcinoma cell line 
N202 to investigate the effect of BikDD on 
apoptosis and TIC population. Ectopic expres-
sion of BikDD in N202 decreased cell viability 
by 60% relative to empty vector (Figure 1A) and 
induced apoptosis as measured by PARP cleav-

age (Figure 1B). To test whether ectopic exp- 
ression of BikDD in tumor cells affects TICs, 
N202 murine cells were infected with BikDD-
lentivirus or empty vector. We then determined 
TIC populations in the infected cells by FACS 
analysis using two sets of surface markers 
CD49fhighCD61high and CD24+Jagged1- which 
were reported to identify TICs in the MMTV/
HER2/Neu mouse model [13, 14]. Compared 
with control N202 cells, the TIC populations  
as indicated by CD49fhighCD61high and CD24+ 

Jagged1- in the BikDD-expressing cells were 
decreased by 77% (from 19.7% to 4.5% of total 
cells; Figure 1C and 1D) and 63% (from 19.3% 
to 7.2% of total cells; Figure 1E and 1F), res- 
pectively. These results suggested that BikDD 
expression in the mammary tumor cells not 

Figure 1. Ectopic expression of BikDD inhibits tumor cell growth and reduces tumor initiating cell (TIL) population 
in vitro. A. Cell viability of BikDD-expressing and vector control N202 cells was determined 96 hours post infection 
with either lentivirus of pLOVE or pLOVE-BikDD. B. Western blot analysis of PARP cleavage and BikDD expression in 
vector control and BikDD-expressing cell lysates was performed with indicated specific antibodies, tubulin is used 
as cell lysate loading control and arrow indicates PARP cleavage form. C. FACS analysis with TIC markers CD61-
FITC and CD49f-PE in vector control and BikDD-expressing N202 cells. D. Quantification of CD49fhighCD61high TIC 
population in percentage and absolute numbers of total live cells. E. FACS analysis with Jagged-1-FITC and CD24-PE 
in N202 cells. F. Quantification of CD24+Jagged1- TIC population in percentage and absolute numbers of total live 
cells. Results are mean ± SEM; and experiments were performed in triplicate. *P < 0.05.
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only induces tumor cell apoptosis but also 
reduces TICs in vitro.

Inhibitory effect of systemic delivery of VISA-
Claudin4-BikDD on primary mammary tumor 
growth in MMTV-HER2/Neu transgenic mice

Transgenic expression of HER2 driven by MMTV 
promoter in the mammary glands results in 
spontaneous mammary tumors in more than 
50% of mice by ~7 months of age. Since these 
mammary tumors resemble human HER2-posi- 
tive breast tumors, MMTV-HER2/Neu transgen-
ic mice represent an excellent model to study 
novel, clinically relevant anti-cancer therapies 
that can be translated into breast cancer 
patients. To investigate the anti-tumor effect  
of VISA-Claudin4-BikDD in HER2-driven breast 
cancer, MMTV-HER2/Neu mice harboring tu- 
mors (100-150 mm3) were randomly adminis-
tered either pUK21 vector (Control group)  
or pUK21-VISA-Claudin4-BikDD (BikDD group) 
DNA complexed with liposome via tail vein 
injection twice a week for a total of 4 weeks, 
with tumor volume and recurrence assess- 
ed during and after treatment cessation. As 
shown in Figure 2A, systemic delivery of VISA-
Claudin4-BikDD significantly inhibited tumor 
growth during the 3-week treatment period in 
MMTV-HER2/Neu mice compared to the con-
trol group with a 62% inhibition at the end  
of three weeks (P < 0.005). Despite mammary 
tumors grew back in BikDD-treated mice upon 

treatment termination, the slope of residual 
tumor growth in BikDD-treated mice was much 
lower than those in control-treated mice (Figure 
2B).

Systemic delivery of VISA-Claudin4-BikDD 
reduces TICs of primary mammary tumors in 
vivo

Previously, Korkaya et al. provided evidence 
that HER2 drives self-renewal of human breast 
cancer stem cells [9]. More recently, Lo et al. 
[13] and Liu et al. [14] independently character-
ized the phenotype of mammary TICs in tumors 
from MMTV-HER2/Neu transgenic mice by 
using TIC markers CD49fhighCD61high or 
CD24+Jagged1-, respectively. Given that breast 
TICs are often chemo- and radiation-resistant, 
it is imperative that ideal therapies not only 
substantially reduce the tumor burden but also 
eliminate the small population of TICs. To deter-
mine whether inhibitory effects of systemic 
BikDD therapy on mammary tumor growth in 
vivo (Figure 2) are associated with reduction of 
TICs, the percentage of TICs in freshly isolated 
tumor cells from mammary tumors of MMTV-
HER2/Neu transgenic mice at the end of the 
3-week treatment period was quantified by 
FACS based on the well-established TIC mark-
ers [13, 14] within the lineage-negative (Lin-) 
population (CD45-, TER119-, CD31-). The results 
indicated that systemic delivery of VISA-
Claudin4-BikDD decreased the CD49fhighCD- 

Figure 2. Inhibitory effect of systemic delivery of VISA-Claudin4-BikDD on primary tumor growth in MMTV-HER2/Neu 
mice. A. MMTV-HER2/Neu mice harboring tumors (100-150 mm3) were randomly assigned to receive either pUK21 
control vector or pUK21-VISA-Claudin4-BikDD DNA/liposome complexes via tail vein injection, twice a week for 3 
weeks. Tumor volume (V) was measured every 3-4 days and normalized to the tumor volume prior to therapy (V0). 
Error bars, SEM. *P = 0.00936; **P = 0.00672 (n = 18 mice per group). B. Slope of tumor growth of the residual 
tumors was monitored for 6 weeks after cessation of treatment (off-therapy) and calculated with the equation Y = 
mx+B (where m is slope).
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61high TIC population by 65% (Figure 3A and 3B) 
and the CD24+Jagged1- TIC population by 35% 
(Figure 3C and 3D) as compared to the control 
group. These findings suggested that BikDD-
mediated in vivo tumor growth inhibition and 
tumor regression post off-therapy stage are 
correlated, at least in part, by the decrease in 
TICs. TICs in the mammary tissue can be origi-

nated from the dysregulated normal mammary 
stem cells (MaSCs) during an oncogenic envi-
ronment such as MMTV promoter-driven HER2 
overexpression. Therefore, we also analyzed 
the tumor cells with additional stem cell mark-
ers, CD29 and CD24, which are used to charac-
terize MaSCs [20] by FACS on freshly isolated 
tumor cells. Consistent with the staining pat-

Figure 3. Systemic delivery of VISA-Claudin4-BikDD reduces TICs of mammary tumors in vivo. (A) Representative 
FACS plot of freshly isolated mammary tumor cells from vector (left)- or BikDD (right)-treated MMTV-HER2/Neu 
mice. The tumors were harvested 24 hours after last injection. CD61 and CD49f staining of the tumor cells was plot-
ted by gating the lineage negative population (CD45-, TER119-, and CD31-) after exclusion of dead cells (DAPI+); (B) 
Quantification of CD49fhighCD61high TIC population. Data shown are from 7 independent mice per group. *P = 0.009. 
(C) Representative FACS plot of Jagged1 and CD24 TIC markers in freshly isolated mammary tumor cells from 
MMTV-HER2/Neu mice treated as in (A). (D) Quantification of CD24+Jagged1- TIC population. Data shown are from 
7 independent mice per group. *P = 0.0058. (E) FACS analysis of freshly isolated tumor cells treated as in (A) was 
conducted with normal mammary stem cell markers CD29-APC/Cy7 and CD24-FITC. (F) The basal MaSC-enriched 
(CD29hiCD24+) population in mammary tumor cells is decreased with systemic treatment with BikDD. Data shown 
are from 4 independent mice per group. *P = 0.048 relative to pUK21 empty vector.
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terns of two sets of TIC markers mentioned 
above, we found that BikDD gene therapy also 
decreased the percentage of MaSC-enriched 
CD29hiCD24+ population by 39% (from 74.1% to 
45.5% of total cells, Figure 3E and 3F). Taken 
together, these results revealed that adminis-
tration of VISA-Claudin4-BikDD-liposomes sub-
stantially reduced TICs as characterized by dif-
ferent surface markers in the immunocompe-
tent transgenic mouse model. To further evalu-
ate the effects of VISA-Claudin4-BikDD on TIC 
population in mammary tumor cells isolated 
from MMTV-HER2/Neu mice after 3-week sys-
temic treatment, we also performed tumor-
sphere formation assay for TICs based on the 
ability of a small population of stem/progenitor 
cells to grow in suspension as spheres [23]. As 
shown in Figure 4A, the number of tumor-
spheres from freshly isolated tumor cells from 
BikDD-treated tumors were significantly 
reduced compared with that from vector-treat-
ed ones (BikDD vs Control: 120 ± 11.67 vs 160 
± 14.82). In addition to the reduction in tumor-

sphere numbers, the size of the tumorspheres 
formed (μM in diameter) was significantly 
smaller in the BikDD treated group than vector 
controls (79.11 ± 1.81 vs 118.76 ± 0.81, P = 
0.00152; Figure 4B). These findings were high-
ly consistent with the results from FACS analy-
sis of freshly isolated single tumor cells, indi-
cating that the BikDD treatment effectively 
reduced TIC numbers and attenuated their 
tumorsphere formation ability.

Evaluation of cytotoxic potential of VISA-
Claudin4-BikDD-mediated gene therapy in vivo

In order to evaluate toxicity of BikDD-mediated 
gene therapy, all tumor-bearing immunocompe-
tent mice were carefully monitored throughout 
systemic administration of either control vec-
tor- or VISA-Claudin4-BikDD-liposomes for any 
signs of distress or pain. Meanwhile, we also 
monitored the mice body weight twice a week 
at the start of treatment. No major signs of dis-
tress or pain and acute adverse immune re- 

Figure 4. In vivo systemic delivery of BikDD reduces tumorsphere formation potential of tumor cells isolated from 
MMTV/HER2/Neu mice. A. The number of tumorsphere developed from tumor cells isolated from BikDD and vector-
treated tumors. Data represent the mean values of the tumorsphere number ± SEM of four independent experi-
ments; *P = 0.036. B. Upper panel, representative photo of different sizes of the tumorspheres derived from BikDD 
and vector-treated tumor cells; Scale bar: 100 μm; Bottom panel, size difference of the tumorspheres in diameter 
between BikDD and vector-treated groups, and the bar graph represents the diameter mean values of the tumor-
sphere ± SEM of at least three independent experiments. *P = 0.001569.
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sponses were observed in mice administer- 
ed the gene therapy. In addition, no significant 
changes in body weight were observed in mice 
after receiving systemic administration of VISA-
Claudin4-BikDD (Figure 5A). We also collected 
blood samples at the endpoint of the study 
from mice from both groups to determine the 
serum levels of aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), and 
blood urea nitrogen (BUN) (Figure 5B-D). The 
serum levels of AST, ALT, and BUN did not sig-
nificantly differ between VISA-Claudin4-BikDD- 
and vector-treated groups, suggesting that 
under our experimental conditions, systemic 
delivery of VISA-Claudin4-BikDD did not have 
major organ damages, and that VISA-Claudin4-
BikDD gene therapy has a relatively safe treat-
ment profile.

Discussion

Like other subtypes of breast cancers, despite 
improved prognosis with the advent of HER2-
targeted agents in patients with HER2-amplified 
or -overexpressing breast cancer, a significant 

portion of these patients will relapse and die  
of breast cancer in part due to intrinsic or 
acquired resistance to current therapies [4, 5]. 
The poor clinical outcomes suggest a need for 
alternative, novel, and efficacious treatment 
options for chemo- and targeted-therapy-resis-
tant breast cancer patients. Our previous work 
provided solid evidence demonstrating that in 
vitro and in xenograft mouse models expres-
sion of BikDD has a potent anti-tumor activity 
against EGFR+/HER2+ human breast cancer 
cells with minimal toxicity to normal cells. More 
importantly, BikDD synergized with lapatinib 
and paclitaxel treatment [15]. In order to safely 
move BikDD-mediated gene therapy into clini-
cal trial of human breast cancer patients, we 
further examined the therapeutic efficacy and 
toxicity of this novel therapy in immunocom- 
petent mouse model MMTV-HER2/Neu trans-
genic mice. The MMTV-HER2/Neu transgenic 
mice developed spontaneous mammary tum- 
ors exhibiting salient features of human HER2-
positive breast cancer [16, 17], and those mam- 
mary tumors have been shown to originate 
from TICs [13, 14]. Using the immunocompe-

Figure 5. Systemic treatment with VISA-
Claudin4-BikDD does not exert signifi-
cant cytotoxicity. A. Body weight of the 
mice harboring tumors during therapy 
was measured every 3-day. B-D. Serum 
levels of aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), 
and blood urea nitrogen (BUN) were 
monitored after plasmid DNA-liposome 
injection for 4 weeks.
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tent and oncogene HER2-driven transgenic 
mammary tumor mouse model, we demon-
strated that systemic delivery of VISA-Claudin4-
BikDD significantly inhibited primary mammary 
tumor growth and delayed recurrence in MMTV-
HER2/Neu transgenic mice with a concomitant 
decrease in TIC numbers and tumorsphere-
forming efficiency in freshly isolated mammary 
tumor cells (Figures 3 and 4). Although the 
residual tumors in both groups grew back at 
off-therapy stage, the slope of tumor growth 
was significantly lower in BikDD-treated group 
compared to empty vector-treated cohorts, 
supporting the notion that TIC cells are sensi-
tive to BikDD gene therapy (Figure 2B). 
Mechanistically, our findings demonstrated 
that the anti-tumor effects of BikDD gene ther-
apy on tumor cells and primary tumors of 
MMTV-HER2/Neu transgenic mice are mediat-
ed by inducing apoptosis and, at least in part, 
by eliminating TICs.

The relative resistance of TICs to current 
chemo- and radiation therapies explains their 
role in tumor recurrence and metastasis [24, 
25]. Previous findings revealed HER2 functions 
as a regulator of TICs in human and mouse 
breast cancer cells, and HER2 is amplified or 
overexpressed in approximately 15-20% of hu- 
man breast cancers and associated with poor 
clinical outcome [1-5, 9-12]. Furthermore, lim-
ited clinical efficacy of anti-HER2 drugs can  
be due to an inoperative apoptotic machinery 
or induction of anti-apoptotic proteins of Bcl- 
2 family [26, 27]. In clinic, administration of 
HER2-targeted agents such as trastuzumab 
and lapatinib in both adjuvant and advanced 
settings has provided significant benefits; how-
ever, the majority of tumors will relapse and 
lead to incurable metastatic disease. Our stud-
ies confirmed that VISA-Claudin4-BikDD gene 
therapy triggers apoptosis of breast cancer 
cells including TICs in immunocompetent mice. 
Of note, systemic delivery of VISA-Claudin4-
BikDD gene therapy in our current study did not 
lead to major signs of distress, body weight 
changes, or liver and kidney toxicity (Figure 5). 
These results complement our previous work 
on BikDD gene therapy for breast cancer cells 
transplanted in immunocompromised mice, 
providing more preclinical evidence to support 
that BikDD-mediated gene therapy is a novel, 
effective, safe anti-tumor therapy with tolerable 
systemic toxicity.
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