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Abstract

Tamoxifen is a commonly used drug to treat estrogen receptor-positive patients with breast cancer. Despite
the outstanding efficacy of tamoxifen, approximately one-third of patients develop resistance toward it, thereby
presenting a therapeutic challenge. HOX genes may be involved in the acquisition of tamoxifen resistance. In
this study, we identified HOXAS, a member of the HOX gene family, as a marker of tamoxifen resistance. Using
ChlP assay, we found that HOXAS expression was significantly overexpressed in tamoxifen-resistant MCF7
(TAMR) breast cancer cells because of reduced H3K27me3 binding. HOXAS upregulation resulted in
activation of the PI3K/AKT signaling cascade, which in turn, led to p53 and p21 reduction, ultimately making the
TAMR cells less apoptotic. Furthermore, elevated HOXAS expression resulted in breast cancer cells acquiring
more mesenchymal-like and stem cell traits associated with aggressive breast cancer phenotypes. In conclusion,
our results delineate a mechanism by which HOXAS promotes tumorigenesis, cancer progression, and

tamoxifen resistance in breast cancer cells.
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Introduction

Cancer is characterized by uncontrolled cell
division that commonly turns malignant and
metastasizes by migrating and invading other healthy
tissues in the body [1, 2]. Among various types of
cancer, breast cancer is one of the most prevalent
cancers worldwide [3-5]. It involves the formation of
malignant tumors in the breast tissues, usually in the
ducts of the terminal duct lobular unit [6]. Breast
cancer can be classified into four different molecular
subtypes: luminal A (estrogen receptor/progesterone
receptor-positive  [ER/PR+], human epidermal
growth factor receptor 2-negative [HER2-]), luminal B
(ER/PR+, HER2+), triple negative (ER/PR-, HER2-),
and HER2-enriched (ER/PR-, HER2+) [7], of which
the ER+ subtype is the most prevalent. ER+ cases are
typically treated with drugs belonging to the class of
selective ER modulators (SERMs) [8, 9]. Tamoxifen,
one of the most commonly administered SERMs,
competes with estradiol, a major estrogen sex
hormone for ER binding, to function as a partial ER
antagonist and a transcriptional inhibitor of

estrogen-responsive genes, thereby inhibiting breast
cancer growth. The robustness of tamoxifen makes it
an excellent drug for administration in both pre- and
post-menopausal females, as well as in male patients
with breast cancer [10]. However, approximately
one-third of patients eventually develop resistance to
tamoxifen, ultimately leading to relapse and
eventually metastatic breast cancer [11-14]. Although
there are extensive studies on the mechanisms
underlying the development of tamoxifen resistance,
knowledge on molecular markers that can predict
tamoxifen resistance and thus breast cancer relapse is
still lacking. Therefore, it is imperative to identify
novel biomarkers of tamoxifen resistance to overcome
major obstacles in improving existing therapies for
the treatment and prevention of breast cancer.

The homeobox (HOX) genes are a group of
highly conserved genes organized into four different
clusters: HOXA, HOXB, HOXC, and HOXD. These
genes play central roles in encoding transcription
factors involved in developing the anterior-posterior
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axis during embryogenesis [15-20]. The collinear
expression of HOX genes has been extensively studied
to reveal the mechanism underlying sequential
patterning of the body axis and secondary axial
structures of an embryo in space and time [20-22].
More recently, dysregulated HOX expression has
been identified in cancer [23-26]. The altered
expression of HOX genes has been studied in various
cancers such as colon, lung, ovarian, prostate, and
breast cancer [27-32], wherein it may play an
oncogenic or tumor-suppressive role. Interestingly,
specific HOX genes may play both oncogenic and
tumor-suppressive roles in a tumor site-specific
manner. Abnormal expression of certain HOX genes
can promote tumorigenesis by evading apoptosis,
altering signaling pathways, and promoting
epithelial-mesenchymal transition (EMT). In contrast,
other HOX genes can induce differentiation of cancer
cells to prevent tumor growth and proliferation [33,
34]. Nevertheless, the precise functional mechanism of
HOX genes in regulating tamoxifen resistance in
breast cancer is yet to be elucidated.

Many HOX dysregulations have been explained
through epigenetic mechanisms [16, 35]. The
expression of HOX genes is commonly controlled by
epigenetic regulations such as DNA methylation and
histone modifications during normal development or
cancer [16, 35-37]. In particular, histone modifications
regulated by histone methyltransferases, histone
demethylases, and histone acetyltransferases can
result in dynamic conformational changes in the
chromosome, which results in discrepant HOX
expression [16, 35-38].

In this study, we aimed to investigate the
molecular mechanisms underlying the role of HOXAS5
in tamoxifen resistance. Using a systematic in vitro
approach to analyze the function of HOXA5, we
found that higher levels of HOXA5 in
tamoxifen-resistant MCF7 (TAMR) breast cancer cells
activated the PI3K/AKT signaling pathway and
resulted in reduced p53 and p2l levels and
significantly reduced proportion of apoptotic cells
after tamoxifen treatment. Enhanced metastasizing
capabilities and an enrichment of breast cancer stem
cells were also associated with HOXAb5
overexpression. Overall, our results revealed the
mechanism by which HOXA5 acts as an important
factor in the acquisition of tamoxifen resistance and
enhancement of breast cancer aggressiveness and
implied that modulation of HOXAS5 expression and its
related downstream pathways can demonstrate
noteworthy benefits for patients experiencing drug
resistance and disease recurrence.

Materials and methods

Cell lines and culture

MCF7 and MCF7-TAMR cells were cultured in
Dulbecco’s modified Eagle’s medium (WelGENE Inc.,
Daegu, Korea). The medium was supplemented with
heat-inactivated 10% FBS (WelGENE Inc.) and 1%
penicillin-streptomycin (WelGENE Inc.). In case of the
MCF7-TAMR cells, the medium additionally
contained 1 pM 4-hydroxytamoxifen (Sigma, MO,
USA). All cells were grown at 37 °C in a 5% CO»
incubator. TAMR cells were generated as in vitro
models of acquired tamoxifen resistance by exposing
the parent cell lines MCF7 for a long-term with 1 pM
4-hydroxytamoxifen = (Sigma)  treatment.  For
overexpression studies, MCF7 cells were transfected
with the HOXAS5 plasmid (pCMV6-AC-GFP vector
backbone; OriGene Technologies, Inc., Rockville, MD,
USA) for 24 h using the Attractene transfection
reagent (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. Knockdown studies were
performed by transfecting TAMR cells for 24-48 h
with 40 nM siHOXA5 using G-fectin (Genolution,
Seoul, Korea) following the manufacturer’s protocol.
A pool of 5 individual siRNAs targeting exons 1 and 2
of HOXAS5 were used for the knockdown.

Reverse transcription (RT)-qPCR

Total RNA was extracted from cells using TRIzol
reagent (Invitrogen, CA, USA), and cDNA was
synthesized with 1 pg of total RNA using
ImProm-II"™ Reverse Transcriptase (Promega, WI,
USA). Reverse transcription was performed under the
following conditions: initial denaturation for 5 min at
94 °C, followed by 27-35 cycles of 94 °C for 40 s
(depending on target genes), 58 °C for 20 s, and 72 °C
for 30 s. For quantitative PCR, the StepOnePlus™
Real-Time PCR System (Applied Biosystems, CA,
USA) and Power SYBR Green PR Master Mix
(Applied Biosystems) were used. All gPCR reactions
were performed in at least three independent
biological replicates, and p-Actin and GAPDH were
used as internal controls. The RT-PCR primers are
listed in Table 1.

Western blotting

MCF7 and TAMR cells were treated under the
appropriate conditions and then lysed with NP-40
(Biosesang, Sungnam, Korea), after which their
protein concentrations were determined using the
Pierce BCA Protein Assay Kit (Thermo Scientific, MA,
USA). Each protein sample was loaded onto 8-10%
SDS polyacrylamide gel, and then electro transferred
to a PVDF transfer membrane (BioRad, CA, USA).
Immunoreactive bands were detected using target
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primary antibodies and corresponding
HRP-conjugated secondary antibodies. Bands were
visualized using the SuperSignal West Pico
Chemiluminescent Substrate Kit (Thermo Scientific).
Anti-HOXAS (ab82645; Abcam), anti-EZH?2 (#5246S;
Cell Signaling, MA, USA), anti-SUZ12 (#3737; Cell
Signaling), anti-EED (ab96801; Abcam, Cambridge,
UK), UTX (ab36938; Abcam), anti-JMJD3 (ab169197;
Abcam), anti-AKT (#2967, Cell Signaling),
anti-phospho-AKT (Thr308, #9275; Cell Signaling),
anti-phospho-AKT (Ser473, #4508; Cell Signaling),
anti-p53 (sc-126; Santa Cruz Biotechnology, CA,
USA), anti-p21 Wafl/Cipl (#2947; Cell Signaling),
anti-Caspase-7 (#12827; Cell Signaling), anti-cleaved-
Caspase-7 (#8438; Cell Signaling), anti-Caspase-9
(#9508, Cell Signaling), anti-cleaved-Caspase-9
(#52873; Cell Signaling), anti-PARP (#9542; Cell
Signaling), anti-cleaved-PARP (#5625; Cell Signaling),
anti-E-cadherin (ab40772; Abcam), anti-N-cadherin
(ab18203; Abcam), anti-ZEB1(ab181451; Abcam), and
anti-p-Actin (ab6276; Abcam) antibodies were used to
detect each of the respective proteins.

Table 1. Primer sequences used for RT-PCR

Genes Sequence (5' — 3')

HOXA5 F- ACCCACATC AGC AGC AGA GA
R-GGC CGC CTA TGT TGT CAT
50X2 F- ACA TGA ACG GCT GGA GCA
R- GCT GCG AGT AGG ACA TGC
OCT4 F- CTG ATC TGC TGC AGT GTG G
R-CCTTCCCACCTGCACAGAT
NANOG F- CCT TCC TCC ATG GAT CTG CT
R- TGA GGT TCA GGA TGT TGG AGA G
P-Actin F- CAT GTT TGA GAC CTT CAA CAC CCC

R- GCC ATC TCC TGC TCG AAG TCT AG

incubated at room temperature in the dark for 15 min.
Cells were washed with 500 pL of cold binding buffer,
then 10 pL of PI (30 pg/mL) was added, and finally
analyzed by flow cytometry.

Chromatin immunoprecipitation (ChlP)
analysis

For ChIP analysis, cells were fixed with 1%
formaldehyde for 15 min at room temperature, and
then quenched with 2.5 M glycine. Subsequently, the
cells were lysed on ice for 10 min in SDS bulffer
containing protease inhibitors, and then sonicated
with Sonics Vibra Cell™ (Sonics & Materials Inc., CT,
USA; 7 min: 10 s pulse, 10 s interval) on ice. The
fragmented chromatin samples were centrifuged at
8000 xg at 4 °C for 5 min and the supernatant was
collected. The samples were pre-cleared, and then
incubated overnight at 4 °C with the appropriate
antibodies and protein-coated A/G agarose beads
(Santa  Cruz) with gentle shaking. The
immunoprecipitated eluates were reverse
cross-linked and recovered through DNA purification
for PCR. Anti-H3K4me3 (ab1012;  Abcam),
anti-H3K9ac (ab12179; Abcam), anti-H3K27me3
(ab6002; Abcam), anti-EZH?2 (#5246S; Cell Signaling),
anti-SUZ12  (#3737; Cell Signaling), anti-EED
(ab96801; Abcam), anti-UTX (ab36938; Abcam),
anti-J]MJD3 (ab169197; Abcam), and non-immune
mouse IgG (5¢2025; Santa Cruz) antibodies were used.
ChIP-PCR primers are listed in Table 2.

Table 2. Primer sequences used for ChIP-PCR assay

Cell proliferation assay

Relative cell proliferation was measured using
the Cell Counting Kit-8 (Dojindo Molecular
Technologies Inc., Kumamoto, Japan) following the
manufacturer’s protocol. Briefly, 7.5 x 103 cells/well
were plated and grown on 96-well plates, stained with
10 pL of WST-8, and incubated for 3 h at 37 °Cina 5%
CO; incubator for three consecutive days. The plate
was then measured for absorbance at 450 nm using a
Softmax Pro microplate reader (Molecular Devices,
CA, USA).

Apoptosis analysis

The EzWay Annexin V-FITC Apoptosis
Detection Kit (Komabiotech, Seoul, Korea) was used
to detect apoptosis. Breast cancer cells (3 x 10° cells
per cell line) were harvested, centrifuged, and washed
twice with cold Phosphate Buffered Saline (PBS). The
washed cells were resuspended in 500 pL of cold
binding buffer. Subsequently, 1.25 pL (200 pg/mL) of
the Annexin V-FITC reagent was added and

Amplicon sites Sequence (5' — 3')

HOXAD5 promoter #1 F- GCT CTC CGG AGC CAA AGT G
R- TCA TAG TTC CGT GAG CGA GC
HOXAS5 promoter #2 F- GTG CTT GAT TTG TGG CTC GC

R- GTG ATT CGA AGT CGT ACC CCA
F- GAG AAG GCA CAC AGC TAG GG
R- CCA AGC TGT ACA GGA GAG GC

Gene desert

Invasion and migration analyses

For the invasion assay, cells were harvested and
resuspended in serum-free media, and 100 pL of cell
suspension (5 x 104 cells) were seeded into inserts that
were pre-coated with Matrigel (BD, CA, USA) (150
mg/mL) mixed with coating buffer. Standard media
with 10% FBS was added to the bottom of the wells.
After 72 h, the cells on the upper surface of the inserts
were removed with cotton swabs, and the cells that
invaded the bottom of the inserts were fixed with
methanol and stained with DAPI. For the migration
assay, the same protocol was used in the absence of
Matrigel. Cells were observed and imaged by
fluorescent microscopy, and cells were counted using
Image J software.
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Spheroid formation assay

Spheroid cultures were grown as described, with
minor changes [39]. Briefly, 1 x 10* cells/mL were
counted and resuspended carefully using a 25G
syringe needle to obtain a single-cell suspension. The
cells were pelleted, washed with cold PBS, and
syringe-filtered again to ensure that it remains as a
single-cell suspension. Cells were then plated onto
Ultra-Low attachment 6-well plates (Corning, NY,
USA) with 2 mL DMEM/F12 media (WelGENE Inc.)
supplemented with 1% PSA, 2% B27, 10 ng/mL FGFb,
20 ng/mL EGF, 5 pg/mL insulin, and 4 pg/mL
heparin. Cells were maintained at 37 °C in a 5% CO;
incubator. The number of spheroids with a diameter
greater than 50 pm was regularly counted, and when
there were approximately 100 spheroids of this
diameter, they were collected by gentle
centrifugation, dissociated, and then passaged for the
assessment of self-renewal.

In silico analysis

The web-accessible database cBioPortal (http://
www.cbioportal.org) was used to assess HOXA5
abnormalities in breast cancer tissues. The Gene
Expression across Normal Tumor Tissue (GENT)
publicly available database (http://medical-genome.
kribb.re.kr/GENT) was used to evaluate HOXA5 gene
expression patterns in breast cancer tissues. The
Kaplan-Meier plotter (http://www.kmplot.com) was
used for survival analysis. This database allows for
the assessment of 54,675 genes on overall survival
(OS) and distant metastasis-free survival (DMFS). To
investigate the prognostic values of the HOXA5 gene,
patient samples were classified into low- and
high-expression groups, using the median as the auto
select best cutoff.

Statistical analysis

All data are expressed as mean * SD. Statistical
differences were determined using Student’s ¢-test or
one-way ANOVA for pairwise comparisons. A
p-value of < 0.05 was considered as statistically
significant.

Results

Elevated expression of HOXAS is associated
with tamoxifen resistance in breast cancer

To identify the regulatory molecules involved in
acquired tamoxifen resistance, we compared the
expression levels of the complete set of HOX genes in
between MCF7 and TAMR cells via RT-qPCR.
Amongst the genes showing differential expression
levels between the two cell strains, HOXA5 was one of
the genes which showed a dramatic increase in the

expression levels in the tamoxifen-resistant breast
cancer cells (Fig. 1A). Correspondingly, the protein
levels of HOXA5 also showed a consistent
upregulation in TAMR cells (Fig. 1B). More
importantly, survival curves from ER+ breast cancer
patients  without tamoxifen treatment were
independent of HOXA5 expression as compared to
survival curves of patients who received tamoxifen
treatment, which demonstrated that a higher
expression of HOXA5 resulted in a poorer overall
survival (Fig. 1C). To determine whether tamoxifen
resistance acquired by the cells is a direct consequence
of HOXA5 abundance, HOXA5 was knocked down in
TAMR cells by multiple small interfering RNAs
(siRNAs) (Fig. 1D). The functional significance of
HOXAS5 knockdown was confirmed by the CCK-8 cell
viability assay, which showed that the loss of HOXA5
expression was sufficient to re-sensitize TAMR cells to
a high-dose of tamoxifen treatment (Fig. 1E).

Epigenetic regulation of HOXAS occurs at its
putative promoter region

To investigate the reason behind HOXA5
upregulation in TAMR cells, epigenetic modifications
present at the HOXAS putative promoter region were
examined via chromatin immunoprecipitation (ChIP)
coupled with quantitative PCR (ChIP-PCR) assay
(Fig. 2A). In particular, histone modifications and
their binding affinities to the putative HOXA5
promoter region were studied. Active histone marks
such as histone H3 lysine 4 trimethylation (H3K4me3)
and histone H3 lysine 9 acetylation (H3K9ac) were
enriched at similar levels between MCF7 and TAMR
cells. Interestingly, histone H3 lysine 27
trimethylation (H3K27me3), a well-known repressive
marker, could not be found in TAMR cells (Fig. 2B).

We therefore analyzed factors involved in the
binding dynamics of H3K27me3 in cells. Levels of the
PRC2 complex components (EZH2, SUZ12, and EED)
and the histone demethylases (JMJD3 and UTX),
along with their protein levels were examined in
MCEF7 and TAMR cells. While the protein levels of
EZH2, SUZ12, and JMJD3 were comparable between
the two cell lines, the protein level of EED —the core
component of the PRC2 complex, was downregulated
in TAMR cells, whereas the level of UTX—a major
histone demethylase, was upregulated in TAMR cells
(Fig. 2C). To further test whether these histone
modifiers are involved in the epigenetic regulation of
HOXAS5 expression, their enrichment at the HOXAS5
promoter region was confirmed by ChIP-PCR (Fig.
2D). At the first amplicon site, the binding of JMJD3
and UTX was dramatically higher in TAMR cells
whereas, the binding of EZH2 was much higher at the
second amplicon site in MCF7 cells (Fig. 2D).
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Figure 1. Elevated expression of HOXAS is associated with tamoxifen resistance in MCF7 breast cancer cells. (A) Reverse transcription-quantitative PCR
(RT-qPCR) analysis of HOXA5 expression in MCF7 and tamoxifen-resistant breast cancer (TAMR) cells. GAPDH was used to normalize changes in HOXA5 expression levels
between the two cell lines. (B) Western blotting of HOXAS in MCF7 and TAMR cells. (C) Kaplan-Meier analysis of overall survival (OS) in estrogen receptor-positive (Luminal
A and Luminal B) breast cancer patients with and without tamoxifen treatment. (D) RT-PCR analysis of HOXA5 in TAMR cells transiently transfected with pooled siHOXAS for
48 hrs. (E) Cell viability curve of cells treated with siHOXAS in the absence (left panel) and presence of 12 UM tamoxifen (right panel) at days 1, 2, and 3. B-Actin was used as an
internal control for RT-PCR and western blotting. All experiments were performed in triplicate. ** p < 0.01, *** p < 0.001 compared with siCON by Student’s t-test.
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Figure 2. Epigenetic regulation of HOXAS occurs at its putative promoter region. (A) Schematic depiction of the HOXA5 locus on human chromosome 7. Boxes
represent exons, lines represent introns, and arrows show the direction of transcription. The gray bars represent the amplicon sites used in chromatin immunoprecipitation-PCR
(ChIP-PCR). (B) ChIP-PCR analysis of the histone modifications H3K4me3, H3K27me3, and H3K%ac in MCF7 and TAMR cells. (C) Western blotting images showing protein
levels of the epigenetic modifiers in MCF7 and TAMR cells. B-Actin was used as an internal control. (D) ChIP-PCR analysis of EZH2, SUZ12, EED, JMJD3, and UTX in MCF7 and
TAMR cells. All experiments were performed in triplicate. *** p < 0.001 compared with MCF7 by Student’s t-test.

http://lwww.jcancer.org



Journal of Cancer 2021, Vol. 12

4631

To wvalidate whether the transcriptional
activation of HOXA5 is directly regulated by the
binding of JMJD3 and UTX at its promoter, we
examined the effect of GSK-J4, a JMJD3/UTX
inhibitor, on HOXAS5 expression in MCF7 and TAMR
cells. Upon GSK-J4 treatment, the expression level of
HOXA5 was unchanged in MCF7 cells compared to
DMSO-treated control, since JMJD3 is not bound at
the HOXA5 promoter in MCF7 cells. On the other
hand, a significant reduction in HOXA5 expression
was observed in TAMR cells when JMJD3 and UTX
histone demethylase binding was inhibited using
GSK-J4. The expressions of NANOG and OCT4 were
confirmed as positive and negative controls as
NANOG showed reduced expression, but OCT4
remained unchanged with GSK-J4 treatment in a
previous study [40] (Fig. S1). Altogether, these results
suggest that the transcription of HOXA5 receives
epigenetic regulation from multiple factors, and is
directly regulated by the binding of JMJD3 and UTX
at its promoter region, thereby explaining its
differential expression observed between MCF7 and
TAMR cells.

HOXAS downregulates p53/p21 expression via
activation of the PI3K/AKT signaling pathway
in TAMR cells

To elucidate the mechanism of HOXA5 in
tamoxifen resistance, we sought to identify the
signaling pathways involving HOXA5. We utilized
the cBioPortal Pathway Mapper to list altered
signaling pathways associated with altered levels of
HOXADS5 in breast cancer. Among the listed pathways,
the PI3K/AKT and TP53 pathways were ranked
top-most (Fig. S2A and S2B). Other signaling
pathways such as WNT, NOTCH, MYC, and TGFp
showed less correlation with HOXAS5 alteration
frequencies (data not shown). Consequently, we
checked the protein levels of AKT and
phosphorylated AKT (pAKT) in MCF7 and TAMR
cells by western blotting. TAMR cells showed
enhanced basal levels of both pAKT™% and pAKTS473
when compared to MCF7 cells (Fig. 3A). Based on the
above observations, we hypothesized that HOXA5
plays a key role in activating the AKT signaling
cascade. To test this hypothesis, HOXA5 was
overexpressed in MCF7 cells and silenced in TAMR
cells. Remarkably, HOXA5 overexpression led to
increased steady-state levels of AKT activity in MCF7
cells, which had initially showed basal AKT activity in
the naive state. Further, activation of the AKT
signaling cascade in HOXAS5-overexpressing MCF7
cells resulted in reduced protein levels of p53 and p21,
the downstream effectors of the AKT pathway (Fig.
3B). Moreover, the inhibition of HOXA5 in TAMR

cells was sufficient to override the hyperactive AKT
signaling, especially at the T308 locus. Furthermore,
de-activation of the AKT signaling pathway restored
the expression of p53 and p21 (Fig. 3C).

To additionally re-confirm that the AKT
signaling pathway is activated in response to the
elevated levels of HOXAS and this activation is key to
the reduced Ilevels of p53/p21, HOXA5-
overexpressing MCF7 cells were treated with a highly
selective PI3K inhibitor - LY294002, which has
already been shown to block PI3K-dependent AKT
phosphorylation. Upon treatment with the inhibitor,
AKT activity induced by HOXAS5 overexpression was
successfully inhibited, resulting in the p53 and p21
expression levels to be rescued (Fig. 3D). Collectively,
these data support our hypothesis of the functional
role of HOXAD in tamoxifen resistance by regulation
of the PI3K/AKT pathway. Our data also bolsters the
point that AKT signaling is an important regulator of
tumor survival in the presence of tamoxifen in breast
cancer.

Since p53 and p21 levels were affected by
HOXADS expression, we analyzed the role of HOXAS5
in apoptosis. Flow cytometry analyses were used to
compare the levels of apoptosis between parent MCF7
and TAMR cells in the absence and presence of
high-dose tamoxifen treatment. Approximately 50%
of MCF7 cells underwent apoptosis when exposed to
high-dose tamoxifen as compared to TAMR cells
which showed insignificant changes. Further analyses
revealed that knockdown of HOXA5 in TAMR cells
also dramatically increased the apoptotic population
upon tamoxifen treatment compared to that of control
cells (Fig. 3E). To determine whether the increase in
the apoptotic activity of the cells is a direct
consequence of the elevated HOXAS5 levels, the
expressions of pro-apoptotic proteins were explored.
Elevated levels of caspases, PARP, and their cleaved
products are considered hallmarks of apoptosis.
Cleavage activates caspases which then act by
cleaving a variety of substrates, including PARP and
ultimately leading to cell death. Hence, protein levels
of caspase 9, caspase 7, PARP, and their respective
cleaved forms were investigated. Caspase 3 was
excluded because it is not expressed in MCF7 cells.
The basal levels of the inactive full-length caspases
and PARP were found to be similar between MCF7
and TAMR cells; however, levels of cleaved caspases
and PARP were much higher in MCF7 cells compared
to TAMR cells. This pattern in the expression levels
stayed consistent even under untreated conditions
(Fig. 3F). The differential expression between the
full-length and the cleaved forms became even more
apparent upon high-dose tamoxifen treatment which
showed that the levels of cleaved caspases and PARP
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were upregulated in tamoxifen-treated MCF7 cells,
explaining their sensitivity to tamoxifen, hence
increasing the apoptotic cell population (Fig. 3G). In
addition, when HOXA5 was depleted from TAMR
cells, the molecular levels of cleaved caspases and
PARP were increased to similar levels seen in the
MCF7 cells, indicative of impaired DNA repair

4632
function (Fig. 3H). Combined, these results
demonstrate that elevated HOXA5 expression
activates the AKT signaling pathway, which

consequently reduces p53 and p21 levels, ultimately
leading to a less apoptotic-prone and tamoxifen-
resistant phenotype of the cell.
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Figure 3. HOXAS downregulates p53/p21 expression via activation of the PI3K/AKT signaling pathway in TAMR cells. (A) Western blotting for basal PI3K/AKT
activity between parent MCF7 and TAMR cells. (B) Western blotting for PI3K/AKT pathway activation and the downstream p53 and p21 expression in MCF7 cells transfected
with either the empty vector or HOXAS-overexpressing plasmids. (C) Western blotting for PI3K/AKT activation and downstream p53 and p21 expression in TAMR cells
transfected with control or HOXAS siRNAs. (D) Western blotting of PI3K/AKT activity and p53/p21 levels in HOXAS5-overexpressing MCF7 cells after treatment with DMSO
and LY294002 — a highly selective PI3K inhibitor for 24 hrs. (E) Representative scatter plots and quantification graphs showing the distribution of Annexin V and Propidium iodide
(PI) staining from flow cytometry analysis. Parent cell lines and TAMR cells transfected with control or HOXAS siRNAs were used for this analysis. Cells are classified as “viable”
(Q3; bottom left), “early apoptotic” (Q4; bottom right), “late apoptotic” (Q2; top right), or “necrotic” (Ql; top left). (F) Western blotting for basal protein levels of full-length
and cleaved caspases and PARP in parent MCF7 and TAMR cells. (G) Western blotting for the cleaved forms caspases and PARP after tamoxifen treatment in parent MCF7 and
TAMR cells. (H) Western blotting for the cleaved forms of caspases and PARP after HOXAS5 knockdown in TAMR cells. B-Actin was used as an internal control. All experiments

were performed in triplicate.

http://lwww.jcancer.org



Journal of Cancer 2021, Vol. 12

A MCF7
o ek
§ 500 ;1 —— .
@ ggg TAMR
S 200 ns
£ 100 :
g 0
E AN N HOXAS #1 SIHOXAS #2
LA s S L L <
@) s, ko) )
S O*Y O*Y -
& R
& &
E-cadherin
N-cadherin
ZEB1
B-Actin

4633
g
é 400
2 300 siCON
T 200 :
2 100
5 04
=]
=

SIHOXAS #2

Average sphere diameter (uM)
»n
o
o

MCF7
TAMR

TAMR:SiCON
TAMR:siHOXAS

Figure 4. HOXAS5 mediates invasion and migration abilities and stemness of breast cancer cells and induces aggressive phenotypes. (A) Matrigel invasion
assay in parent MCF7, TAMR, and TAMR cells transfected with control or HOXAS siRNAs. Representative images acquired by fluorescent microscopy after DAPI staining are
shown. Quantitative interpretation was attained using Image). (B) Migration assay in parent MCF7, TAMR, and TAMR cells transfected with control or HOXAS siRNAs.
Representative images acquired by fluorescent microscopy after DAPI staining are shown. Quantitative interpretation was attained using Image]. (C) Western blotting for
epithelial and mesenchymal markers in parent MCF7, TAMR, and TAMR cells transfected with control or HOXAS siRNAs. (D) Left panel shows representative microscopic
images of breast cancer stem cell (BCSC) sphere growth of parent MCF, TAMR, and TAMR cells transfected with control or HOXAS5 siRNAs. Right panel shows graphic
presentation of the average sphere diameter. The data were retrieved and analyzed on the 14t day of spheroid culture. (E) Reverse transcription-quantitative PCR analysis of
SOX2, OCT4, and NANOG in parent MCF7, TAMR, and TAMR cells transfected with control or HOXAS5 siRNAs. All experiments were performed in triplicate. *** p < 0.001

compared with MCF7 and siCON respectively by Student’s t-test or one-way ANOVA.

HOXAS mediates metastatic abilities and
stemness of breast cancer cells resulting in
aggressive phenotypes

Next, the functional role of HOXAS resulting in
aggressive phenotypes in breast cancer cells
associated with tamoxifen resistance was assessed.
MCEF7 cells have been reported to display poor
invasiveness, whereas TAMR cells have enhanced
invasive and migratory characteristics [41]. Therefore,
we initially examined the invasion and migration
abilities of the parent MCF7 and TAMR cells, as well
as TAMR cells that have undergone siRNA-mediated
HOXADS5 knockdown. As expected, parent TAMR cells
had considerably higher invading and migrating cell
populations than parent MCF7 cells (Fig. 4A and 4B).
Consequently, =~ HOXA5-depleted TAMR  cells
displayed a dramatic diminishment in the invasive
and migratory capacity compared to that of control
cells (Fig. 4A and 4B). To better analyze this
phenomenon, protein levels of molecular factors
associated with invasion and migration, such as
E-cadherin - an epithelial marker crucial for cell-cell
adhesion, as well as N-cadherin and ZEB1 - key
molecules involved in cell plasticity and promotion of

EMT and metastasis, were explored through western
blotting. The level of E-cadherin was markedly
increased in parent MCF7 cells, whereas levels of
N-cadherin and ZEB1 were noticeably increased in
parent TAMR cells (Fig. 4C). Moreover, the
knockdown of HOXAS5 in TAMR cells promoted a
reversal of EMT by upregulating the expression of the
epithelial marker, E-cadherin, and downregulating
the levels of the mesenchymal markers N-cadherin
and ZEB1 (Fig. 4C).

Increasing evidence is suggesting that a
subpopulation of breast cancer stem cells contributes
to the acquisition of drug resistance and ultimately
metastasis and relapse in cancer patients. Hence, we
evaluated whether TAMR cells display more
stem-like properties when compared to MCF7 cells.
We used the spheroid formation assay to analyze this
phenotype. The spheroid formation assay is a method
that allows the measurement of self-renewal
capability and the multipotent nature of the cancer
stem cell subpopulations within a cancer cell line. In
the current study, the assay revealed that the size of
the spheroids generated by parent TAMR cells was
qualitatively more than 2-folds larger than that of
parent MCF7 cells (Fig. 4D). To confirm that the
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enhanced spheroid formation was due to the elevated
expression of HOXA5 in TAMR  cells,
HOXA5-depleted TAMR cells were used again to
assess the spheroid formation capabilities. A
significant reduction of spheroids in HOXA5
knockdown TAMR cells compared to control cells
was observed, supporting the role of HOXAS5
involvement in cancer stemness (Fig. 4D). To
determine whether this phenomenon is accompanied
by certain underlying molecular changes, we screened
the cells for differential gene expression of stem cell
markers, SOX2, OCT4, and NANOG. All three genes
were upregulated in TAMR cells, supporting the
results of the spheroid formation assay. When TAMR
cells were depleted of HOXA5, we observed a
significant downregulation in the expression levels of
S0OX2, OCT4, and NANOG genes (Fig. 4E).

In summary, our data confirmed that HOXA5
plays an important role in the regulation and
maintenance of aggressiveness in tamoxifen-resistant
breast cancer cells by mediating invasion and
migration abilities as well as stem-like characteristics.

Discussion

In this study, we demonstrated that HOXAS is a
key molecule in activating the PI3K/AKT signaling
pathway in tamoxifen-resistant breast cancer cells. We
showed that it performs this role by downregulating
p53 and p21 expression levels, resulting in impaired
apoptosis and ultimately leading to tamoxifen
resistance. We also revealed that HOXAS contributes
to breast cancer aggressiveness by modulating the
expression of proteins involved in EMT. Therefore,
the HOXA5/AKT/p53 axis is essential for promoting
tamoxifen resistance in breast cancer.

To date, there have been contradictory
observations on the role of HOXA5 in cancer. Some
studies suggest that HOXA5 functions as an
oncogene, whereas some suggest that it functions as a
tumor suppressor [42-46]. In particular, few studies
have reported that HOXAS5 is downregulated in
breast cancer and that it functions as a tumor
suppressor. Consequently, these studies showed that
the overexpression of HOXA5 could prevent tumor
progression and transition cancerous cells to a
normal-like state [47-49]. Nonetheless, the role of
HOXADJ in the acquisition of tamoxifen resistance in
cells has never been reported. In the current study, we
suggest that targeting the overexpression of HOXA5
alone in breast cancer cells may not be therapeutically
beneficial to combat tumorigenesis. In our analysis,
we show evidence that high expression levels of
HOXAD5 is associated with an overall poor survival in
ER+ breast cancer patients who have received
tamoxifen treatment (Fig. 1C). Therefore, based on all

our observations, we propose that overexpression of
HOXADS in breast cancer may not cause the cancer cell
to revert back to a normal-like state. We have also
shown that the elevated expression of HOXAS in ER+
breast cancer could result in the acquisition of
tamoxifen resistance. To corroborate the clinical
relevance of the elevated expression of HOXA5 in
conferring tamoxifen resistance, we used patient data
retrieved from a publicly available gene expression
profiling dataset (GSE1379) on 60 paired primary ER+
breast cancer patients and patients with recurrent
cancer following tamoxifen monotherapy for 5 years.
In agreement with the in vitro results, HOXA5
expression was significantly higher in recurrent
tumors, further supporting our hypothesis that
HOXA5 is a potential biomarker of tamoxifen
resistance (Fig. S3). However, additional investigation
is essential to identify in detail the precise cellular and
physiological functions of HOXA5 in the development
of tamoxifen resistance.

The p53 pathway is well known to be involved in
apoptosis, and its relationship with HOXA5
expression has also been reported. A previous study
showed that HOXAS5 functions as a direct
transcriptional regulator of p53 by binding to its
promoter region and also that expression levels of
these two genes are positively correlated in ER+
breast cancer cells [49]. In this study, however,
HOXA5 and p53 expressions were negatively
correlated. This apparent and contradictory
observation could be explained by the fact that p53 in
our tamoxifen-resistant breast cancer model system is
regulated by the PI3K/AKT signaling pathway, and
not directly by HOXADS itself. This phenomenon has
also been demonstrated in mice, where Hoxa5 did not
alter p53 expression [50]. Therefore, our results might
have important implications in demonstrating that
along with the expression of HOXAS, the PI3K/AKT
signaling pathway needs to be simultaneously
targeted to achieve efficient apoptotic effects
mediated by p53.

The elevated expression of HOXAS also induced
aggressive and stem cell-like properties in TAMR
cells. Currently, a growing body of evidence suggests
that tamoxifen-resistant breast cancers are more
invasive, metastaticc, and possess the ability to
self-renew and generate diversely differentiated
populations in a tumor [51, 52]. As a result, it is
essential to study factors related to breast cancer stem
cells (BCSCs) and their development. We
demonstrated for the first time that HOXA5
expression is necessary for the activation of the stem
cell markers (SOX2, OCT4, and NANOG) and the
enhanced formation of spheroids enriched with
BCSCs. Further examination of the mechanism and
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factors leading to BCSC conversion during endocrine
resistance development seems crucial for HOXA5 to
be applied as a therapeutic target or biomarker in
patients.

Our study is the first to provide evidence that
HOXADJ is not only involved in tumorigenesis and/or
cancer progression but is also a molecular marker for
tamoxifen resistance. In this study, HOXA5
overexpression activated the PI3K/AKT signaling
cascade, which in turn inhibited p53 and p21
expression, resulting in reduced apoptosis in TAMR
cells. In addition, HOXA5 induced migratory and

invasive characteristics in TAMR cells by modulating
the expression of epithelial and mesenchymal
molecular markers. Elevated HOXA5 levels also
promoted the formation of spheroids composed of
BCSCs by upregulating the expression of stem cell
markers (Fig. 5). Collectively, this study suggests that
the HOXA5/AKT/p53 axis plays a crucial role in
developing tamoxifen resistance and its associated
phenotypes in ER+ breast cancer, and hence, could be
considered as a potential therapeutic target for
reversing tamoxifen resistance in breast cancer cells.

<MCF7 >
JMJD3 EZH2 @ SUZ12
UTX EED O "
- P H3K27
<ol R A
Stemness markers Epithelial markers Signaling pathway
ocT4 p-AKT (T308) 1
SOX2 E-cadherin ;
NANOG ak
p53
| p21
Apoptosis
< TAMR >
H
/ P\ p21
7S LA l
OCT4 Mesenchymal markers p-AKT (T308) I
SOX2 ]
NANOG N-cadherin
ZEB1

EZH2 suz12
(EED

HOXAS
ON
—

Figure 5. A schematic model showing the potential role of HOXAS in the tumorigenesis of breast cancer. In MCF7 breast cancer cells, the PRC2 complex leads
to repressive histone modifications such as H3K27me3 at the putative promoter of HOXAS, resulting in gene expression inhibition. This leads to apoptosis (p53 and p21
expression), epithelial phenotype (E-cadherin expression), and reduced breast cancer stem cell formation (decreased stemness marker expression). On the contrary, in TAMR
cells, histone demethylases remove H3K27me3 marks at the HOXAS5 putative promoter region. This leads to diminished apoptosis (inhibition of p53 and p21 expression),
mesenchymal phenotype (N-cadherin and ZEB1 expression), and enhanced breast cancer stem cell formation (increased stemness marker expression).

http://lwww.jcancer.org



Journal of Cancer 2021, Vol. 12

4636

Abbreviations

HOX: homeobox; PI3K: phosphoinositide
3-kinase; AKT: protein kinase B; ER: estrogen
receptor; PR: progesterone receptor; HER2: human
epidermal growth factor receptor 2; SERMs: selective
ER modulators; EMT: epithelial-mesenchymal
transition;, TAMR: tamoxifen-resistant; SOX2: sex
determining region Y-box 2; OCT4: octamer-binding
transcription factor 4, NANOG: nanog homeobox;
BCSCs: breast cancer stem cells; ZEB1: zinc finger
E-box binding homeobox 1; OS: overall survival.

Supplementary Material

Supplementary figures.
http:/ /www jcancer.org/v12p4626sl.pdf

Acknowledgements

This work was supported by the Brain Korea 21
Project for Medical Science, Yonsei University; the
Basic Science Research Program through the National
Research Foundation (NRF) funded by the Ministry of
Education, Science, and Technology [NRF-
2019R111A1A01050780 and NRF-2016R1A2B2011821].

Author Contributions

CYK and JJH.O designed the experiments.
C.Y K analyzed the data and wrote the manuscript.
CYK and Y.CK performed the in vitro studies.
M.HK and ].H.O managed and supervised the study
and finalized the manuscript. All authors discussed
the results and commented on the manuscript.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011; 144: 646-74.

2. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000; 100: 57-70.

3. Key TJ, Verkasalo PK, Banks E. Epidemiology of breast cancer. Lancet Oncol.
2001; 2: 133-40.

4. DaiX, LiT, Bai Z, Yang Y, Liu X, Zhan ], et al. Breast cancer intrinsic subtype
classification, clinical use and future trends. Am ] Cancer Res. 2015; 5: 2929-43.

5. Yersal O, Barutca S. Biological subtypes of breast cancer: Prognostic and
therapeutic implications. World J Clin Oncol. 2014; 5: 412-24.

6. Daniel CW, Smith GH. The mammary gland: a model for development. J
Mammary Gland Biol Neoplasia. 1999; 4: 3-8.

7. Sims AH, Howell A, Howell SJ, Clarke RB. Origins of breast cancer subtypes
and therapeutic implications. Nat Clin Pract Oncol. 2007; 4: 516-25.

8. Jordan VC. Selective estrogen receptor modulation: concept and consequences
in cancer. Cancer Cell. 2004; 5: 207-13.

9. Osborne CK, Zhao H, Fuqua SA. Selective estrogen receptor modulators:
structure, function, and clinical use. ] Clin Oncol. 2000; 18: 3172-86.

10. Clemons M, Danson S, Howell A. Tamoxifen ("Nolvadex"): a review. Cancer
Treat Rev. 2002; 28: 165-80.

11. O'Regan RM, Jordan VC. The evolution of tamoxifen therapy in breast cancer:
selective oestrogen-receptor modulators and downregulators. Lancet Oncol.
2002; 3: 207-14.

12. Ali S, Rasool M, Chaoudhry H, P NP, Jha P, Hafiz A, et al. Molecular
mechanisms and mode of tamoxifen resistance in breast cancer.
Bioinformation. 2016; 12: 135-9.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Chang M. Tamoxifen resistance in breast cancer. Biomol Ther (Seoul). 2012; 20:
256-67.

Oh JH, Lee JY, Kim KH, Kim CY, Jeong DS, Cho Y, et al. Elevated GCN5
expression confers tamoxifen resistance by upregulating AIB1 expression in
ER-positive breast cancer. Cancer Lett. 2020; 495: 145-55.

Mallo M, Alonso CR. The regulation of Hox gene expression during animal
development. Development. 2013; 140: 3951-63.

Soshnikova N, Duboule D. Epigenetic regulation of vertebrate Hox genes: a
dynamic equilibrium. Epigenetics. 2009; 4: 537-40.

Soshnikova N, Duboule D. Epigenetic temporal control of mouse Hox genes in
vivo. Science. 2009; 324: 1320-3.

Tschopp P, Tarchini B, Spitz F, Zakany J, Duboule D. Uncoupling time and
space in the collinear regulation of Hox genes. PLoS Genet. 2009; 5: €1000398.
Duboule D. The rise and fall of Hox gene clusters. Development. 2007; 134:
2549-60.

Pearson JC, Lemons D, McGinnis W. Modulating Hox gene functions during
animal body patterning. Nat Rev Genet. 2005; 6: 893-904.

Favier B, Dolle P. Developmental functions of mammalian Hox genes. Mol
Hum Reprod. 1997; 3: 115-31.

Krumlauf R. Hox genes in vertebrate development. Cell. 1994; 78: 191-201.
Hur H, Lee JY, Yun HJ, Park BW, Kim MH. Analysis of HOX gene expression
patterns in human breast cancer. Mol Biotechnol. 2014; 56: 64-71.

Shah N, Sukumar S. The Hox genes and their roles in oncogenesis. Nat Rev
Cancer. 2010; 10: 361-71.

Bhatlekar S, Fields ]JZ, Boman BM. HOX genes and their role in the
development of human cancers. ] Mol Med (Berl). 2014; 92: 811-23.

Chen H, Sukumar S. HOX genes: emerging stars in cancer. Cancer Biol Ther.
2003; 2: 524-5.

De Vita G, Barba P, Odartchenko N, Givel JC, Freschi G, Bucciarelli G, et al.
Expression of homeobox-containing genes in primary and metastatic
colorectal cancer. Eur ] Cancer. 1993; 29A: 887-93.

Calvo R, West ], Franklin W, Erickson P, Bemis L, Li E, et al. Altered HOX and
WNT7A expression in human lung cancer. Proc Natl Acad Sci U S A. 2000; 97:
12776-81.

Kelly ZL, Michael A, Butler-Manuel S, Pandha HS, Morgan RG. HOX genes in
ovarian cancer. ] Ovarian Res. 2011; 4: 16.

Morgan R, Boxall A, Harrington KJ, Simpson GR, Michael A, Pandha HS.
Targeting HOX transcription factors in prostate cancer. BMC Urol. 2014; 14: 17.
Sadik H, Korangath P, Nguyen NK, Gyorffy B, Kumar R, Hedayati M, et al.
HOXC10 Expression Supports the Development of Chemotherapy Resistance
by Fine Tuning DNA Repair in Breast Cancer Cells. Cancer Res. 2016; 76:
4443-56.

Wu X, Chen H, Parker B, Rubin E, Zhu T, Lee JS, et al. HOXB7, a
homeodomain protein, is overexpressed in breast cancer and confers
epithelial-mesenchymal transition. Cancer Res. 2006; 66: 9527-34.

Li B, Huang Q, Wei GH. The Role of HOX Transcription Factors in Cancer
Predisposition and Progression. Cancers (Basel). 2019; 11.

Brotto DB, Siena ADD, de B, II, Carvalho S, Muys BR, Goedert L, et al.
Contributions of HOX genes to cancer hallmarks: Enrichment pathway
analysis and review. Tumour Biol. 2020; 42: 1010428320918050.

Soshnikova N, Duboule D. Epigenetic regulation of Hox gene activation: the
waltz of methyls. Bioessays. 2008; 30: 199-202.

Shiraishi M, Sekiguchi A, Oates AJ, Terry MJ, Miyamoto Y. HOX gene clusters
are hotspots of de novo methylation in CpG islands of human lung
adenocarcinomas. Oncogene. 2002; 21: 3659-62.

Terranova R, Agherbi H, Boned A, Meresse S, Djabali M. Histone and DNA
methylation defects at Hox genes in mice expressing a SET domain-truncated
form of MIL. Proc Natl Acad Sci U S A. 2006; 103: 6629-34.

Montavon T, Duboule D. Chromatin organization and global regulation of
Hox gene clusters. Philos Trans R Soc Lond B Biol Sci. 2013; 368: 20120367.
Manuel Iglesias J, Beloqui I, Garcia-Garcia F, Leis O, Vazquez-Martin A,
Eguiara A, et al. Mammosphere formation in breast carcinoma cell lines
depends upon expression of E-cadherin. PLoS One. 2013; 8: e77281.
Kamikawa YF, Donohoe ME. Histone demethylation maintains Prdm14 and
Tsix expression and represses xIst in embryonic stem cells. PLoS One. 2015; 10:
€0125626.

Hiscox S, Morgan L, Barrow D, Dutkowskil C, Wakeling A, Nicholson RI.
Tamoxifen resistance in breast cancer cells is accompanied by an enhanced
motile and invasive phenotype: inhibition by gefitinib (Iressa', ZD1839). Clin
Exp Metastasis. 2004; 21: 201-12.

Nagy A, Osz A, Budczies J, Krizsan S, Szombath G, Demeter J, et al. Elevated
HOX gene expression in acute myeloid leukemia is associated with NPM1
mutations and poor survival. ] Adv Res. 2019; 20: 105-16.

Zhang H, Zhao JH, Suo ZM. Knockdown of HOXA5 inhibits the tumorigenesis
in esophageal squamous cell cancer. Biomed Pharmacother. 2017; 86: 149-54.
Eoh K], Kim HJ, Lee JY, Nam EJ, Kim S, Kim SW, et al. Upregulation of
homeobox gene is correlated with poor survival outcomes in cervical cancer.
Oncotarget. 2017; 8: 84396-402.

Wang Z, Yu C, Wang H. HOXAS5 inhibits the proliferation and induces the
apoptosis of cervical cancer cells via regulation of protein kinase B and p27.
Oncol Rep. 2019; 41: 1122-30.

Peng X, Zha L, Chen A, Wang Z. HOXAD5 is a tumor suppressor gene that is
decreased in gastric cancer. Oncol Rep. 2018; 40: 1317-29.

Teo WW, Merino VF, Cho S, Korangath P, Liang X, Wu RC, et al. HOXA5
determines cell fate transition and impedes tumor initiation and progression

http://lwww.jcancer.org



Journal of Cancer 2021, Vol. 12

4637

48.

49.

50.

51.

52.

in breast cancer through regulation of E-cadherin and CD24. Oncogene. 2016;
35: 5539-51.

Chen H, Chung S, Sukumar S. HOXA5-induced apoptosis in breast cancer
cells is mediated by caspases 2 and 8. Mol Cell Biol. 2004; 24: 924-35.

Raman V, Martensen SA, Reisman D, Evron E, Odenwald WF, Jaffee E, et al.
Compromised HOXA5 function can limit p53 expression in human breast
tumours. Nature. 2000; 405: 974-8.

Gendronneau G, Lemieux M, Morneau M, Paradis ], Tetu B, Frenette N, et al.
Influence of Hoxa5 on p53 tumorigenic outcome in mice. Am J Pathol. 2010;
176: 995-1005.

Liu H, Zhang HW, Sun XF, Guo XH, He YN, Cui SD, et al. Tamoxifen-resistant
breast cancer cells possess cancer stem-like cell properties. Chin Med J (Engl).
2013; 126: 3030-4.

Rodriguez D, Ramkairsingh M, Lin X, Kapoor A, Major P, Tang D. The Central
Contributions of Breast Cancer Stem Cells in Developing Resistance to
Endocrine Therapy in Estrogen Receptor (ER)-Positive Breast Cancer. Cancers
(Basel). 2019; 11.

http://lwww.jcancer.org



