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Abstract: Chemoresistance is a major cause of cancer treatment failure and leads to a
reduction in the survival rate of cancer patients. Phosphatidylinositol 3-kinase/protein kinase B/
mammalian target of rapamycin (PI3K/AKT/mTOR) and mitogen-activated protein kinase
(MAPK) pathways are aberrantly activated in many malignant tumors, including breast cancer,
which may indicate an association with breast cancer chemoresistance. In this study, we generated a chemoresistant human breast cancer cell line, MDA-MB-231/gemcitabine (simplified
hereafter as “231/Gem”), from MDA-MB-231 human breast cancer cells. Flow cytometry
studies revealed that with the same treatment concentration of gemcitabine, 231/Gem cells
displayed more robust resistance to gemcitabine, which was reflected by fewer apoptotic
cells and enhanced percentage of S-phase cells. Through the use of inverted microscopy,
Cell Counting Kit-8, and Transwell assays, we found that compared with parental 231 cells,
231/Gem cells displayed more morphologic projections, enhanced cell proliferative ability, and
improved cell migration and invasion. Mechanistic studies revealed that the PI3K/AKT/mTOR
and mitogen-activated protein kinase kinase (MEK)/MAPK signaling pathways were activated
through elevated expression of phosphorylated (p)-extracellular signal-regulated kinase (ERK),
p-AKT, mTOR, p-mTOR, p-P70S6K, and reduced expression of p-P38 and LC3-II (the marker
of autophagy) in 231/Gem in comparison to control cells. However, there was no change in the
expression of Cyclin D1 and p-adenosine monophosphate-activated protein kinase (AMPK).
In culture, inhibitors of PI3K/AKT and mTOR, but not of MEK/MAPK, could reverse the
enhanced proliferative ability of 231/Gem cells. Western blot analysis showed that treatment
with a PI3K/AKT inhibitor decreased the expression levels of p-AKT, p-MEK, p-mTOR, and
p-P70S6K; however, treatments with either MEK/MAPK or mTOR inhibitor significantly
increased p-AKT expression. Thus, our data suggest that gemcitabine resistance in breast cancer
cells is mainly mediated by activation of the PI3K/AKT signaling pathway. This occurs through
elevated expression of p-AKT protein to promote cell proliferation and is negatively regulated
by the MEK/MAPK and mTOR pathways.
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Despite advances in the detection and treatment of breast cancer, one in eight women
in the United States will develop breast cancer in her lifetime, and this disease is the
sixth leading cause of cancer death in females in the People’s Republic of China.1,2
Although there has been development of new targeted drugs, more effective and safe
therapeutics for breast cancer are still needed.
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Gemcitabine (2′,2′-difluorodeoxycytidine) is a difluorinated analog of deoxycytidine. It is an S-phase–specific drug
that requires intracellular transport and activation to exert its
cytotoxic effects.3 It is used in combination with other drugs
for the treatment of locally advanced or metastatic nonsmall-cell lung cancer, bladder cancer, and ovarian cancer,
and as a single agent for the treatment of adenocarcinoma
of the pancreas.4 Clinical studies have also demonstrated its
extensive activity against breast carcinomas, including male
breast cancer,5 metastatic breast cancer, and triple-negative
breast cancer.6,7 In recent years, gemcitabine resistance
has emerged and has become a serious concern in clinical
practice; however, the exact mechanism of gemcitabine
resistance in breast cancer is still unknown.
The phosphatidylinositol 3-kinase/protein kinase B/
mammalian target of rapamycin (PI3K/AKT/mTOR)
pathway is often constitutively activated in drug-resistant
breast cancer, and this activation is correlated with increased
cell survival and poor prognosis for breast cancer patients.
mTOR is a serine/threonine kinase of the PI3K-related
kinase family.8 Accumulating data from genetic and cancer
biology studies have indicated that the mTOR pathway has
a prominent role in both normal physiological development
and carcinogenic processes, including cell growth (cell size or
mass),9 proliferation (cell number), apoptosis,10 autophagy,11
response to stress such as nutrient starvation (glucose or
amino acids), and survival.8,12,13 The downstream effects
of mTOR activation include phosphorylation of p70S6
kinase and 4E-binding protein, both of which are critical for
protein-synthesis regulation.8,14 Given recent findings that
mTOR activation can be controlled by the interplay between
AKT kinase and AMPK, there is now extensive evidence
validating various components of this pathway as potential
molecular targets for cancer treatment. Autophagy can induce
both cell survival and cell death under nutrient starvation,
tumorigenesis including breast cancer,15 neurodegeneration,
and other physiological and pathological processes.16,17 The
conversion of LC3-I to LC3-II reflects the occurrence of
autophagy.18 Two relatively well-established pathways that
regulate autophagy contain the mTOR and IP3 cascades.
Inhibition of mTOR activity or a decrease of IP3 level can
each induce autophagy.19
The mitogen-activated protein kinase (MAPK) pathway
is highly conserved across eukaryotes and transmits signals
from the cell surface receptors to nuclear transcription. Three
major MAPK pathways are known to function in humans.
Activation of Raf–mitogen-activated protein kinase kinase
(MEK)–extracellular signal-regulated kinase (ERK) is
critical for both normal and cancer cellular development.20
1034
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Antiproliferative and proapoptotic effects in breast cancer
are mediated through p38 phosphorylation21 and it is also
involved in apoptosis of prostate cancer.22 MAPK pathways
also take part in many drug resistance patterns in cancer
cells.23,24 There is a large level of cross-talk and a number of
feedback loops between kinases of these two pathways, and
inhibition of one cascade often activates the other. The lack
of efficacy of some chemotherapy drugs in cancer may be
due to loss of feedback inhibition. In this study, we generated
gemcitabine-resistant breast cancer cells to explore the roles
of PI3K/AKT/mTOR and MAPK in drug resistance and to
search for more-potent molecular targets to overcome breast
cancer cell resistance to gemcitabine.

Materials and methods
Cell lines and culture
The human breast cancer cell line MDA-MB-231
(hereafter, “231”) was obtained from the American Type
Culture Collection (Manassas, VA, USA). The cells were
cultured in the recommended medium (Dulbecco’s Modified
Eagle’s Medium [DMEM]) supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin. The cultures were incubated at 37°C in a humidified 5% CO2 atmosphere. Cell culture medium and fetal
bovine serum were purchased from Thermo Fisher Scientific
(Waltham, MA, USA).

Establishment of gemcitabine-resistant
breast cancer cell line
Gemcitabine-resistant cells were generated by exposure to
gradually increasing concentrations of gemcitabine for 12
months, as described previously.25 Parental 231 cells were
exposed to gemcitabine at an initial concentration of 12
nM, and then exposed repetitively to stepwise increased
gemcitabine concentration. The final concentrations were
60 µM. Through this process, we successfully established the
gemcitabine-resistant breast cancer cell line MDA-MB-231/
gemcitabine (hereafter, “231/Gem”).

Drugs and reagents
Gemcitabine was purchased from Lilly France
(St-Cloud, France) (Lot No A875303A). Antibodies
against β-catenin (51067-2-AP, 1:800), LC3A/B (661391-1g, 1:1,000), Cyclin D1 (60186-1-1g, 1:1,000) and
GAPDH (60004-1-Ig, 1:1,000) were from Proteintech
Group, Inc., ( Chicago, IL, USA). A ntibodies against
MEK1/2 (9126, 1:1,000), Phospho-MEK1/2 (2338,
1:1,000), Phospho-ERK1/2 (4376, 1:1,000), AKT (4691,
1:1,000), Phospho-AKT (4060P, 1:1,000), Phospho-P38
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(4511, 1:1,000), Phospho-JNK (4668, 1:1,000), E-Cadherin
(3195, 1:1,000), Phospho-p53 (9284, 1:1,000), and mTOR
Substrates Sampler kit (CST 9862), which includes
Phospho-mTOR, mTOR, Phospho-p70s6389 (Thr389),
Phospho-P70389 (Thr371), Phospho-4EBP1 (Thr37/46),
and anti-rabbit IgG, were purchased from Cell Signaling
Technology, Inc., (Danvers, MA, USA). Antibodies against
p38 (sc-7149, 1:1,000), P53 (sc-126, 1:1,000) and JNK
(sc-571, 1:1,000) were from Santa Cruz Biotechnology
Inc. (Dallas, TX, USA). PD98059 (MEK inhibitor, 9900,
20 UM), rapamycin (mTOR inhibitor, 9904, 10 nM), and
LY294002 (PI3K Inhibitor, 9901, 50 µM) were purchased
from Cell Signaling Technology.

Growth inhibition assay
The growth inhibition assay was performed using the Cell
Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumanoto,
Japan). In brief, cells were incubated for 5 days under several
concentrations of gemcitabine in 96-well plates at a density of
2,000 per well (200 µL) and cultured in growth medium. The
number of cells was counted according to CCK-8 protocol.

Cell apoptosis analysis
The effect of gemcitabine on cell viability was assessed using
flow cytometry by staining with Annexin V/propidium iodide
(PI) (V13241; Thermo Fisher Scientific). Briefly, cells were
cultured for 3 days after receiving gemcitabine treatment
and washed twice in ice-cold phosphate-buffered saline.
A total of 1×105 cells were resuspended in 100 µL binding
buffer to which 5 µL of 2 mg/mL Annexin V and 5 µL of
50 µg/mL PI was added. Following 15 minutes of incubation
in the dark, flow cytometry was performed. All tests were
performed three times.

Cell cycle analysis
We plated 231 and 231/Gem cells in 60 mm diameter dishes
with medium containing 10% fetal bovine serum. The next
day, cells were treated with 35 µM gemcitabine for 3 days.
Floating and adherent cells were collected and fixed overnight
in cold 70% ethanol at 4°C. After washing, the cells were
subsequently treated with 100 µg/mL PI and 100 µg/mL
RNase A for 30 minutes in the dark and then subjected to
flow cytometric analysis to determine the percentage of cells
in specific phases of the cell cycle. All the experiments were
performed three times.

Proliferation assay
Cell proliferation was detected by using CCK-8. Cells
were plated in 96-well plates at a density of 2,500 per well
OncoTargets and Therapy 2014:7
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(100 µL) and cultured in growth medium. The number of
the cells was counted according to the protocol of the kit
from the company.

Western blot
Western blot analysis was performed according to the
s tandard protocols. Briefly, aliquots of total protein
(30 µg) were electrophoresed on sodium dodecyl sulfate
polyacrylamide Tris-HCl gels. The separated proteins were
transferred to polyvinylidene difluoride membranes (EMD
Millipore, Billerica, MA, USA) and incubated with primary
antibodies for 2 hours. Chemiluminescent detection was
performed, and images were captured by LAS-3000 system
(Fuji Photo Film Co, Ltd, Tokyo, Japan).

Migration assay
Chemotaxis assays were performed using Transwell insert
polycarbonate membranes (8 µm pore size, BD, Franklin
Lakes, NJ, USA). First, 1×105 cells were seeded in the top
compartment and 600 µL DMEM with 10% fetal bovine
serum was added to the bottom at 37°C for 13 hours.
Nonmigratory cells on the upper membrane surface were
removed, and migratory cells attached to the bottom surface
of the membrane were fixed with 10% formalin and stained
with 0.1% crystal violet for 30 minutes at room temperature.
Migrated cells in five random fields were counted using a
light microscope at 200× magnification. All assays were
performed in triplicate.

Invasion assay
Invasion experiments were carried out with a Matrigel invasion chamber (BD). Each well insert was layered with 75 µL
of 1:4 mixture of Matrigel/DMEM. Serum-starved cells
(1×105) were added to the upper compartment and 600 µL
DMEM with 10% fetal bovine serum was added to the bottom
at 37°C for 24 hours. Invasion was assessed by counting the
cells that had traveled across the filter and were attached to the
bottom side of the filter. Briefly, the filters were fixed in 10%
formalin and stained with 1% crystal violet. Cells that had
invaded through the Matrigel and reached the lower surface
of the filter were counted under a light microscope at 200×
magnification. Five fields were counted for each sample.

Statistical analysis
Statistical analysis was performed using Statistical Package
for the Social Sciences (SPSS) software Version 16.0 for
Windows (SPSS Inc., Chicago, IL, USA). Analysis of
variance and Student’s t-test were used to determine the
statistical significance of differences between experimental
submit your manuscript | www.dovepress.com
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groups in vitro. Values of P<0.05 were considered statistically
significant. Graphs were created with GraphPad Prism 5
(GraphPad Software, Inc., La Jolla, CA, USA).

displayed greater proliferation than 231 cells. Further studies
indicated that in comparison to parental cells, the percentage
of S-phase cells in 231/Gem was increased and G-phase cells
were reduced after gemcitabine treatment for 3 days (Figure
2B), as indicated by the quantitative analysis in Figure 2C.
Next, we tested the migration and invasiveness of 231 and
231/Gem cells. We first observed morphology alteration
by inverted microscopy. As shown in Figure 2D, 231/Gem
displayed a greater number of projections than parental cells.
Transwell chambers were used to evaluate the invasiveness
of 231 and 231/Gem cells, and the results showed that more
231/Gem cells than parental cells intruded into the bottom
chamber (Figure 2E and F). We then tested the expression of
cell adhesion-associated proteins by Western blot, showing a
significant decrease of E-cadherin in 231/Gem cells (Figure
2G). These data suggest that 231/Gem cells gained enhanced
proliferative and invasive abilities after developing resistance
to gemcitabine.

Results
Establishment of gemcitabine-resistant
breast cancer cell line
To investigate the chemosensitivity of 231/Gem cells as compared to parental cells, flow cytometry assay was performed.
231 and 231/Gem were cultured and harvested after 3 days
following treatment of 35 µM gemcitabine. As shown in
Figure 1A, the number of apoptotic cells induced by gemcitabine was greatly increased in 231 cells compared to 231/
Gem cells, as indicated by the quantitative analysis in Figure
1B. Additionally, the half-maximal inhibitory concentration
(IC50) of gemcitabine was higher for 231/Gem than for control
cells (Figure 1C).

Gemcitabine resistance increases breast
cancer cell proliferation and invasion

Involvement of the PI3K/AKT,
MAPK, and mTOR pathways
in gemcitabine resistance

To investigate whether 231/Gem cells displayed increased
proliferation and invasion, we used the proliferation and
invasion assays and compared to control cells. As shown
in Figure 2A, the CCK-8 result showed that 231/Gem cells
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Figure 1 Establishment of a gemcitabine-resistant breast cancer cell line.
Notes: (A) Flow cytometry apoptosis analysis was performed in cultured 231 and 231/Gem cell lines harvested after 3 days of treatment with 35 µM gemcitabine.
(B) Quantification of apoptosis for the 231/Gem cells and parental cells. **P<0.01. Columns are means of three independent experiments, bars are SD. (C) The half-maximal
inhibitory concentration of 231 and 231/Gem was detected by CCK-8 under different concentrations of gemcitabine for 5 days.
Abbreviations: 231, human breast cancer cell line MDA-MB-231; 231/Gem, chemoresistant human breast cancer cell line MDA-MB-231/gemcitabine; CCK-8, Cell Counting
Kit-8; FITC, fluorescein isothiocyanate; IC50, half-maximal inhibitory concentration; SD, standard deviation.
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Figure 2 231/Gem cells display increased proliferation and invasion.
Notes: (A) Cell proliferation in 231 and 231/Gem was detected by CCK-8. *P<0.05, **P<0.01, ***P<0.001. (B) Cell cycle analysis was performed using flow cytometry by
staining with propidium iodide. (C) Columns represent quantification of cell phase. **P<0.01. Inverted microscopy (D) and Transwell chambers (E) were used to evaluate
the alteration of morphology and invasiveness of 231 and 231/Gem cells. (F) Quantification of invasion assays. Cells were counted in triplicate wells and in three identical
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Abbreviations: 231, human breast cancer cell line MDA-MB-231; 231/Gem, chemoresistant human breast cancer cell line MDA-MB-231/gemcitabine; CCK-8, Cell Counting
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cancer chemoresistance and radioresistance, we evaluated
the expression of the major proteins of these three pathways
by Western blot. As shown in Figure 3, there is no difference in basal level of total AKT expression in both cell
lines, whereas phosphorylated (p)-AKT was increased in
gemcitabine-resistant 231/Gem cells. These data show that
activation of the PI3K/AKT signaling pathway is associated
with gemcitabine-resistance in breast cancer cells.
We then tested the major protein expression of MAPK and
mTOR pathways. Though the total ERK level was similar in
both cell lines, the level of p-ERK was markedly increased
OncoTargets and Therapy 2014:7

in 231/Gem cells. However, the level of p-P38 was significantly decreased in 231/Gem cells, and no change of total
p38 protein expression was found. As for the mTOR pathway,
we found that either mTOR or p-mTOR were significantly
increased in 231/Gem cells compared with 231 cells, although
the downstream proteins of mTOR pathway, p-P70S6K and
p-4EBP, were upregulated in 231/Gem cells. Many studies
have shown that inhibition of mTOR activity could trigger
autophagy. In our study, 231/Gem cells exhibited decreased
expression of LC3 protein, a marker of autophagy, suggesting
that autophagy may contribute to gemcitabine-resistance of
submit your manuscript | www.dovepress.com
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Figure 3 Changes in activation of proteins in the PI3K/AKT/mTOR and MAPK
pathways.
Notes: Expression of the components of the PI3K/AKT/mTOR and MAPK pathways
were detected by Western blot in both 231 and 231/Gem.
Abbreviations: 231, human breast cancer cell line MDA-MB-231; 231/Gem,
chemoresistant human breast cancer cell line MDA-MB-231/gemcitabine; AKT,
protein kinase B; ERK, extracellular signal-regulated kinase; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; MAPK, mitogen-activated protein kinase;
p, phosphorylated; PI3K, phosphatidylinositol 3-kinase; mTOR, mammalian target
of rapamycin.

breast cancer cells. Additionally, AMPK as a negative regulator of mTOR and Cyclin D1 were tested by Western blot,
which revealed that their expressions were no different.

The PI3K/AKT pathway and mTOR,
but not MAPK, regulates gemcitabine
resistance-augmented cell proliferation
To further elucidate the mechanisms underlying the growthpromoting effects of acquired gemcitabine resistance, we
used the CCK-8 assay to detect whether inhibitors of the
above three pathways would reverse increased proliferative
ability of 231/Gem. As shown in Figure 4, treatment with
PD98059 (a MAPK inhibitor) did not affect cell proliferation.
Cell proliferation was significantly inhibited in 231/Gem cells

1038
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Figure 4 PI3K/AKT/mTOR pathway, but not MAPK, regulates gemcitabine
resistance-augmented cell proliferation.
Notes: Proliferation of 231/Gem with different treatment was tested by CCK-8.
Treatment of PD98059 (a MAPK inhibitor) did not affect cell proliferation.
Proliferation was significantly inhibited in 231/Gem cells treated with LY294002
(a PI3K inhibitor), while rapamycin (an mTOR inhibitor) had a slight inhibitory effect
on cell proliferation of 231/Gem.
Abbreviations: 231/Gem, chemoresistant human breast cancer cell line MDAMB-231/gemcitabine; CCK-8, Cell Counting Kit-8; MAPK, mitogen-activated protein
kinase; OD, optical density; PI3K, phosphatidylinositol 3-kinase; AKT, protein kinase
B; mTOR, mammalian target of rapamycin.

treated with LY294002 (a PI3K inhibitor), while rapamycin
(an mTOR inhibitor) had a slight inhibitory effect on cell
proliferation in 231/Gem.

Phosphorylation of AKT controls
acquired proliferation of gemcitabineresistant breast cancer cells
The above results demonstrated that suppression of MAPK
and mTOR pathways did not significantly influence 231/Gem
cell proliferation, which is not consistent with previous
studies.20 To examine the exact mechanism, we performed
Western blot analysis. Our data show that with treatment of
LY294002, PD98059, and rapamycin, expression levels of
p-AKT, p-MEK, p-p70S6K, and p-mTOR were decreased,
respectively, indicating that the three inhibitors were
effective (Figure 5).
Treatment with LY294002 downregulated expression
of p-MEK, p-mTOR and p-p70S6K. We found that after
treatment with either PD98059 or rapamycin, p-AKT protein
expression markedly increased while p-mTOR and p-p70S6K
expression levels were reduced. Our results demonstrate that
p-AKT is the upstream regulatory protein in the pathway,
which could activate downstream pathway components
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Figure 5 Phosphorylation of AKT controls the proliferation of gemcitabine-resistant
breast cancer cells.
Notes: Expression of p-AKT, p-MEK, p-p70S6K and p-mTOR was detected by
Western blot in 231/Gem cultured with different inhibitory treatments for 2 hours.
The activation of p-p70S6K indicates the activity of p-mTOR.
Abbreviations: 231/Gem, chemoresistant human breast cancer cell line MDAMB-231/gemcitabine; AKT, protein kinase B; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; MEK, mitogen-activated protein kinase kinase; mTOR, mammalian
target of rapamycin; p, phosphorylated.

including MAPK and mTOR. In addition, the downstream
pathway demonstrated negative feedback for upstream regulation of PI3K/AKT.

Discussion
Chemotherapy resistance is commonly associated with multiple genetic and epigenetic abnormalities; however, changes
in one or a few main genes remain crucial for maintaining
cell survival and malignant phenotype. In recent years,
increasing evidence has demonstrated that the PI3K/AKT/
mTOR and ERK/MAPK signaling pathways are involved
in many drug-resistance patterns among different types of
cancer.26–29
In this study, we generated a gemcitabine-resistant
human breast cancer cell model (231/Gem) to investigate
whether PI3K/AKT/mTOR and ERK/MAPK pathways were
involved in the chemoresistance. The long-term culture of
MDA-MB-231 to establish MDA-MB-231/Gem cell line did
not activate AKT, mTOR and ERK pathways (Figure S1).
Flow cytometry, apoptosis assay, and CCK-8 demonstrated
that gemcitabine-resistant breast cancer cells (231/Gem)
were successfully established. The results showed that 231/
Gem displays increased proliferation, a larger number cells
in S phase of the cell cycle, and more cellular projections
and invasion than parental cells. Western blot E-cadherin

OncoTargets and Therapy 2014:7
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protein was reduced, which can lead to enhanced cellular
invasion as compared to parental cells.
These data suggested that 231/Gem cells gained increased
proliferative and invasive abilities after obtaining resistance
to gemcitabine. Further mechanistic studies confirmed that
PI3K/AKT/mTOR and MEK/MAPK signaling pathways
were activated through elevated expression of p-ERK,
p-AKT, mTOR, p-mTOR, and p-P70S6K, and reduced
expression of p-P38 and LC3-II (the marker of autophagy)
in 231/Gem as compared to control cells. However, no
significant change of cyclin D1 and p-AMPK can be found
between MDA-MB-231 and MDA-MB-231/Gem cell lines
(Figure S2). In culture, inhibitors of PI3K/AKT and mTOR
but not MEK/MAPK could reverse the enhanced proliferative
ability of 231/Gem. Further Western blot analysis showed
that with treatment of PI3K/AKT inhibitor, the expression
of p-AKT, p-MEK, p-mTOR, and p-P70S6K was decreased;
however, treatment with either a MEK/MAPK or an mTOR
inhibitor significantly increased p-AKT expression. Thus,
our data suggest that gemcitabine resistance in breast cancer
cells is mediated by activation of the PI3K/AKT signaling
pathway through elevation of expression of p-AKT protein
to promote cell proliferation and is negatively regulated by
MEK/MAPK and mTOR pathways.
In recent years, many mechanisms have been reported
with respect to gemcitabine resistance in various cancers.
Zheng et al30 reported that ERK1/2 activity contributed
to gemcitabine resistance in pancreatic cancer cells. Mei
et al31 indicated that the gene therapy of antiangiogenesis by
intramuscular delivery of plasmid DNA encoding chemokine
CXCL10 combined with gemcitabine has synergistic effects
on tumor by inhibiting the proliferation of endothelial
cells, inducing the apoptosis of tumor cells, and recruiting
lymphocytes to tumor in murine models. CXCL12–CXCR4
signaling axis can play a role in conferring gemcitabine resistance to pancreatic cancer cells and suggest that it could serve
as a novel therapeutic target for pancreatic cancer therapy,
alone and in combination with the cytotoxic drug.32
In breast cancer studies, Liang et al 33 showed that
3-phosphoinositide-dependent protein kinase-1 (PDK1) may
be a superior alternative to AKT1 as a target for sensitizing
breast cancer cells to chemotherapeutic agents, particularly
gemcitabine. Moreover, Hernandez-Vargas et al34 performed
gene expression analysis to shed light on nuclear factorkappa B pathway activation as a potential mechanism of
resistance. Although the AKT/mTOR pathway has been
reported to be involved in gemcitabine resistance induced
by Annexin II in pancreatic cancer cells,35 the role of PI3K/
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AKT/mTOR and MAPK signaling pathways and their crosstalk and feedback loops in gemcitabine resistance in breast
cancer cells is still unknown. To receive highly effective clinical benefit, dual inhibition of the target plus the subsequent
feedback loop is necessary. In this study, we have not detected
the inhibition of the combination of AKT, mTOR, or MEK
and this hypothesis also needs to be tested in future clinical
trials. Our study suggests that targeting PI3K/AKT/mTOR
and MAPK signaling pathways may help to develop more
effective therapies in patients with gemcitabine-resistant
breast cancer.
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Figure S1 Change of signaling pathway after long time culture.
Note: To confirm whether the activated AKT, mTOR and ERK pathways are due to
the long-term culture or gemcitabine induced resistance, we examined the activation
of these pathways between the parental cells (231) and another type of cells that
our lab cultured for a long time [231(2)]. As a result, these proteins are almost not
changed by the long-term culture.
Abbreviations: 231, human breast cancer cell line MDA-MB-231; AKT, protein
kinase B; ERK, extracellular signal-regulated kinase; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; mTOR, mammalian target of rapamycin;
p, phosphorylated.

OncoTargets and Therapy

Publish your work in this journal
OncoTargets and Therapy is an international, peer-reviewed, open access
journal focusing on the pathological basis of all cancers, potential
targets for therapy and treatment protocols employed to improve the
management of cancer patients. The journal also focuses on the impact
of management programs and new therapeutic agents and protocols on

231/Gem

Figure S2 Change of cyclin D1 and p-AMPK after treatment by gemcitabine.
Note: No significant change of cyclin D1 and p-AMPK can be found between MDAMB-231 and MDA-MB-231/gemcitabine cell lines.
Abbreviations: 231, human breast cancer cell line MDA-MB-231; 231/Gem,
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monophosphate-activated protein kinase.
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