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Abstract

Metastatic breast cancer is refractory to conventional therapies and is an end-stage disease. RUNX2 is a transcription factor that
becomes oncogenic when aberrantly expressed in multiple tumor types, including breast cancer, supporting tumor progression
and metastases. Our previous work demonstrated that the thyroid hormone receptor beta (TR 3) inhibits RUNX2 expression and
tumorigenic characteristics in thyroid cells. As TR is a tumor suppressor, we investigated the compelling question whether TR 3
also regulates RUNX2 in breast cancer. The Cancer Genome Atlas indicates that TR3 expression is decreased in the most
aggressive basal-like subtype of breast cancer. We established that modulated levels of TR3 results in corresponding changes in
the high levels of RUNX2 expression in metastatic, basal-like breast cells. The MDA-MB-231 triple-negative breast cancer cell
line exhibits low expression of TR3 and high levels of RUNX2. Increased expression of TR3 decreased RUNX2 levels. The
thyroid hormone-mediated suppression of RUNX2 is TRf3 specific as TR overexpression failed to alter RUNX2 expression.
Consistent with these findings, knockdown of TR 3 in non-tumor MCF10A mammary epithelial-like cells results in an increase in
RUNX2 and RUNX2 target genes. Mechanistically, TR[3 directly interacts with the proximal promoter of RUNX2 through a
thyroid hormone response element to reduce promoter activity. The TR[3 suppression of the oncogene RUNX2 is a signaling
pathway shared by thyroid and breast cancers. Our findings provide a novel mechanism for TR 3-mediated tumor suppression in
breast cancers. This pathway may be common to many solid tumors and impact treatment for metastatic cancers.
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Introduction

Breast cancer is the most commonly diagnosed malignancy
in women worldwide [1]. In the USA, one in eight women
is expected to develop the disease over the course of their
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lives [2]. Endocrine therapies that target the estrogen recep-
tor (ERx) are a cornerstone of breast cancer treatment for
most patients. Yet, these therapies often fail, as a conse-
quence of distinct resistance pathways. Non-steroid nuclear
hormone receptors have emerged as diagnostic and thera-
peutic targets in breast cancer, yet the functional mechanistic
and clinically relevant roles of most of this family are min-
imally understood [3]. Notably, several lines of evidence
from gain of function experiments indicate that thyroid hor-
mone receptor beta (TR3) exhibits tumor suppressor activity
in breast cancer. In luminal A MCF7 cells, re-expression of
TR reduced xenograft tumor mass and pro-oncogenic
STAT3 signaling [4]. Similar results were observed in
triple-negative MDA-MB-468 cells. TR3 expression re-
duced metastases and angiogenesis [5]; further, expression
of TR repressed PI3K signaling and induced apoptosis [6].
Additionally, TRf3 is correlated with improved disease-free
survival in both BRCA-associated tumors and in triple-
negative breast cancer [7, 8]. This may be in part due to
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increased sensitization to chemotherapeutics [8], necessitat-
ing a thorough understanding of the mechanisms by which
TR suppresses tumor growth.

TRf3 also exhibits tumor suppressor activity in thyroid
cancer [9], a disease with a link to breast cancer. Women
who develop thyroid cancer are more likely to develop
breast cancer as a second primary tumor, and patients with
breast cancer are at increased risk of developing thyroid
cancer [10-13]. Further understanding of either of these
tumor types may reveal important insights into the predis-
position for the other disease as well as insights into how
both tumor types develop. Reciprocal synergies between
these tumors may be highly informative. Intriguingly, the
bone is one of the most common distal sites of metastases
in breast cancer [14] and is the second most common site
in thyroid metastases [15]. We recently established a nov-
el tumor suppression pathway by which the master regu-
lator of osteoblast development, RUNX2, which functions
oncogenically in cancer and promotes invasion and me-
tastasis in thyroid cancer [16, 17], is repressed by TRf3 in
thyroid cells [18, 19]. Addition of the ligand, triiodothy-
ronine (T3), enhances the TR{3-mediated transcriptional
events, reinforcing this novel pathway. In breast cancer,
RUNX2 drives tumor progression, promoting prolifera-
tion and distal metastasis [20, 21] in part through the
upregulation of genes critical to the process of invasion,
including VEGF, OPN, and matrix metalloproteases
(MMPs) [17, 22-26]. These findings indicate that the
T5-TRB-RUNX2 pathway could be active in breast cancer
as well as in thyroid cancer.

Unlike in thyroid cells where the dominant thyroid hor-
mone receptor is TRf3, in breast cells TRx expression is
robust. Although not yet well defined, TR«, in contrast to
TRf3, may be associated with breast tumorigenesis. High
TR« expression in BRCAI-associated breast tumors cor-
relates with a poor prognosis [7]. It has been reported that
elevated levels of the splice variant TRl of TR« are
associated with a poor prognosis and decreased patient
survival [27].

A compelling question is whether the TRB-RUNX2
signaling is active in breast as well as thyroid cancer.
Given that T; activates both TR3 and TR«, and that
TR« expression is robust in breast cancer cells, our ex-
perimental strategy was to determine whether one or both
TRs are responsible for repression of RUNX2 in breast
cancer cells. Our results establish that TR3 suppresses the
oncogenic RUNX2 activity in breast cancer cells. These
findings demonstrate that the suppressive action of Tj is
mediated through TR but not TR« and support mecha-
nistic linkage of thyroid hormone control with breast can-
cer activation and repression as well as provide potential
therapeutic targets that are based on selective modifica-
tions in thyroid hormone receptor relationships.

Materials and Methods

Cell Culture and Treatments MCF10A cells were grown in
DMEM/F-12 (1:1) (Hyclone), supplemented with 5% horse
serum (Gibco), human insulin (10 pg/ml), human EGF
(20 ng/ml), cholera toxin (100 ng/ml), hydrocortisone
(0.5 pug/ml), and L-glutamine (2 mM) (Millipore Sigma).
MDA-MB-231 was maintained in xMEM supplemented with
10% fetal bovine serum (Life Technologies) and L-glutamine
(2 mM). Both cell lines were grown in the presence of
penicillin-streptomycin (200 IU/L) (Cellgro/Mediatech).
Cells were maintained at 37 °C, 5% CO,, and 100% humidity.
For hormone and drug treatments, cells were maintained in
charcoal-stripped serum (Sigma). MCF10A and MDA-MB-
231 cells were purchased from the American Type Culture
Collection and authenticated via short tandem repeat analysis
in January 2018.

Transient Transfections and Cloning Transfections were per-
formed using Lipofectamine 3000 (Thermo Scientific) follow-
ing manufacturer’s directions. The pDEST515-FLAG-THRB
plasmid is used in the same prior work, as was the negative
control vector [18]. We cloned pDEST515-FLAG-THRA
using MCF10A cDNA (Supplementary Table 1). The amplicon
was purified from an agarose gel with the Monarch® Gel
Extraction Kit (New England Biolabs), and both the
pDEST515-FLAG-THRB backbone vector and the THRA
amplicon were digested with HindIIl and BamHI (New
England Biolabs). The THRB cds dropped out from the back-
bone, and the THRA cds corresponding to the TRl variant
was ligated into the vector. The identity of pDEST515-FLAG-
THRA was confirmed by Sanger sequencing.

Immunoblot Proteins were isolated from whole cells in lysis
buffer (20 mM Tris-HCI, pH 8, 137 mM NaCl, 10% glycerol,
1% Triton X-100, and 2 mM EDTA) containing Halt Protease
Inhibitor Cocktail (Thermo Scientific 78,410) as previously de-
scribed [19]. Nuclear proteins were prepared with NE-PER
nuclear and cytoplasmic extraction reagents (Thermo
Scientific 78,833) per manufacturer’s protocol. Proteins were
resolved by polyacrylamide gel electrophoresis on Novex 10%
Tris-glycine gels (Invitrogen) and immobilized onto Protran
nitrocellulose membranes (GE Healthcare) by electroblot
(Bio-Rad Laboratories). Specific proteins were detected by im-
munoblotting with the indicated antibodies (Supplementary
Table 2). Immunoreactive proteins were detected by enhanced
chemiluminescence (GE Healthcare), visualized by VersaDoc
MP3000 (Bio-Rad Laboratories), and intensities were quanti-
fied by Image Lab (Bio-Rad Laboratories).

RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

The total RNA was extracted using RNeasy Plus Kit
(Qiagen) according to manufacturer’s protocol. cDNA was
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then generated using 5X RT Mastermix (ABM). Gene expres-
sion was quantified by qRT-PCR using 2X BrightGreen
Mastermix (ABM) on a QuantStudio 3 real-time PCR system
(Applied Biosystems). Primers are indicated in
Supplementary Table 1. Fold change in gene expression com-
pared to endogenous control GAPDH was calculated using
the ddCT method.

siRNA Transfection A loss of function was assayed by siRNA
using on-target plus siRNAs targeting human TRf
(L-003447-00) with non-targeting siRNA (D-001810-10-20;
GE Healthcare Dharmacon) as a control. Cells were plated at a
density of 2.5 x 10° per well and transfected with 50-200 nM
siRNA with oligofectamine, as per manufacturer’s protocol
(Invitrogen/Life Technologies). The effect of the knockdown
of TR on endogenous RUNX2 and metastatic markers was
determined after 24 h.

Chromatin Immunoprecipitation (ChIP) Binding to RUNX2
chromatin was determined by ChIP-PCR. Cultured human
breast cells were cross-linked with 1% formaldehyde for
10 min, neutralized with 125 mM glycine, rinsed twice with
PBS, pelleted, and frozen. Cells were lysed in the presence of
protease inhibitors (Roche), and chromatin was extracted and
sonicated to 200—500 bp in size using a Covaris S220 Focused
Ultrasonicator. Sonicated cell lysate was incubated with 2 pg
of indicated antibody (Supplementary Table 2) and rotated
overnight at 4 °C. Around 20 microliters of Protein G
Dynabeads (Invitrogen) were blocked in 0.5% BSA and re-
suspended in lysis buffer, added to the lysate/antibody mix,
and rotated at 4 °C for 3 h. Complexes were washed exten-
sively, eluted, and incubated at 65 °C overnight to reverse
cross-links. Samples were treated with ribonuclease A, incu-
bated with proteinase K, phenol/chloroform extracted, and
ethanol precipitated. Pellets were re-suspended in 70-uL 10-
mM Tris-HCI, pH 8. Fold binding over IgG was determined
by qRT-PCR.

Reporter Assay Constructs were described in a prior publica-
tion [19]. We co-transfected the =763 to —16 pGL3 luciferase
reporter plasmid with pDEST515-FLAG-THRB in MCF10A
and MDA-MB-231 cells and recorded luminescence after
48 h as previously described. SV40 renilla construct was omit-
ted due to reports of functional thyroid hormone response
elements (TRE) [28].

DNA Pulldown Assay The assay performed was as described in
a published protocol with the following optimizations [29].
MyOne T1 streptavidin beads (Invitrogen) were rinsed twice
with binding buffer (20 mM HEPES, 30 mM KCl, 1 mM
EDTA, 10 mM (NH,4),SO4, 1 mM DTT, 0.2% (v/v) Tween-
20, pH 7.6), incubated with 5 ng of biotinylated probe at 4 °C
for 1 h, and then washed twice with binding buffer. Around
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350 pg of nuclear protein extract was precleared with beads
and 8 g of sheared herring sperm DNA (Promega) for 15 min
at room temperature. The lysate was combined with the probe-
bound beads. Volume was brought to 0.75 ml with wash buff-
er (20 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 0.5% (v/v)
NP-40, pH 7.5), and KCl was added to a final concentration of
300 mM for incubation at 4 °C for 1.5 h. The beads were then
washed three times with wash buffer, once with water, and
proteins were eluted for immunoblot.

Statistics All statistical analyses were performed using
GraphPad Prism software. Unless otherwise indicated, an un-
paired T-test (p < 0.05) was used for comparisons between two
sets, a two-way ANOVA followed by a multiple comparisons
test (p < 0.05) was used to compare groups, and data are rep-
resented as means + standard deviation.

Results
TR Expression Is Reduced in Aggressive Breast Cancer

Basal-like breast tumors exhibit elevated expression of
RUNX2 [30]. We have previously reported an inverse rela-
tionship between TR3 and RUNX2 in thyroid cancer, provid-
ing a basis for the compelling question if a similar dynamic
relationship is present in breast cancer. Both TR and TRf3
are both expressed in normal breast tissue [31], necessitating
examination of the expression levels for the THRA and THRB
genes. We interrogated RNA expression data from the Cancer
Genome Atlas PanCancer Atlas using the cBioPortal interface
[32,33] (Fig. 1). THRB was significantly repressed in the most
aggressive basal-like tumors compared to other molecular
subtypes. THRA expression was strikingly reduced in the
basal-like breast tumors, although there was also increased
expression of THRA in HER2-positive tumors. Similar to
THRB, THRA expression does not vary significantly in the
differentiated normal-like, luminal A, and luminal B cancers.
In conclusion, the most aggressive basal-like breast cancers
exhibit the lowest expression of both TRs.

Thyroid Hormone Repression of RUNX2 Is Driven
by TRB

MCF10A mammary epithelial-like cells and MDA-MB-231
triple-negative breast cancer cells were examined to determine
whether treatment with T3 can modify RUNX2 expression.
Following 24 h of treatment with 10™® M of T to model
euthyroid serum conditions, RNA was isolated from the cells
for analysis by qPCR and protein for immunoblot analysis. T;
treatment significantly decreased RUNX2 mRNA and protein
levels in both cell lines after 24 h (Fig. 2 and Fig. S1).
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Fig. 1 Baseline expression of thyroid hormone receptors and RUNX2 in
breast cells. (a) THRB RNA expression is significantly reduced in basal-
like breast tumors in comparison to all other subtypes. (b) THRA RNA
expression is significantly repressed in basal-like breast cancers and
greatest in HER2 expressing tumors. Other significant differences are
indicated in the figure. (¢c) MCF10A expresses higher levels of THRB
mRNA than MDA-MB-231 (n =4, p <0.05). Both MCF10A and
MDA-MB-231 express comparable THRA mRNA (n=4, p >0.05). (d)
MCF10A expresses greater levels of TR protein than MDA-MB-231,
while MDA-MB-231 expresses greater levels of TR« protein than
MCF10A cells as measured by immunoblot (n =6, p <0.05).
*p <0.05, #* p <0.001, ¥***p <0.0001, n.s. not significant

Unlike in the thyroid cells where we previously character-
ized the action of T; on expression of the RUNX2 gene, breast
cells express both TRo and TR3. The DNA-binding domain
of TRs is highly conserved with significant homology be-
tween both TRs resulting in competency for both receptors
to bind the same canonical response element on chromatin
[34]; however there are genes that are selectively regulated
by a single TR [35-37] likely reflecting different chromatin
protein assembly. To evaluate whether one or both TRs can
repress RUNX2 expression, MDA-MB-231 cells were tran-
siently transfected with vectors that overexpress either TR
or TRB. When RUNX2 protein was quantitated by immuno-
blot analysis, TR3 expression was observed to reduce
RUNX2 levels. However, when cells were transfected with a
TR expression vector, RUNX2 levels did not change
(Fig. 3). To determine whether TR could act as a negative
regulator of TR3, TR« was also overexpressed in MCF10A
cells, which robustly express TR3. No change to RUNX2
expression was observed, showing that increased levels of
TRa did not inhibit the suppressive activity of TR{3. These
results provide a functional indication of the specificity for
TRf3 regulation of RUNX2 in breast cancer.

To confirm that TR3 can repress RUNX2, TRf3 expression
was knocked down by siRNA in the normal breast cell line
MCF10A (Fig. 4). Decreased levels of TR 3 increased RUNX2
expression, and we also observed a significant increase in
expression of the RUNX2-upregulated genes CCNDI [38],
MMP9 [22], and VEGFA [24, 25] after siRNA knockdown
of TR3. Importantly, each of these have a demonstrated role
in the process of tumorigenesis. These results reinforce the
TR repression of RUNX2 expression with the functional
consequence of repressing RUNX2-driven pro-tumorigenic
activity.

TRB Binds to the RUNX2 Promoter

We previously mapped TREs in the P1 promoter of the
RUNX2 gene and demonstrated that TR{3 directly interacts
with these regions in thyroid cells [19]. Following ChIP from
MCF10A cells, there was significant enrichment of the
RUNX2 promoter utilizing a TRf3 antibody as compared to
IgG control (Fig. 5A). This was further validated by a DNA
pulldown assay utilizing biotinylated oligonucleotides con-
taining a previously characterized TRE. Incubation of this
oligonucleotide with MCF10A lysate revealed TRf3 binding,
which was ablated when the TRE was mutated (Fig. 5B).
Additionally, a luciferase reporter vector was co-transfected
with a TR[3 expression vector. Nominal but insignificant re-
pression was observed in MCF10A, in contrast to the MDA-
MB-231 cells that express very low levels of endogenous
TRf3 where there was significant repression (Fig. 5C). Taken
together, these data provide evidence for direct interaction
between TRf3 and the RUNX2 gene to alter gene expression.
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Fig. 2 RUNX2 expression is reduced by thyroid hormone treatment.
MCF10A and MDA-MB-231 were treated with T; at 10 M for 24 h.
(a) Expression of RUNX2 was measured by RT-qPCR (MCF10A, n =6,
p <0.001; MDA-MB-231, n =6, p <0.01). (b) RUNX2 protein levels
were determined by immunoblot (MCF10A, n =9, p <0.01; MDA-MB-
231,n =9, p <0.05). *p <0.05, **p <0.01, ***p <0.001
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Discussion

These results demonstrate that T3-mediated RUNX2 repres-
sion in breast cancer is facilitated by TR3 and not via TR«x.
Importantly, we have identified a gene that is preferentially
regulated by TR{3 and not TR«. This specificity provides a
mechanistic insight into the observed TR3 tumor suppressor
role and the putative oncogenic role of TR [7]. We have also
demonstrated a common pathway in breast and thyroid can-
cers, which demonstrates the value of this pathway for further
understanding the observed epidemiological link between
both diseases [10—13].

To understand the etiology of the link between breast and
thyroid tumors, it is vital to understand the actions of shared
tumor suppressors and oncogenes. The mechanisms by which
TR represses tumorigenesis is an important question in tu-
mor biology and pathology but are minimally understood.
Previously characterized mechanisms of TR{3-mediated tu-
mor suppression in breast cancer focused on regulation of
the PI3K/Akt [39], Ras/MAPK [40], and JAK2-STAT3 [4]
pathways and induction of mesenchymal-to-epithelial transi-
tions [41]. In thyroid cancer, TR[3 suppresses tumorigenesis
through PI3K/Akt [42] and RUNX2 [19]. Our work here dem-
onstrates that in addition to shared tumor suppression by
PI3K/Akt, TRf3 acts to repress RUNX2 expression in both
cell types. The Ras/MAPK and JAK2-STAT3 pathways and
epithelial characteristics are all features regulated by TRf3 in
breast cancer that merit further investigation in thyroid cancer.
Revealing common features can aid in understanding the
metachronous nature of the two diseases.

The T3-TRB-RUNX2 axis could be a common signaling
pathway in a variety of cancers. In addition to the role of
RUNX2 in breast and thyroid tumorigenesis, RUNX2 has
been proposed to contribute to the development of prostate
cancer [43], liver carcinoma [44], colon cancer [45], and mel-
anoma [46]. TR and/or T3 has been shown to have anti-
tumor roles in these cancers as well. Overexpression of TRf3
reduces cellular proliferation in vivo in hepatocellular carci-
noma [5]. Thyroid hormone also induces differentiation of
colon cancer stem cells [47]. In melanoma, a loss of heterozy-
gosity of the THRB gene has been observed [48], which is
consistent with functioning as a tumor suppressor gene, and
T; stimulation of dendritic cells represses melanoma tumor
size in a xenograft [49]. These findings suggest that the Ts-
TRPB-RUNX2 signaling program may be operational in a
spectrum of tissues.

This work expands the understanding for involvement of
the TRs in tumorigenesis and is consistent with the potential
for TRs to improve diagnostic or prognostic capabilities for
cancer diagnosis and treatment responsiveness. Aside from
the treatment of existing thyroid disorders or to alleviate side
effects from therapeutics, direct modulation of thyroid hor-
mone levels is undesirably as potential confounding effects
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Fig. 5 TR binds to the RUNX2 promoter. (a) Chromatin
immunoprecipitation-PCR of RUNX2 in MCF10A cells (n =3, p <
0.05). (b) Biotinylated RUNX2 proximal promoter successfully pulls
down TR from MCF10A lysate as shown by immunoblot. Mutation
of the TRE ablated this interaction. (¢) Cotransfection of an expression

must be considered. TRl is associated with more advanced
breast tumors [7, 27] and potential side effects for the cardio-
vascular system that includes tachycardia and hypertension
which result from TR« signaling in the heart [50].
Additionally, the V33 integrin is responsive to thyroid hor-
mones, primarily thyroxine, promoting pro-oncogenic activity
through the MAPK pathway [51, 52], and through studies
utilizing prostate cancer cells and osteoblasts, it was shown
that «V[33 induces an increase in expression and transcrip-
tional activity of RUNX2 [53, 54]. However, it is not clear
whether V33 can regulate RUNX2 in response to thyroid
hormones. Encouragingly, thyromimetic compounds have
been developed as selective agonists to TR3 [55, 56] and
may stimulate TR3 tumor suppressor activity in cancer.
There is an encouraging evidence that thyromimetics can en-
hance the sensitivity of aggressive breast cancer cells to cer-
tain chemotherapies [8]. Our work demonstrates another
mechanism by which TR3 pharmacological stimulation may
be beneficial.

In closing, our findings demonstrate a tumor suppres-
sive function of TR shared by multiple tissue types.
The T3-TRB-RUNX2 pathway is active in a variety of
cancers. Understanding the role of this signaling in tu-
morigenesis may be leveraged for the development of
novel clinical interventions with high specificity and
minimal off-target consequences.
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