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Abstract
Purpose  Breast cancer is one of the most commonly diagnosed cancers in women. Five subtypes of breast cancer differ in 
their genetic expression profiles and carry different prognostic values, with no treatments available for some types, such as 
triple-negative, due to the absence of genetic signatures that could otherwise be targeted by molecular therapies. Although 
endocrine treatments are largely successful for estrogen receptor (ER)-positive cancers, a significant proportion of patients 
with metastatic tumors fail to respond and acquire resistance to therapy. FOXA1 overexpression mediates endocrine therapy 
resistance in ER-positive breast cancer, although the regulation of chemotherapy response by FOXA1 has not been addressed 
previously. FOXA1, together with EP300 and RUNX1, regulates the expression of E-cadherin, and is expressed in luminal, 
but absent in triple-negative and basal-like breast cancers. We have previously determined that EP300 regulates drug resist-
ance and tumor initiation capabilities in breast cancer cells.
Methods  Here we describe the generation of breast cancer cell models in which FOXA1 expression has been modulated 
either by expression of hairpins targeting FOXA1 mRNA or overexpression plasmids.
Results  Upon FOXA1 knockdown in luminal MCF-7 and T47D cells, we found an increase in doxorubicin and paclitaxel 
sensitivity as well as a decrease in anchorage independence. Conversely, upregulation of FOXA1 in basal-like MDA-MB-231 
cells led to an increase in drug resistance and anchorage independence.
Conclusion  Together, these data suggest that FOXA1 plays a role in making tumors more aggressive.
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Introduction

Breast cancer is the most common cancer in women, affect-
ing approximately 2 million women each year worldwide. In 
2018 alone, breast cancer accounted for 15% of all cancer-
related deaths in women, claiming lives of over 600,000 
women worldwide [1]. Based on tumor genetic profiling, 

five main molecular breast cancer subtypes have been 
defined: luminal A, luminal B, triple-negative/basal-like, 
HER2-enriched, and normal-like [2]. These do not only dif-
fer in their gene expression signatures, but also carry differ-
ent prognostic values. Thus, luminal A tumors are estrogen 
receptor (ER)-positive and have favorable clinical prognosis, 
while triple-negative/basal-like subtype tumors are challeng-
ing to treat due to a lack of targeted therapies [1]. The molec-
ular classification of breast cancer was introduced 20 years 
ago and since then several new subtypes have been included, 
such as claudin-low (characterized by the low expression of 
E-cadherin, high expression of epithelial-to-mesenchymal 
transition (EMT) genes, and expression of stem cell-like 
genetic signatures) [3] or molecular apocrine breast can-
cer (an aggressive form of ER-negative breast cancer which 
expresses androgen receptor and has a poor clinical prog-
nosis) [4]. Therefore, there is a large ongoing effort in the 
field to identify novel molecular targets that would allow 
treatment of a broad range of breast tumors.
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The Forkhead box (FOX) protein family encompasses 
over fifty transcriptional regulators and is characterized 
by the presence of the highly conserved “forkhead” DNA-
binding domain. These proteins play a role in a multitude 
of biological processes, such as development, prolifera-
tion, and longevity [5]. Forkhead proteins FOXA, FOXC, 
FOXM, FOXO and FOXP are important players in onco-
genic and tumor suppression pathways [6, 7]. Upregulation 
of FOXM1 and members of the FOXC family is common in 
multiple carcinomas, such as those from the lung, prostate, 
pancreas, and breast, and is associated with uncontrolled 
cell proliferation, metastasis, and poor clinical prognosis, 
illustrating their oncogenic role [8, 9]. In contrast, members 
of the FOXO family act as tumor suppressors and negatively 
regulate cell proliferation and survival. Thus, FOXO3a 
negatively regulates interferon-dependent genes, which are 
important for metastasis, and acts as an antagonist to onco-
genic FOX proteins [10, 11]. In prostate cancer, the role of 
FOXA1 is controversial, as both reports on its role as an 
oncogene and metastasis suppressor have been published 
[12, 13]. As FOX proteins can drive or suppress oncogen-
esis, understanding their role in malignant transformation is 
crucial for the development of novel therapeutic strategies.

FOXA1 is expressed in all luminal breast cancer cell 
lines, all ER-positive tumors, and about half of ER-negative 
tumors [14]. In ER-positive tumors, FOXA1 expression car-
ries a favorable clinical outcome as FOXA1 is a pioneer fac-
tor, opening chromatin and allowing ER to interact with its 
response elements and mediate response to endocrine thera-
pies, such as tamoxifen [15]. While endocrine treatments 
are largely successful, about half of patients with metastatic 
tumors fail to respond and almost all relapse due to acquiring 
resistance to therapy [16]. One of the mechanisms underly-
ing drug resistance in ER-positive tumors is the reprogram-
ming of ER activity triggered by cross-talk with growth 
factor receptor pathways. FOXA1 is considered one of key 
modulators of this reprogramming in ER-positive therapy-
resistant tumors as it modulates the expression levels of ER-
regulated genes, some of which, in turn, can make a tumor 
more aggressive [17]. Thus, one of the genes upregulated by 
FOXA1, IL-8, promotes tumor survival, metastasis, and is 
associated with resistance to ER inhibitors [18]. These find-
ings emphasize the importance of understanding the role of 
FOXA1 further and exploring the potential of using it as a 
therapeutic target in ER-positive breast tumors.

FOXA1, together with EP300 and RUNX1, promotes 
the expression of E-cadherin [19], which, in turn, reduces 
the ability of cancer cells to trigger an EMT and initiate 
metastasis [20]. EMT, together with the acquisition of drug 
resistance and stem-like properties, are some of the pro-
cesses known to be associated with tumor progression [21]. 
It is well established a role for FOXA1 in endocrine therapy 
resistance [18]; however, its association with chemotherapy 

response has not been established. In this study we have 
experimentally modulated FOXA1 levels in breast cancer 
cell models and determined its role in drug resistance and 
tumor formation in vitro.

Materials and methods

Cells

European Cell Culture Collection cell lines MCF-7, T47D, 
MDA-MB-231 and HS578T were obtained from Sigma-
Aldrich. CAL51 cells were obtained from the German 
Resource Centre for Biological Material (DSMZ). These 
cells were maintained in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 1 g/L glucose, 10% 
fetal calf serum and 4 mM l-glutamine (Thermo Fisher Sci-
entific). Medium for HS578T cells contained, in addition, 
10 µg/mL recombinant human insulin (Sigma-Aldrich). 
MCF-10A cells were a gift from L. Buluwela (Imperial Col-
lege London) and were routinely cultivated on serum-free 
HuMEC medium (Thermo Fisher Scientific). Where indi-
cated, cells were treated with 5-azacytidine (azaC; Sigma-
Aldrich) daily for 3 days.

Experimental modulation of FOXA1 expression

Overexpression of FOXA1 was obtained by stable expres-
sion of pcDNA3.1(−)-derived constructs carrying the 
full-length cDNA. FOXA1 cDNA was synthesized by Gen-
Script Biotech and cloned into the XhoI and EcoRI sites 
of pcDNA3.1(−) (Thermo Fisher Scientific) incorporating 
a GCC​ACC​ Kozak sequence immediately before the ATG 
initiation codon. Plasmid DNA was linearized with PvuI 
and transfected into MDA-MB-231 cells using FuGENE 
6 (Promega) following manufacturer’s instructions (16 µg 
DNA at 1:1.5 DNA: FUGENE ratio in 500 µL Opti-MEM, 
Thermo Fisher Scientific, for 1.5 × 106 cells in 25 cm2 flasks) 
and selected and maintained with 1 mg/mL G418 (Sigma-
Aldrich). Downregulation of FOXA1 in MCF-7 and T47D 
cells was obtained by stable expression of hairpins in the 
lentiviral vector pGIPZ (Horizon Discovery). Six differ-
ent hairpins targeting FOXA1 mRNA (RNAi Consortium, 
Broad Institute) were used (clones id and mature antisense 
sequences were sh1: V2LHS_16813, 5′-TTA​TGG​TTA​AGA​
GTA​TTG​C-3′; sh2: V3LHS_414340, 5′-ATA​ACA​GCA​GTA​
TTG​TCT​T-3′; sh3: V3LHS_399489, 5′-TCT​CGA​ACA​TGT​
TGC​CGG​A-3′; sh4: V3LHS_414344, 5′-GTC​TTG​CTA​TAT​
AAC​AGC​A-3′; sh5: V3LHS_414341, 5′-ATA​ACT​TAT​CTC​
TCC​TCC​A-3′; sh6: V2LHS_16780, 5′-GTT​ATG​TAA​ATA​
TAC​GGA​G-3′). Viral transductions were performed essen-
tially as described [22] and cells were selected and main-
tained with 1 µg/mL puromycin.
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Gene expression analysis

Total RNA, isolated using a RNeasy Mini kit (Qiagen) was 
reverse transcribed using a High Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems) and real-time 
quantitative PCR was performed using PowerUp SYBR 
Green Master Mix (Applied Biosystems) on a StepOne-
Plus Real-Time PCR system (Applied Biosystems). The 
cycling program included a 90 °C for 10 min initial step 
for enzyme activation followed by 40 cycles of denatura-
tion and primer annealing/extension consisting of 95 °C 
for 3 s and 60 °C for 30 s, respectively. The ribosomal 
RPS14 and RPLP0 genes were used as normalizers. Primer 
sequences are described in Supplementary Table 1. A 
comparative threshold cycle was used to determine rela-
tive gene expression with standard curves for each gene as 
previously described [23].

Immunoblotting

Antibodies for immunodetection following standard 
immunoblotting procedures were 24E10 for E-cadherin 
(Cell Signaling Technology), Q6 (Santa Cruz Biotechnol-
ogy) for FOXA1 and AC-15 (ab6276; Abcam) for β-actin. 
Primary antibodies were detected using horseradish perox-
idase linked anti-mouse or anti-rabbit secondary antibod-
ies as appropriate (Dako), and visualized using the ECL 
detection system (Amersham Biosciences). Imaging was 
performed using public domain ImageJ software (National 
Institutes of Health, https​://image​j.nih.gov/ij/).

Drug sensitivity assay

A sulforhodamine B (SRB, Sigma-Aldrich) assay [24] was 
used to screen for drug cytotoxicity essentially as previ-
ously described [25]. Briefly, 2 × 103 cells were plated per 
well of a 96-well plate and the following day treated with 
serial dilutions of the corresponding drug for a length of 
time equivalent to two doubling times. Drugs used were 
doxorubicin (Pharmachemie B.V.) and paclitaxel (Toc-
ris). Cells were then fixed with cold 40% (w/v) trichlo-
roacetic acid (Sigma-Aldrich) for 1 h at 4 °C, washed, 
stained with 0.4% (w/v) SRB in 1% (v/v) acetic acid for 
1 h at room temperature, washed with 1% (v/v) acetic acid, 
and dried overnight. The next day, the dye was solubilized 
with 10 mM Tris (pH 7) for 1 h at room temperature, and 
optical density was measured at 490 nm using a Sunrise 
microplate reader (Tecan). LD50 was considered as the 
drug concentration that killed 50% of cells from best-fit 
curves generated using Graphpad Prism 6 (Graphpad Soft-
ware Inc.).

Anchorage‑independent growth assays

For soft agar assays, 2 × 104 cells were mixed with DMEM 
containing 0.3% agar noble (Difco Laboratories) on 6-well 
plates with a bottom layer of solidified 0.6% agar noble in 
the same medium. Triplicate cultures for each cell type were 
maintained for 4 weeks at 37 °C in an atmosphere of 5% 
CO2 and 95% air, with 300 μL fresh medium added twice a 
week. After 4 weeks, colonies of at least 100 μm in diameter 
were counted. For mammosphere formation assays, 4 × 103 
cells/well were seeded, in triplicate, in ultra-low-attachment 
6-well plates (Corning) in DMEM/F12 medium supple-
mented with 20 ng/mL epidermal growth factor (EGF, Sino 
Biologicals), 20 ng/mL basic fibroblast growth factor (bFGF, 
Thermo Fisher Scientific) and B27 (Thermo Fisher Scien-
tific). Fresh medium (500 μL) was added every 3–5 days 
for 2 weeks after which the spherical clusters of cells were 
counted. Clone or sphere forming efficiency was calculated 
relative to the total number of plated cells 100×. Images 
were captured using an EVOS FL Cell Imaging System 
(Thermo Fisher Scientific).

Statistical analysis

Statistical evaluations were performed by Student’s t test for 
paired data. Data were considered significant at a p-value 
inferior to 0.05.

Results

Modulation of FOXA1 in cell model systems

In order to study how breast cancer cells respond to experi-
mental FOXA1 modulation, we first determined FOXA1 
expression levels in a small panel of breast cancer cell lines. 
Immunoblot analysis indicated that, as expected, FOXA1 
was expressed by luminal cells such as MCF-7 and T47D 
cell lines. The three basal-like, triple-negative cell lines 
used, CAL51, MDA-MB-231, and HS578T, did not express 
FOXA1, although a faint signal was obtained in MDA-
MB-231 cells. The non-tumorigenic cell line MCF-10A 
also showed a faint signal in immunoblots (Fig. 1a). FOXA1 
is a transcriptional activator of CDH1, the gene encoding 
E-cadherin [19], and a positive correlation was observed 
between the expression of both proteins. MCF-7 and T47D 
cells showed elevated E-cadherin, MCF-10A cells showed 
intermediate, and triple-negative cell lines absent expression 
(Fig. 1a). The CDH1 promoter in MDA-MB-231 cells is 
methylated, and therefore the absence of E-cadherin expres-
sion despite low, but detectable, levels of FOXA1 probably 
reflects the closed chromatin configuration of the CDH1 
locus.

https://imagej.nih.gov/ij/
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We generated stably transfected MCF-7 and T47D cells 
with a lentivirus driving the expression of hairpins targeting 
FOXA1 mRNA. FOXA1 expression was high in T47D cells 
transfected with the empty lentiviral vector and decreased 
to varying extents upon expression of six different hairpins 
(Fig. 1b). Image quantification indicated that the two best 
hairpins, sh6 and sh4, produced FOXA1 downregulation 
by approximately 90% and 65%, respectively (Supplemen-
tary Fig. 1a). Cells generated with these two hairpins were 
selected for further studies (hereby named T47D-shFOXA1(6) 
and T47D-shFOXA1(4) cells, respectively). Equally, MCF-7 
control cells transfected with the empty lentivector showed 
a high level of FOXA1 expression. Transfection with the 
same six hairpins targeting FOXA1 mRNA did not show a 
high level of downregulation as in the case of T47D cells 
(Fig. 1c and Supplementary Fig. 1b), and these cells were 
not considered suitable for further biological analysis as 
pools. Thus, individual clones were isolated from the pools 
of cells generated with the two best hairpins, sh3 and sh6. 

The best FOXA1 downregulating clone from each hairpin was 
selected (clone 6 for hairpin 3 and clone 8 for hairpin 6, hereby 
named MCF7-shFOXA1(sh3)-c6 and MCF7-shFOXA1(sh6)-
c8, respectively) (Fig. 1d) for further studies. These cells 
showed downregulation of FOXA1 levels by 60%, MCF7-
shFOXA1(sh3)-c6, and 50%, MCF7-shFOXA1(sh6)-c8 (Sup-
plementary Fig. 1c). Triple-negative, basal-like breast cancer 
cells show many mesenchymal characteristics and thus we 
generated stably transfected cells derived from MDA-MB-231 
cells in which FOXA1 was upregulated after transfection with 
an expression vector. MDA-MB-231 cells expressed low levels 
of FOXA1 that were upregulated approximately threefold in 
the stably over-expressed cells (Fig. 1e and Supplementary 
Fig. 1d).

Fig. 1   Experimental modulation of FOXA1 in breast cancer cell 
lines. a FOXA1 is highly expressed in luminal cells. Western blot of 
FOXA1 and E-cadherin in a small panel of breast cancer cell lines. 
E-cadherin is detected as two bands, 140 kDa precursor and 135 kDa 
after convertase processing. Generation of stably transfected T47D 
(b) and MCF-7 (c) cells by expression of FOXA1 mRNA target-
ing small hairpins (shFOXA1(1) to shFOXA1(6)) and detection of 
FOXA1 and E-cadherin levels by western blot. Empty vector pGIPZ 

was used as a negative control. d Selection of clones from MCF-7 
transfected pools. The two clones with the most FOXA1 down-
regulation were selected and its expression detected by western blot 
analysis. e Generation of stably transfected MDA-MB-231 cells by 
transfection of a FOXA1-expressing plasmid and detection by west-
ern blot. Empty pcDNA3.1 vector (ev)-transfected cells were used as 
a control. In all immunoblots β-actin was used as a loading control. 
Molecular masses of relevant bands are indicated in kDa
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Experimental modulation of FOXA1 in breast cancer 
cells does not affect E‑cadherin levels

Interestingly, E-cadherin levels did not decrease upon down-
regulation of FOXA1 in luminal MCF-7 and T47D cells 
(Fig. 1b, d). Blot quantification showed that some hairpins 
did indeed reduced E-cadherin expression in T47D cells, 
but this was only by approximately 10% (Supplementary 
Fig. 1a). In MCF-7 cells there was even a slight increase 
in E-cadherin expression (Supplementary Fig. 1b, c). This 
lack of E-cadherin downregulation upon FOXA1 knock-
down probably reflects the fact that cells did overcompen-
sate with an upregulation of the other two transcriptional 
activators of E-cadherin, EP300 and RUNX1 (Fig. 2a). 
Overexpression of FOXA1 in MDA-MB-231 cells did not 
upregulate the practically absent E-cadherin levels at either 
protein or mRNA level (data not shown). As MDA-MB-231 
cells have a highly methylated CDH1 locus [26], FOXA1-
overexpressing MDA-MB-231 cells were treated with the 
demethylating agent azaC. Indeed, demethylation of DNA 
activated the transcription of ESR1, which was used as a 
positive control for azaC treatment [27], although it did not 
trigger activation of the CDH1 locus (Fig. 2b). Although 
MDA-FOXA1 cells showed a slight increase in E-cadherin 
transcriptional repressor ZEB1 mRNA levels, others, such 
as ZEB2 and SNAI did not change, and SNAI2 was slightly 
downregulated (Fig. 2c). Thus, although ZEB1 might con-
tribute to the lack of E-cadherin expression in MDA-FOXA1 
cells, these data suggest a deeper hierarchy in the FOXA1 
control on the CDH1 locus. Importantly, these cell models 
represent good systems to analyze the phenotypic effects of 
FOXA1 independently of E-cadherin.

FOXA1 levels determine the sensitivity of breast 
cancer cells to chemotherapeutic drugs

Next, we determined how an experimental variation in 
FOXA1 expression levels would affect the sensitivity of 
breast cancer cells to drugs commonly used in cancer chem-
otherapy. For this we selected doxorubicin, an anthracycline 
commonly used in many combination regimes, which acts on 
topoisomerase II, and paclitaxel, a microtubule poison, used 
as part of the armamentarium for metastatic breast cancer. 
MCF-7 cells in which FOXA1 was downregulated showed 
an important increase in sensitivity to doxorubicin (Fig. 3a). 
Cells generated with two different hairpins showed simi-
lar increases in sensitivity (sixfold to sevenfold, Table 1). 
Response to paclitaxel was also toward an increase in sen-
sitivity (Fig. 3b), although with this drug the increase in 
sensitivity did not reach twofold (Table 1). In a similar fash-
ion, T47D cells responded to both drugs with an increase in 
sensitivity, and, as in MCF-7 cells, both hairpins showed a 
similar trend (Fig. 3c, d). Doxorubicin sensitivity increased 

Fig. 2   Gene expression analysis of FOXA1-modulated breast cancer 
cells. a Transcriptional activators of E-cadherin expression are upreg-
ulated upon experimental knockdown of FOXA1. Expression analy-
sis by real-time quantitative PCR of EP300 (top panels) and RUNX1 
(bottom panels) in FOXA1-knocked down MCF-7 (left panels) and 
T47D (right panels) cells. The ribosomal RPS14 and RPLP0 genes 
were used as normalizers. b Overexpression of FOXA1 in MDA-
MB-231 cells is unable to trigger E-cadherin expression after DNA 
demethylation. Cells were treated daily with the demethylating agent 
AzaC for 3 days and CDH1 expression was determined by real-time 
quantitative PCR. Activation of ESR1 expression was used as a con-
trol for azaC treatment. RPS14 was used as a normalizer. Data indi-
cate the average ± SD of three replicates. *p < 0.05. c Differential 
regulation of key genes upon FOXA1 upregulation in MDA-MB-231 
cells. Gene expression was determined in MDA-FOXA1 cells by real-
time quantitative PCR. The ribosomal RPS14 and RPLP0 genes were 
used as normalizers. Data indicate the average ± SD of three repli-
cates. *p < 0.05 after comparing to the corresponding expression val-
ues from control MDA-ev cells (dashed line)
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between 2.0 and 2.8-fold, whereas paclitaxel sensitivity 
increased between 1.8 and 3.2-fold (Table 1). Conversely, 
experimental overexpression of FOXA1 in MDA-MB-231 
cells led to increases in doxorubicin and paclitaxel resistance 
by 1.8- and 2.1-fold, respectively (Fig. 3e, f; Table 1), lead-
ing to a multidrug resistance phenotype [28].

As P-glycoprotein (ABCB1) is one of the main mecha-
nisms by which acquire resistance to structurally and mecha-
nistically different drugs, we attempted to measure ABCB1 
expression in MDA-FOXA1 cells by real-time quantitative 
PCR, but the signals were below detection levels (data not 
shown). Equally, MCF-7 and T47D cells do not express 
ABCB1 [29]. Another two genes involved in drug resistance, 
ABCG2, encoding another ABC transporter, and the anti-
apoptotic BCL2, increased slightly their expression levels 

(1.3–1.4 fold, Fig. 2c), although is unlikely that these small 
variation will be totally responsible for the LD50 changes 
associated with FOXA1 overexpression [30, 31].

Thus, FOXA1 is a determinant of multidrug resistance in 
an E-cadherin independent manner.

FOXA1 modulates anchorage independence

Drug resistance is of the outmost importance, especially in 
a metastatic setting, where secondary tumors have formed, 
as this dramatically reduces the survival of cancer patients. 
Anchorage-independent growth is a phenotype acquired 
by cancer cells especially important for the colonization 
of secondary sites [8], as it permits the survival of cancer 
cells in the circulation. Drug resistant cells normally acquire 

Fig. 3   Experimental modulation of FOXA1 levels affects drug sensi-
tivity. Drug sensitivity curves obtained with doxorubicin (upper pan-
els) and paclitaxel (lower panels) in FOXA1-downregulated MCF-7 

(a, b), T47D (c, d) and FOXA1-overexpressing MDA-MB-231 (e, f) 
cells. Data points represent the average ± SD from six replicates and 
the best-fit curves are shown

Table 1   Sensitivity of FOXA1-
modulated cells to doxorubicin 
and paclitaxel

a Positive values indicate resistance; negative values indicate sensitivity

Cell FOXA1 modulation LD50 (nM) Resistance ratioa

Doxorubicin Paclitaxel Doxorubicin Paclitaxel

MDA-ev 199.8 5.5
MDA-FOXA1 Upregulation 364.8 11.7 1.8 2.1
MCF7-pGIPZ 128.0 28.6
MCF7-shFOXA1(3)-c6 Downregulation 20.2 15.2 − 6.3 − 1.9
MCF7-shFOXA1(6)-c8 Downregulation 18.3 16.5 − 7.0 − 1.7
T47D-pGIPZ 53.0 32.6
T47D-shFOXA1(4) Downregulation 26.5 18.1 − 2.0 − 1.8
T47D-shFOXA1(6) Downregulation 19.0 10.0 − 2.8 − 3.2
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tumor formation capabilities [32] and thus we tested how the 
experimental modulation of FOXA1 levels affected anchor-
age independence. For this we used two standard assays, 
growth in soft agar and in low-attachment plates [33]. Down-
regulation of FOXA1 in MCF-7 cells led to a decrease in the 
number of clones in soft agar (Fig. 4a) and mammospheres 
in liquid cultures (Fig. 4d). Similar data were obtained 
in FOXA1-downregulated T47D cells (Fig. 4b, e). Con-
versely, upregulation of FOXA1 in MDA-MB-231 cells led 
to an increase in mammosphere formation (Fig. 4c). MDA-
MB-231 cells did not form robust clones in soft agar assays, 
a phenomenon already reported [34]. Importantly, NANOG, 
a marker associated with tumor initiation capabilities [35] 
was upregulated in MDA-FOXA1 cells (Fig. 2c).

In conclusion, FOXA1 is a determinant of multidrug 
resistance and anchorage independence in breast cancer 
cells.

Discussion

During tumor progression, some new characteristics, such 
as chemotherapy resistance, arise which help its prolif-
eration and survival [21]. Here we describe the role of 
FOXA1 as a key regulator of multidrug resistance and 
anchorage independence. Although the regulation of 
chemotherapy response by FOXA1 has not been addressed 
before, it is well established that FOXA1 overexpression 
mediates endocrine resistance in ER-positive breast can-
cer [18]. FOXA1 modulates a multitude of genes, includ-
ing the LYPD3/AGR2 receptor-ligand complex, which 
controls the transition from endocrine therapy-sensitive 
to -resistant ER-positive breast cancer [36]. In addition, 
FOXA1 mediates the reprogramming of ER binding in 

Fig. 4   FOXA1 modulates anchorage independence. Anchorage inde-
pendence growth assays included colony formation in soft agar (a, b) 
and mammosphere formation in low-attachment plates (c–e) and were 
used as in vitro surrogates for tumor formation in FOXA1-downregu-
lated MCF-7 (a, d), T47D (b, e) and FOXA1-overexpressing MDA-
MB-231 cells (c). a, b Soft agar assay. Cells (2 × 104/well) were 
seeded in 6-well plates with medium containing soft agar and the 
formation of colonies determined after 4 weeks of culture. c–e Mam-

mosphere assay. Cells (4 × 103/well) were grown in 6-well low-attach-
ment plates for 2 weeks. In all cases, clones or spheres larger than 
100 μm in diameter were counted. Clone or sphere forming efficiency 
calculated relative to the total number of plated cells ×100. Pictorial 
data show representatives of at least three independent experiments. 
Numerical data represent the average ± SD of three different experi-
ments (*p < 0.05). Bar represents 1000 μm
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ER-positive disease; it is present in 95% of metastatic sam-
ples, and correlates with metastasis [37].

While the role of FOXA1 in resistance to traditional 
chemotherapy has not been explored in breast cancer, 
FOXA1 drives cell cycle progression in chondrosarcoma, 
a malignant bone tumor highly resistant to chemotherapy 
[38]. Here we present data indicating that FOXA1 regu-
lates doxorubicin and paclitaxel resistance in breast cancer 
cells. Multidrug resistance, defined as the resistance to 
structurally and mechanistically dissimilar drugs, is a com-
mon phenomenon observed in progressing cancer cells and 
poses a great obstacle to ensuring good clinical outcomes 
[28]. Response rates to first-line treatments with pacli-
taxel or docetaxel in patients with metastatic breast cancer 
are between 30 and 70% and do not last long, with most 
patients progressing in as short as 6 months after treatment 
[39]. An earlier report analyzed transcriptome changes in 
MCF-7 and T47D cells upon experimental downregulation 
of FOXA1 by transient transfections with siRNAs [14]. 
Although this study did not address the cell response to 
drugs, its gene signatures do not include any of the tradi-
tional genes associated with multidrug resistance, such as 
membrane pumps or apoptotic proteins [40]. Stably trans-
fected cells, like the ones in our study, provide a more 
robust and reliable phenotype than that obtained after 
transient transfections, thus warranting further genomic 
studies with these cell models. Understanding mechanisms 
behind multidrug resistance can help identify potential 
treatment targets and, in the long run, improve clinical 
outcomes for patients with poor prognosis. Pharmacologi-
cal targeting of ABC transporters modulating multidrug 
resistance has not reached the clinic despite many years 
of drug development. Thus, targeting regulators of mul-
tidrug resistance may offer another alternative for cancer 
treatment. Although we do not currently know the genes 
downstream from FOXA1 which regulate multidrug resist-
ance, our data clearly supports a role of FOXA1 in the 
regulation of genes controlling response to doxorubicin 
and paclitaxel in breast cancer cell models.

Another feature associated with cancer progression, 
acquisition of anchorage independence, is elevated upon 
experimental FOXA1 overexpression, supporting its role in 
cancer progression by targeting genes that lead to tumor for-
mation and drug resistance. Using 3D cultures as an in vitro 
surrogate for tumor formation, we show that FOXA1 pro-
motes anchorage independence, a key property of tumor ini-
tiating cells [33]. In FOXA1-overexpressing MDA-MB-231 
cells, this was determined by mammosphere formation in 
liquid cultures. Conversely, downregulation of FOXA1 in 
MCF-7 and T47D cells led to a decrease in both the num-
ber of tumor initiating cells in the mammosphere formation 
and soft agar assays. Thus, FOXA1 regulates anchorage-
independent growth in breast cancer cells.

FOXA1, together with EP300 and RUNX1, is a positive 
regulator of E-cadherin expression [19]. As loss of E-cad-
herin is a hallmark of metastasis [41], and experimental 
downregulation of EP300 leads to a decrease in E-cadherin 
levels [42], we initially hypothesized that downregulation 
of FOXA1 levels would lead to a decrease in E-cadherin 
expression. However, we observed no E-cadherin down-
regulation upon FOXA1 knockdown in both MCF-7 and 
T47D cells, suggesting that downregulation of FOXA1 
alone is not sufficient to modulate E-cadherin expression. 
Importantly, FOXA1-depleted cells appear to overcom-
pensate by upregulating the other CDH1 transcriptional 
activators, EP300 and RUNX1. As this is not the case upon 
EP300 downregulation [42], this suggests a certain hierar-
chy underlying the transcriptional control of E-cadherin.

FOXA1 modulation of anchorage independence and 
drug sensitivity supports a role in orchestrating programs 
making breast cancer cells more aggressive. As multid-
rug resistance is a key determinant of patient survival, the 
future identification of FOXA1-regulated genes responsi-
ble for multidrug resistance will be crucial for the develop-
ment of targeted therapies and reduction of breast cancer 
mortality.

Acknowledgements  We thank P. Jat for the provision of shFOXA1 
plasmids. UK and ZM were recipients of Commonwealth Scholar-
ship Commission bursaries. AA was the recipient of a Dean’s Mas-
ter’s Scholarship, Faculty of Medicine, Imperial College London. The 
National Institute for Health Research Imperial Biomedical Research 
Centre, the Imperial Experimental Cancer Medicine Centre and the 
Cancer Research UK Imperial Centre at Imperial College London pro-
vided infrastructure support.

Author contributions  EY designed the study. Experiments, data col-
lection and analysis were performed by UK, AA, ZM, and EY. The 
first draft of the manuscript was written by EY and AA, and all authors 
commented on further versions. All authors read and approved the 
final manuscript.

Funding  UK and ZM were recipients of Commonwealth Scholar-
ship Commission bursaries. AA was the recipient of a Dean’s Mas-
ter’s Scholarship, Faculty of Medicine, Imperial College London. The 
National Institute for Health Research Imperial Biomedical Research 
Centre, the Imperial Experimental Cancer Medicine Centre and the 
Cancer Research UK Imperial Centre at Imperial College London pro-
vided infrastructure support.

Data availability  All data generated or analyzed during this study are 
included in this published article and its supplementary information 
files.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 



325Breast Cancer Research and Treatment (2021) 186:317–326	

1 3

adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creat​iveco​mmons​
.org/licen​ses/by/4.0/.

References

	 1.	 Harbeck N, Penault-Llorca F, Cortes J, Gnant M, Houssami 
N, Poortmans P, Ruddy K, Tsang J, Cardoso F (2019) Breast 
cancer. Nat Rev Dis Primers 5(1):66. https​://doi.org/10.1038/
s4157​2-019-0111-2

	 2.	 Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees 
CA, Pollack JR, Ross DT, Johnsen H, Akslen LA, Fluge O, Per-
gamenschikov A, Williams C, Zhu SX, Lonning PE, Borresen-
Dale AL, Brown PO, Botstein D (2000) Molecular portraits of 
human breast tumours. Nature 406(6797):747–752

	 3.	 Fougner C, Bergholtz H, Norum JH, Sorlie T (2020) Re-defini-
tion of claudin-low as a breast cancer phenotype. Nat Commun 
11:1787. https​://doi.org/10.1038/s4146​7-020-15574​-5

	 4.	 Lehmann-Che J, Hamy AS, Porcher R, Barritault M, Bouhidel 
F, Habuellelah H, Leman-Detours S, de Roquancourt A, Cahen-
Doidy L, Bourstyn E, de Cremoux P, de Bazelaire C, Albiter M, 
Giacchetti S, Cuvier C, Janin A, Espie M, de The H, Bertheau P 
(2013) Molecular apocrine breast cancers are aggressive estro-
gen receptor negative tumors overexpressing either HER2 or 
GCDFP15. Breast Cancer Res 15(3):R37

	 5.	 Golson ML, Kaestner KH (2016) Fox transcription factors: from 
development to disease. Development 143(24):4558–4570

	 6.	 Myatt SS, Lam EWF (2007) The emerging roles of forkhead box 
(Fox) proteins in cancer. Nat Rev Cancer 7(11):847–859

	 7.	 Lam EWF, Brosens JJ, Gomes AR, Koo CY (2013) Forkhead 
box proteins: tuning forks for transcriptional harmony. Nat Rev 
Cancer 13(7):482–495

	 8.	 Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, 
Brooks M, Reinhard F, Zhang CC, Shipitsin M, Campbell LL, 
Polyak K, Brisken C, Yang J, Weinberg RA (2008) The epi-
thelial-mesenchymal transition generates cells with properties 
of stem cells. Cell 133(4):704–715. https​://doi.org/10.1016/j.
cell.2008.03.027

	 9.	 Hollier BG, Tinnirello AA, Werden SJ, Evans KW, Taube JH, 
Sarkar TR, Sphyris N, Shariati M, Kumar SV, Battula VL, Her-
schkowitz JI, Guerra R, Chang JT, Miura N, Rosen JM, Mani 
SA (2013) FOXC2 expression links epithelial-mesenchymal 
transition and stem cell properties in breast cancer. Cancer Res 
73(6):1981–1992

	10.	 Bidwell BN, Slaney CY, Withana NP, Forster S, Cao Y, Loi 
S, Andrews D, Mikeska T, Mangan NE, Samarajiwa SA, de 
Weerd NA, Gould J, Argani P, Moller A, Smyth MJ, Anderson 
RL, Hertzog PJ, Parker BS (2012) Silencing of Irf7 pathways in 
breast cancer cells promotes bone metastasis through immune 
escape. Nat Med 18(8):1224–1231

	11.	 Delpuech O, Griffiths B, East P, Essafi A, Lam EWF, Burgering 
B, Downward J, Schulze A (2007) Induction of Mxi1-SR alpha 
by FOXO3a contributes to repression of Myc-dependent gene 
expression. Mol Cell Biol 27(13):4917–4930

	12.	 Jin HJ, Zhao JC, Ogden I, Bergan RC, Yu JD (2013) Andro-
gen receptor-independent function of FoxA1 in prostate cancer 
metastasis. Cancer Res 73(12):3725–3736

	13.	 Robinson JLL, Hickey TE, Warren AY, Vowler SL, Carroll T, 
Lamb AD, Papoutsoglou N, Neal DE, Tilley WD, Carroll JS 
(2014) Elevated levels of FOXA1 facilitate androgen receptor 
chromatin binding resulting in a CRPC-like phenotype. Onco-
gene 33(50):5666–5674

	14.	 Bernardo GM, Bebek G, Ginther CL, Sizemore ST, Lozada KL, 
Miedler JD, Anderson LA, Godwin AK, Abdul-Karim FW, Sla-
mon DJ, Keri RA (2013) FOXA1 represses the molecular phe-
notype of basal breast cancer cells. Oncogene 32(5):554–563

	15.	 Badve S, Turbin D, Thorat MA, Morimiya A, Nielsen TO, 
Perou CM, Dunn S, Huntsman DG, Nakshatri H (2007) FOXA1 
expression in breast cancer—correlation with luminal subtype 
A and survival. Clin Cancer Res 13(15):4415–4421

	16.	 Brodie A, Sabnis G (2011) Adaptive changes result in activation 
of alternate signaling pathways and acquisition of resistance to 
aromatase inhibitors. Clin Cancer Res 17(13):4208–4213

	17.	 Hurtado A, Holmes KA, Ross-Innes CS, Schmidt D, Carroll JS 
(2011) FOXA1 is a key determinant of estrogen receptor func-
tion and endocrine response. Nat Genet 43(1):27–U42

	18.	 Fu XY, Jeselsohn R, Pereira R, Hollingsworth EF, Creighton 
CJ, Li FG, Shea M, Nardone A, De Angelis C, Heiser LM, Anur 
P, Wang N, Grasso CS, Spellman PT, Griffith OL, Tsimelzon 
A, Gutierrez C, Huang SX, Edwards DP, Trivedi MV, Rimawi 
MF, Lopez-Terrada D, Hilsenbeck SG, Gray JW, Brown M, 
Osborne CK, Schiff R (2016) FOXA1 overexpression mediates 
endocrine resistance by altering the ER transcriptome and IL-8 
expression in ER-positive breast cancer. Proc Natl Acad Sci 
USA 113(43):E6600–E6609

	19.	 Liu YN, Lee WW, Wang CY, Chao TH, Chen Y, Chen JH (2005) 
Regulatory mechanisms controlling human E-cadherin gene 
expression. Oncogene 24(56):8277–8290

	20.	 Shibue T, Weinberg RA (2017) EMT, CSCs, and drug resist-
ance: the mechanistic link and clinical implications. Nat 
Rev Clin Oncol 14:611–629. https​://doi.org/10.1038/nrcli​
nonc.2017.44

	21.	 Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next 
generation. Cell 144(5):646–674

	22.	 Raguz S, Adams C, Masrour N, Rasul S, Papoutsoglou P, Hu Y, 
Cazzanelli G, Zhou Y, Patel N, Coombes C, Yague E (2013) Loss 
of O(6)-methylguanine-DNA methyltransferase confers collateral 
sensitivity to carmustine in topoisomerase II-mediated doxoru-
bicin resistant triple negative breast cancer cells. Biochem Phar-
macol 85(2):186–196. https​://doi.org/10.1016/j.bcp.2012.10.020

	23.	 Zhou Y, Hu Y, Yang M, Jat P, Li K, Lombardo Y, Xiong D, 
Coombes RC, Raguz S, Yague E (2014) The miR-106b~25 cluster 
promotes bypass of doxorubicin-induced senescence and increase 
in motility and invasion by targeting the E-cadherin transcrip-
tional activator EP300. Cell Death Differ 21(3):462–474. https​://
doi.org/10.1038/cdd.2013.167

	24.	 Vichai V, Kirtikara K (2006) Sulforhodamine B colorimetric assay 
for cytotoxicity screening. Nat Protoc 1(3):1112–1116

	25.	 Rasul S, Balasubramanian R, Filipovic A, Slade MJ, Yague E, 
Coombes RC (2009) Inhibition of gamma-secretase induces G2/M 
arrest and triggers apoptosis in breast cancer cells. Br J Cancer 
100(12):1879–1888. https​://doi.org/10.1038/sj.bjc.66050​34

	26.	 Reinhold WC, Reimers MA, Maunakea AK, Kim S, Lababidi S, 
Scherf U, Shankavaram UT, Ziegler MS, Stewart C, Kouros-Mehr 
H, Cui HM, Dolginow D, Scudiero DA, Pommier YG, Munroe 
DJ, Feinberg AP, Weinstein JN (2007) Detailed DNA methylation 
profiles of the E-cadherin promoter in the NCI-60 cancer cells. 
Mol Cancer Ther 6(2):391–403

	27.	 Ferguson AT, Vertino PM, Spitzner JR, Baylin SB, Muller MT, 
Davidson NE (1997) Role of estrogen receptor gene demethylation 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41572-019-0111-2
https://doi.org/10.1038/s41572-019-0111-2
https://doi.org/10.1038/s41467-020-15574-5
https://doi.org/10.1016/j.cell.2008.03.027
https://doi.org/10.1016/j.cell.2008.03.027
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.1016/j.bcp.2012.10.020
https://doi.org/10.1038/cdd.2013.167
https://doi.org/10.1038/cdd.2013.167
https://doi.org/10.1038/sj.bjc.6605034


326	 Breast Cancer Research and Treatment (2021) 186:317–326

1 3

and DNA methyltransferase DNA adduct formation in 5-aza-2 
’-deoxycytidine-induced cytotoxicity in human breast cancer cells. 
J Biol Chem 272(51):32260–32266

	28.	 Robey RW, Pluchino KM, Hall MD, Fojo AT, Bates SE, Gottes-
man MM (2018) Revisiting the role of ABC transporters in mul-
tidrug-resistant cancer. Nat Rev Cancer 18(7):452–464

	29.	 Raguz S, Tamburo De Bella M, Tripuraneni G, Slade MJ, Hig-
gins CF, Coombes RC, Yagüe E (2004) Activation of the MDR1 
upstream promoter in breast carcinoma as a surrogate for meta-
static invasion. Clin Cancer Res 10(8):2776–2783

	30.	 Yagüe E, Armesilla AL, Harrison G, Elliott J, Sardini A, Higgins 
CF, Raguz S (2003) P-glycoprotein (MDR1) expression in leuke-
mic cells is regulated at two distinct steps, mRNA stabilization 
and translational initiation. J Biol Chem 278(12):10344–10352

	31.	 Randle RA, Raguz S, Higgins CF, Yagüe E (2007) Role of the 
highly structured 5′-end region of MDR1 mRNA on P-glycopro-
tein expression. Biochem J 406(3):445–455

	32.	 Wang Z, Li Y, Ahmad A, Azmi AS, Kong D, Banerjee S, Sarkar 
FH (2010) Targeting miRNAs involved in cancer stem cell and 
EMT regulation: an emerging concept in overcoming drug resist-
ance. Drug Resist Updat 13(4–5):109–118

	33.	 Weiswald LB, Bellet D, Dangles-Marie V (2015) Spherical cancer 
models in tumor biology. Neoplasia 17(1):1–15

	34.	 Calvet CY, Andre FM, Mir LM (2014) The culture of cancer cell 
lines as tumorspheres does not systematically result in cancer stem 
cell enrichment. PLoS One 9(2):e89644. https​://doi.org/10.1371/
journ​al.pone.00896​44

	35.	 Gawlik-Rzemieniewska N, Bednarek I (2016) The role of NANOG 
transcriptional factor in the development of malignant phenotype 
of cancer cells. Cancer Biol Ther 17(1):1–10

	36.	 Cocce KJ, Jasper JS, Desautels TK, Everett L, Wardell S, Wester-
ling T, Baldi R, Wright TM, Tavares K, Yllanes A, Bae Y, Blitzer 
JT, Logsdon C, Rakiec DP, Ruddy DA, Jiang TC, Broadwater G, 
Hyslop T, Hall A, Leine M, Phung L, Greene GL, Martin LA, 

Pancholi S, Dowsett M, Detre S, Marks JR, Crawford GE, Brown 
M, Norris JD, Chang CY, McDonnell DP (2019) The lineage 
determining factor GRHL2 collaborates with FOXA1 to establish 
a targetable pathway in endocrine therapy-resistant breast cancer. 
Cell Rep 29(4):889–903.e10

	37.	 Ross-Innes CS, Stark R, Teschendorff AE, Holmes KA, Ali HR, 
Dunning MJ, Brown GD, Gojis O, Ellis IO, Green AR, Ali S, 
Chin SF, Palmieri C, Caldas C, Carroll JS (2012) Differential 
oestrogen receptor binding is associated with clinical outcome in 
breast cancer. Nature 481(7381):389–U177

	38.	 Lin ZS, Chung CC, Liu YC, Chen TM, Yu YL, Wang SC, Chen 
YH (2018) FOXA1 transcriptionally up-regulates cyclin B1 
expression to enhance chondrosarcoma progression. Am J Cancer 
Res 8(10):1989–2004

	39.	 Rivera E, Gomez H (2010) Chemotherapy resistance in metastatic 
breast cancer: the evolving role of ixabepilone. Breast Cancer Res 
12:S2

	40.	 Gottesman MM (2002) Mechanisms of cancer drug resistance. 
Annu Rev Med 53(1):615–627

	41.	 Onder TT, Gupta PB, Mani SA, Yang J, Lander ES, Weinberg 
RA (2008) Loss of E-cadherin promotes metastasis via multiple 
downstream transcriptional pathways. Can Res 68(10):3645–
3654. https​://doi.org/10.1158/0008-5472.can-07-2938

	42.	 Asaduzzaman M, Constantinou S, Min HX, Gallon J, Lin ML, 
Singh P, Raguz S, Ali S, Shousha S, Coombes RC, Lam EWF, 
Hu YH, Yague E (2017) Tumour suppressor EP300, a modulator 
of paclitaxel resistance and stemness, is downregulated in meta-
plastic breast cancer. Breast Cancer Res Treat 163(3):461–474

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0089644
https://doi.org/10.1371/journal.pone.0089644
https://doi.org/10.1158/0008-5472.can-07-2938

	FOXA1 is a determinant of drug resistance in breast cancer cells
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Cells
	Experimental modulation of FOXA1 expression
	Gene expression analysis
	Immunoblotting
	Drug sensitivity assay
	Anchorage-independent growth assays
	Statistical analysis

	Results
	Modulation of FOXA1 in cell model systems
	Experimental modulation of FOXA1 in breast cancer cells does not affect E-cadherin levels
	FOXA1 levels determine the sensitivity of breast cancer cells to chemotherapeutic drugs
	FOXA1 modulates anchorage independence

	Discussion
	Acknowledgements 
	References




