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Abstract
Acquired resistance to Herceptin is a major clinical problem in the treatment of HER2-
overexpressing breast cancer. Understanding the molecular mechanisms leading to resistance will
allow identification of novel therapeutic targets and predictors of therapeutic response. To this
end, up-regulation of anti-apoptotic proteins has been associated with resistance to the HER2-
targeted drug lapatinib, but has not yet been linked to Herceptin resistance. The aim of the current
study was to determine if the Bcl-2 anti-apoptotic protein is a potential therapeutic target in cells
with acquired Herceptin resistance. The BT474 HER2-overexpressing breast cancer cell line and
BT474-derived acquired Herceptin-resistant clones were used as models in this study. Bcl-2 and
Bax expression were assessed by Western blotting. Proliferation assays were performed on cells
treated with the Bcl-2 inhibitor ABT-737 in the absence or presence of Herceptin. Finally, the
effect of PI3K inhibition or IKK inhibition on Bcl-2 expression and Herceptin sensitivity was
examined by Western blotting and established proliferation assays. We show that cells with
acquired resistance to Herceptin have an increased Bcl-2:Bax ratio. Resistant cells have increased
sensitivity to ABT-737. Further, pharmacologic inhibition of Bcl-2 improved sensitivity to
Herceptin in acquired resistant cells. Finally, PI3K and IKK inhibition down-regulated Bcl-2
expression and increased sensitivity to Herceptin in resistant cells. Taken together, these new
observations support further study of Bcl-2-targeted therapies in Herceptin-resistant breast
cancers, and importantly, future investigation of Bcl-2 expression as a potential predictor of
Herceptin response in patients with HER2-overexpressing breast cancer.
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1. INTRODUCTION
Overexpression of the HER2 receptor tyrosine kinase occurs in approximately 30% of
metastatic breast cancers, and is associated with poor disease-free survival [1]. Herceptin
(trastuzumab; Genentech, South San Francisco, CA) is a recombinant humanized anti-HER2
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monoclonal antibody approved for treatment of HER2-overexpressing metastatic breast
cancer. Clinical studies have shown that the response rates to Herceptin monotherapy in
patients with metastatic breast cancer ranged from 12% to 34% for a median duration of 9
months [2-4]. Combination of Herceptin with chemotherapy [5-7] improved response rates,
increased time to disease progression, and increased overall survival rates compared with
chemotherapy alone. Unfortunately, as is the case for Herceptin monotherapy, many patients
who were treated with Herceptin plus chemotherapy developed progressive disease within
one year [5-7]. Thus, acquired resistance to Herceptin remains as an important issue in the
clinical treatment of HER2-overexpressing breast cancer. Understanding the molecular
mechanisms contributing to acquired resistance will ultimately allow identification of new
molecular targets and predictors of response to therapy.

In the current study, we used the HER2-overexpressing BT474 breast cancer cell line and
clones derived from BT474 that have acquired trastuzumab resistance to determine the role
of the Bcl-2 anti-apoptotic protein in Herceptin resistance.

2. MATERIAL AND METHODS
Materials

Herceptin was purchased from the Winship Cancer Institute pharmacy and dissolved in
sterile water at a stock concentration of 20 mg/mL. ABT-737 was purchased from
SelleckChem (Houston, TX), and dissolved in DMSO at a final 10 mM stock solution.
LY294002 (Cell Signaling; Danvers, MA) was dissolved in DMSO at 10 mM. IKK inhibitor
II wedelolactone (EMD Biosciences; Gibbstown, NJ) was dissolved in DMSO at 15 mM
stock concentration.

Cell culture
The BT474 HER2-overexpressing breast cancer cell line was purchased from American
Type Culture Collection (ATCC; Manassas, VA). BT474-derived acquired Herceptin-
resistant clones were developed by chronically growing the parental line in a clinically
relevant dose of 4 μg/mL Herceptin, as previously described [8]. All cells were maintained
in DMEM + 10% FBS and 1% penicillin/streptomycin; Herceptin-resistant cells were
maintained in media containing 4 μg/mL Herceptin. Prior to experiments, Herceptin-
resistant cells were maintained in Herceptin-free media for at least 24 hours. All cells were
cultured in humidified incubators at 37°C with 5% CO2.

Cell proliferation assays
Cells were treated with vehicle control or drug in 6 replicates per group. After 6 d, MTS
proliferation assay (Promega; Madison, WI) was performed according to manufacturer
directions.

Western blotting
Cells were lysed in RIPA buffer (Cell Signaling) supplemented with protease and
phosphatase inhibitors (Sigma-Aldrich; St. Louis, MO). Total protein extracts were run on
SDS-PAGE and blotted onto nitrocellulose. Blots were probed overnight using the following
antibodies: from Cell Signaling, p-S473 Akt-XP used at 1:200, polyclonal antibodies against
total Akt (1:1000), and Bax; Bcl-2 monoclonal 83-8B from Assay Designs / Enzo Life
Sciences (Ann Arbor, MI); β-actin monoclonal AC-15 (Sigma-Aldrich) at 1:10,000. Protein
bands were detected using the Odyssey Imaging System (Li-Cor Biosciences; Lincoln, NE).
Quantification of bands was done using NIH ImageJ software; each band was normalized to
its actin loading control.
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Data analysis
Statistical analyses were carried out using the Student’s t-test using Microsoft Excel 2007
for each experimental group versus control group. P-values were determined across doses
using single-variable analysis of variance (ANOVA). A two sided P-value of less than 0.05
was considered as significant in all analysis.

3. RESULTS
3.1. Bcl-2 expression is increased and Bax expression is decreased in Herceptin-resistant
breast cancer cells

Herceptin has been shown to reduce expression of the bcl-2 gene in BT474 cells and in
patient tumor samples [9]. We examined the expression of Bcl-2 and pro-apoptotic protein
Bax in BT474 cells and BT474-derived Herceptin-resistant clones in the absence or
presence of Herceptin (Figure 1A). While Herceptin treatment did not affect Bcl-2 or Bax
protein levels in our cell lines, dramatic differences in baseline expression of Bcl-2 and Bax
were seen in resistant versus parental cells (Figure 1B). BT-HRc1, c2, and c3 cells showed a
4.3-fold, 2.5-fold, and 6.3-fold higher Bcl-2 level versus parental cells, respectively.
Conversely, Bax levels were significantly reduced in all three resistant clones, with BT-
HRc1, c2, and c3 showing an 11-fold, 6-fold, and 4-fold down-regulation in Bax expression
versus parental cells, respectively.

3.2. Herceptin-resistant cells show increased sensitivity to pharmacologic inhibition of
Bcl-2

We examined the dose-response of parental and resistant cells to the BH3 mimetic pan-
Bcl-2 inhibitor ABT-737. Resistant cells showed significantly higher sensitivity to inhibition
of Bcl-2 versus parental cells (Figure 2). At the highest dose of 1000 nM ABT-737, the
majority of parental cells remained viable, while BT-HRc1, c2, and c3 resistant cells showed
viability of 58%, 82%, and 90%, respectively. Further, combined treatment of parental or
resistant cells with ABT-737 plus Herceptin showed statistically significant reduction in
proliferation versus Herceptin alone, with the combination achieving the most significant
effect in resistant cells (Figure 3).

3.3. Analysis of the effects of PI3K inhibition and IKK inhibition on Bcl-2 expression and
proliferation in Herceptin-resistant cells

We examined levels of phosphorylated Akt in parental cells and acquired Herceptin-resistant
clones (Figure 4A). Both Herceptin-resistant clones showed significantly elevated p-Akt
levels versus parental cells. BT474 parental and resistant clone 1 cells were treated with the
pharmacologic inhibitor of PI3K, LY294002, at 1, 5, or 10 μM for 48 h, at which point
Bcl-2 expression was examined (Figure 4B left panel). PI3K inhibition did not significantly
alter Bcl-2 expression in parental cells, but reduced Bcl-2 expression in resistant cells.
Consistent with this potential reduction in Bcl-2 expression, LY294002 inhibited
proliferation of BT-HRc1 cells in a dose-dependent manner (Figure 4B right panel).
Combination treatment with LY294002 and Herceptin resulted in dramatic inhibition of
proliferation in resistant cells, supporting published reports that PI3K inhibition restores
sensitivity to Herceptin.

Next, we examined the effects of IKK inhibition on Bcl-2 expression since NF-kB is a
known regulator of Bcl-2 transcription. Wedelolactone, a pharmacologic inhibitor of IKK,
caused a dose-dependent decrease in Bcl-2 expression in Herceptin-resistant cells (Figure
4C left panel). Co-treatment of resistant cells with wedelolactone plus Herceptin resulted in
statistically significant reductions in proliferation (Figure 4C right panel), although the
effect was not as dramatic as that observed with PI3K inhibition.
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4. DISCUSSION
Our results collectively indicate that cells with acquired resistance to Herceptin have an
increased Bcl-2 to Bax ratio. Cells with acquired resistance showed increased sensitivity to
pharmacologic Bcl-2 inhibitor ABT-737 versus parental cells. In addition, the combination
of ABT-737 and Herceptin reduced proliferation of Herceptin-resistant cells more
significantly than either drug alone. Thus, our results support further study of Bcl-2
inhibition as a strategy for improving response to Herceptin, and investigation of Bcl-2
expression level as a predictor of response to Herceptin.

Our data also suggest that increased PI3K signaling in resistant cells may contribute to Bcl-2
overexpression, mediated in part by the NF-kB transcription factor. HER2 is known to
signal downstream through PI3K causing phosphorylation of Akt. One of the downstream
substrates of Akt is IKK alpha, whose phosphorylation results in release of the NF-kappaB
transcription factor. Free NF-kB can translocate to the nucleus and activate transcription of a
number of genes whose promoters contain NF-kB response elements, including Bcl-2
(Figure 5). Activation of IKKalpha/NF-kB downstream of PI3K/Akt has been shown to
activate Bcl-2 transcription [10]. In addition, PI3K/Akt can directly activate Bcl-2
transcription [11]. We showed that PI3K inhibition and/or IKK inhibition down-regulates
Bcl-2 expression and inhibits proliferation of Herceptin-resistant cells. Our data are
consistent with the earlier findings of increased PI3K/Akt signaling in cells with Herceptin
resistance [12-15]. Further, our current data support our previous study showing that PI3K
inhibition blocks survival of Herceptin-resistant cells [16].

Modulation of apoptotic regulators including Bcl-2 family members as a potential strategy
for treating HER2-overexpressing breast cancer is supported by a number of published
studies. Stable transfection of wild-type or mutant HER2 into breast cancer cells has been
shown to increase Bcl-2 expression [17-20], supporting Bcl-2 as a potential target in HER2-
dependent cancers. In addition, genetic knockdown of other anti-apoptotic proteins (Mcl-1
and survivin) has been shown to induce apoptosis in HER2-overexpressing breast cancer
cell lines that were resistant to Herceptin and the dual EGFR/HER2 kinase inhibitor
lapatinib [21]. Combining lapatinib or Herceptin with the cyclin-dependent kinase inhibitor
flavopirodol, which suppresses Mcl-1 expression [22], also resulted in synergistic induction
of cell death in HER2-overexpressing breast cancer [22-25]. Overexpression of Mcl-1 or
knockdown of Bax or Bak abrogated the apoptotic effects of combination flavopiridol plus
lapatinib [25], indicating that regulation of Bcl-2 family members is critical to achieving
response to this novel drug combination.

Our data lend evidence for further study of the Bcl-2 inhibitor ABT-737 in Herceptin-
resistant breast cancer. Other Bcl-2 antagonists have also been studied in the context of
HER2-overexpressing breast cancer. Obatoclax (GX15-070), which inhibits Bcl-2, Bcl-xL,
and MCL-1, increased lapatinib-mediated autophagic cell death independent of endogenous
EGFR or HER2 level in breast cancer cells [26]. Similarly, synergistic cell death was
induced by lapatinib combined with the Bcl-2 inhibitor HA14-1 or Obatoclax in MCF-7,
MCF-7 HER2 stable transfectant, or MCF-7 tamoxifen-resistant cells [27].

Future Directions
Our data suggest that increased Bcl-2 expression contributes to Herceptin resistance. The
implications of these new findings are several fold: (1) Bcl-2 expression levels may be used
to predict response to Herceptin, and (2) Bcl-2 may serve as a novel molecular target for
improving response to Herceptin. In addition, our observations suggest that NF-kB and
PI3K may contribute to Bcl-2 up-regulation in resistant cancers. Thus, IKK and PI3K

Crawford and Nahta Page 4

Curr Pharmacogenomics Person Med. Author manuscript; available in PMC 2011 December 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



inhibitors may potentially be used therapeutically in Herceptin-resistant breast cancers that
have increased expression of Bcl-2.

The major limitation of our study is that the results have not been confirmed in vivo using
animal models or human tumor samples. Future studies should therefore examine
pharmacologic inhibition of Bcl-2 in combination with Herceptin in xenografts of
Herceptin-resistant breast cancer cell lines. In addition, the exact mechanism by which Bcl-2
is up-regulated warrants evaluation. In particular, it would be worthwhile to determine if up-
regulation is transcriptional, and, further, if a PI3K/Akt/IKK/NF-kB pathway regulates Bcl-2
levels in resistant cells. Finally, IKK inhibition will be tested in combination with Herceptin
in xenografts of Herceptin-resistant cancer cell lines to determine if this is a novel molecular
target for improving Herceptin sensitivity. In this regard, our previous work showed that
cells with acquired resistance to Herceptin have an increased sensitivity to curcumin, an
inhibitor of NF-kB [28], supporting the concept that NF-KB may be hyper-activated and
serve as a potential pharmacologic target in breast cancers that have progressed on
Herceptin.

Implications for Pharmacogenomics and Personalized Medicine
Published work and our studies support the hypothesis that increased PI3K signaling and
increased Bcl-2 expression may serve as predictors of resistance to Herceptin. Initial studies
correlated increased baseline expression of Bcl-2 with ER-positive breast cancer, positive
response to hormonal therapy, and favorable prognosis [29]. However, additional studies
showed that increased expression of Bcl-2 in residual cancer cells following preoperative
chemotherapy reduced apoptosis and increased resistance to chemotherapy [30].
Furthermore, reports have shown that the ratio between anti-apoptotic and pro-apoptotic
Bcl-2 family members determines breast cancer cell response to chemotherapy [31], with
chemo-sensitivity correlating with a high Bax:Bcl-2 ratio [32]. Several studies have also
suggested that estrogen promotes resistance to chemotherapeutic drugs by increasing the
Bcl-2:Bax ratio [31, 33]. These reports are consistent with our new findings that Herceptin
resistance is associated with an increased level of Bcl-2:Bax.

Taken together, we propose that Bcl-2 inhibition may be an effective personalized
therapeutic strategy for HER2-overexpressing breast cancers that have progressed on prior
Herceptin treatment and that show elevated expression of Bcl-2. Indeed, clinical trials of
several Bcl-2 family-targeted drugs are ongoing. The preclinical data shown here lend
further support for the clinical investigation of Bcl-2 inhibitors in the specific context of
HER2-positive metastatic breast cancer that shows poor response to HER2-targeted
therapies and elevated expression of Bcl-2.

5. CONCLUSIONS
In summary, we showed that Bcl-2 expression is increased in cells that have acquired
resistance to Herceptin. Cells with acquired resistance showed increased sensitivity to a
Bcl-2 inhibitor, and the combination of Bcl-2 inhibitor plus Herceptin showed significantly
greater inhibition of proliferation versus either agent alone. Ongoing studies will examine
the mechanism of Bcl-2 up-regulation, and will determine if Bcl-2 inhibition restores
Herceptin sensitivity in vivo. These studies are necessary to move toward establishing Bcl-2
as a new therapeutic target in Herceptin-resistant breast cancers. Once clinical correlations
have been validated between high Bcl-2 level and poor response to Herceptin, Bcl-2
expression may be established as a novel predictor of Herceptin resistance.
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List of Abbreviations

EGFR epidermal growth factor receptor

ER estrogen receptor

FISH fluorescent in situ hybridization

HER2 human epidermal growth factor receptor 2

IGF-IR insulin-like growth factor-I receptor

IHC immunohistochemical

IKK inhibitor of kappa B kinase

MMTV mouse mammary tumor virus

NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells

PI3K phosphatidylinositol 3 kinase

PTEN phosphatase and tensin homolog
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Figure 1.
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Figure 2.
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Figure 3.

Crawford and Nahta Page 11

Curr Pharmacogenomics Person Med. Author manuscript; available in PMC 2011 December 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
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Figure 5.
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