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Introduction

GSK-3 is a serine (S)/threonine(T) kinase. It was initially 
identified in rat skeletal muscle as a kinase that phosphorylated 
and inactivated glycogen synthase (GS), the last enzyme in gly-
cogen biosynthesis.1,2 There are 2 known GSK-3 family members 
(GSK-3α and GSK-3β). They are ubiquitously expressed and 
highly conserved. GSK-3β activity is regulated by phosphory-
lation at S9 and other residues. S9 phosphorylation of GSK-3β 
results in its inactivation by proteosomal degradation. Diverse 
kinases can phosphorylate GSK-3β at S9 including protein kinase 
A (PKA), protein kinase B (PKB a.k.a Akt), p90 ribosomal S6 
kinase (p90Rsk), and p70 ribosomal S6 kinase (p70S6K).3-7

The PI3K/PTEN/Akt/mTORC1 pathway is a key path-
way which regulates cellular proliferation. It can couple signals 
from upstream growth factor receptors to regulate many impor-
tant biochemical activities, including transcription factors and 

molecules involved in protein translation. This pathway is reg-
ulated at many points. Deregulation or activating mutations at 
growth factor receptors or mutations at intrinsic components of 
the pathway, such as PI3K (PIK3CA), result in activation of the 
pathway. Certain tumor suppressor genes such as PTEN, TSC1, 
and TSC2 serve to negatively regulate this pathway. Mutations/
deletions or silencing of these tumor suppressor genes can serve to 
abnormally activate the pathway. A frequent consequence of acti-
vation of this pathway is increased Akt activity, which can lead to 
GSK-3β phosphorylation and subsequent inactivation.

The PI3K/PTEN/mTOR pathway is also involved in drug 
resistance, sensitivity to therapy, and metastasis.8-13 PIK3CA 
mutations may be driver mutations in certain cancers responsible 
for metastasis.14 Novel PI3Kα inhibitors have been isolated, and 
they inhibit metastasis.14,15 Most PI3K inhibitors are cytostatic 
rather than cytotoxic, and it has been questioned whether treat-
ment with a single PI3K inhibitor will be effective.16
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The PI3K/Akt/mTORC1 pathway plays prominent roles in malignant transformation, prevention of apoptosis, drug 
resistance, and metastasis. One molecule regulated by this pathway is GSK-3β. GSK-3β is phosphorylated by Akt on 
S9, which leads to its inactivation; however, GSK-3β also can regulate the activity of the PI3K/Akt/mTORC1 pathway by 
phosphorylating molecules such as PTEN, TSC2, p70S6K, and 4E-BP1. To further elucidate the roles of GSK-3β in che-
motherapeutic drug and hormonal resistance of MCF-7 breast cancer cells, we transfected MCF-7 breast cancer cells 
with wild-type (WT), kinase-dead (KD), and constitutively activated (A9) forms of GSK-3β. MCF-7/GSK-3β(KD) cells were 
more resistant to doxorubicin and tamoxifen compared with either MCF-7/GSK-3β(WT) or MCF-7/GSK-3β(A9) cells. In the 
presence and absence of doxorubicin, the MCF-7/GSK-3β(KD) cells formed more colonies in soft agar compared with 
MCF-7/GSK-3β(WT) or MCF-7/GSK-3β(A9) cells. In contrast, MCF-7/GSK-3β(KD) cells displayed an elevated sensitivity to the 
mTORC1 blocker rapamycin compared with MCF-7/GSK-3β(WT) or MCF-7/GSK-3β(A9) cells, while no differences between 
the 3 cell types were observed upon treatment with a MEK inhibitor by itself. However, resistance to doxorubicin and 
tamoxifen were alleviated in MCF-7/GSK-3β(KD) cells upon co-treatment with an MEK inhibitor, indicating regulation of 
this resistance by the Raf/MEK/ERK pathway. Treatment of MCF-7 and MCF-7/GSK-3β(WT) cells with doxorubicin elimi-
nated the detection of S9-phosphorylated GSK-3β, while total GSK-3β was still detected. In contrast, S9-phosphorylated 
GSK-3β was still detected in MCF-7/GSK-3β(KD) and MCF-7/GSK-3β(A9) cells, indicating that one of the effects of doxo-
rubicin on MCF-7 cells was suppression of S9-phosphorylated GSK-3β, which could result in increased GSK-3β activity. 
Taken together, these results demonstrate that introduction of GSK-3β(KD) into MCF-7 breast cancer cells promotes resis-
tance to doxorubicin and tamoxifen, but sensitizes the cells to mTORC1 blockade by rapamycin. Therefore GSK-3β is a key 
regulatory molecule in sensitivity of breast cancer cells to chemo-, hormonal, and targeted therapy.
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The tumor suppressor genes TSC1/TSC2 can regulate 
mTORC1 activity and GSK-3β can play a key role in this regu-
latory circuit. GSK-3β can phosphorylate TSC2 and stimulate 
its activity, which inhibits Rheb and mTORC1 activity. GSK-3β 
can phosphorylate p70S6K17,18 and 4E-BP1.19 GSK-3β positively 
regulates p70S6K activity by S371 phosphorylation. In con-
trast when 4E-BP1 is phosphorylated by GSK-3β at T37/T46, 
its activity is inhibited.18 mTORC1 collaborates with GSK-3β 
to regulate p70S6K activity and cell proliferation,17,18 although 
other studies have indicated that GSK-3β can negatively regulate 
phosphorylation of p70S6K at T389 by activating TSC2.20 Thus, 
GSK-3β plays important roles in cell cycle progression.21

Aberrant GSK-3β expression has also been observed in cancers, 
which are resistant to radio-, chemo- and targeted therapy.21-24 
Targeting GSK-3β has been shown to increase the sensitivity to 
certain drugs and other small-molecule inhibitors.21-24 The roles 
of GSK-3β in cancer remain controversial. Some studies have 
shown that GSK-3β may play a positive role in cell proliferation, 
and the GSK-3β protein is overexpressed in certain tumor types, 
including colon, liver, ovarian, and pancreatic cancer.25-27

Inhibition of GSK-3β expression can suppress pancre-
atic cancer growth and angiogenesis.28 In cells with GSK-3β 
knocked-down, there were also decreased levels of Bcl-2 and vas-
cular endothelial growth factor (VEGF). Certain small-molecule 
inhibitors will synergize with GSK-3β inhibition to result in cell 
death.29 Sorafenib induces GSK-3β, which actually provides a 
survival signal in melanoma cells. When a constitutively active 
form of GSK-3β was introduced into the melanoma cells, ele-
vated levels of anti-apoptotic Bcl-2, Bcl-X

L
, and survivin were 

detected, while decreased levels of pro-apoptotic Noxa were 
observed. Elimination of GSK-3β activity increased the activity 
of sorafenib.

Breast cancer is a leading cause of cancer-related death in 
women worldwide. This disease is diagnosed in nearly 1.4 mil-
lion women worldwide every year. Unfortunately, breast cancer 
is responsible for more than 450 000 deaths annually. A promi-
nent risk factor for the onset of breast cancer is age, however. 
Factors linked to lifestyle and diet contribute to the development 
of breast cancer. Also mutations or deregulation of certain genes 
(BRCA1, BRCA2, PIKCA) and others play important roles in 
breast cancer.30-35 The tumor suppressor genes p53, MDM2, 
and Rb also can play roles in the therapeutic responses of breast 
cancer.36-40 Restoration of functional p53 can increase the sensi-
tivity to certain p53-mutant cells to chemo- and other types of 
therapy.40

The most commonly utilized treatment for breast cancer is sur-
gical removal of the tumor coupled with adjuvant chemotherapy 
or radiation. Radiation and chemotherapy are effective in killing 
or limiting the growth of actively dividing cancer cells through 
various mechanisms, including the production of oxygen free 
radicals, DNA damage, and subsequent apoptosis.41 Common 
chemotherapeutic drugs used to treat breast cancer include the 
anthracyclines, taxanes, 5-fluorouracil, cyclophosphamide, and 
methotrexate.42 Doxorubicin, also known as adriamycin, is in the 
anthracycline class of antibiotic chemotherapeutic drugs. These 
compounds work by intercalating between adjacent DNA pairs 

and inhibiting topoisomerase II, thereby interfering with DNA, 
RNA, and protein synthesis.

In addition to chemotherapy, another common treatment 
option for breast cancer involves a hormonal-based approach. 
Certain early-stage breast cancers overexpress various isoforms 
of the estrogen receptor (ER), making their growth dependent 
on estrogen. The selective ER modulator, tamoxifen (4HT), can 
block estrogen signaling by competitively binding the ER and 
antagonizing its proliferative effects.10 However, once a breast 
cancer has undergone additional molecular changes, allowing it 
to overcome estrogen dependence, hormonal therapy is no longer 
effective.43,44 Rb is a critical protein involved in the regulation 
of cell cycle progression and is a tumor suppressor gene. The Rb 
pathway is involved in sensitivity to tamoxifen.45 Loss of func-
tional Rb activity is associated with resistance to tamoxifen.46 
Thus oncogenes and tumor suppressor genes often are important 
in the sensitivity to therapy.

Breast cancers can carry inherent drug resistance or develop 
an acquired resistance after exposure to the compound.47-49 
Resistance is commonly developed in patients on anthracycline 
chemotherapy drugs.50 Resistance can also occur in patients 
receiving hormonal therapy and immunotherapy once the can-
cer is no longer dependent on the targeted receptor to grow. 
Therefore, cancer cells are capable of undergoing changes that 
confer survival advantages in otherwise nutrient-restricted or 
toxic environments. Novel targets and approaches to treat breast 
cancer are needed, and some are being evaluated.

A study of patient tumor samples revealed a reduction or loss 
of cytoplasmic GSK-3β in 53% of invasive ductal carcinomas 
(IDC) examined. This same study found that nuclear accumula-
tion of GSK-3β was present in 35% of IDC samples examined 
and was positively associated with tumor grade.51 Therefore, 
increases in PI3K/Akt signaling and altered cellular localization 
of GSK-3β may be among the regulatory factors that impinge 
upon the behavior of breast cancer cells. A downstream target of 
GSK-3 is p27Kip-1, which is also implicated in breast cancer.52 In 
addition, p70S6K can be regulated by GSK-3 and is involved in 
breast cancer.53

Enforced expression of kinase-dead (KD) GSK-3beta pro-
moted tumorigenesis of breast and skin tumors.54 Overexpression 
of constitutively active GSK-3β increased chemosensitivity, cell 
cycle arrest, and reduced tumorigenicity of breast cancers.55,56 
Likewise, pharmacological inhibition of GSK-3β induces epi-
thelial–mesenchymal transition (EMT) and invasion in breast 
cancer.57

In the following studies, we investigated the effects of GSK-3β 
expression on properties associated with cellular transforma-
tion, drug resistance, and sensitivity to hormonal and targeted 
therapy. Expression of a GSK-3β(KD) mutant in MCF-7 breast 
cancer cells increased the resistance of the cells to doxorubicin 
and tamoxifen, 2 drugs used to treat breast cancer patients. This 
drug resistance could be suppressed by treatment with MEK 
inhibitors. In contrast, cells expressing the GSK-3β(KD) were 
very sensitive to mTORC inhibitors. Our results document key 
interactions between the MEK and mTORC1 pathways in drug 
sensitivity and how they can be regulated by GSK-3β.
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Results

To determine the effects of GSK-3β on the sensitivity of breast 
cancer cells to chemotherapy, hormonal therapy, and targeted 
therapy, MCF-7 cells were transfected with wild-type (WT), 
constitutively-activated (A9), and kinase-dead (KD) forms of 
GSK-3β58,59 and stable transfected pools of cells were isolated in 
the presence of G418. The effects of GSK-3β expression on the 
clonogenicity of MCF-7/GSK-3β(WT), MCF-7/GSK-3β(A9), 
and MCF-7/GSK-3β(KD) cells was determined under anchor-
age-dependent (Fig.  1) and anchorage-independent (Fig.  2) 
conditions.

Clonogenicity under anchorage-dependent conditions was 
assessed in the presence or absence of doxorubicin to determine 
the effects of chemotherapy (Fig.  1). In Figure 1A, the total 
counts (averages and standard deviations) of 3 plates of each of 
the transfected cell lines obtained under the indicated conditions 
are presented.

As shown in Figure 1, the colony-formation ability of MCF-7/
GSK-3β(WT) cells was decreased by almost 90% when treated 
with 25 nM doxorubicin. MCF-7/GSK-3β(A9) cells also had 
a 90% reduction in their colony-formation ability in the pres-
ence of 25 nM doxorubicin. In contrast, MCF-7/GSK-3β(KD) 
cells exhibited exhibit only a 40% reduction in colony-formation 
ability when plated in medium containing 25 nM doxorubicin. 
These results demonstrate that expression of the GSK-3β(KD) 
gene in MCF-7/GSK-3β(KD) cells enhanced clonogenicity in 
the presence of 25 nM doxorubicin compared with either MCF-7/
GSK-3β(WT) or MCF-7/GSK-3β(A9) cells. The results were 
also normalized to the untreated levels of each type of GSK-3β 
construct (Fig.  1B). Clearly, the MCF-7/GSK-3β(KD) cells 
formed significantly more colonies in 25 nM doxorubicin than 
the MCF-7/GSK-3β(WT) or MCF-7/GSK-3β(A9) cells.

Clonogenicity in soft agar was enhanced in MCF-7/GSK-
3β(KD) cells in comparison to MCF-7/GSK-3β(WT) or 
MCF-7/GSK-3β(A9) cells

To assess clonogenicity under anchorage-independent con-
ditions, MCF-7/GSK-3β(WT), MCF-7/GSK-3β(A9), and 
MCF-7/GSK-3β(KD) cells were seeded as single cells in soft 
agar and allowed to expand for 3 wk. Figure 2A, shows the total 
number of colonies (means and standard deviations) that formed 
in the presence and absence of 25 nM doxorubicin. As expected, 
the colony-formation ability of all 3 cell lines was markedly 
decreased under anchorage-independent conditions as compared 
with anchorage-dependent conditions (compare Fig.  1A with 
Fig. 2A). MCF-7/GSK-3β(KD) cells had a significantly higher 
plating efficiency in soft agar than either MCF-7/GSK-3β(WT) 
or MCF-7/GSK-3β(A9) cells when the cells were plated in the 
absence of doxorubicin.

In the presence of 25 nM doxorubicin, MCF-7/GSK-3β(WT) 
cells experienced a 50% reduction in colony-formation ability 
in soft agar (Fig.  2A). A 50% reduction in colony-formation 
ability in soft agar was also observed for MCF-7/GSK-3β(A9) 
cells when treated with doxorubicin. However, this was not the 
case for MCF-7/GSK-3β(KD) cells, which revealed only a 10% 
reduction in colony-formation ability in the presence of 25 nM 

doxorubicin. The colony-formation ability of MCF-7/GSK-
3β(KD) in soft agar cells in doxorubicin was 5-fold greater than 
that for MCF-7/GSK-3β(WT) cells and 13-fold greater than 
MCF-7/GSK-3β(A9) cells (Fig.  2A). These results document 
that the MCF-7/GSK-3β(KD) cells had elevated anchorage-
independent clonogenicity in both the presence and absence of 
chemotherapy in comparison to the MCF-7/GSK-3β(WT) and 
MCF-7/GSK-3β (A9) cells. To control for differences in plating 
efficiency between the different types of transfectants, the data 
were also normalized to the untreated controls of each type of 

Figure 1. MCF-7/GSK-3β(KD) cells form more colonies under adherence 
conditions in the presence of doxorubicin than either MCF-7/GSK-3β(WT) 
or MCF-7/GSK-3β(A9) cells. The abilities of MCF-7/GSK-3β(WT), MCF-7/
GSK-3β(A9), and MCF-7/GSK-3β(KD) cells to form colonies in the presence 
and absence of 25 nM doxorubicin were determined by plating the cells 
in triplicate in 6-well plates under adherence conditions. (A) Mean and 
standard deviation of raw colony counts. The P value between the sub-
cloning of MCF-7/GSK-3β(WT) and MCF-7/GSK-3β(A9) in the absence of 
doxorubicin was 0.0012. The P value between the subcloning of MCF-7/
GSK-3β(WT) and MCF-7/GSK-3β(KD) in the absence of doxorubicin was 
0.0432. The P value between the subcloning of MCF-7/GSK-3β(A9) and 
MCF-7/GSK3β(KD) in the absence of doxorubicin was 0.0116. The P value 
between the subcloning of MCF-7/GSK-3β(WT) and MCF-7/GSK-3β(A9) 
in the presence of doxorubicin was 0.7292 and was not significantly 
different. The P value between the subcloning of MCF-7/GSK-3β(WT) 
and MCF-7/GSK-3β(KD) in the presence of doxorubicin was 0.0025. The 
P value between the subcloning of MCF-7/GSK-3β(A9) and MCF-7/GSK-
3β(KD) in the presence of doxorubicin was 0.0062. (B) Mean and stan-
dard deviations of normalized cell counts. In this panel the mean of 
the raw counts for each cell type was set (normalized) to 100 and the 
mean and standard deviation of the raw counts in the presence of 25 nM 
doxorubicin was normalized to the number of counts in the untreated 
condition for each cell type. This normalized graph eliminates differ-
ences in plating efficiency between the 3 cell types in the absence of 
doxorubicin. The P value between the subcloning of MCF-7/GSK-3β(WT) 
and MCF-7/GSK-3β(KD) in the presence of doxorubicin was 0.0033. The 
P value between the subcloning of MCF-7/GSK-3β(A9) and MCF-7/GSK-
3β(KD) in the presence of doxorubicin was 0.0040.
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transfectant plated in soft agar (Fig.  2B). Again the MCF-7/
GSK-3β(KD) formed statistically significantly more colonies 
in the presence of 25 nM doxorubicin than the MCF-7/GSK-
3β(WT) or MCF-7/GSK-3β(A9) cells in soft agar.

MCF-7/GSK-3β(KD) cells have increased resistance to 
doxorubicin in comparison to MCF-7/GSK-3β(WT) or 
MCF-7/GSK-3β(A9) cells

The sensitivities of MCF-7/GSK-3β(WT), MCF-7/GSK-
3β(A9), and MCF-7/GSK-3β(KD) cells to doxorubicin were 
measured by MTT assays. Cells were grown for 4 d in the 
absence or presence of various concentrations of the drug ranging 
from 2 nM to 2000 nM. The relative growth curves of treated 
cells as compared with untreated cells are shown in Figure 3A 
along with corresponding doxorubicin IC

50
 values shown on a log 

scale. MCF-7/GSK-3β(WT) cells had the greatest sensitivity to 
the drug, with an IC

50
 of approximately 27 nM. A higher IC

50
 of 

approximately 46 nM doxorubicin was observed with MCF-7/
GSK-3β(A9) cells. The greatest resistance to doxorubicin was 
observed with MCF-7/GSK-3β(KD) cells which had a doxorubi-
cin IC

50
 of approximately 68 nM, which was 2.5-fold higher than 

that of MCF-7/GSK-3β(WT) cells (Table 1). Therefore MCF-7/
GSK-3β(KD) cells were more resistant to doxorubicin than the 
MCF-7/GSK-3β(WT) cells. Furthermore, the constitutive-acti-
vation of GSK-3β in the MCF-7/GSK-3β(A9) cells increased the 
resistance of the cells to doxorubicin in comparison to MCF-7/
GSK-3β(WT) cells.

MCF-7/GSK-3β(KD) cells have increased resistance to 
tamoxifen (4HT) in comparison to MCF-7/GSK-3β(WT) or 
MCF-7/GSK-3β(A9) cells

The sensitivities of MCF-7/GSK-3β(WT), MCF-7/GSK-
3β(A9) and MCF-7/GSK-3β(KD) cells to 4HT were measured 
by MTT assays. Cells were grown for 4 d either untreated or in 
the presence of 4HT ranging in concentrations from 1 nM to 
1000 nM. The relative growth curves of treated cells as compared 
with untreated cells are shown in Figure 3B along with corre-
sponding 4HT IC

50
 values. As shown, MCF-7/GSK-3β(A9) cells 

were the most sensitive to 4HT, with an IC
50

 of approximately 
31 nM. A higher IC

50
 of approximately 120 nM was observed 

with MCF-7/GSK-3β(WT) cells. The greatest resistance to 4HT 
was found in the MCF-7/GSK-3β(KD) cells. In these cells, the 
growth curve did not fall below 50% relative growth at the 4HT 
concentrations examined. An extension of the curve would sug-
gest the 4HT IC

50
 of MCF-7/GSK-3β(KD) cells to be approxi-

mately 2000 nM, which is at least 64-fold higher than that of the 
MCF-7/GSK-3β(WT) cells (Table 1). Therefore, introduction of 
a GSK-3β(KD) gene into MCF-7 cells increased their resistance 
to hormonal-based therapy, while introduction of GSK-3β(A9) 
gene into MCF-7 cells enhanced their sensitivity to tamoxifen.

MCF-7/GSK-3β(KD) cells have increased sensitivity to 
rapamycin in comparison to MCF-7/GSK-3β(WT) or MCF-7/
GSK-3β(A9) cells

The sensitivity of MCF-7/GSK-3β(WT), MCF-7/GSK-
3β(A9), and MCF-7/GSK-3β(KD) cells to rapamycin was 
assessed by MTT analysis. Cells were grown in the absence or 
presence of various concentrations of rapamycin ranging from 
0.1 nM to 100 nM. The relative growth curves of treated cells 

Figure 2. MCF-7/GSK-3β(KD) cells form more colonies in soft agar in the 
presence or absence of doxorubicin than either MCF-7/GSK-3β(WT) or 
MCF-7/GSK-3β(A9) cells. The ability of MCF-7/GSK-3β(WT), MCF-7/GSK-
3β(A9), and MCF-7/GSK-3β(KD) cells to form colonies in the presence 
and absence of 25 nM doxorubicin was determined by plating the cells 
in triplicate in 6-well plates in soft agar conditions which measures the 
ability of the cells to grow in an anchorage-independent fashion.60,61 
(A) Mean and standard deviation of raw colony counts in soft agar. The 
statistical significance of the number of colonies in the absence of 25 
nM doxorubicin for MCF-7/GSK-3β(KD) cells was compared with MCF-7/
GSK-3β(WT) and MCF-7/GSK-3β(A9) cells by the unpaired t test with a 
95% confidence interval. Comparisons determined to be statistically sig-
nificant are indicated by ***. In addition, the colony formation of MCF-7/
GSK-3β(KD) in the presence of 25 nM doxorubicin was higher than that 
observed in MCF-7/GSK-3β(WT) and MCF-7/GSK-3β(A9) cells and was 
determined to be statically significant by the unpaired t test with a 95% 
confidence interval. The P value between the subcloning of MCF-7/GSK-
3β(WT) and MCF-7/GSK-3β(A9) in soft agar in the absence of doxorubicin 
was 0.0131. The P value between the subcloning of MCF-7/GSK-3β(WT) 
and MCF-7/GSK-3β(KD) in soft agar in the absence of doxorubicin was 
0.0001. The P value between the subcloning of MCF-7/GSK-3β(A9) and 
MCF-7/GSK-3β(KD) in soft agar in the absence of doxorubicin was 0.0001. 
The P value between the subcloning of MCF-7/GSK-3β(WT) and MCF-7/
GSK3β(A9) in soft agar in the presence of doxorubicin was 0.0303. The 
P value between the subcloning of MCF-7/GSK-3β(WT) and MCF-7/GSK-
3(KD) in soft agar in the presence of doxorubicin was 0.0004. The P value 
between the subcloning of MCF-7/GSK-3β(A9) and MCF-7/GSK-3β(KD) in 
soft agar in the presence of doxorubicin was 0.0002. (B) Mean and stan-
dard deviations of normalized cell colonies in soft agar. In this panel the 
mean of the raw counts for each cell type was set (normalized) to 100 
and the mean and standard deviation of the raw counts in the presence 
of 25 nM doxorubicin was normalized to the number of counts in the 
untreated condition for each cell type. This normalized graph eliminates 
differences in plating efficiency between the 3 cell types in the absence 
of doxorubicin. Comparisons determined to be statistically significant 
are indicated by ***. The P value between the subcloning of MCF-7/
GSK-3β(WT) and MCF-7/GSK-3β(KD) in soft agar in the presence of doxo-
rubicin was 0.0155. The P value between the subcloning of MCF-7/GSK-
3β(A9) and MCF-7/GSK3β(KD) in soft agar the presence of doxorubicin 
was 0.0076.
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as compared with untreated cells are shown in Figure 3C along 
with corresponding rapamycin IC

50
 values. MCF-7/GSK-3β(A9) 

cells experienced the least sensitivity to the inhibitor, with an 
IC

50
 value outside of the concentration range tested. An IC

50
 

of approximately 58 nM rapamycin was observed for MCF-7/

GSK-3β(WT) cells. The cell line most sensitive to rapamycin 
treatment was MCF-7/GSK-3β(KD), in which an IC

50
 of approx-

imately 14 nM was observed. This was 4 times lower than the 
IC

50
 observed for GSK-3β(WT) cells (Table 1). Therefore, intro-

duction of the GSK-3β(KD) gene into MCF-7 cells increased 

Figure 3. Effects of GSK-3β expression on sensitivity to doxorubicin, tamoxifen, a mTORC1 blocker and a MEK inhibitor. The effects of GSK-3β(WT), GSK-
3β(A9) and GSK-3β(KD) on the sensitivity of MCF-7 cells to: (A) doxorubicin, (B) tamoxifen (4HT), (C) rapamycin, and (D) Array MEK Inhibitor (ARRY 509) 
were examined by MTT analysis after incubation of the cells in the indicated concentrations of the drugs. The arrows represents where 50% inhibition of 
growth intercepts with the x-axis and is used to estimate the IC50. The statistical significance was determined by the unpaired t test. Comparisons deter-
mined to be significant are indicated with (***). Symbols: MCF-7/GSK-3β(WT), dark blue lines with solid circles, MCF-7/GSK-3β(A9), green lines with solid 
triangles, MCF-7/GSK-3β(KD), red lines with solid squares. (A) The P value between doxorubicin treatment of MCF-7/GSK-3β(WT) and MCF-7/GSK-3β(A9) 
was 0.0001. The P value between doxorubicin treatment of MCF-7/GSK-3β(WT) and MCF-7/GSK-3β(KD) was 0.0001. The P value between doxorubicin 
treatment of MCF-7/GSK-3β(A9) and MCF-7/GSK-3β(KD) was 0.0001. (B) The P value between 4HT treatment of MCF-7/GSK-3β(WT) and MCF-7/GSK3β(A9) 
was 0.0001. The P value between 4HT treatment of MCF-7/GSK-3β(WT) and MCF-7/GSK-3β(KD) was 0.0001. The P value between 4HT treatment of MCF-7/
GSK-3β(A9) and MCF-7/GSK-3β(KD) was 0.0001. (C) The P value between rapamycin treatment of MCF-7/GSK-3β(WT) and MCF-7/GSK-3β(KD) was 0.0001.

Table 1. Effects of GSK-3β on sensitivity (IC50) of MCF-7 cells to chemo-, hormonal, and targeted therapy

GSK-3β type→ GSK-3β(WT) GSK-3β(A9) GSK-3β(KD)

Treatment ↓

Doxorubicin (IC50) 27 nM 46 nM 68 nM

Fold compared with WT 1× 1.7×↑ 2.5×↑

Tamoxifen (4HT) (IC50) 120 nM 31 nM ~1000 nM

Fold compared with WT 1× 3.9×↓ >8.3↑

Rapamycin (IC50) 58 nM >100 nM 14 nM

Fold compared with WT 1× >1.7↑ 4.1×↓

Array MEK Inh1 (IC50) ~10 000 nM ~10 000 nM ~10 000 nM

Fold compared with WT 1× 1× 1×

1Inh, inhibitor.
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their resistance to doxorubicin and 4HT, but augmented their 
sensitivity to the mTORC1 blocker rapamycin.

MCF-7/GSK-3β cell lines responded similarly to the Array 
MEK inhibitor

The sensitivities of MCF-7/GSK-3β(WT), MCF-7/GSK-
3β(A9), and MCF-7/GSK-3β(KD) cells to the Array MEK 
inhibitor (ARRY 509) were assessed by MTT assays. Cells were 
either untreated or treated with the MEK inhibitor ranging in 
concentrations from 10 nM to 10 000 nM. The relative growth 
curves of treated cells as compared with untreated cells are pre-
sented in Figure 3D along with corresponding MEK inhibitor 
IC

50
 values. As shown, the 3 cell lines did not vary significantly in 

their response to the MEK inhibitor. Proliferation maintained a 
plateau at lower concentrations of the inhibitor, but decreased and 
approached 50% of relative growth once treated with the highest 
inhibitor concentration tested. Therefore, altering the GSK-3β 
activity in MCF-7 cells did not greatly influence their response to 
the MEK inhibitor. Additional experiments have indicated that 
this MEK inhibitor inhibited ERK1/2 activation in other cells at 
concentrations less than 100 nM (data not presented).

Response of MCF-7/GSK-3β(WT) cells to doxorubicin was 
not altered with either the mTORC1 blocker rapamycin or the 
MEK inhibitor

The sensitivities of MCF-7/GSK-3β(WT) cells to doxorubi-
cin either alone or in combination with rapamycin or the Array 
MEK inhibitor were examined by MTT analysis. Cells were 
grown either alone or in the presence of increasing concentra-
tions of doxorubicin with the addition of either 1 nM rapamycin 
or 1000 nM Array MEK inhibitor (Fig. 4). The relative growth 
curves of treated cells as compared with untreated cells are shown 
in Figure 4A along with corresponding doxorubicin IC

50
 values. 

The IC
50

 was approximately 25 nM for all 3 treatment scenarios. 
Therefore, these concentrations of rapamycin or the MEK inhibi-
tor did not alter the sensitivity of MCF-7/GSK-3β(WT) cells to 
doxorubicin. These results are summarized in Table 2.

Response of MCF-7/GSK-3β(A9) cells to doxorubicin was 
not altered by either a MEK inhibitor or a mTORC1 blocker

The sensitivity of MCF-7/
GSK-3β(A9) cells to doxorubicin 
either alone or in combination 
with rapamycin or the Array MEK 
inhibitor was quantified by MTT 
assay. Cell proliferation was mea-
sured either alone or in the pres-
ence of increasing concentrations 
of doxorubicin with the addition 
of either 1 nM rapamycin or 1000 
nM Array MEK inhibitor. The 
relative growth curves of treated 
cells as compared with untreated 
cells are shown in Figure 4B along 
with corresponding doxorubicin 
IC

50
 values. The doxorubicin IC

50
 

was approximately 44 nM for all 3 
treatment types. Therefore, these 
concentrations of MEK inhibitor 

or mTORC1 blocker did not render MCF-7/GSK-3β(A9) cells 
more sensitive to doxorubicin.

Response of MCF-7/GSK-3β(KD) cells to doxorubicin was 
enhanced by MEK inhibition

The sensitivity of MCF-7/GSK-3β(KD) cells to doxorubicin 
either alone or in combination with rapamycin or the Array MEK 
inhibitor was assessed by MTT assay. Cells were either untreated 
or in the presence of increasing concentrations of doxorubicin 
with the addition of either 1 nM rapamycin or 1000 nM Array 
MEK inhibitor. The relative growth curves of treated cells as 
compared with untreated cells is presented in Figure 4C along 
with corresponding doxorubicin IC

50
 values. As shown, the IC

50
 

was around 70 nM in the case of doxorubicin alone or when 
doxorubicin was combined with this constant concentration of 
rapamycin. Conversely, the co-treatment of doxorubicin and the 
Array MEK inhibitor was sufficient to lower the IC

50
 doxorubicin 

to 24 nM, a 2.7-fold reduction (Table 2). Therefore, the doxo-
rubicin-resistance of MCF-7/GSK-3β(KD) cells was eliminated 
upon treatment with 1000 nM MEK inhibitor.

Responses of MCF-7/GSK-3β(WT) cells to 4HT was 
enhanced by the MEK inhibitor and mTORC1 blocker

The sensitivities of MCF-7/GSK-3β(WT) cells to 4HT 
either alone or in combination with rapamycin or the Array 
MEK inhibitor were determined with MTT analysis. Cells were 
grown either alone or in the presence of increasing concentra-
tions of 4HT with the addition of either 1 nM rapamycin or 
1000 nM Array MEK inhibitor. The relative growth curves 
of treated cells as compared with untreated cells are shown 
in Figure  4D along with corresponding 4HT IC

50
 values. As 

shown, the IC
50

 was approximately 120 nM when the cells were 
treated with 4HT alone. A considerable reduction in the 4HT 
IC

50
 was observed when the cells were co-treated with rapamycin 

or the Array MEK inhibitor, with IC
50

 values of approximately 
9.5 nM and 7 nM, respectively. This equates to approximately 
a 15-fold decrease (Table 2). Therefore, MCF-7GSK-3β(WT) 
cells are sensitive to a combination of 4HT and ether MEK or 
mTORC suppression.

Table 2. Effects of sub-optimal concentrations of mTORC1 blockers and mek inhibitors on sensitivity (IC50) of 
MCF-7 cells harboring different GSK-3β constructs to chemo-, hormonal, and targeted therapy

GSK-3β type→ GSK-3β(WT) GSK-3β(A9) GSK-3β(KD)

Treatment ↓

Doxorubicin (IC50) 27 nM 46 nM 68 nM

Dox + 1000 nM MEK Inh1 27 nM 46 nM 25 nM

Fold compared with UT2 1× 1× 2.7×↓

Dox + 1 nM Rapa3 27 nM 46 nM 68 nM

Fold compared with UT 1× 1X 1×

4HT (IC50) 120 nM 31 nM ~1000 nM

4HT + 1000 nM MEK Inh 8 nM 10 nM 15 nM

Fold compared with UT 15×↓ 3.1×↓ 6.7×↓

4HT + 1 nM Rapa 10 nM 10 nM ~1000 nM

Fold compared with UT 12×↓ 3.1 ×↓ 1×

1Inh, inhibitor; 2UT, untreated; 3Rapa, rapamycin.
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Figure 4. Effects of co-treatment with doxorubicin, 4HT and either a mTORC1 blocker or a MEK inhibitor on drug sensitivity. The effects of a mTORC 
blocker or a MEK inhibitor on the sensitivity of MCF-7/GSK-3β(WT), MCF-7/GSK-3β(A9), or MCF-7/GSK-3β(KD) cells to doxorubicin or 4HT were exam-
ined by MTT analysis after incubation of the cells in the indicated concentrations of the drugs. Symbols: (A and D) MCF-7/GSK-3β(WT), dark blue lines 
with solid circles, MCF-7/GSK-3β(WT) with 1000 nM MEK inhibitor in light blue lines with upward triangles, MCF-7/GSK-3β(WT) with 1000 1nM mTORC1 
inhibitor in black lines with squares. (B and E) MCF-7/GSK-3β(A9), green lines with solid triangles, MCF-7/GSK-3β(A9) with 1000 nM MEK inhibitor in light 
blue lines with upward triangles, MCF-7/GSK-3β(A9) with 1000 1nM mTORC1 inhibitor in black lines with squares. (C and F) MCF-7/GSK-3β(KD), red lines 
with solid squares. MCF-7/GSK-3β(KD) with 1000 nM MEK inhibitor in light blue lines with upward triangles, MCF-7/GSK-3β(KD) with 1000 1nM mTORC1 
inhibitor in black lines with squares. The arrows represents where 50% inhibition of growth intercepts with the x-axis and is used to estimate the IC50. 
The single treatment for each cell line are the same as those presented in Figure 3, as all the experiments in Figures 2 and 4 were performed over the 
same time period, together. The effects of adding a constant dose of either 1 nM mTORC1 blocker (mTORC BL = rapamycin) or 1000 nM MEK inhibitor 
(ARRY 509) on the doxorubicin IC50s were examined in (A) MCF-7/GSK-3β(WT), (B) MCF-7/GSK-3β(A9), and (C) MCF-7/GSK-3β(KD) cells. (D, E, and F) The 
effects of adding a constant dose of either 1 nM mTORC1 blocker (mTORC BL = rapamycin) or 1000 nM MEK inhibitor (ARRY 509) on the 4HT IC50s were 
examined in (D) MCF-7/GSK-3β(WT), (E) MCF-7/GSK-3β(A9), and (F) MCF-7/GSK-3β(KD) cells. The statistical significance was determined by the unpaired 
t test. Comparisons determined to be significant are indicated with (***). The P value between the difference between doxorubicin and doxorubicin 
and MEK inhibitor treated MCF-7/GSK-3β(KD) cells (C) was less than 0.0001. The P value between the difference between 4HT and 4HT and either MEK 
inhibitor or rapamycin treated MCF-7/GSK-3β(WT) cells (D) was less than 0.0001. The P value between the difference between 4HT and 4HT and either 
MEK inhibitor or rapamycin treated MCF-7/GSK-3β(A9) cells (E) was less than 0.0001. The P value between the difference between 4HT and 4HT and MEK 
inhibitor treated MCF-7/GSK-3β(KD) cells (F) was less than 0.0001.
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Responses of MCF-7/GSK-3β(A9) cells to 4HT was 
enhanced by the MEK inhibitor and mTORC1 blocker

The sensitivities of MCF-7/GSK-3β(A9) cells to either 4HT 
alone or in combination with the mTORC1 blocker rapamycin 
or the Array MEK inhibitor were analyzed by MTT analysis. 
Proliferation was measured either alone or in the presence of 
increasing concentrations of 4HT with the addition of either 
1 nM rapamycin or 1000 nM Array MEK inhibitor. The relative 
growth curves of treated cells as compared with untreated cells 
are shown in Figure 4E along with corresponding tamoxifen IC

50
 

values. The IC
50

 for 4HT was 31 nM. The 4HT for IC
50

 was 
reduced by approximately 2.5-fold when the cells were co-treated 
with rapamycin or the Array MEK inhibitor, with IC

50
 values of 

11 nM and 12 nM, respectively (Table 2). Therefore, treatment 
of the MCF-7/GSK-3β(A9) cells with the mTORC1 blocker or 
the MEK inhibitor increased their sensitivity to 4HT.

Response of MCF-7/GSK-3β(KD) cells to 4HT was 
enhanced by MEK inhibition

The sensitivities of MCF-7/GSK-3β(KD) cells to 4HT either 
alone or in combination with rapamycin or the Array MEK 
inhibitor was quantified by MTT analysis. Cells were grown 
either alone or in the presence of increasing concentrations of 
4HT with the addition of either 1 nM rapamycin or 1000 nM 
Array MEK inhibitor. The relative growth curves of treated cells 
as compared with untreated cells are shown in Figure 4F along 
with corresponding 4HT IC

50
 values. As shown, the IC

50
 was not 

reached when cells were treated with 4HT alone at the concen-
trations tested, but could be approximated at 2000 nM. When 
co-treated with rapamycin, the growth curve was similar to that 
of 4HT alone, but declined to below 50% growth at a concentra-
tion of 790 nM 4HT. However, the IC

50
 of 4HT was reduced by 

50-fold when the cells were co-treated the Array MEK inhibitor, 
in which an IC

50
 value of approximately 40 nM was observed. 

Therefore, the MCF-7/GSK-3β(KD) cells were sensitive to the 
combined 4HT therapy and MEK inhibition, which eliminated 
their resistance to 4HT, as a similar sensitivity to 4HT was 
observed as in MCF-7/GSK-3β(WT) cells.

The Raf inhibitor sorafenib reduced the doxorubicin-resis-
tance of MCF-7/GSK-3β(KD) and MCF-7/ΔAkt-1(CA) cells

Like MCF-7/GSK-3β(KD) cells, MCF-7/ΔAkt-1(CA) cells 
express Akt and are resistant to doxorubicin and sensitive to 
rapamycin.8,10 To determine if inhibition of Raf would suppress 
the doxorubicin-resistance of MCF-7/GSK-3β(KD) and MCF-7/
ΔAkt-1(CA) cells, their sensitivities to doxorubicin, sorafenib, and 
the combination of a sub-optimal dose of sorafenib and different 
does of doxorubicin were examined (Fig. 5). A suboptimal concen-
tration of sorafenib reduced the IC

50
 for doxorubicin in MCF-7/

GSK-3β(KD) and MCF-7/ΔAkt-1(CA) cells, approximately 1.8- 
and 2.7-fold, respectively (Fig.  5C; Table  3). Thus inhibition 
of Raf suppressed doxorubicin resistance in both MCF-7/GSK-
3β(KD) and MCF-7/ΔAkt-1(CA) cells. These studies document 
the importance of the Raf/MEK/ERK pathway in drug resistance 
in breast cancer cells with altered Akt-1 and GSK-3β expression.

Doxorubicin activates Akt in MCF-7 cells
To examine the activity of proteins upstream and downstream 

of GSK-3β, western blot analysis was performed on MCF-7, 

MCF-7/GSK-3β(WT), MCF-7/GSK-3β(A9), and MCF-7/
GSK-3β(KD) cells cultured in the absence or presence of 25 nM 
doxorubicin for 24 h. In these experiments, all the cells were cul-
tured in the presence of FBS. The expression levels of phosphory-
lated (P) and total (T) Akt, GSK-3β, and p70S6K, and rpS6, 
and (T) cyclin D1, and (T) ERα were determined by western 
blot analysis. As shown in Figure 6, P-Akt was expressed in all 
4 cell lines when cultured in FBS in the presence and absence 
of doxorubicin. The levels of proteins were detected by densito-
metic scanning. In Table 4, the ratios are presented relative to 
each cell line when treated with doxorubicin in comparison to the 
untreated cell line, which is set at 1. When control MCF-7 cells 
were treated with doxorubicin, a nearly 2-fold increase in P-Akt 
levels occurred (Table  4). A slight elevation in active Akt was 
observed in MCF-7/GSK-3β(WT) cells, while a small decrease 
was observed in MCF-7/GSK-3β(A9) cells in the presence of 
doxorubicin. No change was observed in P-Akt levels in MCF-7/
GSK-3β(KD) cells when treated as compared with untreated. 
Therefore, doxorubicin activated Akt in MCF-7 and MCF-7/
GSK-3β(WT) cells, but not in MCF-7/GSK-3β(A9) or MCF-7/
GSK-3β(KD) cells.

Doxorubicin inhibited GSK-3β Phosphorylation at S9 in 
MCF-7 and MCF-7/GSK-3β(WT) cells

In the absence of doxorubicin, GSK-3β was phosphorylated 
at S9 in MCF-7, MCF-7/GSK-3β(WT), MCF-7/GSK-3β(A9), 
and MCF-7/GSK-3β(KD) cells. However, when treated with 
doxorubicin, no S9 P-GSK-3β was detected in either MCF-7 
or MCF-7/GSK-3β(WT) cells, but it was detected in MCF-7/
GSK-3β(A9) or MCF-7/GSK-3β(KD) cells. Therefore, when 
GSK-3β was WT in MCF-7 and MCF-7/GSK-3β(WT) cells, 
doxorubicin treatment prevented the S9 phosphorylation of 
GSK-3β, and GSK-3 β is presumably active even in the pres-
ence of activated Akt. In contrast, upon doxorubicin treatment 
of MCF-7/GSK-3β(A9) and MCF-7/GSK-3β(KD) cells, P-S9-
GSK-3β was present and presumably GSK-3β remained inactive. 
The levels of P-GSK-3β decreased greater than 50-fold in MCF-7 
and MCF-7/GSK-3β(WT) cells upon doxorubicin treatment. 
In contrast, the levels of P-GSK-3β decreased in MCF-7/GSK-
3β(A9) and MCF-7/GSK-3β(KD) cells decreased approximately 
1.3-fold after doxorubicin treatment.

Doxorubicin increased p70S6K levels in MCF-7 cells, but 
not in MCF-7/GSK-3β(A9) cells

As observed with P-Akt, P-p70S6K was expressed in all 4 cell 
lines when they were cultured in 10% FBS in the absence or pres-
ence of doxorubicin, (Fig. 6). When treated with doxorubicin, 
the levels of P-p70S6K were 1.5-fold elevated in MCF-7 cells, 
but remained the same or decreased slightly in MCF-7/GSK-
3β(WT), MCF-7/GSK-3β(A9), and MCF-7/GSK-3β(KD) 
cells.

Doxorubicin increased p-rS6 in MCF-7 cells, but not in 
MCF-7/GSK-3β(A9) cells

In the absence of doxorubicin, phosphorylated ribosomal 
rpS6 protein (P-rS6) were detected in MCF-7, MCF-7/GSK-
3β(WT), MCF-7/GSK-3β(A9), and MCF-7/GSK-3β(KD) 
cells. After doxorubicin treatment, a 1.3-fold increase in P-rpS6 
was detected in MCF-7 cells. In MCF-7/GSK-3β(WT) and 
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MCF-7/GSK-3β(A9) cells, 1.5- and 2.1-fold decreases in P-rpS6 
levels were detected respectively. In contrast, a significant drop 
in the levels of P-rpS6 (approximately 5-fold) was detected in 
the doxorubicin-treated MCF-7/GSK-3β(KD) cells. The levels 
of total cyclin D1 and ERα were relatively constant among the 
cell line in the presence and absence of doxorubicin. Thus doxo-
rubicin significantly decreased the levels of P-rpS6 detected in 
MCF-7/GSK-3β(KD) cells.

Discussion

Our studies demonstrate that GSK-3β plays important roles 
in MCF-7 cell clonogenicity, drug resistance, and cell signal-
ing. When GSK-3β(KD) was introduced into MCF-7 cells, a 
significant increase in anchorage-dependent colony formation 
in the presence of doxorubicin was observed compared with 
MCF-7 cells containing either GSK-3β(WT) or GSK-3β(A9). 
Furthermore, MCF-7/GSK-3β(KD) cells had higher cloning 
efficiencies in soft agar both in the presence and absence of 
doxorubicin than either MCF-7/GSK-3β(WT) or MCF-7/GSK-
3β(A9) cells. Interestingly, MCF-7/GSK-3β(A9) formed less col-
onies in soft agar than either MCF-7/GSK-3β(WT) or MCF-7/
GSK-3β(KD). The GSK-3β(A9) gene suppressed colony forma-
tion in soft agar, while the GSK-3β(KD) gene increased cloning 
efficiency in soft agar. Colony formation in soft agar is often 
used as a preliminary measure of malignant transformation.60,61 
It is likely that the GSK-3β(KD) gene increases the malignant 
potential of MCF-7 cells, while the constitutively-active GSK-
3β(A9) gene suppresses the malignant potential of the MCF-7 
cells. Furthermore, the MCF-7/GSK-3β(KD) cells were more 
resistant to doxorubicin and formed more colonies in soft agar 
than either the MCF-7/GSK-3β(WT) or MCF-7/GSK-3β(A9) 
cells.

Drug sensitivity assays revealed that resistance to doxoru-
bicin and 4HT was greatly increased in MCF-7/GSK-3β(KD) 
cells as compared with MCF-7/GSK-3β(WT) cells. However, 
drug-resistant MCF-7/GSK-3β(KD) cells were more sensitive 
to mTOR inhibition by rapamycin. Additionally, a combina-
tion treatment of the Array MEK inhibitor and either doxo-
rubicin or tamoxifen was found to have a positive interaction 
capable of alleviating drug resistance in MCF-7/GSK-3β(KD) 
cells. These results strongly suggest that altered GSK-3β activ-
ity influences breast cancer proliferation, colony formation in 
soft agar, and responses to chemo- and hormonal-based thera-
pies. The loss of normal GSK-3β kinase activity may confer 

a survival advantage by allowing the expression of proteins 
involved in cell cycle progression, prevention of apoptosis, and 
anchorage-independence. These results are similar to those 
found for squamous cell and basal cell carcinomas, in which 

Table 3. Effects of sorafenib on the IC50s of MCF-7/GSK-3β(KD) and MCF-7/
ΔAkt-1(CA) cells to doxorubicin

Cell type→ MCF-7/GSK-3β(KD) MCF-7/ΔAkt-1(CA)

Drug treatment↓

Doxorubicin 70 nM 80 nM

Sorafenib 3500 nM 3000 nM

Doxorubicin + 1000 
nM Sorafenib

40 nM 30 nM

Fold change in IC50 1.8×↓ 2.7×↓

Figure  5. Ability of Sorafenib to reduce the resistance of MCF-7/GSK-
3β(KD) and MCF-7/ΔAkt-1(CA) cells to doxorubicin. (A) Doxorubicin, 
(B)  sorafenib, (C) doxorubicin and 1000 nM sorafenib. The effect of 
doxorubicin, sorafenib or the combination of doxorubicin plus 1000 nM 
sorafenib were examined by MTT analysis after incubation of the cells in 
the indicated concentrations of the drugs. The dotted arrow represents 
where 50% inhibition of growth intercepts with the x-axis and is used to 
estimate the IC50. Symbols: MCF-7/GSK-3Δ(KD), red squares with red lines, 
MCF-7/ΔAkt(CA), black upside down triangles with black lines.
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expression of GSK-3β(KD) enhanced anchorage-independent 
growth and tumorigenicity.62

The roles of GSK-3β in PI3K/Akt signaling were examined. 
Given that GSK-3β is negatively regulated by Akt and p70S6K, 
it was thought that GSK-3β would be phosphorylated and inac-
tivated in the presence of phosphorylated Akt and p70S6K. In 
all the MCF-7 and various GSK-3β-transfected cells grown in 

the presence of FBS, Akt (S473), p70S6K (T389), and rpS6 
(S235/236) were phosphorylated, and GSK-3β was phosphory-
lated at S9. Doxorubicin treatment was shown to activate Akt in 
MCF-7 control and MCF-7/GSK-3β(WT) cells. However, doxo-
rubicin treatment resulted in the absence of S9-phosporylated 
GSK-3β in MCF-7 and MCF-7/GSK-3β but not in MCF-7/
GSK-3β(KD) or MCF-7/GSK-3β(A9) cells, both of which were 
more resistant to doxorubicin than the MCF-7/GSK-3β(WT) 
cells (Figs.  3 and 6). Thus doxorubicin treatment activated 
GSK-3β in MCF-7 and MCF-7/GSK-3β(WT) cells, while 
GSK-3β remained phosphorylated and inactive in MCF-7/
GSK-3β(A9) and MCF-7/GSK-3β(KD) cells. The introduced 
GSK-3β A9 and KD genes may block the dephosphorylation of 
GSK-3β at S9 after doxorubicin treatment or block a phosphatase 
induced by doxorubicin, which normally removes the phosphate 
on GSK-3β at S9.

Interesting results were observed in terms of phosphorylation 
at rpS6 (S235/S236). rpS6 is an important downstream target 
of p70S6K. Phosphorylation of rpS6 enhances protein transla-
tion, especially of proteins difficult to translate because of their 
mRNA structures.11,12,14,15 The levels of P-rpS6 detected decreased 
significantly in the MCF-7/GSK-3β(KD) cells upon doxorubicin 
treatment. This result may indicate a complex interplay between 
GSK-3β and P-rpS6 phosphorylation. It has been reported that 
GSK-3β can be positively and negatively involved in the phos-
phorylation and activation/inactivation of p70S6K and 4E-BP1, 
respectively.17-19 Moreover, inhibition of GSK-3β suppresses rpS6 

Table 4. Fold difference in levels of proteins detected between doxorubicin treated and untreated cells

Protein→ P-Akt T-Akt P-GSK-3β T-GSK-3β P-p70S6K T-p70S6K P-rpS6 T-rpS6 Cyclin D1 ERα

Cell line↓

MCF-7 1× 1× 1× 1× 1× 1× 1× 1× 1× 1×

MCF-7 + Dox1 2×↑ 1.3×↑ 500×↓ 1.3×↑ 1.5×↑ 1.8×↑ 1.3×↑ 1.5×↑ 1.1×↑ 1.4×↑

MCF-7/
GSK-3β(WT)

1× 1× 1× 1× 1× 1× 1× 1× 1× 1×

MCF-7/GSK-
3β(WT) +Dox

1.4×↑ 1.5×↓ 62×↓ 1.2×↓ 1× 1.2× 1.5×↓ 1× 1.4×↑ 1×

MCF-7/
GSK-3β(A9)

1× 1× 1× 1× 1× 1× 1× 1× 1× 1×

MCF-7/GSK-
3β(A9) +Dox

1.2×↓ 1× 1.3×↓ 1× 1.6× 1.3×↓ 2.1×↓ 1.6×↓ 1.2× 1.3×↓

MCF-7/
GSK-3β(KD)

1× 1× 1× 1× 1× 1× 1× 1× 1× 1×

MCF-7/GSK-
3β(KD) +Dox

1× 1.1×↓ 1.3×↓ 2.8×↑ 1.1×↓ 1.3×↑ 5×↓ 1.1×↓ 1.2×↑ 1.1×↑

1Dox = 25 nM doxorubicin for 24 h.

Figure  6. Western blot analysis of PI3K/Akt/GSK-3β and downstream 
signaling components in cells cultured in the absence and presence of 
doxorubicin. MCF-7, MCF-7/GSK-3β(WT), MCF-7/GSK-3β(A9), and MCF-7/
GSK-3β(KD) cells were cultured for 24 h either in the absence or presence 
of 25 nM doxorubicin and then the cells were lysed and protein lysates 
prepared. Proteins were electrophoresed and western blots prepared 
and probed with the various antibodies. Bands were normalized to the 
untreated control (MCF-7) through densitometry with ImageJ software 
(obtained through the National Institutes of Health).
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phosphorylation.17 In the presence of doxorubicin, this interac-
tion may be enhanced by the GSK-3β(KD) and, hence, lower 
levels of P-rpS6 detected due to low levels of active GSK-3β. In 
contrast, total rpS6 protein was detected in these cells.

Interestingly, the MCF-7/GSK-3β(KD) cells were hyper-
sensitive to rapamycin in comparison with either MCF-7/GSK-
3β(WT) or MCF-7/GSK-3β(A9) cells. MCF-7/GSK-3β(A9) 
cells were hyper-resistant to rapamycin. MCF-7/GSK-3β(A9) 
cells may have increased activation of p70S6K and elevated 
inhibition of 4E-BP1, which could compensate for inhibition of 
mTORC1. In contrast, MCF-7/GSK-3β(KD) cells could have 
decreased activation of p70S6K and rpS6 and decreased inhibi-
tion of 4E-BP1, which resulted in their sensitivity to rapamycin. 
Rapamycin did not relieve the doxorubicin or 4HT resistance of 
MCF-7/GSK-3β(KD) cells. GSK-3β(KD) may prevent GSK-3β 
regulation of TSC2, which normally would inhibit mTORC1. 
In the presence of rapamycin, mTORC1 is essentially blocked 
at 2 levels, which may result in hypersensitivity. In contrast, 
rapamycin sensitized both MCF-7/GSK-3β(WT) or MCF-7/
GSK-3β(A9) cells to doxorubicin and 4HT. These results sug-
gest complex interactions between GSK-3β(KD) and TSC2, 
mTORC1, p70S6K, 4E-BP1, and rpS6, which may be important 
in sensitivity to various therapeutic approaches.

Doxorubicin treatment resulted in increased phosphorylation 
of Akt and a total loss of S9-phosphorylated GSK-3β (Fig. 6). 
Simultaneous Akt and GSK-3β activity has also been demon-
strated in pancreatic and colon cancer cell lines, showing that 
increased Akt expression does not always correlate with decreased 
GSK-3β.63,64 Given that GSK-3β regulation is complex and multi-
factorial, there may be many alternate routes of GSK-3β inactiva-
tion that are independent of Akt.21 Active GSK-3β plays roles in 
the Wnt/β-catenin pathway by participating in the formation of 
the β-catenin destruction complex as well as in the phosphory-
lation of Axin, which results in the stabilization of Axin. This 
sequesteration within a protein complex would prevent Akt from 
accessing and phosphorylating GSK-3β. Therefore, there may be 
different cellular pools of GSK-3β that are under separate regu-
lation by Wnt and Akt, in which the activation of one does not 
affect the other.21

Given that certain pools of GSK-3β may remain active in 
cancer, the cellular localization of these pools may also be a fac-
tor involved in their regulation. GSK-3β is predominantly found 
to be active in the cytoplasm, but it can also translocate to the 
nucleus. The nuclear activities of GSK-3β may seemingly con-
flict with its cytosolic roles, and aberrant nuclear accumulation 
of GSK-3β has been found in other forms of cancer.64 A nuclear 
localization signal (NLS) is present in the basic domain of 
GSK-3β.65 Therefore, modifications that unmask the NLS and 
allow for increased translocation of GSK-3β to the nucleus may 
be involved with cancer progression.

In conclusion, our results demonstrate that GSK-3β plays 
important roles in breast cancer. Loss of normal GSK-3β kinase 
activity, whether through Akt or other regulatory mechanisms, 
can drastically increase the clonogenicity and drug resistance of 
MCF-7 cells. However, this may confer an Achilles’ heel by sen-
sitizing these cells to targeted therapy with pathway inhibitors. 

By blocking signaling at various points, MEK and mTORC1 
inhibitors may potentiate the effects of chemo- and hormonal 
therapy, thereby presenting an attractive treatment route for over-
coming drug resistance and limiting side effects. As breast cancer 
therapy moves toward targeted, individually tailored approaches, 
the unique mutations and biochemical abnormalities of protein 
kinases such as GSK-3β in patient’s tumors could serve as valu-
able markers.

Materials and Methods

Cell culture
MCF-7 cells were derived from a human breast adenocarci-

noma.66 MCF-7 cells have an epithelial morphology, are adher-
ent, and form a monolayer in culture. MCF-7 cells were obtained 
from the American Type Culture Collection (ATCC). Cell cul-
ture medium for MCF-7 cells consisted of 10% (v/v) heat-inac-
tivated fetal bovine serum (FBS) (CellGrow-Mediatech), 2 mM 
L-glutamine (Invitrogen), 100 μg/ml streptomycin (Invitrogen), 
and 100 units/L penicillin G (Invitrogen) in Roswell Park 
Memorial Institute-1640 (RPMI 1640) medium (Invitrogen).

GSK-3β (WT), GSK-3β (A9), and GSK-3β (KD) plasmids
Plasmid encoding GSK-3β(WT), GSK-3β(A9), and GSK-

3β(KD)58,59 were generously provided by Dr James Woodgett 
(University of Toronto, Canada). GSK-3β(A9) differs from WT 
in that an alanine has been substituted for serine at residue 9, 
thereby rendering it constitutively active. GSK-3β(KD) differs 
from WT through a substitution of methionine and alanine for 
lysine at positions 85 and 86, respectively.

Transfection of MCF-7 cells with GSK-3β constructs
Five × 105 MCF-7 cells were plated into 6-well cell culture 

plates (BD Biosciences), 1 day prior to transfection. On the day 
of the transfection, cells were rinsed with Opti-MEM medium 
(Invitrogen) to remove FBS. Cells were transfected with 10 μg 
of the different GSK-3β DNAs with Lipofectin (Invitrogen) 
as described by the manufacturer. Forty-eight h after transfec-
tion, selection medium (RPMI + 10% FBS + 2 mg/ml G418 
[Geneticin]) (Invitrogen) was added to isolate stably transfected 
cells. Cells were provided with fresh selection medium every 
3 d. Mock transfections were performed by replacing DNA with 
10 μl of Tris-EDTA buffer and did not generate viable colonies 
in the presence of selection medium.

Cell proliferation in the presence of drugs and inhibitors 
(MTT analysis)

MCF-7/GSK-3β(WT), MCF-7/GSK-3β(A9), and MCF-7/
GSK-3β(KD) cells were seeded in 96-well cell culture plates (BD 
Biosciences) at a density of 5000 cells/well in 100 μl of phenol 
red free RPMI-1640 containing 5% charcoal stripped FBS. Cell 
culture plates were incubated for 1 day to permit cells to adhere 
to the bottom of each well. Treatment medium was prepared by 
performing ten 2-fold serial dilutions to create a range of 11 con-
centrations of doxorubicin (1.95–2000 nM) (Sigma), tamoxifen 
(0.98–1000 nM) (Sigma), rapamycin (mTOR Inhibitor) (0.098–
100 nM) (EMD Biosciences), and Array MEK inhibitor (9.77–
10 000 nM). The Array MEK inhibitor was generously provided 
by Array BioPharma Inc. Combination treatments consisting 
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of doxorubicin or tamoxifen coupled with rapamycin or Array 
MEK were created by adding 1 nM of rapamycin or 1000 nM of 
Array MEK to the serially diluted concentrations of doxorubicin 
or tamoxifen described above. One hundred µL of drug medium 
was added to each treatment well the day after cells were initially 
seeded, while the last well received non-treatment medium as a 
control. After 72 h of treatment (4 d after seeding), the amount 
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT) (Sigma) reduction in each well was quantified 
by dissolving the formazan crystals in 200 μl of dimethyl sulf-
oxide (DMSO) and reading the absorbance at 570 nM with a 
FL600 microplate fluorescence reader (Bio-Tek Instruments). 
Control plates were read on day 1 and day 4 after seeding to 
provide a base line for cell growth. The mean and correspond-
ing standard deviation of normalized adjusted absorbance was 
calculated from 8 replicate wells for each drug concentration. 
The inhibitory concentration of 50% (IC

50
) is defined in this 

context as the concentration of the drug that causes MCF-7 cells 
to proliferate at a rate that is half as rapid as cells incubated in the 
absence of the drug.

Colony-formation assays
MCF-7/GSK-3β(WT), MCF-7/GSK-3β(A9), and MCF-7/

GSK-3β(KD) cells were collected and seeded in 6-well cell cul-
ture plates at a density of 1000 cells/well (3 replicate wells for 
each condition). Cell culture plates were incubated for one day 
to permit cells to adhere to the bottom of each well. Twenty-four 
hours after seeding, plates were then treated with 25 nM doxoru-
bicin-containing media or media without the drug and incubated 
for 3 wk at 37 °C. Cells were provided with fresh treatment-con-
taining media every 4 d. Cells were rinsed with PBS at the end of 
the 3 wk treatment period. Rinsed cells were then fixed in 100% 
(v/v) methanol (Sigma) for 10 min at room temperature then 
dried for 10 min at room temperature. Fixed cells were incubated 
in Giemsa stain (Sigma) for 5 min at room temperature. Stained 
cells were rinsed with water then dried. Colonies consisted of at 
least 50 cells, and the number of colonies present in each well 
was counted. The mean number of colonies and correspond-
ing standard deviation was calculated from 3 replicate wells for 
each condition. Statistical significance was calculated using the 
GraphPad QuickCalcs software using an unpaired t test with a 
95% confidence interval.

Clonogenicity in soft agar
1.6% low melting point (LMP) agarose was prepared in 

deionized H
2
0, heated, and cooled. An equal part of agarose 

was mixed with 2× complete Dulbecco Modified Eagle Medium 
(cDMEM). 2.5 ml of this solution was plated per well in 6-well 
plates (BD Biosciences) and allowed to solidify at room tempera-
ture for at least 30 min. This formed the bottom layer of soft 
agar. The top agar layer was formed by preparing 0.8% LMP 
agarose in deionized H

2
0. MCF-7/GSK-3β(WT), MCF-7/GSK-

3β(A9), and MCF-7/GSK-3β(KD) cells were harvested, dissoci-
ated, and resuspended at 1.1 × 104 cells/ml in 2× cDMEM. Equal 
parts of 0.8% agarose and cell-containing media were mixed, 
and 3.5 ml of this solution was carefully applied over the bottom 
layer of agarose. Once solidified at room temperature, plates were 
incubated at 37 °C for 3 wk with an application of 0.1 ml of fresh 

media occurring every 4 d. At the end of 3 wk, the agarose was 
stained with crystal violet (Sigma) for 1 h. Colonies were counted 
using a dissecting microscope and the mean and standard devia-
tion was calculated based on 3 replicate wells for each condition.

Protein lysates
MCF-7/GSK-3β(WT), MCF-7/GSK-3β(A9), and MCF-7/

GSK-3β(KD) cells were collected after trypsination and plated 
in 100-mm tissue culture plates in RPMI + 10% FBS for 24 h to 
allow for attachment. Fresh media with or without 25 nM doxo-
rubicin was then added to the plates, and a 24 h treatment was 
performed. Cells were lysed in ice-cold Gold Lysis Buffer (GLB) 
[20 mM Tris (pH 7.9), 137 mM NaCl, 5 mM Na

2
EDTA, 10% 

(v/v) Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 1 mM 
aprotinin, 1 mM leupeptin, 1 mM sodium orthovanadate, 1 mM 
EGTA, 10 mM sodium fluoride, 1 mM tetrasodium PP

i
, and 

100 mM b-glycerophosphate]. Samples were spun, supernatants 
collected, and protein concentrations were quantified with BCA 
protein reagent (50:1 v/v) (Pierce) at an absorbency of 570 nm. 
Next, 10 µl of loading dye was added, and samples were boiled 
for 3 min.

Western blot analysis
Ten μl of each sample was loaded into 10% SDS-PAGE 

separating and stacking gels. The separating gel (10% [w/v] of 
37.5:1 [w/w] acrylamide:bisacrylamide, 1.5 M TRIS [pH 8.8], 
10% [w/v] ammonium persulfate [APS], 10% sodium dodecyl-
sulfate [SDS], and TEMED) comprised the lower 75% of a gel 
cassette (Invitrogen) and the stacking gel (4% [w/v] acrylamide, 
1.0 M TRIS (pH 6.8), 10% [w/v] APS, 10% SDS, and TEMED) 
formed the upper 25% of the cassette.

The samples were then separated by electrophoresis in run-
ning buffer (200 mM glycine, 25 mM TRIS, and 1 mg/ml [10%] 
SDS) for approximately 2 h alongside a protein ladder (Amersham 
Biosciences). Before transfer, membranes were briefly soaked in 
methanol and then placed in transfer buffer. Proteins were then 
transferred from gels to PVDF membranes (Pierce) by semi-
dry electro-transfer for 3 h in transfer buffer (200 mM glycine, 
25  mM TRIS and 20% methanol) with a transfer apparatus 
(Bio-Rad). After transfer, the membranes were placed in block-
ing solution (10 µg/ml BSA in 137 mM NaCl, 20 mM TRIS, 1 g 
sodium azide, and 0.5% [v/v] Tween 20 [1× TBST]) overnight at 
4 °C while rocking.

Western blots were performed with antibodies specific for 
phospho (P) and total Akt (P = S473), GSK-3β (P = S9), p70S6K 
(P = T389), rpS6 (P = S235/236), total cyclin D1, and total ERα 
(Cell Signaling). Cyclin D1 and ERα served as loading controls. 
After blocking, the membranes were incubated overnight at 4 °C 
in primary antibody solution (1:1000 [v/v] primary antibody and 
10 mg/ml BSA in 1× TBST). The membranes were then washed 
3 times for 10 min each in 1× TBST to remove any residual pri-
mary antibody. Membranes were incubated for 1 h on a shaker at 
room temperature in secondary antibody solution (1:5000 [v/v] 
secondary antibody in 1× TBST). Following incubation, the 
membranes were washed 2× for 10 min in 1× TBST to remove 
residual antibody solution. Membranes were then incubated at 
room temperature for 1 min in ECL Western Blotting Detection 
Substrate (1:1 v/v) (Pierce). Membranes were then developed in 
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film cassettes on X-ray film (Research Products International) 
to visualize detected protein bands within sample lanes. Bands 
were normalized to the untreated control through densitometry 
with ImageJ software (obtained through the National Institutes 
of Health).
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