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Involvement of multiple cellular pathways in regulating resistance
to tamoxifen in BIK-suppressed MCF-7 cells
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Abstract Majority of women with estrogen receptor (ER)-
positive breast cancers initially respond to hormone therapies
such as tamoxifen (TAM; antagonist of estrogen). However,
many tumors eventually become resistant to TAM. Therefore,
understanding the various cellular components involved in
causing resistance to TAM is of paramount importance in
designing novel entities for efficacious hormone therapy.
Previously, we found that suppression of BIK gene expression
induced TAM resistance in MCF-7 breast cancer cells. In or-
der to understand the response of these cells to TAM and its
association with resistance, a microarray analysis of gene ex-
pression was performed in the BIK-suppressed MCF-7 cells
and compared it to the TAM-only-treated cells (controls).
Several genes participating in various cellular pathways were
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identified. Molecules identified in the drug resistance pathway
were 14-3-3z or YWHAZ, WEE1, PRKACA, NADK, and
HSP90AA 1. Further, genes involved in cell cycle control,
apoptosis, and cell proliferation were also found differentially
expressed in these cells. Transcriptional and translational anal-
ysis of key molecules such as STAT2, AKT 3, and 14-3-3z
revealed similar changes at the messenger RNA (mRNA) as
well as at the protein level. Importantly, there was no cytotoxic
effect of TAM on BIK-suppressed MCF-7 cells. Further, these
cells were not arrested at the GO-G1 phase of the cell cycle
although 30 % of BIK-suppressed cells were arrested at the
G2 phase of the cycle on TAM treatment. Furthermore, we
found a relevant interaction between 14-3-3z and WEE], sug-
gesting that the cytotoxic effect of TAM was prevented in
BIK-suppressed cells because this interaction leads to transi-
tory arrest in the G2 phase leading to the repair of damaged
DNA and allowing the cells to proliferate.

Keywords Breast cancer - Tamoxifen - BIK - Endocrine
resistance - Signaling pathways

Introduction

Antiestrogens such as tamoxifen (TAM) are widely used in the
clinic to treat estrogen receptor (ER)-positive breast tumors.
About 70 % of all patients with breast cancer overexpress
nuclear estrogen receptor alpha (ER-) [1, 2], rendering it
an excellent candidate for endocrine therapy. TAM is an ER
antagonist that competitively inhibits the interaction of estro-
gen with ER, thus repressing ER activity and is commonly
administered as a first-line adjuvant treatment for an ER-oc-
positive breast tumor [3, 4].

To develop efficacious treatment for TAM-resistant breast
cancers, it is important to first understand the complex signal
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transduction pathways [5]. Studies have already revealed sev-
eral mechanisms of TAM resistance, including increased
TAM metabolism [6], loss or alteration of ER-« and ER-f3
expression [7-9], estrogen gap needed between hypersensitiv-
ity, and [8] altered expression of co-regulators [9], altered
signaling pathway mediated by tyrosine kinases, inhibition
of apoptosis regulated by the Bel-2 protein family, cell cycle,
autophagy, and microRNA (miRNA) [10, 11]; however,
global analysis of changes in gene expression and signaling
pathways associated with the development of TAM resistance
are not completely understood. Previously, we observed that
BIK is associated with TAM resistance because suppression
of BIK using small interfering RNA interference (siRNA1)
induced TAM resistance in MCF-7 cells, while knockdown
of endogenous BIK decreased TAM-induced apoptosis in
MCF-7 cells, due to inhibition of the intrinsic pathway and
transition in mitochondrial permeability.

These data would be useful for future studies in under-
standing the mechanism of regulation of TAM resistance in
breast cancers [11]. However, it is necessary to determine
whether other mechanisms of resistance exit in which BIK
might be involved especially in coordination [12, 13].

To further characterize the mechanisms of TAM resistance
induced by silenced to BIK expression, we conducted a mi-
croarray analysis in BIK-suppressed MCF-7 cells treated with
TAM and found changes in the expression of certain genes
that could promote resistance to TAM. These genes are asso-
ciated with signaling pathways involved in the processes of
apoptosis, cell cycle control, and proliferation.

Methods
Cell cultures

MCF-7 human breast cancer cells (American Type Culture
Collection, ATCC, USA) were maintained in Dulbecco’s
modified Eagle’s medium F:12 (DMEM; Invitrogen,
Carlsbad, CA, USA) supplemented with 10 % fetal bovine
serum (FBS) containing penicillin (100 U/mL) and streptomy-
cin (100 pg/mL) (Life Technologies, Inc. BLR, Grand Island,
NY, USA). The cells were grown in 75-cm? tissue culture
flasks in 5 % CO, at 37 °C. Before each experiment, cells
were seeded in 3.5-cm-diameter tissue culture plates.

Suppression of BIK expression with siRNAi

Cells were plated in antibiotic-free DMEM-F12 at a density of
2.5x10° cells; when 50 % confluence was reached, the cells
were transfected with Oligofectamine™ reagent (Invitrogen)
and 100 nmol/L BIK RNAI (oligoduplex 5'-AAGACCCCUC
UCCAGAGACAU-3', 5'-AAAUGUCUCUGGAGAGGG
GUC-3’) (Labs and Integrated DNA Technologies [IDT]) or
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control scrambled sequence (Silencer Negative Control #3 RNA
(siRNA); (Ambion)), composed of a 19-bp scrambled sequence
without significant homology to any known gene sequences
from mouse, rat, or human. Briefly, 10-uL Oligofectamine™
was diluted 7.5-fold in reduced serum medium (Opti-MEM®)
and incubated at room temperature for 10 min. In parallel, a
separate tube containing 5 pL of 50 pmol/L siRNA was diluted
in 425 pL of Opti-MEM®. Diluted Oligofectamine™ (75 uL)
was added to the diluted siRNA and the complex was incubated
for 20 min at room temperature. Cells were washed with 2 mL
of Opti-MEM™. siRNA + Oligofectamine™ complex
(500 uL) was gently added to the dish. The final concentration
of siRNA was 100 mol/L. After 6 h, 1.25 mL of 3x serum-free
medium was added to the dish without removing the transfec-
tion mix. The medium was exchanged for serum-containing
medium after 6 h, and the cells were further cultured for 48 h.
The experiments were repeated 2—3 times.

Hybridization and analysis of microarray data

Ten micrograms of total RNA was used for complementary
DNA (cDNA) synthesis and labeling with Super Script II kit
Invitrogen, using in array dUTP-Cy3 incorporation for MCF-
7 TAM (control) and dUTP-Cy5 MCF-7 siRNA BIK with
TAM; incorporation efficiency was analyzed by measuring
absorbance at 555 nm for Cy3 and 655 nm for Cy5.
Fluorophore-labeled cDNA were hybridized to the oligonucle-
otides collection 50-mer Human 10K from MWG Biotech
Oligo Bio Sets (Germany). Images of the microarrays were
acquired and quantified in the Scan Array 4000 using the
Quant Array software from Packard BioChips (USA).
Analysis of the images and their data was performed using
Array-Pro Analyzer software from Media Cybernetics (USA).

Microarray data analysis was performed using the free
software program GenArise that was developed in the
Computing Unit of the Cellular Physiology Institute of
UNAM (http://www.ifc.unam.mx/genarise/). GenArise
conducted the following transformations: background
correction, normalization, intensity filter, replicate analysis,
and selection of differentially expressed genes. The data
discussed in this publication have been deposited in NCBI’s
Gene Expression Omnibus and are accessible through GEO
Series accession number GSE60802 (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE60802).

GenArise was used to identify the genes that were differ-
entially expressed by calculating an intensity-dependent Z
score. Genes with a Z score >2 were considered with altered
expression (Table 1 Z score).

One hundred forty-nine genes were selected (82 down and
67 upregulated) as central genes in our study considering
genes that show the biggest number of interactions in HIPP
IE database (7 as minimal interaction number) and its partic-
ipation in cancer. Hierarchical clustering of the data was
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Table 1  Genes upregulated in siRNAiIBIK/TAM group vs. TAM only group

Genes up-expressed Official full name Z score
XIAP X-linked inhibitor of apoptosis 2.000040102
MAGEA4 Melanoma antigen family A, 4 2.000212711
VASP Vasodilator-stimulated phosphoprotein 2.000722198
GNAO1 Guanine nucleotide binding protein (G protein), alpha activating activity polypeptide O 2.00090725
NF2 Neurofibromin 2 (merlin) 2.003723353
DLGI1 Discs, large homolog 1 2.004333208
SDC2 Syndecan 2 2.004418232
LARP6 La ribonucleoprotein domain family, member 6 2.00496754
HSP90AALI Heat shock protein 90 kDa alpha (cytosolic), class A member 1 2.005015812
PLG Plasminogen 2.005604233
MAFG v-Maf avian musculoaponeurotic fibrosarcoma oncogene homolog G 2.005830848
STAT2 Signal transducer and activator of transcription 2 2.006873018
SMARCA4 SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin 2.007723768
BACH1 BTB and CNC homology 1, basic leucine zipper transcription factor 1 2.00778297
RPS3A Ribosomal protein S3A 2.008390566
TXN Thioredoxin 2.00984147
POU2F2 POU class 2 homeobox 2 2.010100456
RPS6KB1 Ribosomal protein S6 kinase, 70 kDa, polypeptide 1 2.010494594
RBBP8 Retinoblastoma binding protein 8 2.011466136
CBLB Cbl proto-oncogene B, E3 ubiquitin protein ligase 2.012664839
CFTR Cystic fibrosis transmembrane conductance regulator 2.013414426
BLM Bloom syndrome, RecQ helicase-like 2.013468628
BRCA2 Breast cancer 2, early onset 2.013542986
TRDMT TRNA aspartic acid methyltransferase 2.013825689
PTPNA Phosphatidylinositol transfer protein, alpha 2.01391913
WEEI WEEL! G2 checkpoint kinase 2.017386613
ARHGEF6 Rac/Cdc42 guanine nucleotide exchange factor (GEF) 6 2.017903267
EXOSCS8 Exosome component 8 2.018767082
RABGAPIL RAB GTPase activating protein 1-like 2.020279044
NAPA N-Ethylmaleimide-sensitive factor attachment protein, alpha 2.020482899
EHMT2 Euchromatic histone-lysine N-methyltransferase 2 2.022678414
PPIG Peptidylprolyl isomerase G (cyclophilin G) 2.023477041
VPRBP Vpr (HIV-1) binding protein 2.023580277
PDCD5 Programmed cell death 5 2.026526137
HNRNPUL1 Heterogeneous nuclear ribonucleoprotein U-like 1 2.027691681
BCAS2 Breast carcinoma amplified sequence 2 2.027834159
COROIA Coronin, actin binding protein 1A 2.027874156
CD2BP2 CD2 (cytoplasmic tail) binding protein 2 2.02826555
SETDBI1 SET domain, bifurcated 1 2.029882883
ULK2 Unc-51 like autophagy activating kinase 2 2.031251029
USP16 Ubiquitin-specific peptidase 16 2.033070608
ARF1P2 ADP-ribosylation factor 1 pseudogene 2 2.033667057
CHMP4A Charged multivesicular body protein 4A 2.033698381
CENPJ Centromere protein J 2.033851523
PIAS4 Protein inhibitor of activated STAT, 4 2.035171331
CXXC5 CXXC finger protein 5 2.035806109
SIRT1 Sirtuin 1 2.039847244
CHFR Checkpoint with forkhead and ring finger domains, E3 ubiquitin protein ligase 2.03996947
TCEB3B Transcription elongation factor B polypeptide 3B (elongin A2) 2.040968196
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Table 1 (continued)

Genes up-expressed Official full name Z score
ZCCHC10 Zinc finger, CCHC domain containing 10 2.041810081
CSAD Cysteine sulfinic acid decarboxylase 2.041849098
ZNF440 Zinc finger protein 440 2.042545465
LZTS2 Leucine zipper, putative tumor suppressor 2 2.043152172
MOAPI Modulator of apoptosis 1 2.04567344
DGCR6L DiGeorge syndrome critical region gene 6-like 2.047518606
ASB9 Ankyrin repeat and SOCS box containing 9 2.049013275
NADK NAD kinase 2.051804637
IFT20 Ubiquitin C 2.051832103
KIF15 Kinesin family member 15 2.05287927
APP Amyloid beta (A4) precursor protein 2.053843027
DYNLL2 Dynein, light chain, LC8-type 2 2.056357466
RICTOR RPTOR independent companion of MTOR, complex 2 2.056783357
PRKACA Protein kinase, cAMP-dependent, catalytic, alpha 2.057527794
NMEL1 NME/NM23 nucleoside diphosphate kinase 1 2.057928057
BANP BTG3 associated nuclear protein 2.059501155
YWHADZ Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide 2.059613651

performed using Cluster program with the Spearman rank
correlation analysis and visualized using Java TreeView.

To determine gene interactions and molecular pathways
potentially altered in MCF-7 cells transfected with siRNA to
BIK treated with TAM, we used KEGG database (Kyoto
Encyclopedia of Genes and Genomes) (http://www.genome.
jp/kegg/pathway.html). The cutoff values for inclusion in
these analyses were Z score of 2.0 and seven interactions as
minimal (HIPPIE database).

Cell cycle analysis by flow cytometry (FACS)

Cells were harvested directly from culture plates. After
centrifugation at 1400 rpm, at 4 °C for 5 min, the pellet
was washed with phosphate-buffered saline/bovine serum
albumin (PBS/BSA) 1 % and resuspended in 500 mL
PBS. Cells were fixed by adding 1.5 mL 100 % cold
ethanol and left for at least 2 h at —20 °C. Then, cells
were washed with 4 mL of 1 % PBS/BSA. After centri-
fugation at 1400 rpm and 4 °C by 5 min, the pellet was
resuspended in buffer: 500 uL PBS, RNase A 1 mg/mL,
propidium iodide 10 pg/mL, and incubated for 30 min at
37 °C in the dark. Cell cycle profile was analyzed with
FACS Calibur™ flow cytometry (Becton-Dickinson)
using CellQuest™ software (Becton-Dickinson).

Cytotoxic effect of TAM

Cells (3x10° per well) were seeded in minimal essential
medium (MEM, 180 pL) onto 96-well plates. After 4 h,
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hydroxytamoxifen (Sigma-Aldrich) dissolved in PBS solution
(20 pL) was added at final concentrations of 60 uM and in-
cubated at 37 °C with 5 % CO,. In previous experiments, it
was determined that the half maximal inhibitory concentration
(ICs() for TAM was 6.0 uM. After culturing for 24 and 48 h,
MTT solution (2 mg/mL, 20 pL) was added to each well and
incubated for 4 h to induce cellular conversion of the tetrazo-
lium salt into a formazan product. The supernatant was then
removed and dimethyl sulfoxide (DMSO) (200 pL) was
added to dissolve the formazan, which was detected by spec-
trophotometry at 570 nm, and this provided a relative estimate
of the cell population.

Western blot analysis

Batches of MCF-7 cells (non-treated, scrambled, siRNA BIK,
and siRNA BIK with TAM) were cultured overnight at room
temperature in 3.5-cm-diameter tissue culture plates at a den-
sity of 1 x10° cells/plate. Cells were transferred into 100 pL of
lysis buffer (RIPA-Tris buffer (mM: EGTA 2; NaCl 316;
Na,MoO, 20; NaF 50; Tris-HCI 20; Na3;VO,4 100; PMSF
100 and EDTA 100; 0.1 % of leupeptin and aprotinin, SDS
0.2 %, and Triton-X100 2 %) and maintained under constant
shaking for 2 h at 4 °C. Subsequently, the sample was centri-
fuged for 5 min at 20,800 rpm and the supernatant (30 pg of
protein) was denatured in Laemmli sample buffer [14], re-
solved through 12 % sodium dodecyl sulfate (SDS) polyacryl-
amide gels, and electroblotted onto polyvinylidene difluoride
(PVDF) membranes. Blots were stained with Ponceau S to
confirm that protein loading was identical in all lanes.
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Membranes were soaked in PBS to remove the Ponceau S and
incubated for 90 min in Tris-buffered saline (TBS) containing
5 % dried skimmed milk and 0.1 % Tween 20 to block non-
specific protein binding sites. Subsequently, the membranes
were incubated for 14 h at 4 °C with the primary antibody
1:1000: STAT2; AKT3 from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). BIK 1:100 and 14-3-3z 1:500 from
Abcam were diluted in TBS-Tween 20 0.1 % including 5 %
dried skimmed milk. Then, these were washed and incubated
with peroxidase-conjugated secondary antibodies 1:10,000.
Protein was detected using an ECL Western blot detection
kit (Millipore). The blots were subjected to densitometry anal-
ysis and data were analyzed using GraphPad Prism 5 software
(GraphPad Software, San Diego, CA, USA). Western blots
were repeated three times.

14-3-3z interactome

Protein data mining was performed with the HIPPIE (http://
cbdm.mdc-berlin.de/tools/hippie/information.php) database,
which integrates information from the HPRD, BioGRID,
IntAct, MINT, Rual05, Lim06, Bell09, Stelzl05, DIP, BIND,
Colland04, Lehner04, Albers05, MIPS, Venkatesan09,
Kaltenbach07, and NakayamaO2 databases [15]. Analysis
was achieved with the open source bioinformatics platform
Cytoscape [16] and BisoGenet Plugin, utilizing the proteins
identified as bait nodes and adding edges as follows:
Organism > Homo sapiens, protein identifiers only; Data
Settings > protein-protein interactions, all data sources and
all experimental methods, and method > by adding edges
connecting input nodes and as Output > Proteins.

Data analysis

Data were presented as mean+standard deviation (SD) (n=3).
Statistical comparisons were performed by one-way analysis
of variance (ANOVA) with Tukey test. Significant differences
were indicated as p<0.05 or 0.01.

Results
BIK suppression

In order to evaluate whether BIK expression was blocked
using siRNA, we compared the levels of messenger RNA
(mRNA) and protein in the various MCF-7 cell groups: non-
treated, scrambled sequence, siRNAIBIK, and TAM and
siRNAiIBIK/TAM. Transient transfection of BIK siRNA re-
duced BIK mRNA expression levels by about 55+0.106 % in
MCF-7 cells compared with the controls (non-treated and
scrambled), while in the TAM group, BIK mRNA levels in-
creased 2-fold with respect to control groups. In the

siRNAIBIK group, TAM induced a slight increase in BIK,
reaching values similar to those of the non-treated group, that
is, 2.4-fold lower than those of the TAM-treated group. These
results were confirmed by Western blot analysis (Fig. 1a, b).

Transcriptional profiles induced by TAM in siRNAiBIK

In order to have a comprehensive analysis of changes in tran-
scripts, we performed hierarchical clustering analysis of dif-
ferentially expressed genes when siRNAiBIK-treated cells
were exposed to TAM 6 uM, in relation with TAM-treated
MCF-7 cells (Fig. 2 a), with the expectation that some of these
genes can explain why TAM does not exert a cytotoxic effect
on BIK-suppressed MCF-7 cells (TAM resistance).

Of a total of 1755 genes upregulated and 943 genes down-
regulated after TAM treatment of BIK-transfected cells, 149
genes were selected (82 down- and 67 upregulated) as central
genes in our study, considering genes that exhibited the largest
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Fig. 1 Changes monitored at the transcriptional and at the translational
levels in BIK-suppressed MCF-7 cells. a Silencing of the BIK gene in
MCF-7 cells was achieved by transiently transfecting small interfering
RNA and scrambled sequence was use as control. The cells were cultured
in the presence and absence of 6 uM TAM for 24 h, followed by the
evaluation of mRNA levels. b Western blot analysis of the same samples
was conducted using (-actin as control. One representative of at least
three independent experiments with similar results is shown. The groups
were analyzed by one-way analysis of variance (ANOVA) with Tukey
test. ¥p<0.05 and ***p<0.001 vs. non-treated
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Analysis of microarrays: TAM versus siRNAiBIK/TAM
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Fig. 2 Transcriptional profiles induced by TAM in siRNAIBIK cells. a
Heat map of mRNA statistically significant between MCF-7 cells treated
with TAM at a concentration of 6.0 uM. MCF-7 cells transfected with
small interfering RNA interference (siRNAi) BIK exposed to TAM
6.0 uM. b Validation at protein level of the expression of AKT 3,
STAT?2, and 14-3-3z in BIK-suppressed MCF-7 cells. Cell lysates were
prepared and subjected to Western blot analyses for STAT2, AKT3, and

number of interactions in the HIPPIE database (seven as min-
imal interaction number) and their participation in cancer
(Tables 1 and 2). To identify genes with significant changes,
we selected genes with a 2-fold differential expression. Some
of the TAM-induced overexpressed genes in BIK-suppressed
cells have been associated with resistance to chemotherapeutic
agents, including X-linked inhibitor of apoptosis (XIAP) [17];
WEE1 G2 checkpoint kinase (WEE1) [18]; heat shock protein
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14-3-3z. One representative of at least three independent experiments
with similar results is shown. ¢, d, e Band intensities of STAT2, AKT3,
and 14-3-3z were quantified by densitometric analysis. The groups were
analyzed by one-way analysis of variance (ANOVA) with Tukey test.
*p<0.05; **p<0.01 vs. non-treated sample representative figures of
three independent experiments carried out in triplicate are shown

90 kDa alpha (cytosolic) class A member 1 (HSP90AAT1)
[19]; protein kinase, cAMP dependent, catalytic alpha
(PRKACA) [20]; Cbl proto-oncogene B, E3 ubiquitin protein
ligase (CBLB) [21]; breast cancer 2, early onset (BRCA2):
RAB GTPase activating protein 1-like (RABGAP1L); Unc-
51-like autophagy activating kinase 2 (ULK2) [22]; check-
point with forkhead and ring finger domains, E3 ubiquitin
protein ligase (CHFR) [23]; RPTOR-independent companion
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of mammalian target of rapamycin (mTOR), complex 2
(RICTOR) [24]; and tyrosine 3 monooxygenase/tryptophan
S5-monooxygenase activation protein, zeta polypeptide
(YWHAZ) [25, 26], also known as 14-3-3z. Another group
of overexpressed genes in this treatment has been associated
with increased cancer cell motility and invasiveness and in-
cludes breast carcinoma amplified sequence 2 (BCAS2) [27];
syndecan-2 (SDC2) [28]; plasminogen (PLG) [29]; and Rac/
Cdc42 guanine nucleotide exchange factor (GEF) 6
(ARHGEF®6) (Table 1). However, other genes associated with
breast cancer invasiveness were downregulated, including 3-
phosphoinositide-dependent protein kinase-1 (PDPK1) [30]
and v-Akt murine thymoma viral oncogene homolog 3
(AKT3) (Table 2).

Analysis of signaling pathways involved in the response
to TAM in BIK-suppressed MCF-7 cells

The main aim of our study was to translate the list of differ-
entially expressed genes into a better understanding of the
underlying biological phenomena. To this end, we selected
genes that exhibited a change of at least 2.0-fold. In the anal-
ysis carried out with KEGG, we found some differentially
expressed genes that were associated with cell cycle regula-
tion, mitogen-activated protein kinases (MAPK), insulin,
Janus activated kinase signal transducers and activators of
transcription (JAK-STAT), adherent junctions, Erb2, WNT,
mTOR, vascular endothelial growth factor (VEGF), phos-
phatidylinositol, apoptosis, and autophagy signaling pathways
(Table 3).

Derived from the analysis based on the KEGG database,
we selected central genes, such as 14-3-3z, AKT3, and
STAT2, because of their participation in several regulatory
pathways, such as MAPK, JAK-STAT, and insulin signaling
pathways, or due to their role in cell cycle control (Table 3).
Importantly, we observed that the YWHAZ [26] gene (also
known as 14-3-3z) was one of the differentially expressed
genes that was most significantly altered.

Differential levels of some regulatory proteins
in TAM-treated BIK-suppressed MCF-7 cells

To complement the microarray data, we evaluated STAT2, 14-
3-3z, and AKT3 at the protein level because all of these have
been associated with cancer progression [31-34]. Western blot
analysis was performed comparing the following three condi-
tions: control cells, control treated with TAM 6.0 uM, and
siRNAiIBIK/TAM 6.0 uM. Enhanced levels of STAT2 and
14-3-3z were found in MCF-7 cells transfected with BIK ex-
posed to TAM in comparison with control groups and the
TAM group (Fig. 2 e).

On the other hand, in siRNAIBIK/TAM cells, 0.68-fold
decreased expression of AKT3 was found on comparison with
the control group and the TAM group. These data validate that
differential changes in messenger RNA (mRNA) as well as
protein levels of STAT2, 14-3-3z, and AKT3 followed a sim-
ilar trend in response to TAM (Fig. 2b—e).

Suppression of BIK induced G2 arrest in response to TAM

In order to correlate how changes at the expression level and
in regulatory pathways affect the cellular processes, cell cycle
was evaluated by flow cytometry with propidium-iodide stain.
About 524+2.98 % TAM-treated MCF-7 cells remained in the
GO phase, and the number of cells in the S phase was reduced
in relation with those of the control group not treated with
TAM, indicating that TAM induced GO arrest and growth
inhibition in MCF-7 cells, while in BIK-transfected cells ex-
posed to tamoxifen, we found an increased proportion of cells
in G2-M phase (38+4.01 %), whereas the percentage of cells
in G2-M was similar in the control group and in the group of
MCF-7 treated with TAM. Additionally, the proportion of
cells in GO in BIK-suppressed cells treated with TAM did
not change significantly in relation to the control group
(Fig. 3a). These results suggest that suppression of BIK plays
a role in regulating the cell cycle in response to TAM; in this
case, cells are not arrested in GO, which is probably related
with the prevention of apoptosis; however, cells are arrested in
G2, which can be associated with the function of 14-3-3zas a
checkpoint kinase regulator. Next, we evaluated by MTT as-
say whether changes observed in the cell cycle were reflected
in differences in cell population growth (Fig. 3b). In TAM-
exposed control cells, cell number decreased by about 50 %
with respect to control cells at 24, 48, and 72 h of treatment.
Further, a significant reduction in cell viability was observed,
while the siRNAiIBIK/TAM group exhibited cell population
growth in the presence of TAM, although at a lower propor-
tion than the control group, suggesting that these cells are
resistant to the cytotoxic effect of TAM (Fig. 3b).

Potential role of 14-3-3z in regulating the cell cycle
in BIK-transfected cells on treatment with tamoxifen

To broaden our perspective of other molecules that could
regulate the cell cycle, we performed an interactome anal-
ysis employing the HIPPIE program. We found that 14-3-
3z interacts with 690 proteins; of these proteins, 55
interacting proteins are involved in cell cycle regulation
(Fig. 4). In BIK-transfected cells exposed to TAM, we
detected significant interaction of 14-3-3z with the checkpoint
kinase WEE1, known to be involved in the control of the G2
phase of the cell cycle. Further, its mRNA levels also
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Table 2 Genes downregulated in siRNAiIBIK/TAM group vs. TAM only group

Genes downregulated Official full name Z score
HMGBI1 High-mobility group protein B1 —2.03509411
GABPA GA-binding protein alpha chain —2.17225553
ALDOB Fructose-bisphosphate aldolase B —2.05477943
EEF1A1 Elongation factor 1-alpha 1 —2.05112991
HSPAS 78-kDa glucose-regulated protein —2.04989862
ANXAS Annexin A5 —2.22710324
BUBIB Mitotic checkpoint serine/threonine-protein kinase —2.02226208
GZMB Granzyme B —2.06056524
SMAD4 Mothers against decapentaplegic homolog 4 —2.16613311
CASP4 Caspase-4 —2.35607393
MTALI Metastasis-associated protein MTA1 —2.23550591
MAPK3 Mitogen-activated protein kinase 3 —2.36776181
SPARC Secreted protein, acidic, cysteine-rich (osteonectin) —2.35681748
RACI Ras-related C3 botulinum toxin substrate 1 —2.15638848
MAPK13 Mitogen-activated protein kinase 13 —2.49310867
PDPK1 3-Phosphoinositide-dependent protein kinase-1 —2.37449519
RPS6KA3 Ribosomal protein S6 kinase, 90 kDa, polypeptide 3 —2.01094536
SPTBN1 Spectrin, beta, non-erythrocytic 1 —2.41881886
ATXN1 Ataxin 1 —2.39086453
BECNI1 Beclin 1, autophagy related —2.48164383
TIAMI1 T cell lymphoma invasion and metastasis 1 —2.03730131
TPT1 Tumor protein, translationally controlled 1 —2.00315902
RNF2 Ring finger protein 2 —2.09639282
CBX4 Chromobox homolog 4 —2.26478564
APPBP2 Amyloid beta precursor protein (cytoplasmic tail) binding protein 2 —2.01159713
DNMIL Dynamin 1-like —2.78079132
CIAO1 Cytosolic iron-sulfur assembly component-1 —2.11552867
AKT3 v-Akt murine thymoma viral oncogene homolog 3 —2.06563819
PLK2 Polo-like kinase 2 —2.30907541
ARIH2 Ariadne RBR E3 ubiquitin protein ligase 2 —2.24315288
RBM39 RNA-binding motif protein 39 —2.04022831
SRSF11 Serine/arginine-rich splicing factor 11 —2.46662665
AKAP9 A kinase (PRKA) anchor protein 9 —2.68786905
GRHPR Glyoxylate reductase/hydroxypyruvate reductase —2.19486145
MED27 Mediator complex subunit 27 —2.0828471
ZNF263 Zinc finger protein 263 —2.46691836
TRAPPC3 Trafficking protein particle complex 3 —2.07490615
APP Amyloid beta (A4) precursor protein —2.84057668
RNF115 Ring finger protein 115 —2.95681414
TAF5L TAF5-like RNA polymerase 11, p300/CBP-associated factor (PCAF)-associated factor —2.40291319
PSAT1 Phosphoserine aminotransferase 1 —2.24021703
PHLDALI Pleckstrin homology-like domain, family A, member 1 —2.60217963
MKRNI1 Makorin ring finger protein 1 —2.05883306
GEMINS Gem (nuclear organelle) associated protein 5 -2.07573111
FBXWI1 F-box and WD repeat domain containing 11 —2.45845684
CHMP2B Charged multivesicular body protein 2B —2.67480842
LRIF1 Ligand-dependent nuclear receptor interacting factor 1 —2.12324168
FAM20C Family with sequence similarity 20, member C —2.11608159
AZIN1 Antizyme inhibitor 1 —2.5927809
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Table 2 (continued)
Genes downregulated Official full name Z score
SNX9 Sorting nexin 9 —2.09554203
MRPL44 Mitochondrial ribosomal protein L44 —2.40827836
ARRDC3 Arrestin domain containing 3 —2.30842424
CAMKID Calcium/calmodulin-dependent protein kinase 11 —2.0279529
ANAPCS Anaphase promoting complex subunit 5 —2.60441514
ANAPC7 Anaphase promoting complex subunit 7 —2.01870979
SOX6 SRY (sex-determining region Y)-box 6 —2.29275216
XRNI1 Exoribonuclease enzyme —2.14213795
RRN3 RRN3 RNA polymerase I transcription factor homolog —2.12016091
TRIMY9 Tripartite motif-containing 9 —2.24892842
LRRK2 Leucine-rich repeat kinase 2 —2.21833787
ZNF830 Zinc finger protein 830 —2.03170208
FBXO032 F-box protein 32 —2.61978152
PCGF5 Polycomb group ring finger 5 —2.16653985
EEF1G Eukaryotic translation elongation factor 1 gamma —2.38290626
UBE2S Ubiquitin-conjugating enzyme E2S —2.02871491
FAM210 Family with sequence similarity 210, member —2.03723005
FTH1 Ferritin, heavy polypeptide 1 —2.43520953
H3F3B H3 histone, family 3B (H3.3B) —2.08338496
NMEL1 NME/NM23 nucleoside diphosphate kinase 1 —2.06327722
TWE2 Twinfilin actin-binding protein 2 —2.18137325
CORT Cortistatin —2.60687035
CCDC158 Coiled-coil domain containing 158 —2.88938073
SRP9 Signal recognition particle 9 kDa —2.56314859
AIDA Axin interactor, dorsalization associated —2.51533629
Table 3  Signaling pathways associated with tamoxifen resistance in breast cancers
ID Pathways Number of p value Genes
genes
hsa04010 MAPK signaling pathway 16 3.58E-01 DUSP6, FGF5, RAC1, MAPK3, NF1, STMNI1, DUSP16, DUSP4,
KRAS, RASA1, AKT3, CACNB2 TAB2, PRKACA, MAPK13,
RPS6KA3 YWHAZ
hsa04910 Insulin signaling pathway 13 1.93E-02 KRAS, PPP1R3B, AKT3, PYGL, RPS6KB1, PRKAR2A, MAPK3.
PRKACA, PDPK1, CALMI1, GCK, SLC2A4, PRKARIA, YWHAZ
hsa04630 JAK-STAT signaling pathway 9 3.42E-01 IL7R, PRL, AKT3, L7, IL6ST, PIAS4, IL15, STAT2, IL11RA
hsa04520 Adherens junction 8 3.27E-02 MAPK3, MET, SNAI2, CTNNB1, SMAD4, PVRL2, RAC1, FARP2
hsa04012 ErbB signaling pathway 8 5.70E-02 KRAS, MAPK3, NRG4, AKT3, NRG2, PAK6, AREG, RPS6KB1
hsa04110 Cell cycle 8 243E-01 WEEI, ANAPC2, YWHAZ, ANAPCS, ORCIL, SMAD4, BUB1B,
CDK6
hsa04310 Wnt signaling pathway 8 4.85E-01 FZD2, CTBP2, FBXWI1, RACI1, PRKACA, CTNNBI, SMAD4,
NFATS
hsa04150 mTOR signaling pathway 7 1.11E-02 MAPK3, ULK2, PDPK1, AKT3, RPS6KA3, ULK3, RPD6KB1
hsa04370 VEGF signaling pathway 7 7.98E-02 KRAS, MAPK3, SPHK2, MAPK13, AKT3, NFATS, RAC1
hsa04070 Phosphatidylinositol signaling system 7 8.87E-02 PLCD4, CALMI, PIP5K1B, IMPA2, PIK3C2A, DGKB, PIK3C3
hsa04210  Apoptosis 6 3.16E-01 PRKAR2A, ENDOG, PRKACA, AKT3, CYCS, PRKARIA
hsa04140 Regulation of autophagy 5 2.05E-02 MAPK3, ULK2, PDPK1, AKT3, RPS6KA3, ULK3, RPS6KB1
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Fig. 3 Tamoxifen (TAM)-
induced arrest in G2 and
increased cell population in BIK-
suppressed MCF-7 cells. a Cell
cycle distribution of control, small
interfering RNA interference
(siRNAI) BIK, and siRNAIBIK/
TAM cells was analyzed by
FACS after propidium-iodide
staining, and data were
represented graphically. b Total
cell population obtained by MTT
assay after 24-h exposure to
TAM. The groups were analyzed
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increased on TAM treatment of BIK-suppressed MCF-7 cells
(Table 1). The signaling pathways participating in causing
resistance to tamoxifen in BIK a suppressed MCF-7 cell are
depicted in Fig. 5.

Discussion

Breast cancer is the most frequently detected neoplasm in
women worldwide and is heterogeneous in nature when ana-
lyzed at the clinical, histological, as well as at the molecular
levels. TAM, an antagonist of estrogen, has been used in the
clinic to treat breast cancers; however, resistance to TAM has
been the bottleneck in achieving successful outcomes.
Although some key molecules and mechanisms related to
TAM resistance have been identified, other molecules are
emerging for understanding the mechanisms of TAM

@ Springer

resistance. BIK has been associated with tumor reversion in
several cell lines, and it has been proposed as a target for
inducing apoptosis in cancer, including breast cancer. In trans-
formed mice fibroblasts, the capacity of v-Src to prevent apo-
ptosis is based on inhibition of the mitochondrial pathway of
apoptosis through the increase of the degradation rate of BIK.
This effect is dependent on the activation of the RAS-RAF-
MEK1/2-ERK1/2 pathway. In this case, phosphorylation of
the Thr124 of BIK leads to ubiquitination of the Lys33 of
BIK and its degradation by the proteasome, which in turn
leads to tumor progression [12, 35].

Previously, we found that BIK gene suppression in MCF-7
breast cancer cells induced TAM resistance because these cells
escape from the intrinsic apoptosis pathway induced by TAM
[11]. To understand the response of these cells to TAM, and
why these cells escape from the toxic effects of TAM, a mi-
croarray analysis of gene expression during TAM treatment of
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Fig. 4 14-3-3z interactome.
According to the Human
Integrated Protein-Protein
Interaction (HIPPIE) database,
the interactome revealed that 14-
3-3z interacts with 690 proteins.
Of these proteins, 55 interacting
proteins are involved in cell cycle
regulation. WEE1 had high
expression in the analysis carried
out, which suggests that it
protects breast cancer cells against
DNA damage and cell death
when BIK is suppressed in MCF-
7 cells treated with TAM

MCEF-7 suppressed for BIK was conducted and compared
with TAM-treated MCF-7 cells. It was found that TAM in-
duced changes in the mRNA levels of several genes, including
enhanced expression of STAT2 and 14-3-3z and reduced ex-
pression of AKT3 in BIK-suppressed cells, but not in non-
suppressed cells. Levels of the proteins encoded by these
genes were modified in a similar way by TAM, and global
analysis of differential gene expression in TAM-treated BIK-
suppressed cells indicated an important role for MAPK, insu-
lin, JAK-STAT, 14-3-3z, and WEE] leading to the prevention
of the cytotoxic effect of TAM.

Further, these pathways were grouped considering a higher
number of genes involved in them and their p value. The
following describe each signaling pathway.

Apart from various signaling pathways, the MAPK signal-
ing pathway has been reported to be mediating response to
TAM [36]. Our analysis of KEGG signaling pathways in
siRNAIBIK cells exposed to TAM demonstrate some patterns

of gene expression indicating the involvement of this pathway,
including high expression of KRAS and CDc42/Rac. Several
oncogenic mutations have been described in the KRAS gene,
which result in its constitutive activation and in autonomous,
non-regulated proliferation of the transformed cells, as well as
their resistance to apoptosis [37]. High expression of the RAS
gene and activation of the RAS/RAF-1/MAPK pathway could
lead to overexpression of HER2 [ErbB2/epidermal growth factor
receptor (EGFR) 2/Neu], which is associated with poor progno-
sis, especially in TAM-treated patients. Moreover, 14-3-3z pro-
teins form a complex comprising many signaling molecules,
including RAF-1 kinase. In the in vitro studies, RAF-1 must be
complexed with 14-3-3z for efficient recruitment and its activa-
tion by oncogenic Ras [38]. On the other hand, Rac/CDc42
guanine nucleotide exchange factor or GEF6 activates CDc42/
Rac that, together with P120GAP, appears to regulate the cyto-
skeletal dynamics of resistant cells, leading to a more motile and
aggressive phenotype.
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Fig. 5 Signaling pathways
involved in small interfering
RNA interference (siRNAi)/BIK
cells exposed to tamoxifen
(TAM). Red boxes: upregulated
genes; green boxes:
downregulated genes; and blue
boxes: biological mechanism. (1)
inhibitory signals; (]) activating
signals. Signaling pathways that
participate in siRNAiIBIK cells
exposed to TAM could be
regulated by key proteins, such as
14-3-3z, which is known to be

involved in various physiological XIAP

processes such as intracellular
signaling (e.g., RAF, MEKK, PI-
3 kinase, IRS-1), cell cycling
(e.g., Cdc25, WEE1), and
apoptosis, which could promote
cell survival by sequestering and
inactivating several proapoptotic
proteins, including BAD and
FOXO3a, after their
phosphorylation by survival-
inducing kinases such as AKT

Rac/Cdc42

P120GAP

Another important molecule in regulating response to
TAM is AKT3, which participates in the insulin signaling
pathway. Although activation of the mTOR-AKT pathway
has been associated with TAM resistance in MCF-7 cells, it
is surprising that recently, some hormone resistance sublines
have been derived from MCF-7, which have reduced mTOR
signaling and reduced phosphorylation/activation of AKT
[39], indicating that under some conditions, such as BIK sup-
pression, the reduced AKT activity or expression could be
associated with TAM resistance.

The protein AKT3 has been related with cancer progres-
sion, and high expression of this protein has been found in
ER-negative cells and associated with a more aggressive phe-
notype [40]. It has been suggested that inhibition of AKT
causes autophagy in human endothelial cells, and this process
is increased in AKT3-deficient mice, due to the increase in
phagosome formation in an AKT1/mTOR-independent path-
way [41, 42] It has been considered that autophagy (also re-
ferred to as macroautophagy) is critical for the development of
antiestrogen resistance. This pro-survival role for autophagy
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in antiestrogen-treated breast cancer cells is consistent with
one function of the autophagosomes, which is to recycle me-
tabolites from degraded cellular constituents to support a basal
level of cell maintenance under starvation and oxidative stress
(OS), thus rendering it essential for cellular viability [42]. Our
observation of reduced expression of AKT3 in siRNAiBIK/
TAM could be associated with increased autophagy.
Analysis of expression of molecules in the JAK/STAT sig-
naling pathway revealed the overexpression of STAT2 in BIK-
suppressed MCF-7 cells when treated with TAM. The JAK/
STAT pathway is known to mediate the action of proinflam-
matory cytokines and growth factors, which favors cancer
progression [31]; particularly STAT2 has been recently asso-
ciated with the growth of MCF-7 cell population [52], al-
though its role in breast cancer progression remains to be well
studied. Our data suggest that TAM could promote MCF-7
cell survival through the activation of STAT2 when the gene
BIK is suppressed [52]. Also STAT?2 can promote a proinflam-
matory environment as reported of its action in skin and colo-
rectal cancers [31]. In these cancers, it has been proposed that
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the overexpression of STAT2 induces the production of
proinflammatory cytokines like IL6, creating an environ-
ment that promote the activation of proteins associated
with cancer development, including the STAT3 oncogen-
ic pathway [31].

Pathways leading to the abrogation of apoptosis and cell
cycle arrest also play a central role in regulating tumorigenesis
and tumor growth in different types of cancer including breast
cancer. In siRNAIBIK cells exposed to TAM, we found some
overexpressed genes that could be associated in the prevention
of the toxic effect of TAM, since they have been associated
with cell cycle regulation and resistance to chemotherapy,
such as 14-3-3z and WEEI [18, 43—45] (Table 3).

14-3-3 proteins modified the activity and location of sev-
eral proteins by its binding when they are phosphorylated on
serine-threonine residues, participating in multiple cell func-
tions. Low expression of 14-3-3z inhibits proliferation and
sensitizes cells to stimuli that induce apoptosis; therefore, in-
creased expression of 14-3-3z could result in TAM resistance
through its action in pathways regulating cell cycle, prolifera-
tion, and cancer progression. Our observation of increased
expression of 14-3-3z in BIK-transfected cells treated with
TAM could play a role in mediating TAM resistance of these
cells. Overexpression of 14-3-3z in BIK-suppressed cells
treated with TAM could have an inhibitory or preventive ac-
tion on apoptosis [20—22], to promote cell survival and prolif-
eration or to promote the reparative response to DNA damage.
Previous studies have reported that 14-3-3 proteins bind to
members of the Bel-2 family, including BAD and BAX, there-
by inhibiting the proapoptotic activity of BAX and perme-
abilization of mitochondrial membrane [21-23]. 14-3-3 over-
expression also blocks apoptosis by inhibiting promoters of
cell death, like apoptosis signal-regulating kinase 1 (ASK1)
[23] and forkhead box O3 (FOXO 3) [24].

14-3-3z may play an important role in signaling pathway in
breast cancer. Also, a high 14-3-3z expression could positive-
ly regulate growth factor receptors and protein kinase path-
ways (e.g., EGFR, HER2, MAPK, and AKT), stimulating the
activity of pathways that promote survival, antiapoptotic sig-
naling, and conferring endocrine resistance in breast cancer
cells. Within this context, 14-3-3z has been considered a target
for manipulating multiple cancer cell pathways [46, 47].

Furthermore, by means of in silico prediction of other mol-
ecules regulated by 14-3-3z implicated in cell cycle progres-
sion in sSiRNAiBIK/TAM cells, a theoretical interactome was
carried out. From this analysis, we found that the interaction of
14-3-3z with proteins such as FOX 1 and WEEI leads to
arrest in G2 phase (Fig. 4). Consistent with this conclu-
sion, the array analysis demonstrated that WEE1 was
highly expressed in siRNAiBIK/TAM cells. WEEL is
known to regulate the repair of DNA damage. Previous stud-
ies have found that WEEI, together with CHK1 (another cell
cycle regulator), is overexpressed in cisplatin-resistant cells

[48]. Importantly, the therapeutic inhibition of WEE1 in com-
bination with chemotherapy is currently in preclinical assays
for the treatment of cancer [57].

Moreover, WEE1 has been found to be highly expressed in
various cancer types and could participate in their transforma-
tion, as well as in the acquisition of resistance to DNA-
damaging agents [49, 50]. In our studies, the overexpression
of WEEI associated with TAM resistance could protect breast
cancer cells against DNA damage and cell death [51, 52].

In conclusion, our data demonstrated that suppression of
BIK in ER-positive MCF-7 cells prevents the cytotoxic effect
of TAM and favors a more aggressive phenotype, due to the
molecular change of different pathways involved in different
cell processes such as apoptosis, cell cycle, proliferation, in-
vasion, and cell migration (Fig. 5). Knowledge of these mech-
anisms will permit the development of therapeutic strategies
to improve treatment efficiency and to prevent or overcome
drug resistance in cancer.
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