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Abstract

Background: The Adenomatous Polyposis Coli (APC) tumor suppressor is mutated or hypermethylated in up to 70 %
of sporadic breast cancers depending on subtype; however, the effects of APC mutation on tumorigenic properties
remain unexplored. Using the Apc”™* mouse crossed to the Polyoma middle T antigen (PyMT) transgenic model,
we identified enhanced breast tumorigenesis and alterations in genes critical in therapeutic resistance independent of
Wnt/3-catenin signaling. Apc mutation changed the tumor histopathology from solid to squamous adenocarcinomas,
resembling the highly aggressive human metaplastic breast cancer. Mechanistic studies in tumor-derived cell lines
demonstrated that focal adhesion kinase (FAK)/Src/JNK signaling regulated the enhanced proliferation downstream

of Apc mutation. Despite this mechanistic information, the role of APC in mediating breast cancer chemotherapeutic
resistance is currently unknown.

Methods: We have examined the effect of Apc loss in MMTV-PyMT mouse breast cancer cells on gene expression
changes of ATP-binding cassette transporters and immunofluorescence to determine proliferative and apoptotic
response of cells to cisplatin, doxorubicin and paclitaxel. Furthermore we determined the added effect of Src or
INK inhibition by PP2 and SP600125, respectively, on chemotherapeutic response. We also used the Aldefluor assay to
measure the population of tumor initiating cells. Lastly, we measured the apoptotic and proliferative response to APC
knockdown in MDA-MB-157 human breast cancer cells after chemotherapeutic treatment.

Results: Cells obtained from MMTV-PyMT:Apc”™* tumors express increased MDR1 (multidrug resistance protein
1), which is augmented by treatment with paclitaxel or doxorubicin. Furthermore MMTV-PyMT:Apc”™* cells are
more resistant to cisplatin and doxorubicin-induced apoptosis, and show a larger population of ALDH positive
cells. In the human metaplastic breast cancer cell line MDA-MB-157, APC knockdown led to paclitaxel and
cisplatin resistance.

Conclusions: APC loss-of-function significantly increases resistance to cisplatin-mediated apoptosis in both
MDA-MB-157 and the PyMT derived cells. We also demonstrated that cisplatin in combination with PP2 or
SP600125 could be clinically beneficial, as inhibition of Src or JNK in an APC-mutant breast cancer patient may
alleviate the resistance induced by mutant APC.
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Background

Breast cancer is the leading cause of cancer-related
death in non-smoking women, and the most commonly
diagnosed cancer in women in the United States [1].
Despite the tremendous amount of information about
the etiology of breast cancer, many questions remain un-
answered. Over the past 1015 years, it has become evi-
dent that there are multiple different subtypes of breast
cancer that respond differently to chemotherapeutic and
targeted therapies [2]. Importantly, patient survival can
be predicted by a variety of factors, including subtype
and responsiveness to standard chemotherapeutic agents
([3=5] and reviewed in [6]).

The Adenomatous Polyposis Coli (by convention, the
human and mouse genes are APC and Apc, respectively,
whereas the protein from all species is APC) tumor
suppressor is mutated or silenced by hypermethylation in
up to 70 % of sporadic breast cancers depending on sub-
type ([7, 8] reviewed in [9]). APC loss-of-function most
commonly leads to activation of the Wnt/p-catenin path-
way. Multiple, less investigated roles of APC that occur
independent of Wnt activation, such as regulation of pro-
liferation, epithelial polarity, cytoskeletal organization,
microtubule stability, and DNA repair (reviewed in [9])
suggest that APC may be important in therapeutic respon-
siveness. There are several proposed mechanisms by
which chemotherapeutic resistance is conferred within
cancer including both host factors and genetic or epigen-
etic alterations [10]. ATP-binding cassette transporters
have drawn significant attention because of their ability to
regulate drug accumulation within cells. In Apc-mutant
mouse mammary glands during lactation, expression of
the ATP-binding cassette sub-family G member 2/Breast
cancer resistance protein (ABCG2/BCRP) was altered
[11], suggesting that APC may regulate therapeutic resist-
ance through mediation of ATP-binding cassette trans-
porters. In addition, tumor initiating cells (TICs) have
increased ATP-binding cassette pumps [12] and may also
be an important part of chemotherapeutic resistance.
Understanding how APC mediates sensitivity of breast
tumor cells to chemotherapy is crucial to future breast
cancer treatment, as the tumors that arise in Apc-mutant
MMTV-PyMT mice resemble human metaplastic breast
cancer, an aggressive subtype of triple-negative breast can-
cer (TNBC) with limited targeted therapies.

While breast cancer treatment varies by subtype, there
are standard therapies that are currently employed de-
pending upon subtype. The oncogenic events and signal-
ing pathways that drive these tumor subtypes are
distinct, indicating that a better understanding of their
molecular basis will provide opportunities for predicting
response to chemotherapy and the development of novel
therapeutic approaches, to ultimately improve patient out-
comes. Hormone responsive breast cancers are treated
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with specific anti-estrogens, such as tamoxifen, or mono-
clonal antibodies to HER2, such as trastuzumab. TNBC
are treated with a combination of surgery, radiation, and
systemic cytotoxic chemotherapeutic agents [13] with a
combination of taxane and anthracycline drugs being used
as the first line of defense [14]. In this study, we have
explored three chemotherapeutic agents with different
modes of action that are commonly used to treat TNBC.
Despite the differing mechanisms, paclitaxel, doxorubicin,
and cisplatin are used at various stages (neoadjuvant, adju-
vant, metastatic) to treat breast cancer [15-19], [20, 21].
Furthermore, cisplatin treatment has been shown to medi-
ate tumor response in the presence of mutant APC in
other tumor types [22].

We previously demonstrated that Apc mutation accel-
erates the MMTV-PyMT model of breast tumorigenesis
independent of Wnt/p-catenin signaling [23]. We made
the novel observation that focal adhesion kinase (FAK)/
Src/JNK signaling was enriched and required for the en-
hanced proliferation [23]. Herein we report that APC
loss-of-function in cells from the MMTV-PyMT mouse
model and metaplastic human breast cancer cell line
MDA-MB-157 results in resistance to chemotherapy-
induced apoptosis. Apc mutation in cells from the
MMTV-PyMT mouse model also results in increased
expression of MDR1 and a greater population of TICs.

Methods

Cell culture

MMTV-PyMT;Apc™* and MMTV-PyMT;Apc™™* cells
were isolated as previously described [23] and were grown
in RPMI 1640 media supplemented with 10 % fetal bovine
serum, 1 % penicillin/streptomycin and 1:5000 plasmocin
(Invivogen, San Diego, CA). MDA-MB-157 breast cancer
cells (ATCC, Manassas, VA) were maintained in RPMI
1640 media supplemented with 10 % fetal bovine serum, 1
% penicillin/streptomycin, 25 mM HEPES and 1:5000
plasmocin. All cells were routinely passaged using 0.25 %
trypsin/EDTA and maintained at 37 °C with 5 % COs,.
MDA-MB-157 cells were subjected to lentiviral mediated
shRNA knockdown of APC using two different MISSION
shRNA APC constructs (Sigma-Aldrich, St Louis, MO).
After transduction, cells were maintained in media con-
taining 1.5 pg/mL puromycin (Sigma-Aldrich).

Drug treatment

Cells were treated for 24 h with each chemotherapeutic
agent or solvent control: doxorubicin (MP Biomedicals,
LLC, Santa Ana, CA), paclitaxel (Sigma-Aldrich) or
cisplatin (cis-Diammineplatinum (III) dichloride, Sigma-
Aldrich). Drug concentrations for MMTV-PyMT-
derived cells were 2.5 uM paclitaxel, 16 pM cisplatin, or
500 nM doxorubicin. MDA-MB-157 cells were treated
with 0.078 pM paclitaxel, 4 pM cisplatin or 12.5 nM
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doxorubicin. These drug doses were selected after treat-
ment of the MMTV-PyMT;Apc*" cells from 24-72 h
showed approximately a 50 % reduction in cell popula-
tion (data not shown). For the combination treatments,
chemical inhibitors were added to the media 18 h after
chemotherapeutic agents, resulting in a 6 h treatment
with a combination of cisplatin or doxorubicin and
50 pM PP2 (Src inhibitor, Sigma-Aldrich) or 50 pM
SP600125 (JNK inhibitor, Sigma-Aldrich). For BrdU in-
corporation assays, treatment was the same as above
with the addition of 5-bromo-2’-deoxyuridine (BrdU,
10 uM, BD Pharmigen, Franklin Lakes, NJ) 8 h after
chemotherapeutic agents.

Immunofluorescence

For all experiments, cells were seeded in 12 well plates
on glass coverslips for 24 h prior to treatment. For cell
proliferation via BrdU incorporation, apoptosis via
cleaved caspase 3 and APC immunofluorescence, cells
were fixed in 3.7 % formaldehyde for 15 min and then
permeabilized in 0.3 % Triton X-100 for 15 min. Im-
munofluorescence (IF) for BrdU was performed as
previously described [23]. All antibodies were diluted in
blocking buffer that consisted of 0.2 % non-fat dry milk,
2 % Bovine Serum Albumin and 0.3 % Triton X-100 in
Phosphate Buffered Saline (PBS). Cells were incubated
with primary antibodies: anti-BrdU rat monoclonal anti-
body (1:300, Abcam, Cambridge, MA), anti-cleaved cas-
pase 3 rabbit monoclonal antibody (1:400, Cell Signaling
Technology, Danvers, MA) or anti-APC (1:400, a gift from
K. Neufeld, University of Kansas) for 1 h at 37 °C.
Following washes in PBS, samples were incubated in
the appropriate secondary antibody: rhodamine conju-
gated goat anti-rat (1:100, Thermo Scientific, Rockford,
IL) or goat-anti-rabbit Alexa Fluor 488 (1:1000, Life
Technologies, Carlsbad, CA). F-actin was visualized by
co-staining with fluorescently conjugated Phalloidin
(1:200, Life Technologies) and slides were mounted
with Fluoromount G with Hoescht. The percent of
positive cells was determined for each assay with at
least 150 cells being counted per condition. Each assay
was run in triplicate and repeated three times.

Table 1 Quantitative real time PCR primer sequences
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RNA isolation and RT-PCR

MMTV-PyMT;Apc™* and MMTV-PyMT;Apc™™* cells
were seeded at 2.4 x10° cells/well in 6 well plates for 24 h
then treated with drugs as above for 24 h. RNA was
isolated using Tri Reagent (Molecular Research Center,
Cincinnati, OH) and cDNA synthesis was performed with
iScript from 1 pg RNA (Bio-Rad Laboratories, Hercules,
CA). Real-time RT-PCR was performed using Power SYBR
Green master mix (Applied Biosystems, Foster City, CA),
50 ng of cDNA, and 7.5 pM of each primer (primer
sequences are presented in Table 1). The amplification
program included 2 initial steps at 50 °C for 2 min and
95 °C for 10 min followed by 40 cycles of 95 °C for 15 s
and 60 °C for 1 min followed by generation of a melt curve
(CFX Connect 96 thermal cycler, Bio-Rad). Samples were
run in duplicate and 18 s rRNA was used as a reference
gene for all mouse studies. Microarray analysis on MDR1
and ABCG2 was previously described [11]. The knock-
down of APC in the MDA-MB-157 cells was verified via
quantitative real time PCR following the same protocol
with GAPDH as the reference gene.

Western blots

Total protein was isolated from MMTV-PyMT tumor-
derived cells after 24 h treatment with the same chemo-
therapeutic agents as above using lysis buffer (20 mM
Tris—HCI, 150 mM NaCl, 1 % Triton-X, 0.5 % NP-40,
50, mM NaF, 1 mM NazVO,4, 5 mM Sodium pyrophos-
phate, 0.2 mM PMSE, 1x protease inhibitor cocktail
(Fisher) and 1x phosphatase inhibitor cocktail 2 (Sigma).
30 pg of protein were separated by SDS-PAGE (8 % gel),
and transferred onto Immobilon-P membrane (Milli-
pore). After transfer, membranes were blocked in 5 %
non-fat dry milk in 1 % TBS with 0.1 % Tween (TBS-T)
for 1 h at room temperature. Blots were incubated with
the primary antibody (MDRI1, 1:1000 in 1 % bovine
serum albumin in TBS-T, Cell Signaling, or ABCG2,
1:100 in 5 % non-fat dry milk in TBS-T, Abcam) for 2
nights at 4 °C or B-actin (1:25000, 1 % BSA in TBS-T,
Sigma) for 1 h at room temperature. Secondary antibody
(anti-rabbit, anti-rat or anti-mouse IgG-HRP, 1:1000) was
diluted in the same diluent as the corresponding primary

Gene Name Forward Primer (5" - 3)) Reverse Primer (5" - 3)

m18s GGCGGCTTGGTGACTCTAGAT CTTCCTTGGATGTGGTAGCCG
mMDR1 CATTGGTGTGGTGAGTCAGC CTCTCTCTCCAACCAGGGTC
mABCG2 GCCAGTCTATGTTACCTCTTTCTGTCA TGCATTCCAGCGGCATCATATTTCA
hGAPDH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC
hAPC TGTCCCGTTCTTATGGAA TCTTGGAAATGAACCCATAGG

Species is indicated by either an m (mouse) or h (human) before the gene name
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antibody and incubated at room temperature for 1 h. Blots
were developed with Clarity ECL regent (Bio-rad) and a
ChemiDoc MP Imaging System (Bio-rad). Densitometry
quantification was performed using Image] software
(NIH). Blots are representative of three runs.

ALDEFLUOR assays

Aldehyde dehydrogenase (ALDH) enzyme activity was
determined using the ALDEFLUOR™ Kit (Stem Cell
Technologies, Vancouver, British Columbia, Canada)
according to the manufacturer’s protocol. Briefly 2.0x10°
MMTV-PyMT;Apc*”* or MMTV-PyMT;Apc™™* cells
were suspended in Aldefluor™ assay buffer containing
ALDH substrate (Bodipy-Aminoacetaldehyde) which
served as the “test” sample. An identical sample served as
the “control” containing the ALDH substrate and diethyla-
minobenzaldehyde (DEAB), a specific ALDH1 enzyme in-
hibitor. Both the test and control samples were incubated
for 60 min at 37 °C. The fluorescent ALDH-expressing
cells were detected in the green fluorescence channel
(515-535 nm) of a Cytotomics FC 500 (Beckman Coulter,
Brea, CA) flow cytometer. Data were analyzed using
FlowJo Flow Cytometry Data Analysis Software (Tree Star,
Ashland, OR). The percent shift between gated events in
the test versus control samples was calculated; a greater
shift indicates a greater number of ALDH positive cells in
a given sample.

Statistical analysis

Student’s t-tests were used for all analyses except the
combination treatments where a two-way ANOVA with
Bonferroni post-hoc test was used. A p-value < 0.05 was
considered significant.

Results

One major mechanism of chemotherapeutic resistance is
the presence of ATP-dependent efflux pumps to regulate
the rate at which chemotherapeutic drugs are effluxed
out of a cell and control the amount of drug remaining
within the cell [10]. Through microarray analysis, our
laboratory previously demonstrated that ABCG2 expres-
sion was down-regulated in Apc-mutant mouse mam-
mary glands during lactation [11]; however, MDRI1
expression was significantly increased (Fig. 1a). MDR1 is
one of the most common efflux pumps that confers che-
motherapeutic resistance and has been shown to regu-
late efflux of paclitaxel and doxorubicin [12]. Consistent
with the developmental studies (Fig. 1la), cells isolated
from MMTV-PyMT;Apc™™* tumors showed a signifi-
cant increase of MDRI expression compared to control
MMTV-PyMT;Apc*’* cells (Fig. 1b, Additional file 1).
Treatment with paclitaxel and doxorubicin, but not cis-
platin, further enhanced expression of MDRI1 in
MMTV-PyMT;Apc™™* cells (Fig. 1b, Additional file 1).
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Doxorubicin treatment also enhanced MDRI protein
expression in MMTV-PyMT;ApcMi"/ " cells (Fig. 1d and e,
Additional file 1). We observed no changes in the expres-
sion of ABCG2 after treatment with chemotherapeutic
agents (Fig. 1lc, Additional file 1). However MMTV-
PyMT;Apc” " have a greater expression of ABCG2 protein
compared to MMTV-PyMT;Apc™™* cells (Fig. 1d and f,
Additional file 1).

Given the increase in MDRI1 expression, we hypothe-
sized that Apc mutation may therefore confer chemother-
apeutic resistance. To test this hypothesis, we measured
cell proliferation and apoptosis after a 24-hour treatment
with cisplatin, paclitaxel or doxorubicin. BrdU incorpor-
ation demonstrated that while paclitaxel treatment did not
alter cell proliferation, the impact of cisplatin and doxo-
rubicin on proliferation was modestly enhanced in
MMTV-PyMT;Apc™™* cells (Fig. 2a, Additional file 1).
Given the mechanisms of action of chemotherapeutic
agents, and the lack of a strong proliferative effect, we
used cleaved caspase 3 IF to determine whether Apc muta-
tion decreased the rate of apoptosis after chemotherapeutic
treatment. As expected, no difference was observed in the
percent of apoptosis in control (vehicle-treated) MMTV-
PyMT;Apc™™* versus MMTV-PyMT;Apc*’* cells (Fig. 2b
and ¢, Additional file 1). However, MMTV-PyMT;Apc™"*
cells had decreased cisplatin- or doxorubicin-induced
apoptosis compared to MMTV—PyMT;Apc” * (Fig. 2b and
¢, Additional file 1). No difference in paclitaxel-induced
apoptosis was observed in the two cell lines.

We previously demonstrated that mutant Apc in the
MMTV-PyMT mouse model increased proliferation
and expression of pFAK, pSrc and pJNK, and that inhib-
ition of Src or JNK diminishes the APC-mediated cell
proliferation [23]. Given the effect of Apc status on
cisplatin- and doxorubicin-mediated apoptosis (Fig. 2b,
Additional file 1) and to understand whether the Src/
JNK signaling pathway could impact chemotherapeutic
resistance, we measured apoptosis in cells treated with a
combination regimen. Cells were treated with either
cisplatin or doxorubicin in combination with either an
inhibitor to Src (PP2) or INK (SP600125). The addition
of PP2 or SP600125 to cisplatin significantly increased
apoptosis compared to cisplatin alone in MMTV-
PyMT;Apc™™ *cells (Fig. 3a and c, Additional file 1).
Therefore the cisplatin-mediated apoptosis becomes
equivalent in the two cell lines with the inhibition or Src
or JNK. It is also evident that cisplatin and doxorubicin
have differing modes of action because the doxorubicin-
mediated apoptosis in the MMTV-PyMT;Apc™™* cells
was not affected by the addition of PP2 or SP600125
(Fig. 3b, Additional file 1).

TICs have been shown to have higher levels of ABC
transporters or efflux pumps compared to normal differen-
tiated cells [12], and impact chemotherapeutic resistance.
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Fig. 1 Gene expression of ATP-dependent binding cassette transporters. a Microarray analysis of mammary glands from Apc"™* and Apc™*
mice at d16 of lactation show a decrease in ABCG2 and increase in MDR1 expression due to Apc mutation. b MDR1 gene expression in cells
from MMTV-PyMT;Apc”™"* and I\/U\/IT\/—PyMT;Apc*/* mice after 24 h treatment with either solvent control, paclitaxel, cisplatin or doxorubicin.
MDRT1 expression was significantly increased in cells from MMTV-PyMT,Apc
cisplatin. ¢ ABCG2 gene expression in cells from MMTV-PyMTApc"™* and MMTV-PyMT:Apc™* mice after treatment for 24 h with either
solvent control, paclitaxel, cisplatin or doxorubicin. ABCG2 expression was not different between MMTV-PyMT;Apc™™* and MMTV-PyMT:Apc**
cells and chemotherapy treatment had no effect on ABCG2 expression. d Representative western blots for MDR1 and ABCG2 in cells from
MMTV-PyMT:Apc™™* and MMTV-PyMT:Apc™* mice after treatment for 24 h with either solvent control, paclitaxel, cisplatin or doxorubicin. e
Quantification of MDR1 western blots shows that MMTV-PyMT:Apc"* cells have enhanced MDR1 expression when treated with doxorubicin.
f Quantification of ABCG2 western blots shows that MMTV-PyMT:Apc™" cells have elevated ABCG2 protein expression compared to MMTV-PyMTApc™*
cells. Results in B, C, E and F are shown as the means + SEM from 3 independent experiments; *P < 0.05 when comparing I\/\I\/\T\/—PyMT‘Apc"/””/+ to
MMTV-PyMTApc™" cells and #P < 005 when comparing MMTV-PyMTApc"™* cells treated with solvent control or chemotherapy agent.

MIn/+ mice after treatment with paclitaxel and doxorubicin but not

In other words, the cells that often remain after treatment,
and therefore cause tumor recurrence are often TICs. A
common mechanism to measure TICs is through the use
of the ALDEFLUOR assay using FACS, where 23 out of 33
human breast cancer cell lines were found to be positive
[24]. Therefore we used the ALDEFLUOR assay to deter-
mine the population of TICs. Cells were incubated with
ALDH substrate in the presence (control) or absence (test)
of the ALDH enzyme inhibitor, diethylaminobenzaldehyde
(DEAB). The gated (ALDH") population in the control
condition was unchanged in the Apc-mutant versus wild-
type cells (Fig. 4a, 97.7 % compared to 95.5 %). However,
in the absence of the ALDH inhibitor, the gated population
changed from 77.8 % in the MMTV-PyMT;Apc* *cells to a
mere 20.3 % in the MMTV-PyMT;Apc"™* cells, indicat-
ing that Apc mutation increases the TIC population (Fig. 4)
aand b.

To translate our results from mouse cell lines to a hu-
man cell line, we turned to MDA-MB-157 cells, which
are a triple negative breast cancer cell line derived from
a pleural effusion from a metaplastic human breast can-
cer [25]. This specific cell line was chosen because of the
metaplastic-like tumors that developed in the MMTV-
PyMT;Apc™™* model [23]. As MDA-MB-157 cells have
wild-type APC [26-27] we used lentiviral mediated
shRNA to knockdown APC and observed a 60 % de-
crease in APC gene expression (Fig. 5a). Using immuno-
fluorescence we observed that APC knockdown cells
had decreased APC protein expression at the membrane
and nucleus (Fig. 5b). Baseline cell proliferation was not
changed in the APC knockdown cells (data not shown).
Treatment with cisplatin, doxorubicin or paclitaxel did
not impact proliferation in the APC knockdown lines
compared to the parent line (Fig. 5¢, Additional file 1),
similar to the effects in the PyMT-derived model (Fig. 2).
APC knockdown MDA-MB-157 cells exhibited de-
creased apoptosis after treatment with paclitaxel or cis-
platin (Fig. 5d and e, Additional file 1). While paclitaxel
response was not previously shown to be dependent on
APC status (Fig. 2b), the impact of APC on cisplatin re-
sponse (Fig. 2b, and 5d) is consistent between the two

model systems. In contrast to the results in the PyMT
model system (Figs. 2b) doxorubicin-mediated apoptosis
was not altered by APC-status in the MDA-MB-157 cell
system (Fig. 5d).

Discussion

The recurrence of breast cancer, which accounts for 90 %
of breast cancer-related deaths [13], is often accompanied
by chemotherapeutic resistance [28]. Therefore, it is crit-
ical to investigate the biological markers involved with this
process. Many mechanisms have been attributed to the
development of chemotherapeutic resistance; however,
one of the most well-known is the multidrug resistance
theory. The expression of efflux pumps that regulate the
rate in which drugs can remain in cells and increased
expression or activity of these pumps leads to increased
chemotherapeutic resistance. TICs or cancer stem cells
express high levels of ABC transporters [12, 29] and are
more resistant to chemotherapeutic agents than other
tumor cells [30]. Our results in the mouse cell model sup-
port this claim because MMTV-PyMT;Apc™™* cells have
increased TICs and higher levels of MDR1 expression. We
previously reported that mutant Apc in the MMTV-PyMT
model increased FAK activation [23]. FAK deletion has
been shown to decrease the number of TICs present in
both breast cancer [31-33] and skin cancer [34]. There-
fore, the regulation of FAK by APC may be contributing
to the change in the number of TICs through blocking the
process of self-renewal.

ALDH-positive cells are more metastatic than ALDH-
negative cells [24] and increased ALDH activity leads to
poor clinical prognosis [35]. Cisplatin and paclitaxel re-
sistant cell lines have increased ALDH expression com-
pared to parent cells [36, 37]. ALDH positive cells have
increased expression of STAT3 (signal transducer and
activator of transcription 3) [38] which makes STAT3 an
ideal target for decreasing the TIC population in
MMTV-PyMT;ApcMi"/ * cells. In addition to commer-
cially available STAT3 inhibitors [39], miR-337-3p, a ma-
ture sequence of miR-337, can also inhibit STATS3,
sensitizing lung cancer cells to paclitaxel treatment [40].
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miR-337 is commonly overexpression in HER2-positive
breast cancers [41] and non-inflammatory breast cancer
samples from Tunisian women [42]. Another important
factor is miR-135a, which binds to the APC gene [43, 44],
and inhibits STAT3-induced pro survival gene expression
and induces apoptosis in gastric cancer and lymphoma
[45]. Future work will determine the impact of treatment
with FAK and STAT3 inhibitors on the TIC population in
MMTV-PyMT;Apc™"* cells as a means to regulate che-
motherapeutic resistance.

The MMTV-PyMT;Apc™"* cells exhibited increased
MDR1 expression, which would be expected to increase
chemotherapeutic resistance. MDRI1 expression in
MMTV-PyMT;Apc™™* cells was augmented by doxo-
rubicin and paclitaxel but not with cisplatin (Fig. 1),
which is supported by currently published data that
MDR1 effluxes both doxorubicin and paclitaxel but not
cisplatin [12]. While studies have identified APC as a
driver of multidrug resistance through the Wnt/p-ca-
tenin signaling in colorectal cancer [46—49], we have not
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thoroughly discussed this body of work since we previ-
ously reported the effects of Apc mutation in the
MMTV-PyMT mouse model to be independent of Wnt/
[B-catenin signaling [23]. Microarray analysis of the
NCI60 cell lines showed that there is an inverse relation-
ship between drug resistance and MDRI1 expression for
18 different compounds including doxorubicin and pac-
litaxel [50]. Doxorubicin-resistant MDA-MB-435 or
MCE-7 cells [51-53] have increased MDR1, suggesting
elevated MDR1 may be the mechanism by which APC

mutation causes doxorubicin-resistance. Increased MDR1
will enhance doxorubicin efflux out of cells and thus de-
crease the intracellular drug accumulation. In addition,
doxorubicin has been shown to increase MDR1 in B-cell
lymphoma cells through activation of the Mitogen
Activated Protein Kinase/Extracellular-signal-Regulated
Kinases (MAPK/ERK) signaling pathway [54]. Conversely
antibody-based microarray analysis determined that
doxorubicin-resistant MDA-MB-231 have decreased pro-
tein expression of p-ERK1, cyclin B1 and cyclin D2 [55].
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Fig. 5 APC knockdown in MDA-MB-157 cells impacts response to paclitaxel and cisplatin. a Quantitative RT-PCR in MDA-MB-157 cells and shAPC con-
structs shows decreased level of APC in cells infected with the shAPC constructs. b Representative APC immunofluorescence images showing that APC
knockdown cells have less APC protein compared to the MDA-MB-157 parent line. ¢ Cell proliferation as measured by BrdU incorporation did not differ
between the three cell lines after treatment with cisplatin, doxorubicin or paclitaxel. d Apoptosis as measured by cleaved caspase 3 IF. The percentage of
apoptosis was lower in paclitaxel treated shAPC 1 and cisplatin treated shAPC 2 cells compared to MDA-MB-157 control cells. Doxorubicin treatment had
no effect on rates of apoptosis. e Representative images of CC3 IF. Although there are a similar number of positive cells in many of the images, there are
fewer total cells in those images representing treatments with a higher percent of apoptosis. The scale bar is equal to 100 microns (E) and 20 microns (B).
Data are shown as the means + SEM from 3 independent experiments; *P < 0.05

To our knowledge this is the first account of APC regulat-
ing basal and drug induced MDR1 expression in breast
cancer. To link MDR1 expression to chemotherapeutic
responsiveness and decreased apoptosis, future work will
block expression of MDR1 using PSC833 [56], which has
been previously used in breast cancer to inhibit MDR1
expression (reviewed by [57]).

Further studies are needed to delineate the mechanism
responsible for the differences seen between doxorubicin
and cisplatin, and the differences between the PyMT-
derived cells and the MDA-MB-157 human breast cancer
cell line. DNA damage repair mechanisms may also be
affected by Apc mutation as cisplatin directly and doxo-
rubicin indirectly cause DNA damage [58]. Mutation in
Apc is known to increase a cell’s ability to repair mutated
DNA [59, 60], and its interaction with DNA polymerase 3
(Pol-B) and flap endonuclease 1 (Fen-1) inhibits single nu-
cleotide and long-patch excision repair [59, 61, 62]. There-
fore we may expect that MMTV-PyMT;Apc** cells might
undergo apoptosis while MMTV-PyMT;Apc™™*  cells
would survive and these effects may vary by the direct
(cisplatin) versus indirect (doxorubicin) effects on DNA
damage.

Given that both models tested show that APC medi-
ates response to cisplatin, future studies will elaborate
on cisplatin resistance. Cisplatin resistance can include
multiple pathways: increased drug efflux, evasion of
apoptotic pathways, bypass of the replication checkpoint,
increased cell proliferation and increased DNA damage
repair [63], and thus it might be harder to delineate a
specific mechanism. However, previous studies have
demonstrated that APC mediates sensitivity to cisplatin
in multiple tumor types including breast cancer [22].
We propose that one potential target may be drug efflux
by, and expression of, ATP-binding cassette sub-family
C member 2 (ABCC2) because it effluxes cisplatin [12]
and can be found in breast cancer cells [12, 64]. This
mechanism will need to be determined as we observed
the most promising effect with combination treatment
of cisplatin with Src or JNK inhibition. This is not the
first report of drug resistance occurring via different
mechanisms. In doxorubicin- and mitoxantrone- resist-
ant MCEF-7 breast cancer cells, both drugs led to de-
creased drug accumulation and enhanced drug efflux

but only doxorubicin resistant cells had an increase in
permeability factor glycoprotein-p170 (Pgp) expression
[65]. Through microarray analysis both MCF-7 breast
cancer cells and two different leukemia cell lines not
only have increased expression of the ABC transporter
reported to be overexpressed for each in the literature
but also in several other efflux pumps [66]. This finding
implies that it may be important to study multiple trans-
porters in the case of chemotherapeutic resistance. There
is redundancy in expression of different ABC transporters
within resistant cells that may increase the difficulty in
delineating which ABC transporters are explicitly driving
chemotherapeutic resistance [50, 58].

The cisplatin-mediated changes in combination with
PP2 and SP600125 corroborate results by others that dem-
onstrate a synergistic effect between Src inhibition and
cisplatin in breast and non-small lung cancer cell lines
[67, 68]. The importance of Src in chemotherapeutic re-
sistance was also demonstrated in human gallbladder
adenocarcinoma cells where Src increased chemothera-
peutic resistance by increasing the repair of cisplatin-DNA
interstrand cross-links [69]. In addition to our data show-
ing an enhanced response of Apc-mutant breast cancer
cells to SP600125, previous studies have indicated a role of
APC in mediating sensitivity to the JNK inhibitor VIII
[22]. INK has been shown to be important in cisplatin-
mediated apoptosis in cell culture models for sarcoma
[70] and lung cancer [71-73]. Moreover we saw similar
cisplatin resistance in our human breast cancer cell line
model, suggesting a global mechanism of resistance. These
data imply that treatment of a patient with an APC-mu-
tant breast cancer with Src or JNK inhibitors in combin-
ation with cisplatin would result in restored sensitivity to
cisplatin.

Paclitaxel affects microtubule binding ([74, 75] and
reviewed in [9]) and APC is required for the ability of
EB1 to promote microtubule polymerization [76] by
cooperating with EB1 to cap the plus ends of microtu-
bules, thus preventing exchange of tubulin subunits [77].
APC deficiency in models of intestinal cancer strongly
suppresses tumorigenesis due to a defect in microtubule
stabilization [78]. Although Apc mutation in the PyMT-
model did not result in paclitaxel resistance, we ob-
served changes in MDRI1 expression after paclitaxel
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treatment. Consistent with our data in MMTV-
PyMT;Apc™™ *cells (Fig. 1), paclitaxel treatment upregu-
lates MDR1 expression in MCF-7 breast cancer cells
[79]. The pathway responsible for the paclitaxel-
mediated MDR1 overexpression in MCF-7 breast cancer
cells is via early growth response gene-1 (egr-1) [79].
While MDR1 expression was increased in the presence
of paclitaxel treatment, no change in apoptosis was
observed in Apc-mutant cells. Despite this, we have
shown here that APC status in the MDA-MB-157 cells
dictates resistance to paclitaxel. One potential reason for
this discrepancy in the two cell lines may be related to
the finding that in some cases the effects of paclitaxel
has been linked to changes in autophagy and not apop-
tosis [80]. Inherent differences in gene expression pro-
files in the two model systems tested may also be
responsible for the differences in chemo-responsiveness,
and will be further investigated in the laboratory. Re-
cently work has also shown that miR-135a contributes
to paclitaxel resistance in vitro in cell culture models for
non-small cell lung cancer, breast cancer and ovarian
cancer while in vivo work with a non-small cell lung
cancer model demonstrated a similar response [44]. This
work is important to our study because miR-135a down-
regulates APC gene expression [43, 44] and thus may be
responsible affecting chemotherapeutic resistance in our
model systems.

Conclusions

In this body of work we have shown that Apc mutation in
the MMTV-PyMT mouse model leads to increased ex-
pression of MDR1, which is enhanced after treatment with
doxorubicin and paclitaxel. Apc mutation also decreases
cisplatin- or doxorubicin-mediated apoptosis. Treatment
of Apc-mutant cells with a combination of cisplatin and
Src or JNK inhibitors restores apoptosis to a level similar
to the control cells. This is a significant finding that has
the potential to eliminate chemotherapeutic resistance in
APC-mutant breast cancers. Results from the human
metaplastic breast cancer cell line MDA-MB-157 showed
APC knockdown resulted in resistance to apoptosis in
both cisplatin and paclitaxel. Taken together these results
demonstrate that APC loss-of-function significantly im-
pacts chemotherapeutic resistance.

Additional file

Additional file 1: This file contains tables for each quantitative
graph in the paper. Each table includes average, SEM and p-values for
each cell line and treatment combination.

Abbreviations

ABCG2/BCRP: ATP-binding cassette sub-family G member 2/Breast cancer
resistance protein; ALDH: Aldehyde dehydrogenase; APC: Adenomatous
polyposis coli; BrdU: 5-bromo-2'-deoxyuridine; CC3: Cleaved caspase 3;

Page 12 of 14

FAK: Focal adhesion kinase; JNK: c-Jun NH(2)-terminal kinase;

IF: Immunofluorescence; MDR1: Multidrug resistance protein 1; MMTV-
PyMT: Mouse mammary tumor virus-Polyoma middle T antigen;
STAT3: Signal transduction and activator of transcription 3;

Pgp: Permeability factor glycoprotein-p170; TIC: Tumor initiating cell;
TNBC: Triple negative breast cancer.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

Study design and funding, JRP, experiments and data analysis MVK, CB and
KF; writing and editing, JRP, MVK, CB and KF. All authors read and approved
the final manuscript.

Acknowledgements

This work was supported by an American Cancer Society Institutional Research
Grant and a Navari Family Foundation Grant to JRP and the Indiana University
School of Medicine-South Bend Imaging and Flow Cytometry Core Facility. The
authors thank Ms. Jennifer Cole and Ms. Alyssa Lesko for their review of the
manuscript.

Author details

"Harper Cancer Research Institute, A134 Harper Hall, 1234 Notre Dame Ave,
South Bend, IN 46617, USA. 2Departmen‘[ of Biochemistry and Molecular
Biology, Indiana University School of Medicine — South Bend, South Bend, IN,
USA. *Department of Biological Sciences, University of Notre Dame, Notre
Dame, IN, USA.

Received: 6 January 2015 Accepted: 20 May 2015
Published online: 07 June 2015

References

1. Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA: a cancer journal
for clinicians. 2014:64(1):9-29.

2. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, et al. Molecular
portraits of human breast tumours. Nature. 2000;406(6797).747-52.

3. Comprehensive molecular portraits of human breast tumours. Nature 2012,
490(7418):61-70.

4. Lehmann BD, Bauer JA, Chen X, Sanders ME, Chakravarthy AB, Shyr Y, et al.
Identification of human triple-negative breast cancer subtypes and preclinical
models for selection of targeted therapies. The Journal of clinical investigation.
2011;121(7):2750-67.

5. Rodenhiser DI, Andrews JD, Vandenberg TA, Chambers AF. Gene signatures
of breast cancer progression and metastasis. Breast cancer research : BCR.
2011;13(1):201.

6.  Hatzis C, Pusztai L, Valero V, Booser DJ, Esserman L, Lluch A, et al. A
genomic predictor of response and survival following taxane-anthracycline
chemotherapy for invasive breast cancer. Jama. 2011;305(18):1873-81.

7. Prasad CP, Mirza S, Sharma G, Prashad R, DattaGupta S, Rath G, et al.
Epigenetic alterations of CDH1 and APC genes: relationship with activation
of Wnt/beta-catenin pathway in invasive ductal carcinoma of breast. Life
sciences. 2008,83(9-10):318-25.

8. Mukherjee N, Bhattacharya N, Alam N, Roy A, Roychoudhury S, Panda CK.
Subtype-specific alterations of the Wnt signaling pathway in breast cancer:
clinical and prognostic significance. Cancer science. 2012;103(2):210-20.

9. Prosperi J, Goss K: Wnt Pathway-independent activities of the APC tumor
suppressor. In: Tumor Suppressors. edn.; 2011: 105-132.

10.  Gottesman MM. Mechanisms of cancer drug resistance. Annual review of
medicine. 2002;53:615-27.

11. Prosperi JR, Becher KR, Willson TA, Collins MH, Witte DP, Goss KH. The APC
tumor suppressor is required for epithelial integrity in the mouse mammary
gland. Journal of Cellular Physiology. 2009;220(2):319-31.

12. Dean M, Fojo T, Bates S. Tumour stem cells and drug resistance. Nat Rev
Cancer. 2005;5(4):275-84.

13. Yardley DA. Drug resistance and the role of combination chemotherapy in
improving patient outcomes. International journal of breast cancer.
2013,2013:137414.

14.  Oakman C, Viale G, Di Leo A. Management of triple negative breast cancer.
The Breast. 2010;19(5):312-21.


http://www.biomedcentral.com/content/supplementary/s12885-015-1456-x-s1.docx

VanKlompenberg et al. BMC Cancer (2015) 15:457

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

35.

36.

37.

5.

Nabholtz JM, Gelmon K, Bontenbal M, Spielmann M, Catimel G, Conte P, et al.
Multicenter, randomized comparative study of two doses of paclitaxel in
patients with metastatic breast cancer. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology. 1996;14(6):1858-67.
Mamounas EP, Bryant J, Lembersky B, Fehrenbacher L, Sedlacek SM, Fisher
B, et al. Paclitaxel after doxorubicin plus cyclophosphamide as adjuvant
chemotherapy for node-positive breast cancer: results from NSABP B-28.
Journal of clinical oncology : official journal of the American Society of
Clinical Oncology. 2005;23(16):3686-96.

Jordan MA, Wilson L. Microtubules as a target for anticancer drugs. Nat Rev
Cancer. 2004;4(4):253-65.

Mittmann N, Verma S, Koo M, Alloul K, Trudeau M. Cost effectiveness of TAC
versus FAC in adjuvant treatment of node-positive breast cancer. Current
oncology. 2010;17(1):7-16.

Martin M. Docetaxel, doxorubicin and cyclophosphamide (the TAC
regimen): an effective adjuvant treatment for operable breast cancer.
Women's health. 2006:2(4):527-37.

Siddik ZH. Cisplatin: mode of cytotoxic action and molecular basis of
resistance. Oncogene. 2003;22(47):7265-79.

Isakoff SJ. Triple-negative breast cancer: role of specific chemotherapy
agents. Cancer J. 2010;16(1):53-61.

Yang W, Soares J, Greninger P, Edelman EJ, Lightfoot H, Forbes S, et al.
Genomics of Drug Sensitivity in Cancer (GDSC): a resource for therapeutic
biomarker discovery in cancer cells. Nucleic acids research. 2013;41(Database
issue):D955-961.

Prosperi JR, Khramtsov Al, Khramtsova GF, Goss KH. Apc mutation enhances
PyMT-induced mammary tumorigenesis. PloS one. 2011;6(12):e29339.
Charafe-Jauffret E, Ginestier C, lovino F, Wicinski J, Cervera N, Finetti P, et al.
Breast cancer cell lines contain functional cancer stem cells with metastatic
capacity and a distinct molecular signature. Cancer research.
2009,69(4):1302-13.

Young RK, Cailleau RM, Mackay B, Reeves WJ. Establishment of epithelial cell
line MDA-MB-157 from metastatic pleural effusion of human breast carcinoma.
In vitro. 1974:9(4):239-45.

Schlosshauer PW, Brown SA, Eisinger K, Yan Q, Guglielminetti ER, Parsons R,
et al. APC truncation and increased [3-catenin levels in a human breast
cancer cell line. Carcinogenesis. 2000;21(7):1453-6.

Yoshihiro K, Shinnosuke T, Masaki S, Kanae E, Yoko S, Tetsu A. Adenomatous
Polyposis Coli and Asef Function Downstream of Hepatocyte Growth Factor
and Phosphatidylinositol 3-Kinase. Journal of Biological Chemistry.
2009;284(33):22436-43.

Gonzalez-Angulo AM, Morales-Vasquez F, Hortobagyi GN. Overview of
resistance to systemic therapy in patients with breast cancer. Advances in
experimental medicine and biology. 2007,608:1-22.

Dean M. ABC transporters, drug resistance, and cancer stem cells. Journal of
mammary gland biology and neoplasia. 2009;14(1):3-9.

Li X, Lewis MT, Huang J, Gutierrez C, Osborne CK, Wu MF, et al. Intrinsic
resistance of tumorigenic breast cancer cells to chemotherapy. Journal of
the National Cancer Institute. 2008;100(9):672-9.

Taddei |, Deugnier MA, Faraldo MM, Petit V, Bouvard D, Medina D, et al.
Betal integrin deletion from the basal compartment of the mammary
epithelium affects stem cells. Nature cell biology. 2008;10(6):716-22.

Guan JL. Integrin signaling through FAK in the regulation of mammary
stem cells and breast cancer. IUBMB life. 2010;62(4):268-76.

Luo M, Fan H, Nagy T, Wei H, Wang C, Liu S, et al. Mammary epithelial-specific
ablation of the focal adhesion kinase suppresses mammary tumorigenesis by
affecting mammary cancer stem/progenitor cells. Cancer research.
2009,69(2):466-74.

Schober M, Fuchs E. Tumor-initiating stem cells of squamous cell carcinomas

and their control by TGF-beta and integrin/focal adhesion kinase (FAK) signaling.

Proceedings of the National Academy of Sciences of the United States of
America. 2011;108(26):10544-9.

Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, Brown M, et al.
ALDH1 is a marker of normal and malignant human mammary stem cells and
a predictor of poor clinical outcome. Cell stem cell. 2007;1(5):555-67.

Barr MP, Gray SG, Hoffmann AC, Hilger RA, Thomale J, O'Flaherty JD, et al.
Generation and Characterisation of Cisplatin-Resistant Non-Small Cell
Lung Cancer Cell Lines Displaying a Stem-Like Signature. PloS one.
2013;8(1), e54193.

Liu P, Kumar IS, Brown S, Kannappan V, Tawari PE, Tang JZ, et al. Disulfiram
targets cancer stem-like cells and reverses resistance and cross-resistance in

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

Page 13 of 14

acquired paclitaxel-resistant triple-negative breast cancer cells. British journal
of cancer. 2013;109(7):1876-85.

Lin L, Hutzen B, Lee HF, Peng Z, Wang W, Zhao C, et al. Evaluation of STAT3
signaling in ALDH+ and ALDH+/CD44+/CD24- subpopulations of breast
cancer cells. PloS one. 2013;8(12), e82821.

Lin L, Hutzen B, Zuo M, Ball S, Deangelis S, Foust E, et al. Novel STAT3
Phosphorylation Inhibitors Exhibit Potent Growth-Suppressive Activity in
Pancreatic and Breast Cancer Cells. Cancer research. 2010;70(6):2445-54.
Du L, Subauste MC, DeSevo C, Zhao Z, Baker M, Borkowski R, et al. miR-337-3p
and its targets STAT3 and RAPTA modulate taxane sensitivity in non-small cell
lung cancers. PloS one. 2012;7(6).€39167.

Kim J, Jang SG, Kwon SY, Park YS, Kang HS, Green JE, et al. MicroRNA
signature for HER2-positive breast and gastric cancer. Anticancer research.
2014;34(7):3807-10.

Hamdi K, Goerlitz D, Stambouli N, Islam M, Baroudi O, Neili B, et al. miRNAs
in Sera of Tunisian patients discriminate between inflammatory breast
cancer and non-inflammatory breast cancer. SpringerPlus. 2014;3(1):636.
Nagel R, le Sage C, Diosdado B, van der Waal M, Oude Vrielink JA, Bolijn A,
et al. Regulation of the adenomatous polyposis coli gene by the miR-135
family in colorectal cancer. Cancer research. 2008,68(14):5795-802.
Holleman A, Chung |, Olsen RR, Kwak B, Mizokami A, Saijo N, et al. miR-135a
contributes to paclitaxel resistance in tumor cells both in vitro and in vivo.
Oncogene. 2011;30(43):4386-98.

Navarro A, Diaz T, Martinez A, Gaya A, Pons A, Gel B, et al. Regulation of
JAK2 by miR-135a: prognostic impact in classic Hodgkin lymphoma. Blood.
2009;114(14):2945-51.

Yamada T, Mori Y, Hayashi R, Takada M, Ino Y, Naishiro Y, et al. Suppression
of intestinal polyposis in Mdr1-deficient ApcMin/+ mice. Cancer research.
2003;63(5):895-901.

Stein U, Fleuter C, Siegel F, Smith J, Kopacek A, Scudiero DA, et al. Impact of
mutant B-catenin on ABCB1 expression and therapy response in colon cancer
cells. British journal of cancer. 2012;106(8):1395-405.

Yamada T, Takaoka AS, Naishiro Y, Hayashi R, Maruyama K, Maesawa C,
et al. Transactivation of the multidrug resistance 1 gene by T-cell factor
4/beta-catenin complex in early colorectal carcinogenesis. Cancer
research. 2000,60(17):4761-6.

Taketo MM. Wnt signaling and gastrointestinal tumorigenesis in mouse
models. Oncogene. 2006;25(57):7522-30.

Szakacs G, Annereau JP, Lababidi S, Shankavaram U, Arciello A, Bussey KJ,
et al. Predicting drug sensitivity and resistance: profiling ABC transporter
genes in cancer cells. Cancer cell. 2004;6(2):129-37.

Mechetner E, Kyshtoobayeva A, Zonis S, Kim H, Stroup R, Garcia R, et al.
Levels of multidrug resistance (MDR1) P-glycoprotein expression by human
breast cancer correlate with in vitro resistance to taxol and doxorubicin.
Clinical cancer research : an official journal of the American Association for
Cancer Research. 1998;4(2):389-98.

AbuHammad S, Zihlif M. Gene expression alterations in doxorubicin
resistant MCF7 breast cancer cell line. Genomics. 2013;101(4):213-20.

Shen F, Chu S, Bence AK, Bailey B, Xue X, Erickson PA, et al. Quantitation of
doxorubicin uptake, efflux, and modulation of multidrug resistance (MDR) in
MDR human cancer cells. The Journal of pharmacology and experimental
therapeutics. 2008,324(1):95-102.

Shen H, Xu W, Luo W, Zhou L, Yong W, Chen F, et al. Upregulation of mdri
gene is related to activation of the MAPK/ERK signal transduction pathway
and YB-1 nuclear translocation in B-cell lymphoma. Experimental
hematology. 2011;39(5):558-69.

Smith L, Watson MB, O'Kane SL, Drew PJ, Lind MJ, Cawkwell L. The analysis
of doxorubicin resistance in human breast cancer cells using antibody
microarrays. Mol Cancer Ther. 2006;5(8):2115-20.

Modok S, Mellor HR, Callaghan R. Modulation of multidrug resistance efflux
pump activity to overcome chemoresistance in cancer. Current opinion in
pharmacology. 2006,6(4):350-4.

Atadja P, Watanabe T, Xu H, Cohen D. PSC-833, a frontier in modulation of
P-glycoprotein mediated multidrug resistance. Cancer metastasis reviews.
1998,17(2):163-8.

Holohan C, Van Schaeybroeck S, Longley DB, Johnston PG. Cancer drug
resistance: an evolving paradigm. Nat Rev Cancer. 2013;13(10):714-26.
Narayan S, Jaiswal AS, Balusu R. Tumor suppressor APC blocks DNA polymerase
beta-dependent strand displacement synthesis during long patch but not
short patch base excision repair and increases sensitivity to methylmethane
sulfonate. The Journal of biological chemistry. 2005;280(8):6942-9.



VanKlompenberg et al. BMC Cancer (2015) 15:457

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Narayan S, Roy D. Role of APC and DNA mismatch repair genes in the
development of colorectal cancers. Molecular cancer. 2003;2:41.

Balusu R, Jaiswal AS, Armas ML, Kundu CN, Bloom LB, Narayan S. Structure/
function analysis of the interaction of adenomatous polyposis coli with
DNA polymerase beta and its implications for base excision repair.
Biochemistry. 2007;46(49):13961-74.

Jaiswal AS, Balusu R, Armas ML, Kundu CN, Narayan S. Mechanism of
adenomatous polyposis coli (APC)-mediated blockage of long-patch base
excision repair. Biochemistry. 2006;45(51):15903-14.

Galluzzi L, Senovilla L, Vitale I, Michels J, Martins I, Kepp O, et al. Molecular
mechanisms of cisplatin resistance. Oncogene. 2012,;31(15):1869-83.
Maciejczyk A, Jagoda E, Wysocka T, Matkowski R, Gyorffy B, Lage H, et al.
ABCC2 (MRP2, cMOAT) localized in the nuclear envelope of breast
carcinoma cells correlates with poor clinical outcome. Pathology oncology
research : POR. 2012;18(2):331-42.

Taylor CW, Dalton WS, Parrish PR, Gleason MC, Bellamy WT, Thompson FH,
et al. Different mechanisms of decreased drug accumulation in doxorubicin
and mitoxantrone resistant variants of the MCF7 human breast cancer cell
line. British journal of cancer. 1991,63(6):923-9.

Gillet JP, Efferth T, Steinbach D, Hamels J, de Longueville F, Bertholet V,

et al. Microarray-based detection of multidrug resistance in human tumor
cells by expression profiling of ATP-binding cassette transporter genes. Cancer
research. 2004,64(24).8987-93.

Tryfonopoulos D, Walsh S, Collins DM, Flanagan L, Quinn C, Corkery B, et al.
Src: a potential target for the treatment of triple-negative breast cancer. Annals
of oncology : official journal of the European Society for Medical Oncology /
ESMO. 2011;22(10):2234-40.

Ceppi P, Papotti M, Monica V, Lo lacono M, Saviozzi S, Pautasso M, et al.
Effects of Src kinase inhibition induced by dasatinib in non-small cell lung
cancer cell lines treated with cisplatin. Mol Cancer Ther. 2009,8(11):3066-74.
Masumoto N, Nakano S, Fujishima H, Kohno K, Niho Y. v-src induces cisplatin
resistance by increasing the repair of cisplatin-DNA interstrand cross-links in
human gallbladder adenocarcinoma cells. International journal of cancer
Journal international du cancer. 1999,80(5):731-7.

Koyama T, Mikami T, Koyama T, Imakiire A, Yamamoto K, Toyota H, et al.
Apoptosis induced by chemotherapeutic agents involves c-Jun N-terminal
kinase activation in sarcoma cell lines. Journal of Orthopaedic Research.
2006;24(6):1153-62.

Wang Z, Xu J, Zhou J-Y, Liu Y, Wu GS. Mitogen-Activated Protein Kinase
Phosphatase-1 Is Required for Cisplatin Resistance. Cancer research.
2006;66(17):8870-7.

Chattopadhyay S, Machado-Pinilla R, Manguan-Garcia C, Belda-Iniesta C,
Moratilla C, Cejas P, et al. MKP1//CL100 controls tumor growth and sensitivity
to cisplatin in non-small-cell lung cancer. Oncogene. 2006;25(23):3335-45.
Zhuo W, Wang Y, Zhuo X, Zhang Y, Ao X, Chen Z. Knockdown of Snail, a
novel zinc finger transcription factor, via RNA interference increases A549
cell sensitivity to cisplatin via JNK/mitochondrial pathway. Lung Cancer.
2008,62(1):8-14.

Su LK, Burrell M, Hill DE, Gyuris J, Brent R, Wiltshire R, et al. APC binds to the
novel protein EB1. Cancer research. 1995;55(14):2972-7.

Munemitsu S, Souza B, Muller O, Albert |, Rubinfeld B, Polakis P. The APC
gene product associates with microtubules in vivo and promotes their
assembly in vitro. Cancer research. 1994;54(14):3676-81.

Nakamura M, Zhou XZ, Lu KP. Critical role for the EBT and APC interaction in the
regulation of microtubule polymerization. Current biology : CB. 2001;11(13):1062-7.
Wen Y, Eng CH, Schmoranzer J, Cabrera-Poch N, Morris EJS, Chen M, et al.

Page 14 of 14

EB1 and APC bind to mDia to stabilize microtubules downstream of Rho (
and promote cell migration. Nature cell biology. 2004;6(9):820-30.
Radulescu S, Ridgway RA, Appleton P, Kroboth K, Patel S, Woodgett J, et al.
Defining the role of APC in the mitotic spindle checkpoint in vivo:
APC-deficient cells are resistant to Taxol. Oncogene. 2010;29(49):6418-27.
Tao W, Shi JF, Zhang Q, Xue B, Sun YJ, Li CJ. Egr-1 enhances drug resistance of
breast cancer by modulating MDR1 expression in a GGPPS-independent
manner. Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie.
2013,67(3):197-202.

Maycotte P, Thorburn A. Targeting autophagy in breast cancer. World
journal of clinical oncology. 2014;5(3):224-40.

~
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
¢ Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
* Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central
J




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture
	Drug treatment
	Immunofluorescence
	RNA isolation and RT-PCR
	Western blots
	ALDEFLUOR assays
	Statistical analysis

	Results
	Discussion
	Conclusions
	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



