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Thyroid Hormone Receptor b Inhibits Self-Renewal
Capacity of Breast Cancer Stem Cells
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Background: A subpopulation of cancer stem cells (CSCs) with capacity for self-renewal is believed to drive
initiation, progression, and relapse of breast tumors.
Methods: Since the thyroid hormone receptor b (TRb) appears to suppress breast tumor growth and metastasis,
we have analyzed the possibility that TRb could affect the CSC population using MCF-7 cells grown under
adherent conditions or as mammospheres, as well as inoculation into immunodeficient mice.
Results: Treatment of TRb-expressing MCF-7 cells (MCF7-TRb cells) with the thyroid hormone triiodothy-
ronine (T3) decreased significantly CD44+/CD24- and ALDH+ cell subpopulations, the efficiency of mam-
mosphere formation, the self-renewal capacity of CSCs in limiting dilution assays, the expression of the
pluripotency factors in the mammospheres, and tumor initiating capacity in immunodeficient mice, indicating
that the hormone reduces the CSC population present within the bulk MCF7-TRb cultures. T3 also decreased
migration and invasion, a hallmark of CSCs. Transcriptome analysis showed downregulation of the estrogen
receptor alpha (ERa) and ER-responsive genes by T3. Furthermore, among the T3-repressed genes, there was
an enrichment in genes containing binding sites for transcription factors that are key determinants of luminal-
type breast cancers and are required for ER binding to chromatin.
Conclusion: We demonstrate a novel role of TRb in the biology of CSCs that may be related to its action as a
tumor suppressor in breast cancer.
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Introduction

There is strong evidence that breast tumors are driven
by a subpopulation of cells that display stem cell prop-

erties (cancer stem cells [CSCs]; also called tumor-initiating
cells [TICs]) (1–4). CSCs appear to be required for sustained
tumor progression, are resistant to radiation and chemother-
apy (5,6), and may be responsible for cancer recurrence and
metastasis (7). CSCs are enriched within cell subpopulations
with a CD24-/CD44+ surface marker profile (8) and posi-
tivity for aldehyde dehydrogenase (ALDH+) (9). In contrast
to other cancer cells, cells expressing these CSC markers
have the ability to form colonies, or ‘‘mammospheres,’’ un-
der low-adherence conditions and to initiate tumors in im-
munodeficient mice (8,9).

More than 70% of breast cancers are estrogen receptor
alpha (ERa) positive (ER+). This receptor is a key driver of
luminal breast tumor growth and is the most important
therapeutic target in these tumors. Models of luminal hu-
man breast cancer have been based primarily on MCF-7
cells. Tumor initiation by this cell line appears to rely on
estrogen. Thus, MCF-7 cells do not form tumors in ovari-
ectomized immunodeficient mice, while estrogen supple-
mentation allows MCF-7 cells to form tumors, indicating
that estrogen could expand the population of MCF-7 CSCs
(10). Although ERa levels are low in CSCs (10,11), es-
trogen induces paracrine fibroblast growth factor 9 (FGF9)/
fibroblast growth factor receptor (FGFR) signaling in the
non-CSC compartment that ultimately increases the CSC
population (10,12).
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The thyroid hormone receptors (TRs) mediate the bio-
logical actions of the thyroid hormone triiodothyronine (T3).
Different studies have suggested that the TRb isoform could
have a tumor suppressor activity (13). In human breast tu-
mors, TRb mutations, anomalous subcellular localization,
and biallelic inactivation of the TRb gene by promoter
methylation have been found (14).

Experimental evidence to further support the tumor sup-
pressor role of TRb in breast cancer came from studies showing
that mice bearing a dominant negative mutant of TRb are more
susceptible than normal mice to the development of mammary
tumors (15). In addition, in the presence of hormone, the ex-
pression of TRb in MCF-7 cells leads to decreased proliferation
and to inhibition of tumor development in xenograft experi-
ments (16). However, the possibility that regulation of the
number and/or function of breast CSCs could be related with
the antitumorigenic effects of TRb has not yet been explored.

Here we provide evidence that T3 is able to deplete the breast
CSC population in estrogen-dependent MCF-7 cells expressing
TRb. T3 reduces the number of cells expressing CSC markers
and inhibits mammosphere formation. These actions of T3 are
linked to ERa downregulation and to an enrichment in repressed
genes containing binding sites for transcription factors that are
key determinants of luminal-type breast cancers and are re-
quired for ER binding to chromatin. Although the importance of
these observations in clinically relevant human mammary
cancers remains to be established, our results indicate a novel
role of hormone-bound TRb in the biology of CSCs that may be
related to its action as a tumor suppressor in breast cancer.

Materials and Methods

Adherent cells

MCF-7 cells transduced with TRb1 (MCF7-TRb) or only
with the selector Neo gene have been previously described
(16). Cells were grown with Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 1% l-glutamine
(Gibco, Waltham, MA), 1% penicillin/streptomycin (Gibco),
and 10% fetal bovine serum (FBS; Sigma, St. Louis, Mo).
BT474 cells were grown in Roswell Park Memorial Institute
medium with the same supplements. Cells were transiently
transfected (500 ng/mL) with an empty vector or with the
same amount of a TRb1 vector. Cell lines were mycoplasma
free and were authenticated analyzing short tandem repeats
of specific loci of the Human Genome with the StemElite ID
system (Promega, Madison, WI).

Mammosphere culture

For the formation of primary mammospheres, cells were
dispersed into single cells by trypsin digestion and plated in
ultralow attachment plates (Corning, New York, NY) at a
density of 15,000 cells/mL. Cells were grown in DMEM/F-12
GlutaMAX supplement medium (Gibco) with 1% penicillin/
streptomycin, 2% B27 (Gibco), 10 ng/mL fibroblast growth
factor b (PeproTech, London), and 20 ng/mL epidermal
growth factor (PeproTech). Mammospheres were separated
by gentle centrifugation, dissociated with trypsin, and
mechanically with a micropipette. Cells were counted and
plated at a concentration of 20,000 cells/mL for the devel-
opment of second-generation mammospheres. Growth factors,
and when indicated T3, were added every three days. Parallel

cultures of adherent cells were plated at 125,000 cells/mL in
6-well plates and passaged every three days in the presence
and absence of T3. Unless otherwise indicated in the figures,
cells were incubated with 25 nM T3.

Limiting dilution assays

Single dissociated cells were plated at a concentration of
5 cells/well in 96-well plates in a mammosphere growing
medium. The number of mammospheres was scored after
14 days.

Proliferation assays

Cell viability was determined by MTS (3-(4,
5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H tetrazolium) using the CellTiter One-Solution-
Assay (Promega) in 96-well plates inoculated with 1500
cells/well in the presence and absence of T3 for the times
indicated following the manufacturer’s recommendations.
MTS (20 lL) was added to the wells and absorbance was read
at 490 nm.

Cell staining for flow cytometry

Adherent or mammosphere cultures were trypsinized into
single cells. Cells (1 · 106) were collected in 70 lL of flow
cytometry buffer (1% ethylenediaminetetraacetic acid 0.5 M
and 2% FBS in phosphate-buffered saline) and incubated with
the primary antibodies for 20 min. The antibodies used for flow
cytometry were the mouse FITC anti-CD24 antibody (clone
ML5; BD) and the mouse PE/Cy7 anti-CD44 antibody (clone
G44-26; BD). As a negative control, cells were incubated with
isotype mouse FITC IgG2a j (clone G155-178; BD) and mouse
PE/Cy7 IgG2b j (clone MPC-11; BD) nonspecific antibodies to
establish the flow cytometer voltage settings, and single-color
positive controls were used to adjust compensation. Side scatter
and forward scatter were used to discard debris.

The flow cytometry data were acquired with an FACS
Canto II and analyzed with FACS Diva or FlowJo software
(BD). Cell cycle analysis was determined by incubating cells
with propidium iodide and 0.1 mg/mL RNase for 30 min at
37�C before analysis. CD44+/CD24- cells were isolated by
sorting in an FACSAria III cell sorter (BD Biosciences,
Franklin Lakes, NJ), using the same antibodies.

ALDEFLUOR assays

ALDEFLUOR assays (StemCell Technologies, Vancou-
ver) were used to determine ALDH activity following the
manufacturer’s instructions. Cells were incubated for 30 min
at 37�C with the ALDEFLUOR reagent. For each sample, an
aliquot of cells was stained under identical conditions with
diethylaminobenzaldehyde (DEAB), a specific ALDH in-
hibitor, as an ALDH- control. Cells were analyzed by flow
cytometry.

Western blotting

Proteins from cell lysates (20–30 lg) were separated
in sodium dodecyl sulfate/polyacrylamide gel electropho-
resis and transferred to nitrocellulose membranes (Protran
Whatman; Perkin Elmer, Waltham, MA) that were blocked
for one hour at room temperature with 5% bovine serum
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albumin or nonfat milk. Incubation with primary antibodies
was performed overnight at 4�C and with the secondary
antibody for one hour at room temperature. Blots were
visualized with enhanced chemoluminiscence (BioRad,
Hercules, CA). The antibodies used are listed in the Sup-
plementary Materials.

Real-time quantitative polymerase chain reaction

Total RNA was extracted from cells using TRIzol (Sigma)
or RNeasy Mini Kit (Qiagen, Hilden, Germany). mRNA
levels were analyzed in technical triplicate by quantitative
real-time polymerase chain reaction (RT-PCR), following
specifications of SuperScript� First-Strand Synthesis
System (Invitrogen, Carlsbad, CA) and Power SYBR
Green PCR Master Mix (Applied Biosystems, Foster City,
CA). Data analysis was done using the comparative
threshold cycle method and data were corrected with 36B4
mRNA levels. Primers used in this study are listed in the
Supplementary Materials.

Transfection and reporter assays

Cells were plated in DMEM with 10% FBS in 24-well
plates. After 24 h, cells were transfected in serum-free me-
dium with 100 ng of luciferase reporter plasmids contain-
ing consensus thyroid hormone response elements (TRE) or
estrogen response elements (ERE) and 10 ng of pRL-TK-
Renilla (Promega) as a normalizer control, using Lipofecta-
mine 2000 (Invitrogen) (17,18). After six hours, cells were
transferred to medium supplemented with 10% thyroid
hormone-stripped serum by treatment with AG1-X8 (Bio-
Rad) resin. Cells were incubated in the presence of 25 nM T3
and/or 10 nM estradiol (E2) for 36 h or with increasing
concentrations of T3 as indicated in the figures.

To analyze mothers against decapentaplegic (SMAD) ac-
tivity, the reporter plasmid p3TP-lux bearing a fragment of
the plasminogen activator inhibitor-1 promoter containing
SMAD binding elements (SBEs) was cotransfected with
expression vectors for SMAD3 (150 ng) and SMAD4
(200 ng) or with the appropriate amount of empty noncoding
vectors (18). Cells transfected with a reporter plasmid con-
taining consensus nuclear factor (NF)-jB binding sites (19)
were incubated with 25 nM T3 for 36 h in the presence and
absence of tumor necrosis factor-alpha (TNFa) (10 ng/mL),
for the last 6 h. Luciferase activity was determined with the
Dual Luciferase Assay System (Promega). Experiments were
performed in triplicate and were repeated at least two times.
Data are expressed as fold induction over the values obtained
in the untreated cells as mean – SD.

Invasion and migration assays

Matrigel invasion chambers, with cell culture inserts
(Falcon, Pittsburgh, PA) containing an 8-lm-pore size
polyethylene terephthalate membrane that has been treated
with Matrigel matrix (Corning), were used for the invasion
assays. A total of 140,000 cells in medium containing 0.5%
FBS were inoculated in the upper chamber, and a medium
containing 50% serum was added to the lower chamber. Cells
were incubated in the presence and absence of T3 for 48 h.
Noninvading cells were gently removed with a cotton swap,
and invading cells were fixed and stained with Diff-Quik

stain kit (Dade Behring, Deerfield, IL), photographed, and
counted. Experiments were performed in triplicate. Migra-
tion assays were performed using 70,000 cells by the same
procedure in the absence of Matrigel.

Microarray analysis

Analyses were carried out with triplicate cultures of ad-
herent cells or secondary mammospheres (seven-day mam-
mospheres generated from three-day primary mammospheres)
treated with and without T3. Total RNA was extracted with the
RNeasy Mini Kit, DNA was digested, and RNA integrity
checked on an Agilent 2100 Bioanalyzer. cDNAs from total
RNA (12 ng) were generated, fragmented, biotinylated, and
hybridized to the GeneChip Human Transcriptome Array 2.0
(HTA 2.0) (Affymetrix; Thermo fisher, Waltham, MA). The
arrays were washed and stained on a GeneChip Fluidics
Station 450 (Affymetrix); scanning was carried out with the
GeneChip Scanner 3000 7G; and image analysis with the
Affymetrix GeneChip Command Console software.

Expression data were normalized, background and batch
corrected using the Signal Space Transformation-Robust
Multi-Chip Analysis implemented in the Transcriptome
Analysis Console software version 4.0 (TAC4.0). Data have
been deposited in GEO GSE117951 (adherent cells:
GSE117948 and mammospheres: GSE117950). Gene Ontol-
ogy and Chip Enrichment Analysis were performed using the
Enrich web tool (20), and Gene Set Enrichment Analysis
(GSEA) was performed using the Molecular Signatures Da-
tabase (MSigDB) (1,21,22). Venn diagrams were drawn using
the Bioinformatics and Evolutionary Genomics web tool.

In vivo tumorigenesis assays

Xenograft experiments were carried out in the animal fa-
cility of the Instituto de Investigaciones Biomédicas in
compliance with the European Community Law (210/63/UE)
and the Spanish law (R.D. 53/2013), with approval of the
Ethics Committee of the Consejo Superior de Investigaciones
Cientı́ficas and Comunidad de Madrid (PROEX 053/15). Mice
were housed in a pathogen-free condition, in a 12-h light/12-h
dark cycle, with water and normal diet food available ad libitum.
Following ethical approval, mice were treated with 8lg/mL of
17b-estradiol in the drinking water to supplement the estrogens
requirement for MCF-7 cell proliferation. A week later, 200 or
2500 MCF-7 and MCF7-TRb cells in 50% Matrigel were in-
oculated orthotopically into the fat pad of the bottom right ab-
dominal mammary gland of female nu/nu mice, aged six to eight
weeks, and allowed to form tumors. Tumor volume (8–9 tu-
mors/group) was measured with a caliper and mice of all groups
were sacrificed 38 days after inoculation. Estradiol treatment
was continued during the whole period.

Statistical analysis

Statistical significance of data was determined by applying
a two-tailed Student’s t-test or analysis of variance (ANO-
VA) followed by the Bonferroni test for experiments with
more than two experimental groups. Results are expressed as
mean – SD. Significance of ANOVA post-test or the Stu-
dent’s t-test between T3-treated and untreated groups is
shown as *p < 0.05, **p < 0.01, and ***p < 0.001.

118 LÓPEZ-MATEO ET AL.



Results

T3 inhibits mammosphere formation efficiency
in TRb-expressing MCF-7 cells

To elucidate the role of TRb in mammary stem cell self-
renewal, we used MCF-7 cells. As these cells express TRb at
undetectable levels by Western blot and present very low T3-
dependent transcriptional activity in luciferase assays (Sup-
plementary Fig. S1), we used MCF-7 cells expressing the
TRb1 isoform in a stable manner (MCF7-TRb cells) or the
corresponding empty vector (16). Figure 1 shows that three
days after plating, both parental and MCF7-TRb cells formed
primary mammospheres in the presence and absence of T3.
After six to seven days, mammospheres formed by MCF7-
TRb cells incubated with 25 nM T3 merged into very large
and compact structures, a phenomenon never observed in the
absence of hormone (Fig. 1A).

Mammospheres can be serially passaged and contain a
small number of stem cells capable of self-renewal, as well as
multipotent progenitor cells (3). Thus, we next dissociated the
three-day primary mammospheres, before aggregation was
observed, and performed secondary mammosphere assays. No
formation of compact structures was observed after T3 treat-
ment (Fig. 1B), and the hormone very significantly reduced the
efficiency of secondary mammosphere formation by MCF7-
TRb cells (Fig. 1C). Despite this, secondary mammosphere
size distribution was similar in all groups (Fig. 1D).

To analyze if the reduction in mammosphere generation could
reflect a T3-dependent inhibitory effect in cell proliferation and/
or an increase in cell death, we next analyzed cell viability and
cell cycle changes. Proliferation of adherent MCF7-TRb cells
was moderately blunted, and an increase in the percentage of
cells in the G0/G1 phase of the cell cycle was observed after six
days of T3 treatment (Supplementary Fig. S2A, B). In contrast,
T3 did not increase the number of adherent subG1 cells, sug-
gesting that it does not induce cell death. After seven days of T3
treatment, the number of subG1 MCF7-TRb cells increased in
primary mammospheres, most likely due to the observed cell
aggregation (Supplementary Fig. S2C). However, no increase in
the sub-G1 cell population was induced by T3 in secondary
MCF7-TRb mammospheres derived from three-day primary
mammospheres (Supplementary Fig. S2D), indicating that T3
did not inhibit mammosphere formation by inducing cell death.

To further investigate whether T3 reduces the self-renewal
capability of CSCs, we plated cells into 96-well plates at a
clonal density, using limiting dilution, to ensure that each of
the resulting mammospheres represents the progeny of a
single stem cell. Again, T3 significantly reduced the efficiency
of mammosphere generation in MCF7-TRb cells (Fig. 1E).
This reduction showed a dose dependence similar to the T3-
dependent transactivation in luciferase assays (Supplementary
Fig. S1C), indicating that physiological amounts of T3 are
able to inhibit self-renewal (Fig. 1F). In addition, the number
of secondary mammospheres formed under limiting dilution
conditions was also reduced in MCF7-TRb cells treated with
T3 (Fig. 1G).

Together, these results strongly suggest that TRb expres-
sion results in a hormone-dependent decrease in the CSC
population. This was further supported by the finding that
prior incubation of adherent cells with T3 was sufficient to
inhibit mammosphere generation under clonal conditions in
the absence of hormone (Fig. 1H).

To further analyze the effect of TRb and T3 on the self-
renewal capacity of breast CSCs, we conducted mammo-
sphere assays in another ER+ cell line, BT474 cells. These
cells were transfected with an empty vector or with a
vector coding for TRb, which strongly increased TRb
expression and enhanced TRE-dependent transactivation
(Supplementary Fig. S3A–C). As shown in Supplementary
Figure S3D, T3 treatment caused a small but significant
decrease of mammosphere formation after three and seven
days in parental BT474 cells, and this decrease was
stronger, and similar to that found in MCF7-TRb cells after
transient expression of TRb. Therefore, the effect of T3 on
breast CSCs does not appear to be limited to the MCF-7
cell line.

The pluripotency cell markers sex determining region Y-
box 2 (SOX2) and NANOG, as well as the stem cell marker
ALDH1, are expressed at high levels in breast tumor stem
cells and their expression is reduced during cell differenti-
ation (9,23). Thus, we next compared the levels of these
proteins in primary and secondary mammospheres with
those present in the adherent cultures of MCF-7 cells. There
was an important increase in expression of SOX2, NANOG,
and ALDH1 both in primary (Fig. 2A) and secondary
mammospheres (Fig. 2B), confirming their enrichment in
CSCs. Significantly, incubation of MCF7-TRb mammo-
spheres with T3 resulted in a very marked inhibition in the
levels of pluripotency markers.

We also analyzed TRb expression, observing that its levels
were higher in mammospheres than in their corresponding
adherent cultures of MCF7-TRb cells. In addition, TRb levels
were reduced after T3 treatment, since ligand binding can in-
duce proteasome-mediated receptor degradation (24). In-
creased levels of TRb mRNA in mammospheres with respect to
adherent cultures were also observed (Fig. 2C, D). This sug-
gests that either the transfected gene is more strongly expressed
under nonadherent culture conditions or that mammospheres
are enriched in cells that express higher levels of TRb.

We also analyzed the endogenous levels of TRa mRNA in
parental MCF7-TRb cells grown as mammospheres and un-
der adherent conditions (Fig. 2E, F). TRa transcripts were
similar in adherent MCF-7 and MCF7-TRb cells, but they
decreased in the TRb-expressing cells upon T3 treatment.
Contrasting with the expression levels of TRb, the abundance
of TRa mRNA was lower both in primary and secondary
mammospheres, which are enriched in CSCs, than in the cells
grown as adherent cultures, and T3 did not decrease its levels.

Although the contribution of epithelial to mesenchymal
transition (EMT) in the biology of breast CSCs is still under
debate, previous studies have shown that mammospheres are
enriched in EMT genes (25–28). Therefore, we next studied
the effect of T3 on the expression of the epithelial marker
E-cadherin and the mesenchymal markers vimentin, Slug,
and Snail 1. The levels of E-cadherin were rather similar in
adherent cells and mammospheres and were not significantly
altered in the presence of T3 (Supplementary Fig. S4). As
expected, the levels of mesenchymal proteins were generally
higher in primary and secondary mammospheres than in their
correspondent adherent cells. T3 did not alter expression of
these proteins in parental MCF-7 mammospheres and had a
variable effect in MCF7-TRb mammospheres, since it re-
duced the expression of vimentin and Slug, while increasing
the expression of Snail 1.
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FIG. 1. T3 inhibits mammosphere formation and expression of pluripotency markers in TRb-expressing MCF-7 cells. (A)
Representative optical microscope images of MCF7-TRb and MCF-7 cells growing under nonadherent conditions for three
and seven days in the presence and absence of 25 nM T3. (B) Images of 11-day second-generation mammospheres obtained
after dispersion of 3-day primary mammospheres. Scale bars = 100 lM. (C) Quantification of 7- and 11-day secondary
mammospheres grown with and without T3. (D) Size distribution of seven-day secondary mammospheres. (E) Cells were
plated at a limiting dilution in 96-well plates under nonadherent conditions, and the efficiency of mammosphere formation
was scored after 14 days in the presence and absence of T3. (F) MCF7-TRb cells were inoculated at a limiting dilution and
grown under nonadherent conditions in the presence of the indicated concentrations of T3. The number of mammospheres
generated was scored after 14 days. Data are mean – SD of three independent 96-well plates, and significance with respect to
the untreated cells is shown with asterisks. (G) MCF7-TRb cells were grown as primary mammospheres for three days with
and without T3, dispersed, and plated at a limiting dilution in 96-well plates. The efficiency of mammosphere formation is
shown. (H) Adherent 6-well cultures were incubated with and without T3 for 10 days, dispersed, inoculated at a limiting
dilution in 96-well plates, and grown under nonadherent conditions. Mammospheres were counted after 14 days of incu-
bation in the absence of T3. Data are mean – SD of three independent plates. Asterisks denote the existence of statistically
significant differences between T3-treated and untreated cells. **p < 0.01 and ***p < 0.001. T3, triiodothyronine; TR,
thyroid hormone receptor.
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T3 reduces the CD44+/CD24- and ALDH+

stem cell populations

Both parental and TRb-expressing MCF-7 cells used in
this study showed a significant number of CD44+/CD24-

cells, although they express much lower levels of CD44 and
higher CD24 levels than basal carcinoma MDA-MB-231
cells (Supplementary Fig. S5), which is in agreement with the
finding that luminal cells express less CD44 and more CD24
than basal breast cancer cell subtypes (29).

T3 at a 25 nM concentration did not alter the expression
profile of these CSC markers in parental MCF-7 cells
(Fig. 3A), but following T3 incubation for 72 h, most MCF7-
TRb cells became more positive for CD24 and displayed a
decrease in CD44 expression, so that the proportion of gated
CD44+/CD24- cells was very significantly reduced (Fig. 3B).

As the optimal staining thresholds for identifying tumori-
genic CD44+/CD24- cells are not well determined (30), we
also gated the analysis to include CD24- cells with the
highest CD44 expression, and under these conditions, we
observed an almost total depletion of this cell population after
T3 treatment (Fig. 3A).

Incubation of parental MCF-7 cells with increasing doses
of T3 for 72 h did not alter the CD44+/CD24- cell population,
but the hormone caused a dose-dependent decrease of this
population in MCF7-TRb cells, detectable at concentrations
higher than 1 nM (Fig. 3C). A reduction of CD44+/CD24-

cells was also observed after a longer treatment of adherent
MCF7-TRb cells with T3 (Supplementary Fig. S6A). In ad-
dition, expression of CD44 was markedly shifted to the right
in secondary mammospheres with respect to the adherent
cells, likely reflecting their enrichment in cancer initiating

FIG. 2. T3 inhibits expression of
pluripotency markers. (A) The
levels of SOX2, NANOG, ALDH1,
and TRb were determined by
Western blotting in MCF-7 and
MCF7-TRb cells grown under
adherent conditions (adh) or as
primary mammospheres (Ms) for
three days in the presence and
absence of T3. GAPDH was used
as a loading control. (B) Similar
experiment performed in adherent
cultures and seven-day secondary
mammospheres derived from three-
day primary mammospheres grown
with and without T3. Arrows in-
dicate the specific bands. (C) TRb
mRNA levels in untreated and
T3-treated adherent cultures and in
primary mammospheres. (D) TRb
mRNA levels in adherent cultures
and secondary mammospheres
incubated in the presence and ab-
sence of hormone. (E) TRa mRNA
levels in untreated and T3-treated
adherent cultures and primary
mammospheres. (F) TRa tran-
scripts in secondary mammo-
spheres and adherent cells treated
with and without T3. Data are
mean – SD. Statistically significant
differences between T3-treated and
untreated cells are shown by
asterisks. *p < 0.05. ALDH1, alde-
hyde dehydrogenase 1; GAPDH,
glyceraldehyde 3-phophate dehy-
drogenase; NANOG; SOX2, sex
determining region Y-box 2.
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cells and the reduction caused by T3 was less marked under
these conditions, suggesting a similar enrichment in putative
stem cells in the mammospheres (Supplementary Fig. S6).

ALDEFLUOR assays also showed a significant reduction
of the ALDH+ cell population after incubation of adherent
MCF7-TRb cells with T3 (Fig. 3D, E). As in the case of the
CD44+/CD24- cells, the ALDH+ cell population in secondary
mammospheres was not depleted in the presence of T3
(Supplementary Fig. S7). The decrease in the expression of
the CSC markers observed in the T3-treated adherent cultures
is consistent with the observed T3-mediated reduction in

mammosphere formation by MCF7-TRb cells, indicating
again that the hormone reduces the population of CSCs with
capacity for self-renewal.

T3 reduces migration and invasion

As CSCs appear to display an enhanced ability to dissemi-
nate and grow at metastatic sites, we next examined the effect
of T3 on the migratory and invasive capacity of breast cancer
cells. Consistent with a lower percentage of stem cells fol-
lowing incubation of MCF7-TRb cells with T3, this treatment

FIG. 3. TRb mediates a T3-dependent decrease of the CD44+CD24- and ALDH+ cell subpopulations. (A) Flow
cytometry analysis of the expression of CD44 and CD24 in adherent cultures of parental and TRb-expressing MCF-7
cells treated with or without 25 nM T3 for 72 h. The threshold lines were set according to the isotype control. Gating of
the more extreme CD44+CD24- cell population shows its disappearance in T3-treated MCF7-TRb cells. (B) Quantifi-
cation of the CD44+CD24- cell population obtained in four independent experiments. Data are expressed as the per-
centage of the value obtained in the parental control cells without T3 treatment and are mean – SD. (C) Quantification of
CD44+CD24- cells after 72-h incubation of MCF-7 and MCF7-TRb cells, with the concentrations of T3 indicated. Data
(mean – SD) were obtained from two independent experiments performed in duplicate and are shown as the percentage of
the results obtained in the untreated MCF-7 cells. Significant differences between MCF-7 and MCF7-TRb cells are shown
with asterisks. (D) ALDH enzymatic activity as assessed by ALDEFLUOR assays and flow cytometry in adherent
cultures of parental and TRb-expressing MCF-7 cells incubated in the presence and absence of 25 nM T3 for 72 h. To
determine the percentage of ALDEFLUOR+ cells, assays were performed in the presence and absence of the ALDH-
specific inhibitor DEAB. (E) Relative percentage of ALDEFLUOR+ cells (mean – SD) obtained from three independent
experiments. Significant differences between T3-treated and the corresponding untreated cells are shown with asterisks.
*p < 0.05, **p < 0.01, and ***p < 0.001. DEAB, diethylaminobenzaldehyde.
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reduced the ability of the cells to migrate in Transwell assays
(Fig. 4A) and to invade through Matrigel (Fig. 4B).

We next sorted the CD44+/CD24- MCF7-TRb cells from
the remaining cells (Fig. 4C) and subjected both populations
to Transwell and Matrigel assays. As shown in Figure 4D and
E, CD44+/CD24- cells showed increased migration and in-
vasion with respect to other cells, but the hormone was able to
significantly reduce the migratory and invasive properties of
both populations, suggesting that not only the bulk of the
breast cancer cells but also the putative stem cell populations
are sensitive to this action of T3.

TRb reduces tumor initiation and growth

The best criterion for assessing the number of TICs is to
determine their ability to generate tumors in immunodeficient

mice at limiting dilutions. Thus, we next compared the tu-
morigenicity of the parental and TRb-expressing cells by
injecting them into the fat pad of mammary glands of im-
munodeficient mice at two different dilutions (200 and 2500
cells). Since tumor initiation by the MCF7 cells appears to
rely on ERa signaling, mice were treated with estrogen.

Figure 4F shows that 200 parental cells were sufficient to
induce tumors in all mice one month after injection, while
tumors originated by MCF7-TRb cells appeared later and
with a lower incidence. Furthermore, the volume of the tu-
mors originated by TRb-expressing cells was strongly de-
creased when compared with the parental tumors (Fig. 4G).
These results are compatible with a reduction in the number
of CSCs caused by binding of the endogenous circulating
thyroid hormones of the mice to the receptor in the MCF7-
TRb cells.

FIG. 4. TRb reduces migration, invasion, and tumor initiation. (A) Adherent cultures of MCF-7 and MCF7-TRb cells
were treated with and without T3 for 72 h. Cells were dispersed, inoculated into the upper chamber of 24-well plates, and
allowed to migrate during 48 h in the presence and absence of hormone. (B) Invasion assays performed with the same
experimental groups in Matrigel-coated chambers. Invasion proceeded for 48 h in the presence and absence of T3. (C)
MCF7-TRb cell cultures were treated with and without T3 for 72 h and FACS sorted to isolate the CD44+CD24- cell
population (in red) and other cells (in green), discarding cells with intermediate levels of expression (in blue). (D)
CD44+CD24- cells and other cells were subjected to migration assays for 48 h in the presence and absence of T3. (E)
Invasion assays performed with the same groups in Matrigel-coated chambers. Data are mean – SD, and asterisks denote the
existence of statistically significant differences between T3-treated and untreated groups. (F) Tumor incidence was eval-
uated at the times indicated in estrogen-treated immunodeficient mice inoculated orthotopically into the mammary fat pad
with MCF-7 and MCF7-TRb cells at two different concentrations (200 and 2500 cells/injection). (G) Tumor volume
measured at the indicated days after inoculation. Significant differences between MCF-7 and MCF7-TRb tumors are shown
with asterisks. *p < 0.05 and ***p < 0.001. FACS, fluorescence-activated cell sorting.
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Transcriptome analysis

To comprehensively analyze the genes and pathways
regulated by TRb and T3, we next conducted microarray
assays. Comparison of the expression profiles of parental and
TRb-expressing cells did not show substantial differences in
the absence of T3. However, in MCF7-TRb cells, T3 treat-
ment caused widespread changes in gene expression (Fig. 5A
and Supplementary Table S1). Functional annotation of the
upregulated genes showed that the most enriched Gene On-
tology of Biological Process (GOBP) term was the response
to interferons (IFNs), while the downregulated GOBP terms
among the T3-repressed genes included DNA replication and
mitosis (Fig. 5B), consistent with the reduced proliferation
observed in T3-treated cells. Similar processes were identi-
fied when considering the common set of genes that were
regulated by T3 both in adherent cells and mammospheres
(Supplementary Fig. S8).

Furthermore, ranked GSEA revealed that the genes down-
regulated by T3 treatment of MCF7-TRb cells were signifi-
cantly enriched in both the Hallmark Estrogen Response Early
and Late gene sets (Fig. 5C). Other top scoring gene sets en-
riched in the downregulated genes were Myc and E2F Hall-
marks, also related with cell cycle control (Supplementary
Fig. S9A), while IFN response and interleukin (IL)-6/STAT3
signaling response were found in the upregulated genes (Sup-
plementary Fig. S9B), in agreement with the GOBP analysis.

GOBP and GSEA also showed that MCF7-TRb cells
treated with T3 undergo a negative regulation of mammary
stem cell gene sets, in accordance with the observed depletion
of the CSC population (Supplementary Fig. S10). Moreover,
the absent or limited overlap between previously identified
stem cell gene sets (1,21), and genes involved in the cell
cycle, indicates that the decrease in the capacity for self-
renewal is not just due to the inhibition of cell proliferation
(Supplementary Fig. S10).

T3 inhibits ERa signaling in MCF7-TRb cells

In agreement with the GSEA, ERa, the driving transcrip-
tion factor in luminal breast cancer cells, was among the
transcripts more strongly downregulated by T3 in MCF7-
TRb cells both under adherent and nonadherent conditions.
These results were confirmed by RT-quantitative PCR
(qPCR) and at the protein level in adherent cells and in pri-
mary and secondary mammospheres (Fig. 6A, B).

The decrease in ERa expression led to reduced E2-
dependent transactivation in transient transfection assays in
the presence of T3 (Supplementary Fig. S11A), which was
also dose dependent (Supplementary Fig. S11B). In addition,
RT-qPCR of the two well-known ERa target genes PR
(progesterone receptor) and TFF1 (trifolium factor 1) in

MCF7-TRb cells grown under both adherent and non-
adherent conditions was very significantly reduced by the
hormone (Supplementary Fig. S11C, D), confirming that T3
reduced ERa-dependent transcription.

T3 was also able to inhibit ERE-dependent transactivation
(Supplementary Fig. S12A), as well as TFF1 and PR mRNA
expression in both parental and TRb-expressing BT474 cells
(Supplementary Fig. S12B), further suggesting that inhibition
of ERa signaling is an important mechanism by which T3 can
modulate tumorigenesis of luminal breast cancer cells.

We also examined potential transcription factors involved
in the observed gene deregulation by chromatin immuno-
precipitation enrichment analysis (ChEA) of the tran-
scriptome. This analysis revealed that the downregulated
genes in T3-treated MCF7-TRb cells (Fig. 6C) were not only
enriched in binding motifs for ERs but also for ZNF217,
FOXM1, or GATA3, among others. These transcription
factors are key determinants of luminal-type breast cancers
and are required for ERa binding to chromatin, confirming
that T3 can be a key regulator of ERa signaling.

Since ERa target genes determine cell proliferation in lu-
minal breast cancer cells, we also examined the effect of T3 on
E2-dependent proliferation of MCF-7 and MCF7-TRb cells. As
shown in Figure 7A, E2 increased proliferation of both and T3
strongly reversed this response in MCF7-TRb cells. In addition,
it has been shown that E2 is able to induce the expression of
FGF9, which has an important paracrine role in the expansion
of the stem cell population (10). As shown in Figure 7B, FGF9
transcripts were markedly lower in the TRb-expressing cells
irrespectively of the presence of E2. Furthermore, there are
several FGFRs, and MCF-7 cells express high levels of FGFR3,
which binds with high affinity to FGF9 (10). Interestingly,
transcripts for this receptor, as well as for FGFR4, were
strongly reduced by T3 in MCF7-TRb cells (Fig. 7C).

T3 alters the activity of signaling pathways involved
in breast CSC self-renewal

Signal transducer and activator of transcription (STAT) and
NF-jB transcription factors are the main effectors in cytokine
signaling. As the transcriptome analysis revealed that the re-
sponse to IFNs and IL-6 appears to be among the most upre-
gulated pathways by T3, we next analyzed the effect of the
hormone on STAT-1 activation by IFNc and STAT-3 activa-
tion by IL-6. As shown in Figure 8A and B, phosphorylation of
STAT-1 was transiently induced by IFNc in adherent MCF-7
and MCF7-TRb cells and, surprisingly, this induction was
blunted in TRb-expressing cells that were pretreated with T3.
In contrast, in MCF7-TRb cells, the hormone induced a de-
tectable increase in STAT-3 activation by IL-6 (Fig. 8B).

Activation of STAT transcription factors is subjected to a
negative feedback by the suppressor of cytokine signaling

‰

FIG. 5. Transcriptional profiling of adherent cells and mammospheres. (A) Heatmap showing differential gene expression
between adherent MCF7 and MCF7-TRb cells untreated and treated with T3 for 10 days (upper panel). Heatmap obtained in
untreated and treated seven-day secondary mammospheres obtained from three-day primary mammospheres (lower panel).
The number of transcripts downregulated and upregulated by T3 in MCF7-TRb cells is indicated. (B) Top overrepresented
GOBP categories with significant reduction (upper panel) or enrichment (lower panel) based in adjusted p-values in the T3-
treated with respect to the untreated MCF7-TRb cells, grown as adherent cultures or mammospheres. (C) Enrichment plots
from GSEA showing the downregulation of Hallmark Estrogen Response Early and Late gene sets in T3-treated MCF7-TRb
cells. GOBP, Gene Ontology of Biological Process; GSEA, gene set enrichment analysis.
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(SOCS) family of proteins (31). Interestingly, the tran-
scriptome analysis showed that SOCS3 was included among
the downregulated genes in T3-treated MCF7-TRb cells
(Supplementary Table S1). Indeed, not only SOCS3 but also
SOCS1 transcript levels were strongly repressed after incu-
bation with T3 (Fig. 8C).

To assess the effect of T3 on NF-jB activation, cells were
treated with TNFa. This cytokine caused a detectable phos-
phorylation of p65 and a rapid disappearance of IjBa, and
hormone reduced NF-jB activation in MCF7-TRb cells, as
shown by a lower p65 phosphorylation and a reduced deg-
radation of IjBa (Fig. 8D). Furthermore, in transient trans-
fection assays, TNFa stimulated the activity of a reporter
plasmid bearing consensus NF-jB-binding elements and T3
significantly antagonized this response (Fig. 8E).

Cytokines that induce activation of SMAD transcription
factors also play an important role in CSC self-renewal (27).
Therefore, we also tested the effect of T3 on SMAD signal-
ing. As shown in Figure 8F, T3 reduced SMAD2 and SMAD3
phosphorylation in response to TGFb in MCF7-TRb cells

and also inhibited transcriptional stimulation of a reporter
plasmid containing SBEs by SMAD factors in transient
transfection assays (Fig. 8G).

Discussion

TRb is widely accepted to be a hormone-dependent tumor
suppressor (13) and binding of T3 to this receptor has been
shown to inhibit proliferation of a variety of cell types (32).
However, the effect of TRb on a CSC-like population has not
been previously examined. Using TRb-expressing MCF-7
cells, we show here that T3 can be an important modulator of
breast CSC properties both in vitro and in vivo.

We found that the proportion of CD44+/CD24- and
ALDH+ stem-like cells was significantly decreased by T3 in
TRb-expressing MCF-7 cells, suggesting that they display a
lower CSC content than the untreated cultures. If so, this
should be reflected in a reduced ability of the treated cells to
generate mammospheres, a widely used surrogate assay to
assess CSC self-renewal that enriches for the presence of

FIG. 6. T3 inhibits ERa signaling
in MCF7-TRb cells. (A) ERa
mRNA levels in adherent cultures
(Adh) and primary mammospheres
(primary Ms) of MCF-7 and
MCF7-TRb cells grown for three
days in the presence and absence of
T3. Data are mean – SD and are
represented relative to the values
obtained in the untreated parental
cells. **p < 0.01, ***p < 0.001. The
lower panel shows a representative
Western blot of ERa under the
same experimental conditions.
GAPDH was used as a loading
control. (B) Similar experiments in
adherent and seven-day second-
generation mammospheres (sec-
ondary Ms) obtained from three-
day primary mammospheres. (C)
Summary of ChEA data showing
the presence of binding sites for the
indicated transcription factors in
genes upregulated or down-
regulated by T3 in MCF7-TRb
cells. ChEA, chromatin immuno-
precipitation enrichment analysis;
ERa, estrogen receptor alpha.
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progenitor cells (8). Indeed, we found that T3 significantly
inhibited the formation of mammospheres. Furthermore,
mammospheres are enriched in stem and early progenitor
cells expressing pluripotency stem cell markers (9), and the
expression of these markers was reduced in mammospheres
generated in the presence of T3, suggesting that they contain
cells with a more differentiated genotype.

Although it has been described that T3 can either stimulate
(33,34) or inhibit (35) proliferation of breast cancer cell lines,
including MCF-7 cells, we did not find a significant effect of
T3 on MCF-7 cell proliferation, unless TRb was transfected.
Confirming previous observations (16), we found that T3
reduces the proliferation of MCF7-TRb cells, but depletion
of the putative CSC population does not appear to reflect the
generic growth inhibitory properties of T3, since the decrease
of the CD44+/CD24- and ALDH+ stem-like cells is observed
well before a detectable decrease of cell proliferation.

In agreement with these results, there is a reduction of the
breast CSC signature in T3-treated MCF7-TRb cells (1,21),
while there is little overlap between genes involved in breast
cancer stemness and proliferation, strongly suggesting that
T3 decreases stemness by a mechanism independent of the
decrease in cell proliferation. Importantly, T3 was able to
reduce the self-renewal capacity of the MCF7-TRb cells at
physiological concentrations, with a dose dependence similar
to that required for hormone-dependent transactivation.

One limitation of our study with MCF7-TRb cells is that
they overexpress TRb. However, we have confirmed that
mammosphere generation was also reduced by T3 in the
BT474 mammary cancer cell line without exogenous TRb
expression, although this reduction was stronger after tran-
sient transfection with TRb. Therefore, high receptor levels
appear to be required to maximally diminish CSC content.
Interestingly, TRb levels, but not TRa levels, have been

FIG. 7. T3 inhibits E2-
dependent proliferation and
autocrine FGF induction. (A)
MCF-7 and MCF7-TRb cells
were cultured under adherent
conditions in the presence
and absence of E2 and/or T3,
as indicated in 6-well plates.
Cells were counted three, six,
and nine days after inocula-
tion. Data are mean – SD,
and differences between
T3-treated and T3-untreated
cells are indicated with as-
terisks. (B) FGF9 transcripts
in cells treated for nine days
with E2 and/or T3 as indi-
cated. Data are mean – SD
and are expressed relative to
the levels obtained in MCF-7
untreated cells. Statistically
significant differences
between MCF-7 and MCF7-
TRb cells in each condition
are shown. (C) FGF9,
FGFR3, and FGFR4 mRNA
levels were determined in
cells treated with and without
T3 for 72 h. Data (mean –
SD) are expressed relative to
the levels obtained in the
untreated cells, and differ-
ences between treated and
untreated cells are indicated.
*p < 0.05, **p < 0.01, and
***p < 0.001. FGF, fibroblast
growth factor.
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FIG. 8. T3 regulates activation of signaling pathways essential for CSC function. (A) Western blot analysis of the total
and phosphorylated STAT-1 in MCF-7 and MCF7-TRb cells pretreated with 25 nM T3 for 48 h and then treated with 5 ng/mL
IFNc for the indicated time points. Quantification of the pSTAT-1/STAT-1 ratio with ImageJ from two experiments is shown at
the right panel. (B) Total and phosphorylated STAT-3 in cells treated with 10 ng/mL IL-6 under the same conditions, and
quantification of the pSTAT3/STAT3 ratio. (C) Transcript levels of SOCS1 and SOCS3 in MCF-7 and MCF7-TRb cells incubated
in the presence and absence of T3. Data (mean – SD) are expressed relative to the levels obtained in the untreated cells.
(D) Western blots of total and phosphorylated p65/NF-jB, IjBa, and phospho-IKK performed with extracts from cells incubated
with T3 for 48 h and with 10 ng/mL TNFa for the indicated time periods. Total ERK levels were used as a loading control. The
right panels show quantification of blots from two independent experiments. (E) Luciferase activity in MCF-7 and MCF7-TRb
cells transfected with a reporter plasmid containing consensus NF-jB motifs. Cells were treated with T3 for 36 h, and with TNFa
during 6 h. (F) Western blot analysis of MCF-7 and MCF7-TRb cell extracts with pSMAD2, pSMAD3, and total SMAD2 and
SMAD3 antibodies after treatment with 25 nM T3 for 48 h and with 10 ng/mL TGFb for the indicated time periods. Blots from two
separate experiments were quantitated, and the pSMAD2/SMAD2 and pSMAD3/SMAD3 ratios are illustrated at the right panels.
(G) Transient transfection assays in MCF-7 and MCF7-TRb cells with an SBE-containing reporter plasmid. Cells were co-
transfected with expression vectors for SMAD3 and SMAD4 or with an empty vector (-), and luciferase activity was determined
after 36 h of incubation in the absence and presence of T3. All data (mean – SD) are expressed as fold induction over the values
obtained in the untreated cells and are representative of three independent experiments. Statistical significant differences between
T3-treated and untreated cells are indicated. **p < 0.01, ***p < 0.001. CSC, cancer stem cell; IFN, interferon; IL, interleukin; NF,
nuclear factor; pSMAD2, phospho-SMAD2; pSMAD3, phospho-SMAD3; SBEs, SMAD binding elements; SMAD, mothers
against decapentaplegic; STAT, signal transducer and activator of transcription; TNFa, tumor necrosis factor-alpha.
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negatively associated with the histological grade of ER+ tu-
mors and were also a predictor of improved distant
metastasis-free survival in tamoxifen-treated patients (36).
This is compatible with the hypothesis that TRb could reduce
the CSC population in clinically relevant mammary tumors,
as CSCs appear to be responsible for resistance to therapy and
tumor recurrence and metastasis (5–7).

CD44+/CD24- breast cancer cells exhibit high migratory
capacity and enhanced invasive properties, an early step
necessary for metastasis (7). Accordingly, we found that T3
was able to reduce migration and invasion in MCF7-TRb
cells, which is again compatible with a depletion of the CSC
population. As CSCs are believed to drive initiation and
progression of tumors, in vivo assays in xenotransplantation
experiments are the gold standard for identifying CSCs (8).
We observed that TRb expression inhibits tumor incidence
and tumor growth when cells were inoculated at limiting
numbers in E2-treated immunodeficient mice, reinforcing the
idea that T3 reduces the number of cells with tumor-initiating
ability. The strongly decreased tumor initiating ability of
MCF7-TRb cells with respect to the parental cells in euthy-
roid mice again indicates that physiological levels of thyroid
hormones are sufficient to deplete the putative CSC popula-
tion in vivo.

Different studies have indicated a close association be-
tween breast CSCs and invasiveness and EMT (25,27), while
others have proposed that these processes are independent of
the expression of EMT-associated genes or that breast CSCs
transition between epithelial and mesenchymal states
(26,28). The reduced expression of CSC markers, as well as
the decreased migratory and invasive capacity of T3-treated
cells, could have been a consequence of a mesenchymal/
epithelial transition (MET), typified by the acquisition of
epithelial features and downregulation of mesenchymal
characteristics. However, T3 did not increase E-cadherin
expression, the main epithelial marker, and although it re-
duced vimentin levels, it also increased expression of Snail 1,
a mesenchymal marker. Thus, the effect of T3 on CSC bi-
ology is not associated with induction of a clear MET phe-
notype. This could be related to the complex effects of T3 on
the activity of critical signaling pathways responsible for
self-renewal of CSCs and regulation of epithelial and mes-
enchymal characteristics.

It is known that cytokines, which may be released in an
autocrine manner or by the tumor microenvironment, induce
activation of SMAD (27,37), NF-jB (38), or STAT (39,40)
transcription factors and play a key role in the generation of
breast CSCs and tumorigenesis. Our results indicate that in
MCF7-TRb cells, T3 reduces activation of SMAD and NF-
jB by TGFb and TNFa, respectively, confirming previous
results obtained in other cell types (18,19). This reduced re-
sponse could be involved in the downregulation of the CSC
population by T3, as these pathways govern mammosphere
formation, stem cell expansion, and EMT.

Paradoxically, we found that STAT3 activation by IL-6,
also very important for the acquisition of stem cell properties,
was increased by T3. Furthermore, transcriptome analysis
showed that the IL-6/STAT pathway is one of the main
pathways activated by the thyroid hormone in MCF7-TRb
cells. This is in contrast with previous results showing that T3
reduces IL-6/STAT3-mediated transcription in hepatocarci-
noma cells (18), and with the finding that STAT3 phos-

phorylation is strongly decreased in the xenografts generated
by MCF7-TRb cells (16), which suggests that during tumor
growth in vivo, the activity of this pathway is downregulated
by TRb by unknown mechanisms, possibly involving the
tumor microenvironment. A possible cause for the increased
STAT3 activation shown by T3-treated MCF7-TRb cells is
the downregulation of the expression of the SOCS3 gene, the
major negative regulator of STAT activity found in the mi-
croarrays and confirmed by RT-qPCR.

The increased response to IFNs found in the microarrays in
T3-treated MCF7-TRb cells is particularly interesting, as
these molecules are implicated in tumor immune surveillance
and induce the expression of immune checkpoint proteins
(41). Thus, through modulating the response to IFN, TRb
could potentially regulate immunotherapeutic responses.
However, in contrast with the increased STAT3 phosphory-
lation in response to IL-6, phosphorylation of STAT-1 in
response to incubation with IFNc was reduced by T3 in
MCF7-TRb cells, despite the finding that SOCS1 mRNA
levels were decreased. Therefore, more studies will be re-
quired to analyze the role of the receptor in the immune
response of breast cancer cells.

ERa is the distinctive feature of luminal breast cancers,
where it regulates cell proliferation and tumor progression
even after the development of resistance to antiestrogen ther-
apy (42). Our results show that ERa transcripts were markedly
reduced by T3 both in adherent and CSC-enriched mammo-
sphere cultures of MCF7-TRb cells and that, consequently, T3
dampens ER-dependent transcription. ER-dependent tran-
scriptional activity was also reduced by T3 in BT474 cells
expressing only endogenous TRb, as indicated by the de-
creased abundance of the E2-responsive TFF1 and PR target
genes. The finding that T3 reduces self-renewal and ER-
dependent gene expression in unmanipulated mammary can-
cer cells again suggests that MCF7-TRb cells could be a valid
model to analyze the role of the receptor in CSC biology.

The reduction of E2-dependent signaling could be im-
portant for the observed effects of T3 on proliferation and is
in concordance with the downregulation of genes involved in
DNA replication and mitosis observed in the transcriptome
analysis of MCF7-TRb cells. Decreased ERa levels could
also be related to the T3-dependent depletion of the CD44+/
CD24- population and to the reduced efficiency of mammo-
sphere formation, since estrogen-bound ERa downregulates
CD24, while increasing CD44 (43) and enhances mammo-
sphere generation in ER+ breast cancer cell lines (10).

Although ERa levels are low in CSCs (10,11), estrogen
induces paracrine signals in the non-CSC compartment that
ultimately increase the CSC population (10,12). This sug-
gests that inhibition of ERa signaling by T3 could result in a
reduction of this paracrine axis. In agreement with this hy-
pothesis, expression of the FGF9 gene, as well as members of
the family of receptors for this growth factor, is strongly
diminished in MCF7-TRb cells, which could contribute to
the CSC depletion found in TRb expressing cells.

Binding of ligand to ERa causes the recruitment of the
receptor to its accessible binding motifs in chromatin. Re-
markably, ChEA of T3-regulated genes in MCF7-TRb cells
unveils the enrichment of binding sites for the transcription
factors GATA3, ZNF217, FOXM1, and RUNX1, as well as
ERs. This enrichment was almost totally restricted to the
downregulated genes in the mammospheres.
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Importantly, GATA3 is a critical determinant of ER
binding to its recognition motifs, acting as a pioneer factor
required for genome-wide chromatin accessibility to ERa
binding at sites that lack active histone modifications (44–
46). In addition, ChIP-seq analysis shows clustering of
ZNF217 (47) and FOXM1 (48) with FOXA1, another pioneer
factor that determines ERa recruitment (44,49), GATA3 and
ERa binding sites. On the contrary, RUNX1 is a transcription
factor mutated in breast cancer, which controls the fate of
ER+ mammary luminal cells and also influences binding of
ER to chromatin (50,51).

This suggests that binding of T3 to TRb could induce still
undetermined epigenetic modifications creating a more
compacted chromatin landscape, which could restrain bind-
ing of key luminal transcription factors to ERa target genes
and consequently repress the master ER-dependent tran-
scriptional program that dictates the hormone-responsive
phenotype in luminal breast cancer.

In conclusion, our results show that TRb mediates a
ligand-dependent depletion of luminal breast CSCs, by
modulating the activity of ERa and other key signaling
pathways. These results indicate a novel role of TRb in the
biology of CSCs that may be related to its action as a tumor
suppressor in ER+ breast cancer tumors. As CSCs appear to
be responsible for resistance to therapy and tumor relapse,
future studies are needed to underscore a potential role of
TRb as a positive prognostic marker of disease outcome and
as a target for therapeutic interventions on the CSC popula-
tion in luminal breast cancer.

Clinical studies have shown that elevated TRb levels are
also associated with a better prognosis and overall survival in
other types of breast tumors (52,53). Furthermore, expression
of TRb in triple-negative breast cancer cells reduces tumor
growth and has a strong inhibitory effect on invasion and
metastasis formation in immunodeficient mice (54–57).
Whether or not TRb could regulate CSC biology by an ER-
independent mechanism in other types of mammary tumors is
an intriguing possibility that remains to be studied.
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