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MUC1-C Stabilizes MCL-1 in the 
Oxidative Stress Response of Triple-
Negative Breast Cancer Cells to 
BCL-2 Inhibitors
Masayuki Hiraki, Yozo Suzuki†, Maroof Alam, Kunihiko Hinohara, Masanori Hasegawa‡, 
Caining Jin, Surender Kharbanda & Donald Kufe

Aberrant expression of myeloid cell leukemia-1 (MCL-1) is a major cause of drug resistance in triple-
negative breast cancer (TNBC) cells. Mucin 1 (MUC1) is a heterodimeric oncoprotein that is aberrantly 
overexpressed in most TNBC. The present studies show that targeting the oncogenic MUC1 C-terminal 
subunit (MUC1-C) in TNBC cells with silencing or pharmacologic inhibition with GO-203 is associated 
with downregulation of MCL-1 levels. Targeting MUC1-C suppresses the MEK → ERK and PI3K → AKT 
pathways, and in turn destabilizes MCL-1. The small molecules ABT-737 and ABT-263 target BCL-2, 
BCL-XL and BCL-w, but not MCL-1. We show that treatment with ABT-737 increases reactive oxygen 
species and thereby MUC1-C expression. In this way, MUC1-C is upregulated in TNBC cells resistant 
to ABT-737 or ABT-263. We also demonstrate that MUC1-C is necessary for the resistance-associated 
increases in MCL-1 levels. Significantly, combining GO-203 with ABT-737 is synergistic in inhibiting 
survival of parental and drug resistant TNBC cells. These findings indicate that targeting MUC1-C is a 
potential strategy for reversing MCL-1-mediated resistance in TNBC.

Myeloid cell leukemia-1 (MCL-1) is a member of the BCL-2 family that protects against apoptosis by block-
ing the function of pro-apoptotic proteins, such as BIM, BID and BAK1. Overexpression of MCL-1 in breast 
cancers correlates with high tumor grade and a decrease in patient survival2. Moreover, MCL-1 protects breast 
cancer cells from therapy-induced death3–5. Triple-negative breast cancer (TNBC) represents about 15% of all 
breast cancers and is largely refractory to currently available therapies6,7. The MCL-1 gene is amplified in 54% of 
TNBCs after treatment with neoadjuvant chemotherapy8, providing further support for the notion that MCL-1 
is of importance for TNBC cell survival9. MCL-1 also protects TNBC cells from death in response to the BH3 
mimetic, ABT-737, which targets BCL-2, BCL-XL and BCL-w, but not MCL-110,11. Indeed, resistance to ABT-737 
has been attributed to upregulation of MCL-1 in diverse types of cancer cells12–16. The overexpression of MCL-1 
has been associated in part with mechanisms that regulate MCL-1 stability. In this regard, MCL-1 contains two 
proline, glutamic acid, serine and threonine (PEST) sequences that target proteins for degradation17. ERK phos-
phorylation of the MCL-1 PEST region on Thr-163 results in MCL-1 stabilization18. In contrast, GSK3-mediated 
phosphorylation of Ser-159 promotes MCL-1 ubiquitination and degradation19. Little, however, is known about 
the upstream signals that promote upregulation of MCL-1 in TNBC cells.

The mucin 1 (MUC1) heterodimeric complex is aberrantly overexpressed in about 90% of TNBCs20,21. MUC1 
consists of an extracellular N-terminal subunit (MUC1-N) that includes glycosylated tandem repeats charac-
teristic of the mucin family22. MUC1-N forms a complex with the MUC1 C-terminal transmembrane subunit 
(MUC1-C) at the cell surface22. MUC1-C also interacts with receptor tyrosine kinases at the cell membrane 
and promotes their downstream signals20,22. In this way, the MUC1-C cytoplasmic domain contains a YHPM 
motif that, following phosphorylation, functions as a direct binding site for PI3K and thereby activation of the 
AKT pathway23,24. In turn, AKT phosphorylates and inactivates GSK3β​, resulting in stabilization of the WNT 
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pathway effector β​-catenin20,25. The MUC1-C cytoplasmic domain also contains a YTNP site that, when phos-
phorylated on tyrosine, interacts with GRB2, linking MUC1-C to SOS and activation of the RAS →​ MEK →​ ERK 
pathway26–30. The MUC1-C oncogenic function is dependent on the formation of MUC1-C homodimers that are 
mediated by a CQC motif in the cytoplasmic domain31,32. Accordingly, expression of a MUC1-C(CQC →​ AQA) 
mutant suppresses PI3K →​ AKT and MEK →​ ERK activation30,33. In addition, treatment of cells with GO-203, a 
cell-penetrating peptide that blocks MUC1-C homodimerization, inhibits PI3K →​ AKT and MEK →​ ERK signal-
ing30. In concert with these results and consistent with MUC1-C silencing, targeting the MUC1-C CQC motif sup-
presses the MUC1-C oncogenic function and thereby anchorage-independent growth and tumorigenicity20,33,34.

The present studies demonstrate that targeting MUC1-C in TNBC cells suppresses activation of the AKT and 
ERK pathways, and downregulates MCL-1 expression. In addition and importantly, we show that (i) resistance to 
ABT-737 and its orally active analogue ABT-263 is associated with increases in MUC1-C, and (ii) MUC1-C drives 
the upregulation of MCL-1. In concert with these results, we also show that targeting MUC1-C is synergistic with 
ABT-737 and reverses ABT-737 resistance by MCL-1 suppression.

Results
MUC1-C upregulates MCL-1 in TNBC cells.  To determine whether MUC1-C regulates MCL-1 expres-
sion, we first examined the effects of suppressing MUC1-C in MDA-MB-468 TNBC cells. We found that stable 
silencing of MUC1-C with a MUC1shRNA is associated with downregulation of MCL-1 expression (Fig. 1A). To 
extend this observation, we established MDA-MB-468 cells transduced to express a tetracycline-inducible MUC1 
shRNA (tet-MUC1shRNA) or a control shRNA (tet-CshRNA). Treatment of MDA-MB-468/tet-MUC1shRNA 
cells with doxycycline (DOX) for 7 days resulted in suppression of MUC1-C, as well as MCL-1, expression 
(Fig. 1B). By contrast, treatment of MDA-MB-468/tet-CshRNA cells with DOX had no effect on MUC1-C or 
MCL-1 (Fig. 1B). Similar results obtained with DOX-treated BT-20/tet-MUC1shRNA and BT-20/tet-CshRNA 
cells (Fig. 1C) provided further support for a MUC1-C →​ MCL-1 pathway. Notably, DOX-induced MUC1-C 

Figure 1.  Targeting MUC1-C downregulates MCL-1 in TNBC cells. (A) MDA-MB-468 cells were infected 
with lentiviruses to stably express a MUC1shRNA or a control shRNA (CshRNA). Lysates were immunoblotted 
with the indicated antibodies. (B,C) MDA-MB-468 (B) and BT-20 (C) cells were stably transduced to express a 
tetracycline-inducible MUC1 shRNA (tet-MUC1shRNA) or a control shRNA (tet-CshRNA). These cells were 
treated with 200 ng/ml DOX for 7 days. Lysates were immunoblotted with the indicated antibodies.  
(D,E) MDA-MB-468 (D) and BT-20 (E) cells were stably infected with lentiviruses to express MUC1-C or a 
control vector. MCL-1 mRNA levels were determined by qRT-PCR. The results (mean ±​ SD) are expressed as 
relative MCL-1 mRNA levels compared to that obtained for vector cells (assigned a value of 1) (left). Lysates 
were immunoblotted with the indicated antibodies (right).



www.nature.com/scientificreports/

3Scientific Reports | 6:26643 | DOI: 10.1038/srep26643

suppression in MDA-MB-468/tet-MUC1shRNA cells and BT-20/tet-MUC1shRNA cells was not associated 
with significant changes in MCL-1 mRNA levels (Supplemental Fig. S1). To further investigate the relation-
ship between MUC1-C and MCL-1, we stably overexpressed MUC1-C in MDA-MB-468 (Fig. 1D) and BT-20 
(Fig. 1E) cells. Upregulation of MUC1-C was associated with increases in MCL-1 protein, but not mRNA lev-
els (Fig. 1D,E). These findings provided support for the notion that MUC1-C posttranscriptionally upregulates 
MCL-1 expression.

MUC1-C regulates MCL-1 through the ERK and AKT pathways.  The MUC1-C cytoplasmic domain 
has been linked to activation of the PI3K/AKT and ERK pathways23,24,35 (Fig. 2A). In this context, we found 
that DOX-induced downregulation of MUC1-C in MDA-MB-468 cells is associated with decreases in p-ERK 
and p-AKT (Fig. 2B). In addition and in concert with AKT-mediated phosphorylation of GSK3β​, targeting 
MUC1-C was associated with decreases in p-GSK3β​ (Fig. 2B). Similar results were obtained with DOX-treated 
BT-20/tet-MUC1shRNA cells (Fig. 2C). Consistent with these results, stable overexpression of MUC1-C in 
MDA-MB-468 (Fig. 2D) and BT-20 (Fig. 2E) cells increased p-ERK, p-AKT, and p-GSK3β​ levels, supporting a 
role for MUC1-C in activating the AKT and ERK pathways in TNBC cells.

MUC1-C regulates MCL-1 phosphorylation on Thr-163 and Ser-159.  ERK-mediated phosphoryl-
ation of MCL-1 on Thr-163 promotes MCL-1 stabilization and is associated with drug resistance36 (Fig. 3A). In 
contrast, phosphorylation of MCL-1 on Ser-159 is conferred by GSK3β​, leading to increased MCL-1 ubiquitinyla-
tion and degradation19 (Fig. 3A). Accordingly, we examined the phosphorylation status of MCL-1 in DOX-treated 
MDA-MB-468/tet-MUC1shRNA cells (Fig. 3B). In concert with downregulation of p-ERK, MUC1-C silenc-
ing induced a marked decrease in p-MCL-1(Thr-163) levels (Fig. 3B). The p-MCL-1(Ser-159)/MCL-1 ratio was 
also increased about 2-fold relative to control, consistent with derepression of GSK3β​ activity (Fig. 3B). Similar 
results were obtained with DOX-treated BT-20/tet-MUC1shRNA cells; that is (i) decreases in p-MCL-1(Thr-163), 
and (ii) increases in the p-MCL-1(Ser-159)/MCL-1 ratio (Fig. 3C). Studies of MCL-1 stability in the presence 
of cyclohexamide (CHX) further demonstrated that silencing MUC1-C in MDA-MB-468/tet-MUC1shRNA 
cells decreases the half-life of MCL-1 (Fig. 3D,E). By contrast, MUC1-C overexpression in MDA-MB-468 cells 

Figure 2.  MUC1-C regulates MCL-1 through the ERK and AKT pathways. (A) Schema of the MUC1-C 
subunit with the 58-aa extracellular domain (ED), the 28-aa transmembrane domain (TM) and the amino-
acid sequence of the 72-aa cytoplasmic domain (CD). The CQC motif is necessary for homodimerization of 
the MUC1-C subunit and is the target for GO-203 treatment. The MUC1-C cytoplasmic domain is linked to 
activation of the AKT and ERK pathways. (B,C) Lysates from MDA-MB-468/tet‐MUC1shRNA (B) and BT-20/
tet‐MUC1shRNA (C) cells cultured with or without 200 ng/ml DOX for 7 d were immunoblotted with the 
indicated antibodies. (D,E) Lysates from MDA-MB-468/vector or MDA-MB-468/MUC1-C (D) and BT-20/
vector or BT-20/MUC1-C (E) cells were immunoblotted with the indicated antibodies.
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enhanced MCL-1 stability (Fig. 3F,G). These results supported a model in which targeting MUC1-C decreases 
MCL-1 stability by (i) suppressing ERK-mediated Thr-163 phosphorylation and (ii) promoting GSK3β​-mediated 
phosphorylation of Ser-159.

MUC1-C is necessary for ABT-737/ABT-263-induced MCL-1 upregulation.  Previous studies have 
demonstrated that treatment of cells with ABT-737 or ABT-263 is associated with increases in MCL-1 expres-
sion15. Our results similarly showed that treatment of MDA-MB-468/CshRNA cells with ABT-737 (Fig. 4A) 
or ABT-263 (Fig. 4B) results in increased MCL-1 levels. However and notably, ABT-737-induced increases in 

Figure 3.  MUC1-C regulates MCL-1 stability by phosphorylation on Thr-163 and Ser-159. (A) Schema of 
ERK- and GSK3β​-mediated phosphorylation of MCL-1. (B,C) Lysates from MDA-MB-468/tet-MUC1shRNA 
(B) and BT-20/tet-MUC1shRNA (C) cells cultured with or without 200 ng/ml DOX for 7 d were immunoblotted 
with the indicated antibodies. Densitometric scanning of the p-MCL-1(S159) and MCL-1 signals was 
performed to determine the p-MCL-1(S159)/MCL-1 ratio as compared to that obtained for control DOX-
untreated cells (assigned a value of 1). (D) MDA-MB-468/tet-MUC1shRNA cells cultured with or without 
200 ng/ml DOX for 7 d were exposed to 50 μ​g/ml cyclohexamide (CHX) for the indicated times. Cell lysates 
were immunoblotted with the indicated antibodies. (E) Intensities of the MCL-1 bands divided by those of β​
-actin for the CHX-treated MDA-MB-468/tet-MUC1shRNA cells cultured with or without 200 ng/ml DOX for 
7 d were plotted relative to the control (time 0). (F) MDA-MB-468/vector and MDA-MB-468/MUC1-C cells 
were exposed to 50 μ​g/ml CHX for the indicated times. Cell lysates were immunoblotted with the indicated 
antibodies. (G) Intensities of the MCL-1 bands divided by those of β​-actin for the CHX-treated MDA-MB-468/
vector and MDA-MB-468/MUC1-C cells were plotted relative to the control (time 0).
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MCL-1 expression were suppressed in MDA-MB-468/MUC1shRNA cells (Fig. 4A). Similar results were obtained 
in ABT-263-treated MDA-MB-468/MUC1shRNA cells (Fig. 4B), indicating that MUC1-C contributes to ABT-
737- and ABT-263-induced upregulation of MCL-1 expression. In further support of this notion, increases in 
MCL-1 in response to ABT-737 (Fig. 4C) and ABT-263 (Fig. 4D) were attenuated in DOX-treated MDA-MB-468/
tet-MUC1shRNA cells as compared to that in the absence of DOX treatment. Silencing MUC1-C in BT-20 cells 
also attenuated ABT-737- and ABT-263-induced increases in MCL-1 (Fig. 4E,F). Additionally, we found that 
ABT-737 and ABT-263 had little if any effect on MCL-1 expression in MDA-MB-468 (Supplemental Fig. S2A) 
and BT-20 (Supplemental Fig. S2B) cells with stable overexpression of MUC1-C and thereby upregulation of 
MCL-1. These results collectively indicated that MUC1-C is necessary for the upregulation of MCL-1 in TNBC 
cells treated with ABT-737 or ABT-263.

Targeting the MUC1-C CQC motif downregulates MCL-1.  Studies were also performed with the 
MUC1-C inhibitor GO-203 that binds to the MUC1-C CQC motif and disrupts MUC1-C homodimerization 
and function31,32 (Fig. 2A). Treatment of MDA-MB-468 cells with GO-203, but not the control peptide CP-2, was 
associated with downregulation of MCL-1 (Fig. 5A). Moreover, BT-20 cells responded to GO-203 and not CP-2 
with MCL-1 suppression (Fig. 5B). We also found that treatment with GO-203 reduces the levels of phosphoryl-
ated ERK, AKT and GSK3β​ in MDA-MB-468 (Fig. 5C) and BT-20 (Fig. 5D) cells. In addition, GO-203 blocked 
ABT-737-induced increases in MCL-1 in MDA-MB-468 (Fig. 5E) and BT-20 (Fig. 5F) cells. Similar effects were 
observed with ABT-263-treated MDA-MB-468 (Supplemental Fig. S3A) and BT-20 (Supplemental Fig. S3B) cells, 
confirming that targeting MUC1-C with GO-203 suppresses MCL-1 expression.

MUC1-C and MCL-1 are upregulated in MDA-MB-468 cells resistant to ABT-737 and ABT-263.  
In concert with a role for BCL-2 in maintaining redox balance37, targeting BCL-2 in leukemia cells with ABT-737 
is associated with increases in reactive oxygen species (ROS)38. In this context, MUC1 expression is induced in 

Figure 4.  ABT-737- and ABT-263-induced MCL-1 upregulation is MUC1-C dependent. (A,B) MDA-MB- 
468/CshRNA and MDA-MB-468/MUC1shRNA cells were exposed to 0.25 μ​M ABT-737 (A) or 0.25 μ​M ABT-
263 (B) for the indicated times. Lysates were immunoblotted with the indicated antibodies. (C,D) MDA-MB- 
468/tet-MUC1shRNA cells cultured with or without 200 ng/ml DOX for 7 d were exposed to 0.25 μ​M ABT-737 
(C) or 0.25 μ​M ABT-263 (D) for the indicated times. Lysates were immunoblotted with the indicated antibodies. 
(E,F) BT-20/tet-MUC1shRNA cells cultured with or without 200 ng/ml DOX for 7 d were exposed to 0.5 μ​M 
ABT-737 (E) or 0.5 μ​M ABT-263 (F) for the indicated times. Lysates were immunoblotted with the indicated 
antibodies. Highlighted are the 25-20 and 17 kDa forms of the MUC1-C protein.
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the cellular response to oxidative stress and thereby protects against the induction of apoptosis39. Accordingly, 
we asked if treatment of MDA-MB-468 cells with ABT-737 is associated with ROS-mediated upregulation of 
MUC1-C expression. The results demonstrate that ABT-737 increases ROS and that this response is attenu-
ated by the antioxidant N-acetylcysteine (NAC) (Fig. 6A). Moreover, ABT-737 treatment was associated with 
increases in MUC1-C expression by a ROS-dependent mechanism, as evidenced by inhibition with NAC 
(Fig. 6B). Based on these results, we asked if upregulation of MUC1-C contributes to ABT-737 and/or ABT-
263 resistance by selecting MDA-MB-468 cells for growth in the presence of increasing concentrations of these 
agents. Treatment of parental MDA-MB-468 cells with ABT-737 demonstrated a dose-dependent inhibition of 
growth (Supplemental Fig. S4A). By contrast and as expected, MDA-MB-468/ABT-737R cells were less sensitive 
to ABT-737-induced growth inhibition (Supplemental Fig. S4A). Notably, we also found that MDA-MB-468/
MUC1-C cells are less sensitive to ABT-737, consistent with MUC1-C-induced upregulation of MCL-1 
(Supplemental Fig. S4A). In addition, we treated MDA-MB-468/ABT-737R and MDA-MB-468/MUC1-C cells 
with the MCL-1 inhibitor A-1210477 and found decreases in survival, consistent with dependency on MCL-1 
(Supplemental Fig. S4B, left and right). Analysis of the MDA-MB-468/ABT-737R and MDA-MB-468/ABT-263R 
cells further demonstrated increases in both MUC1-C and MCL-1 expression (Fig. 6C,D). Similar results were 
obtained with BT-20/ABT-737R and BT-20/ABT-263R cells (Supplemental Fig. S4C,D). In assessing whether the 
MDA-MB-468/ABT-737R cells are sensitive to targeting MUC1-C, we found that GO-203 treatment is associ-
ated with downregulation of MCL-1 (Fig. 6E), loss of survival (Fig. 6F) and the induction of apoptosis (Fig. 6G).

Targeting MUC1-C is synergistic with ABT-737.  Our results invoked the possibility that targeting 
MUC1-C with GO-203 could be effective in combination with ABT-737. To address this notion, MDA-MB-468 
cells were treated with GO-203 at 1.5 and 2.0 μ​M and then with ABT-737 at 2.5, 5.0, or 7.5 μ​M. Isobologram analy-
sis demonstrated that the GO-203/ABT-737 combination is synergistic with CI values <​1 (Fig. 7A, left and right). 
Synergy was also observed in the treatment of BT-20 cells with GO-203 in combination with ABT-737 (Fig. 7B, 
left and right). The demonstration that GO-203 is synergistic with ABT-737 when treating MDA-MB-468/ABT-
737R cells further indicated that GO-203-induced downregulation of MCL-1 reverses resistance to ABT-737 
(Fig. 7C, left and right).

Figure 5.  Blocking the MUC1-C CQC motif downregulates MCL-1 through suppression of the ERK and 
AKT pathways. (A,B) MDA-MB-468 (A) and BT-20 (B) cells were treated with 5 μ​M CP-2 or 5 μ​M GO-203 
for 48 h. Lysates were immunoblotted with the indicated antibodies. (C,D) MDA-MB-468 (C) and BT-20 (D) 
cells were exposed to 5 μ​M CP-2 or 5 μ​M GO-203 for 48 h. Lysates were immunoblotted with the indicated 
antibodies. (E,F) MDA-MB-468 (E) and BT-20 (F) cells were pretreated with 5 μ​M CP-2 or GO-203 for 36 h 
followed by exposure to 0.5 μ​M ABT-737 for 12 h. Lysates were immunoblotted with the indicated antibodies.
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Discussion
MCL-1 is one of the most frequently amplified genes in human cancers and is of importance to the development 
of resistance to anti-cancer agents40–42. In breast cancers, overexpression of MCL-1 is associated with a poor prog-
nosis2, consistent with the dependency of breast cancer cells, including those of the TNBC subtype, on MCL-1 
for survival3,4,9. Nonetheless, few insights have been available regarding the mechanisms responsible for MCL-1 
overexpression in breast cancer. The present results demonstrate that silencing MUC1-C in TNBC cells results in 
downregulation of MCL-1 expression. In addition and in concert with this observation, we found that enforced 
expression of MUC1-C is associated with increases in MCL-1. MUC1-C has been linked to the inhibition of BAX 
by direct binding to the BAX BH3 domain and thereby suppression of the intrinsic apoptotic pathway43,44; how-
ever, there has been no known association between MUC1-C and MCL-1. Our findings that MUC1-C increases 
MCL-1 protein, and not mRNA levels, provided support for a post-transcriptional mechanism. MUC1-C binds 
directly to PI3K, promotes activation of AKT and thereby AKT-mediated suppression of GSK3β​23,24. MUC1-C 
also activates ERK signaling26–30. In concert with activation of the AKT and ERK pathways, we found that silenc-
ing MUC1-C decreased p-AKT, p-GSK3β​ and p-ERK levels in TNBC cells. In turn, targeting MUC1-C in TNBC 
cells was associated with (i) decreases in ERK-mediated phosphorylation of MCL-1 on Thr-163 and (ii) increases 
in GSK3β​-induced MCL-1 phosphorylation on Ser-159, both of which result in downregulation of MCL-1 sta-
bility and expression18,19,36,45.

ABT-737 and ABT-263 target BCL-2, BCL-XL and BCL-w46,47. By contrast, ABT-737 and ABT-263 are ineffec-
tive against MCL-1, and resistance to these agents is often associated with upregulation of MCL-1 expression13–16. 
The present results demonstrate that treatment of TNBC cells with ABT-737 is associated with increases in ROS 
and thereby induction of MUC1-C expression by a ROS-mediated mechanism (Fig. 7D). Based on these findings, 
we selected cells for resistance to ABT-737 and ABT-263. Intriguingly in this regard, we found that MUC1-C and 
MCL-1 expression are both increased in the resistant cells, invoking the possibility that the upregulation of MUC1-C 
expression is upstream to that for MCL-1 (Fig. 7D). Indeed, inhibiting MUC1-C function with GO-203 in the ABT-
737- and ABT-263-resistant cells resulted in suppression of MCL-1 expression. Moreover, GO-203 treatment was 
associated with induction of cell death, consistent with dependence of the ABT-737- and ABT-263-resistant cells on 
MCL-1 for survival. In concert with these results, the combination of GO-203 and ABT-737 was synergistic in the 

Figure 6.  Drug-resistant MDA-MB-468 cells are sensitive to targeting MUC1-C. (A,B) Parental 
MDA-MB-468 cells were left untreated and treated with 1 μ​M ABT-737 alone or both 1 μ​M ABT-737 and 5 mM 
NAC for 12 h. (A) Cells were analyzed for relative ROS levels (mean ±​ SD of 3 determinations) as compared 
with that obtained for control untreated cells (assigned a value of 1). (B) Lysates were immunoblotted with the 
indicated antibodies. (C,D) Lysates from parental MDA-MB-468 cells and those resistant to ABT-737 (C) or 
ABT-263 (D) were immunoblotted with the indicated antibodies. (E–G) MDA-MB-468/ABT-737R cells were 
left untreated or treated with 5 μ​M GO-203 or 5 μ​M CP-2 for 48 h. (E) Lysates were immunoblotted with the 
indicated antibodies. (F) Cell survival (mean ±​ SD of three replicates) is expressed relative to that obtained with 
control untreated cells (assigned a value of 1). (G) The indicated cells were incubated with PI and annexin V and 
analyzed by flow cytometry. The percentages of PI- and/or annexin V-positive cells are included in the boxes.
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treatment of ABT-737-resistant TNBC cells, indicating that targeting MUC1-C, and thereby downregulating MCL-
1, reverses ABT-737 resistance. These findings and the demonstration that GO-203 is synergistic with ABT-737 in 
drug-naïve TNBC cells provide support for the notion that targeting MUC1-C could be effective in both preventing 
and abrogating MCL-1-mediated resistance to ABT-737 or ABT-263. Of note, ABT-737 resistance has also been 
linked to upregulation of the anti-apoptotic BFL-1 protein in lymphoma cells13. Thus, further investigation will be 
needed to determine whether targeting MUC1-C can suppress upregulation of BFL-1 expression.

Targeting MUC1-C in breast cancer cells is associated with increases in ROS and the induction of 
late-apoptosis/necrosis20,48. In addition, targeting MUC1-C with silencing or GO-203 in TNBC cells inhibits 
self-renewal capacity and tumorigenicity34. The present results demonstrating that MUC1-C drives MCL-1 
expression in (i) drug-naïve and (ii) ABT-737- and ABT-263-resistant TNBC cells can explain, at least in part, 
why MUC1-C is an effective target for decreasing TNBC cell survival20. Efforts have been underway toward the 
development of small molecule and peptidic MCL-1 inhibitors; however, there are presently no agents that target 
MCL-1 in the clinic3,12,49–51. The findings that MCL-1 confers resistance to anti-tubulin agents, such as taxol, 
and radiation has emphasized the importance of developing approaches that target MCL-1 for the treatment of 
TNBC41,52,53. Of potential relevance to the present results, previous studies of breast cancer cells had shown that 
(i) MUC1-C blocks the apoptotic response to cytotoxic chemotherapeutic drugs54, and (ii) GO-203 is synergis-
tic with taxol in inducing apoptosis55. Accordingly, studies will be undertaken that address whether targeting 
MUC1-C can also reverse MCL-1-mediated resistance to anti-cancer agents used for the treatment of TNBC8. 
A Phase I trial of GO-203 has been completed in patients with advanced solid tumors, and this drug has been 
formulated in polymeric nanoparticles for sustained delivery in the treatment of TNBC and other malignancies56. 
The present findings provide support for considering combinations of GO-203 with BCL-2 inhibitors that are 
limited by the development of MCL-1-mediated resistance.

Figure 7.  Targeting MUC1-C has synergistic effects with ABT-737 in parental TNBC and TNBC/ABT-
737R cells. (A–C) MDA-MB-468 (A), BT-20 (B) and MDA-MB-468/ABT-737R (C) cells were exposed to (i) 
the indicated concentrations of GO-203 alone each day for 48 h, (ii) the indicated concentrations of ABT-737 
alone for 48 h, and (iii) GO-203 combined with ABT-737 for 48 h. The effect of combining GO-203 and ABT-
737 was assessed in triplicate by using Alamar blue proliferation assays. Numbers 1 to 6 in the graphs (left) 
show combinations listed in the tables (right). FA, fraction affected. (D) Schema depicting a proposed model in 
which targeting BCL-2 with ABT-737 or ABT-263 in TNBC cells increases ROS and thereby the upregulation 
of MUC1-C expression. In turn, MUC1-C stabilizes MCL-1 and promotes resistance to ABT-737 and ABT-263. 
Targeting MUC1-C thus represents a potential therapeutic approach for downregulating MCL-1 and reversing 
resistance to the ABT compounds.
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Materials and Methods
Cell culture.  Human MDA-MB-468 and BT-20 cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) (Corning, Manassas, VA, USA) and Eagle's Minimum Essential Medium (EMEM) (ATCC), respec-
tively, each containing 10% heat-inactivated fetal bovine serum (HI-FBS) and 100 U/ml penicillin, and 100 μ​g/ml 
streptomycin. Cells were infected with lentiviral vector expressing a MUC1 shRNA (Sigma; TRCN0000122938, 
St Louis, MO, USA), a control scrambled CshRNA (Sigma), or MUC1-C57. Cells were treated with the MUC1-C 
inhibitor GO-203, the control CP-2 peptide31 and doxycycline (DOX; Sigma).

Tetracycline-inducible MUC1 silencing.  A MUC1shRNA (MISSION shRNA; Sigma, TRCN0000122938) 
was inserted into the pLKO-tet-puro vector (Addgene, Plasmid #21915). HEK293T cells were transiently 
co-transfected the pLKO-tet-puro vector and the lentivirus packaging plasmids with Lipofectamine 3000 
(Invitrogen, Carlsbad, CA). The supernatant containing the viruses was collected. MDA-MB-468 or BT-20 cells 
were incubated with the collected supernatant for 12 h in the presence of 8 μ​g/ml polybrene. After replacement 
with complete culture medium, cells were selected for growth in 1–3 μ​g/ml puromycin.

Establishment of ABT-737- and ABT-263-resistant cells.  ABT-737- and ABT-263-resistant cells were 
prepared by continuous exposure to increasing concentrations of drug for 2–3 months. Parental cells were ini-
tially exposed to a concentration of 1.0 μ​g/ml. Cells were selected for growth in final concentrations of 7.5 μ​g/ml 
ABT-737 and 5 μ​g/ml ABT-263.

Immunoblot analysis.  Whole cell lysates were prepared in NP-40 lysis buffer57. Immunoblotting was per-
formed with anti-MUC1-C58, anti-MCL-1, anti-phospho-ERK, anti-ERK, anti-phospho-AKT(Ser-473), AKT, 
anti-phospho-GSK3β​(Ser9), anti-GSK3β​, anti-phospho-MCL-1(Thr163) (Cell Signaling Technology Inc), 
anti-phospho-MCL-1(Ser-159) (Abcam) and anti-β​-actin (Sigma-Aldrich Co).

RNA preparation and real-time quantitative reverse-transcription PCR.  Total RNA was isolated 
using with Trizol reagent (Invitrogen) following the manufacturer’s protocol. Complementary DNA was synthe-
sized from 2.0 μ​g total RNA using the with High Capacity cDNA Reverse Transcription Kit (Applied Biosystems), 
as described59. The Power SYBR Green PCR Master Mix (Applied Biosystems, Grand Island, NY, USA) was used 
with 1 μ​l of diluted cDNA for each sample. The samples were amplified using the 7300 Realtime PCR System 
(Applied Biosystems). Primers used for RT–PCR analysis are listed in Supplemental Table S1.

Measurement of ROS levels.  Cells were gently harvested, washed with PBS and incubated with 5 μ​M 2′​7′​
-dichlorodihydrofluorescein diacetate (H2DCFDA; Molecular Probes) at 37 °C for 30 minutes according to the 
manufacturer’s protocol. Cells were then washed with PBS and analyzed by flow cytometry (Becton Dickinson).

Proliferation assays.  Cell growth was assessed using Alamar blue proliferation assay. After pre-incubation 
with Alamar blue solution, the absorbance of the plate was measured in a microplate reader at a wavelength of 
570 nm and 600 nm. The results were showed as a ratio of absorbance relative to that of control cells.

Apoptosis detection assays.  For assessment of apoptosis, cells were incubated with propidium iodide 
(PI)/annexin V–fluorescein isothiocyanate (BD Biosciences) for 20 min at room temperature and then analyzed 
by flow cytometry.

Determination of synergism.  The synergistic effects of GO-203 and ABT-737 were determined by isobo-
logram analysis using CalcuSyn software program (Biosoft, Version 2.0). The combination index (CI) was calcu-
lated to determine the presence of synergism (CI <​ 1.0) or antagonism (CI >​ 1.0).

Statistical analysis.  Each experiment was repeated at least three times. Data are expressed as mean ±​ SD. 
Mean values were compared using Student’s t-test; p values of 0.05 or less were considered statistically significant 
differences. Statistical analysis was performed using JMP software version 9.0 (SAS Institute Inc., Cary, NC).
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