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Abstract

Anaplastic thyroid carcinoma (ATC) is an aggressive malignancy without effective therapeutic
options to improve survival. Steroid receptor coactivator-3 (SRC-3) is a transcriptional coactivator
whose amplification and/or overexpression has been identified in many cancers. In this study, we
explored the expression of SRC-3 in ATCs and the effects of a new class of SRC-3 inhibitor-2
(SI-2) in human ATC cells (THJ-11T and -16T cells) and mouse xenograft models to assess
therapeutic potential of SI-2 for the treatment of ATC. SRC-3 protein abundance was significantly
higher in human ATC tissue samples and ATC cells than in differentiated thyroid carcinomas or
normal controls. SI-2 treatment effectively reduced the SRC-3 expression in both ATC cells and
ATC xenograft tumors induced by these cells. Cancer cell survival in ATC cells and tumor growth
in xenograft tumors were significantly reduced by SI-2 treatment through induction of cancer cell
apoptosis and cell cycle arrest. SI-2 also reduced cancer stem-like cells as shown by an inhibition
of tumorsphere formation, ALDH activity and expression of stem cell markers in ATC. These
findings indicate that SRC-3 is a potential therapeutic target for treatment of ATC patients, and
that SI-2 is a potent and promising candidate for a new therapeutic agent.
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Anaplastic thyroid carcinoma (ATC) is a rare malignancy, accounting for 1-2% of all thyroid
cancers, but it is one of the most aggressive solid cancers in humans (Molinaro, et al. 2017).
ATC is highly proliferative, easily invades the trachea, and metastasizes to distant organs.
The median survival of patients with ATC is only 3-5 months after diagnosis (Smallridge

2012, Jeon, et al. 2016, Tiedje, et al. 2018). Unlike the differentiated thyroid carcinoma

(DTC) such as papillary thyroid carcinoma (PTC) and follicular thyroid carcinoma (FTC),
ATC cells do not have any functional and biological features of normal thyrocytes, such as
thyrotropin dependence, iodine uptake, and thyroglobulin synthesis (Molinaro et al. 2017).

ATC is usually resistant to radioactive iodine therapy or chemotherapy and there are no

established therapeutic options to improve overall survival of patients (Smallridge 2012,

Tiedje et al. 2018). American Thyroid Association (ATA) guidelines and the National

Comprehensive Cancer Network and Practical Guidelines for ATC suggest combination

therapy including surgery, radio- and/or chemotherapy to maximize clinical benefits

(Smallridge, et al. 2012, Haddad, et al. 2015). Currently, several new tyrosine kinase

inhibitors (TKIs) have been tested or are under evaluation in phase I clinical trials. Only a

combination of dabrafenib and trametinib is approved by U.S. Food and Drug

Administration for patients with BRAF mutated ATC based on the results of a phase 11

clinical trial without definite evidence of survival benefits (Subbiah, et al. 2018). A novel

therapeutic modality for the treatment is therefore urgently needed.

The steroid receptor coactivator-3 (SRC-3, official gene name, NCOAS; also known as
AIB1, RAC3, pCIP, ACTR, and TRAML) is an important transcriptional coactivator to

modulate transcriptional activity of the nuclear receptor superfamily and other transcription
factors (Wang, et al. 2016). SRC-3 was initially identified as a transcriptional coactivator
amplified and overexpressed in estrogen receptor-positive breast and ovarian cancer (Anzick,
et al. 1997). Subsequently, SRC-3 amplification and/or overexpression was found in various
types of hormone-dependent and -independent cancers such as breast cancer, endometrial
carcinoma, ovarian cancer, prostate cancer, colorectal cancer, esophageal squamous cell
carcinoma, gastric cancer, hepatocellular carcinoma, meningioma, and pancreatic cancer
(an, et al. 2006, Xu, et al. 2009, Wang et al. 2016). Mice over-expressing SRC-3 developed

malignant mammary, pituitary, and uterine tumors by activating insulin growth factor 1

(IGF-1) and phosphinositide 3 kinase (PI3K)/AKT signaling pathway (Torres-Arzayus, et al.
2004). Previously, we have created a mutant mouse that expresses dominate-negative mutant

thyroid hormone receptor p mutant (TRBPV). This mutant mouse ( 74rt°V/FV mice)
spontaneously develops follicular thyroid cancer with pathological progression and

frequency of metastasis is similar to that in cancer patients (Suzuki, et al. 2002). Much like
tumors in patients, the development of thyroid tumors in 74r6°Y/FV mice is propelled by
over-activation of PI3K-AKT signaling (Kim, et al. 2005, Guigon, et al. 2009). Interestingly,
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ThrtPVPY mice deficient in SRC-3 (7hr6°V/FVSrc-371) exhibit a significant increased
survival, decreased thyroid tumor growth, delayed tumor progression, and markedly lower
incidence of distant metastasis as compared with 7467V mice with SRC-3
(Thrb®VPVSre-31%) (Ying, et al. 2008). These findings clearly indicate that SRC-3 is a
tumor promoter in thyroid cancer and, importantly, that SRC-3 could be a potential
therapeutic target of thyroid cancer.

Many small molecule inhibitors (SMIs) have been identified and developed for targeting
mainly the enzyme substrate binding site of kinases (Wells & McClendon 2007). However,
transcriptional co-activators are considered to be more difficult molecules to target because
of their large size and disordered structures (Lonard & O’Malley 2006, 2012). Recently,
Song, et al., reported the development of a promising new class of SRC-3 inhibitor-2 (SI-2)
by using cell-based functional assays for high-throughput screening (Song, et al. 2016). SI-2
can selectively inhibit transcriptional activities of SRC-3 and the protein concentrations of
SRC-3 in breast cancer cells /n vitro and breast cancer tumors in xenograft models (Song et
al. 2016).

In the present study, we showed that SRC-3 expression was significantly increased in human
ATC tissues samples and ATC cell lines. SI-2 treatment reduced protein abundance of
SRC-3 in ATC cells and xenograft tumors. Cancer cell survival of ATC cells and tumor
growth of xenograft models were inhibited by SI-2 treatment through induction of apoptosis
and suppression of cell-cycle progression. We also found that SI-2 treatment inhibited the
cancer stem-like cells (CSCs) in ATC. These findings indicate that SRC-3 is a potential
therapeutic target for ATC, and SI-2 is a potent and promising candidate as a new
therapeutic agent for patients with ATC.

Materials and Methods

Cell lines

All THJ cell lines derived from ATC (THJ-11T, -16T, -21T, and -29T) were provided by Dr.
John A Copland Il at the Mayo Foundation for Medical Education and Research (Marlow,
et al. 2010). These cells were maintained in RPMI-1640 media (Invitrogen) supplemented
with 10% fetal bovine serum (FBS), 1% non-essential amino acid, 1% sodium pyruvate, and
1% antibiotic-antimycotic solution (Thermo Fisher Scientific), as previously described (Zhu,
et al. 2019). FTC-133 and FTC-236 cells derived from follicular thyroid carcinoma (FTC),
kindly provided by Dr. Orlo H. Clark (UCSF Mount Zion Medical Center, San Francisco,
CA), were maintained in DMEM/Ham’s F12 (1:1) medium (Invitrogen) supplemented with
10% FBS, 10 pg/ml bovine insulin (Sigma-Aldrich), 1 mlU/ml bovine TSH (Sigma-
Aldrich), 100 U/ml penicillin, and 100 ug/ml streptomycin (Invitrogen), as previously
reported (Kim, et al. 2013).

Cell survival assays

SI-2 was provided by Dr. Bert W. O’Malley, Baylor College of Medicine, Houston, Texas
(Song et al. 2016). To evaluate the effects on SI-2 on cell proliferation, cells were cultured in
the media with various concentrations of SI-2 or DMSO in six-well plates each with
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triplicates, as previously described (Kim, et al. 2014). The number of viable cells was
counted at 48 hours after treatment using a cell counter (Countess Il, Thermo Fisher
Scientific). The relative cell viability was calculated after normalization of DMSO-only
control.

Western blot analysis

Preparation of whole-cell lysates and western-blot analysis were carried out as previously
described (Furumoto, et al. 2005). The protein samples were loaded and separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis. After electrophoresis, the
protein was electrotransferred to a polyvinylidene difluoride membrane (Immobilon-P;
Millipore). Antibodies against SRC-3 (#2126, Cell Signaling, Inc.). P21 (#2947, Cell
signaling), Cyclin D1 (RB-9041-P1, Thermo Scientific), E2F1 (sc-251, Santa Cruz), Bad
(#9292, Cell signaling), Bim (#2933, Cell signaling), and cleaved poly ADP ribose
polymerase (PARP) (#5625, Cell signaling) were used. The blots were stripped with Re-Blot
Plus (Chemicon) and re-probed with antibody against p-actin (#4970, Cell signaling). Band
intensities were quantified by using NIH Image software (ImageJ; Wayne Rasband, NIH,
Bethesda, MD).

Flow cytometry analysis

For each analysis, THJ-11T and -16T cells were first incubated with the indicated dose of
SI-2 or vehicle for 24 or 48 hours. For cell cycle analysis, the cells were trypsinized,
washed, and fixed in 70% ethanol at — 20°C overnight. On the next day, the cells were
washed and then incubated in DAPI staining solution (D9542, Sigma-Aldrich: 1 pg/ml DAPI
in PBS) for 10 minutes at room temperature. Cell apoptosis was measured with Annexin V-
FITC apoptosis detection kit (556547, BD Biosciences). To assay for ALDH activity, we
used an ALDEFLUOR kit (#01700, Stem Cell Technology, Lt.,) as per the manufacturer’s
protocol. Briefly, the cells were trypsinized, after which 1 million cells were resuspended in
1 ml aldeflour assay buffer. Aldeflour reagent was added to this cell suspension and then
half of the cell suspension was transferred to a fresh tube containing
diethylaminobenzaldehyde (DEAB), which is used to control for background fluorescence
as a specific inhibitor of ALDH. The cells were incubated at 37°C for 30 minutes, washed,
and then subjected to flow cytometry. All the stained cells were analyzed by Sony SA3800
spectral cell analyzer (Sony Biotechnology, Inc.). The data analysis was done by FlowJo
software 10.5.3 (FlowJo LLC).

Analysis of TCGA data

A public transcriptome database matched to clinicopathological data from The Cancer
Genome Atlas (TCGA-THCA, http://cancergenome.nih.gov/: thyroid cancer [n = 505] and
normal thyroid tissue [n = 59]) was used to identify biological characteristics and clinical
significance of thyroid cancer with high expression of the NCOA3 gene encoding SRC-3
protein. To identify the role of NCOAS3 gene for cancer stemness, we used “Stemness
index”, generated by a machine-learning algorithm based on both transcriptomic and
epigenetic signatures of stem cells (embryonic stem cells and induced pluripotent stem cells)
to analyze TCGA dataset as previously reported (Malta, et al. 2018). For gene set
enrichment analysis (GSEA, http://software.broadinstitute.org/gsea/index.jsp) and
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clinicopathological data analysis, we used the transcriptome data of tumors with the top 30
and the bottom 30 NCOA3 expression in the TCGA-THCA: low and high NCOA3group (n
= 30, respectively). GSEA predicted coordinated upregulation or downregulation of pre-
organized signature gene sets, such as the Kegg and Hallmark gene sets, in the high NCOA3
group versus the low NCOA3 group. To examine the relationship of NCOA3 with cancer
driver- and pathway-related genes, we created our own gene set including 48 cancer-related
genes, as previously reported (Mlecnik, et al. 2016). In our setting, a negative normalized
enrichment score (NES) indicates gene set enrichment at the top of the ranked list in the
high NCOAS3 group. Among the enriched gene sets in the group, those with a nominal ~
value < 0.05 and an FDR g-value < 0.25 were considered statistically significant.

In vivo mouse xenograft study

The National Cancer Institute Animal Care and Use Committee approved the protocols for
animal care and handling in this study. Four-week-old female athymic NCr-nu/nu mice were
obtained from the NCI-Frederick animal facility. THJ-11T and -16T cells (5x106 cells) in
200 pL of suspension mixture with Matrigel-Basement Membrane Matrix (354234, Corning)
were subcutaneously inoculated into the right flank of mice, as previous reported (Kim et al.
2013). After 3 weeks, mice were randomly divided into the treatment and control groups.
The treatment group received an intraperitoneal injection of SI-2, 2 mg/kg per dose, two
doses per day, for 2-6 weeks, while the control group received vehicle solution, as
previously reported (Song et al. 2016). Tumor size was measured with calipers, and tumor
volume (V) was calculated as (length x width?)/2. Each experiment ended when the length
of the biggest tumor reached 20 mm. Tumor weight was determined after dissection of
xenografted tumor tissues from euthanized mice at the study endpoint.

Immunohistochemistry and histopathological analysis

Formalin-fixed, paraffin-embedded (FFPE) tissues from surgically removed human thyroid
cancer samples were collected at Asan Medical Center, Seoul, Korea between 1996 and
2012 following the Institutional Review Board approval. The use of human samples was also
approved by the IRB board of the National Cancer Institute. Tissues from xenografted tumor
were fixed in 10% neutral buffered formalin (Sigma-Aldrich) and subsequently embedded in
paraffin. Five-micrometer-thick sections were prepared and stained with hematoxylin and
eosin. Immunohistochemistry (IHC) was performed as previously described (Kim, et al.
2012) with some modification using Vectastain ABC kit (Vector Laboratories). Antibodies
for SRC-3 (#611104, BD Transduction Laboratories), Cyclin D1 (RB-9041-P1, Thermo
Scientific), Ki-67 (RB-9043-P0, Thermo Scientific), Bim (#2933, Cell Signaling), cleaved
caspase-3 (#9664, Cell Signaling), ALDH1/2 (sc-166362, Santa Cruz), and p-catenin
(#9562, Cell Signaling) were used to evaluate protein expression by IHC.

Tumorsphere assay

Cells were plated in 96-well low attachment plates (Corning) in DMEM/F12 (1:1) with 1%
methylcellulose (Sigma), bFGF (Peprotech), hEGF (R&D Systems), B27 supplement (Life
Technologies), and penicillin/streptomycin (Gibco). Fresh media was added every 3 days
and the number of tumorspheres were counted and photographed after 10 days. A Zeiss light
microscope was used to count and quantify the tumorspheres (Rohira, et al. 2017).
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Statistical analysis

Data are presented as mean+SD. Student t-test or one-way analysis of variation with Tukey’s
post-hoc test was used to compare continuous variables between groups. Categorical data
were compared using the chi-squared test or Fisher’s exact test. Two-way analysis of
variance with Bonferroni’s post-hoc test was used to compare tumor growth in xenograft
model according to the time and groups. To identify the relationship of NCOA3with cancer
stemness-related genes in the TCGA-THCA, we used Pearson correlation coefficient for the
analyses. For schematization of the results from these analyses, we used RStudio 1.2
program (RStudio Inc., Boston, MA). P-values were two-sided throughout, and less than
0.05 was considered statistically significant. Data were analyzed using GraphPad Prism
8.1.1 (GraphPad Software).

Results

SI-2 inhibits ATC cell survival by inducing apoptosis and by impeding cell cycle
progression

To elucidate the effects of SI-2 on ATC cells, we first evaluated the protein abundance of
SRC-3 in four human cell lines derived from ATC tumors of patients (THJ-11T, -16T, -21T,
and -29T) (Marlow et al. 2010), two FTC cell-lines (FTC-133 and FTC-236, derived from
primary lesions and lymph node metastasis, respectively) (Hoelting, et al. 1994), and normal
controls (101N and 116N). SRC-3 protein abundance was increased in four THJ cells and
FTC-236 as compared with normal controls (Figure 1A-I). The relative protein abundance of
SRC-3 was highest in THJ-11T (2.8-fold increase) and -16T (2.5-fold increase) compared
with normal control, 116N (Figure 1A-11). Therefore, we used the two human ATC cells
(THJ-11T and -16T) for further experiments.

Previous studies showed that SI-2 inhibited SRC-3 protein abundance (Song et al. 2016).
Therefore, we first investigated the effects of SI-2 on SRC-3 protein abundance in ATC
cells. Cellular protein levels of SRC-3 were significantly decreased in a dose-dependent
manner after SI-2 treatment in both THJ-11T and -16T cells (Figure 1B-I and quantitation in
1B-11). Concurrently, SI-2 treatment reduced the number of viable cells in a dose-dependent
manner in THJ-11T and THJ-16T cells (Figure 1C-i and -ii, respectively). We performed an
apoptosis assay using Annexin V and propidium iodide to examine the cause of the SI-2
cytotoxic effect on these ATC cells. The percentage of cells in early and late apoptotic
phases was increased after SI-2 treatment (Figure 1D-I). The quantitative analysis revealed
that the relative fold of increase in apoptosis was 2.6-fold for THJ-11T cells and 1.7-fold for
THJ-16T cells (Figure 1D-11-i and -ii). We further identified the molecular changes that led
to the increase of apoptosis caused by SI-2 treatment.

As shown in the western blot analysis, concurrent with the dose-dependent decrease in
SRC-3 protein levels (Figure 1E-1-a), the protein levels of key apoptotic regulators, Bad
(panel b), Bim (panel c¢), and marker of apoptosis, cleaved PARP (panel d), were induced
accordingly in both THJ-11T and THI-16T cells (also see the quantitation in Figure 1E-I1).
These data indicated that SI-2 treatment inhibited ATC cell survival by inducing apoptosis.
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Decreased cell survival also could be due to inhibition of cell proliferation by delaying cell
cycle progression. We therefore used western blot analysis to analyze several critical cell
cycle regulators in THJ-11T and THJ-16T after treatment with SI-2. The cyclin-dependent
kinase inhibitor p21 (also known as p21WAFL/Cipl) was increased (Figure 1F-1-b)
concurrently with the decreased SRC-3 (Figure 1F-1-a) in the two ATC cell lines by
treatment with SI-2 at 100-nM or 200-nM concentrations. The increase in p21 was
accompanied by a concurrent decrease in cyclin D1 protein levels (Figure 1F-I-c). The
transcription factor E2F1 plays a crucial role in the control of the cell cycle by coordinating
the gene expression involved in DNA replication and cell cycle progression (Nevins, et al.
1997, Trimarchi & Lees 2002). Previous studies indicated SRC-3 directly interacts with
E2F1 for upregulation of E2F1 target gene expression via a positive regulatory loop between
E2F1 and SRC-3 (Louie, et al. 2004, Mussi, et al. 2006). The protein abundance of E2F1 by
SI-2 treatment was dose-dependently decreased (Figure 1F-I-d). Quantitative analysis
indicated that SI-2 treatment significantly decreased protein abundance of cyclin D1 and
E2F1, ranging from 60% to 85% in both ATC cell lines (Figure 1F-11). These data indicate
that SI-2 treatment in ATC cells impeded cell cycle progression. Taken together, these
results show SI-2 decreased ATC cell survival by both induction of apoptosis and impeding
cell cycle progression.

SI-2 inhibits growth of tumors induced by THJ-11T and -16 cells in mouse xenograft

models

To further analyze the inhibitory effects of SI-2 on ATC tumor cell growth, we next assessed
the SI-2 effects on ATC cell-induced tumors in /n vivo mouse xenograft models. The growth
of tumors-derived from THJ-11T cells was significantly inhibited by SI-2 treatment (n=7) as
compared with vehicle treatment (n=8) (Figure 2A-I, see also 2B-I). Similarly, the growth of
tumors-derived from THJ-16T cells was inhibited by SI-2 treatment (n=8) (Figure 2A-Il, see
also Figure 2B-I1). The mean tumor weight was reduced by 76.0% and 70% in SI-2 treated
group as compared with the vehicle-treated control group at the study endpoint for THJ-11T
and -16T cell-induced tumors, respectively (Figure 2C-I and -I1). However, we found no
significant differences in body weights of the mice between SI-2-treated and vehicle-treated
group (Figure 2D), suggesting that there were no potential overt side effects on mice. These
findings clearly show the effectiveness of SI-2 on inhibiting tumor growth /in vivo.

SI-2 induces apoptosis and cell cycle arrest in ATC xenograft tumors

To elucidate how SI-2 inhibited xenograft tumor growth, we analyzed the changes in protein
abundance associated with apoptosis and cell cycle regulation. We first used
immunohistochemical analysis to evaluate the inhibition of SRC-3 protein levels in THJ-11T
and -16T tumors after SI-2 treatment (Figure 3A-I-i and -ii, respectively). There were
significant decreases in the protein abundance of SRC-3 in SI-2 treated tumors consistent
with the results of /in vitro experiments using ATC culture cells. Quantitative analysis
showed that the number of SRC-3-positively stained cells was 68% and 95% lower in
THJ-11T and -16T tumors treated with SI-2 than in vehicle-treated controls (Figure 3A-11-i
and -ii, respectively). The expression of pro-apoptotic protein, Bim, was significantly
increased by SI-2 treatment in THJ-11T and -16T tumors, consistent with the /n vitro study
(Figure 3B-I-i and -ii, middle panel). Quantitative analysis showed that the number of Bim-
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positively stained cells was 10-fold and 9-fold higher in THJ-11T and -16T tumors treated
with SI-2 than in vehicle-treated controls (Figure 3B-11-i and -ii, respectively). We also
evaluated the SI-2 induced apoptosis by evaluating the expression of cleaved caspase-3 in
these tumors. Significant increases in the cleaved caspase-3 proteins by SI-2 treatment
(Figure 3B-I, bottom panel, also see Figure 3B-Il, right panel) were detected. Inhibition of
cell cycle progression by Sl-2 treatment was also an important finding in THJ-11T and -16T
cells. The number of cells stained with cyclin D1 and nuclear proliferation marker Ki-67
was apparent (Figure 3C-1, middle and lower panels, respectively). The quantitative data
indicated that cyclin D1 and Ki-67 positively-stained cells were decreased after SI-2
treatment (Figure 3C-I1, left and right panels, respectively). Consistent with /in vitro findings,
these data indicated that SI-2 treatment induced tumor cell apoptosis and cell cycle arrest in
in vivo xenograft models of ATC.

The effects of SI-2 on cancer stem-like cells in ATC

Cancer stem-like cells (CSCs) are characterized by the ability of self-renewal, tumor
initiation, and metastasis. They are a subpopulation of cells in tumors and play important
roles in chemoresistance and recurrent cancers (Reya, et al. 2001, Al-Hajj, et al. 2003). A
recent study suggested SRC-3 is a regulator of stem-cell capacity in lung and breast cancer
cells and is a potential therapeutic target for prevention of cancer recurrence (Rohira et al.
2017). Accordingly, we next examined the effect of SI-2 on the cancer stemness of ATC
cells. Interestingly, the TCGA data analysis revealed that the expression of NCOA3 gene
encoding SRC-3 protein had strong positive correlation with genes related to cancer
stemness in human thyroid cancer, compared to normal thyroid tissue (Figure 4A). The
positive relationship of NCOA3with cancer stemness was further analyzed by using
“Stemness Index”, generated by a machine-learning algorithm based on both transcriptomic
and epigenetic signatures of stem cells (embryonic stem cells and pluripotent stem cells) and
applied to TCGA dataset as previously reported (Malta, et al. 2018). The analysis showed
that the Stemness Index was positively correlated with NCOA3 expression in TCGA-THCA
data (Figure 4B-I) with significantly higher in tumor tissues with high NCOAS3 expression
than in tumors with low NCOAS3 expression (Figure 4B-11). The ALDEFLUOR assay clearly
showed that SI-2 strongly suppressed intracellular ALDH activity in both THJ-11T and -16T
cells, indicating inhibition of CSCs function (Figure 4C-1-1 and -ii, respectively).
Quantitative analysis showed that SI-2 treatment suppressed ALDH activity by 75% and
54% in THJ-11T and -16T, respectively as compared with controls (Figure 4C-I1).
Consistently, in vitro tumorsphere formation assay showed that SI-2 dose-dependently
suppressed tumorsphere formation of THJ-11T and -16T cells, indicating the inhibitory
effect of SI-2 on self-renewal ability of the both ATC cells (Figure 4D-1-i and -ii,
respectively). S1-2 treatment significantly decreased the number of CSC tumorsphere with
size greater than 20 um but less than 40 um (63% reduction in THJ-11T cells treated with
SI-2 at concentrations of 200 nM; Figure 4D-11-i, gray bars). Further, the number of
tumorsphere with size greater than 40 pm was reduced by 80% in cells treated with 100 nM
SI-2. No tumorspheres with a size greater than 40 um were detected with SI-2 at 200 nM
(Figure 4D-I1-i, black bars). Similar reduction patterns of tumorsphere formation were also
detected in THJ-16T cells (Figure 4D-I-ii). SI-2 treatment markedly decreased the number
of CSC tumorsphere with a size greater than 40 um by 75% in THJ-16T cells treated with

Endocr Relat Cancer. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leeetal.

Page 9

100 nM of SI-2. No tumorspheres with a size greater than 40 um were detected in cells
treated with 200 nM of SI-2 (Figure 4D-11-ii, black bars). These results indicated that SI-2
effectively inhibited CSC capacity in ATC cells.

Using immunohistochemical staining, we also determined the protein abundance of
ALDH1/2 and B-catenin in THJ-11T and -16T tumors after treatment of SI-2 (Figure 4E-I-i
and -ii, respectively; middle panel for ALDH1/2; lower panel for B-catenin) as compared
with controls. The number of cells positively stained with ALDH1/2 was significantly
decreased by 82% and 69% in SlI-2-treated THJ-11T and -16T tumors versus vehicle-treated
groups (Figure 4E-11-i and -ii, left panel). There were significant 77% and 67% decreases in
the B-catenin nuclear-stained cancer cells after SI-2 treatment in THJ-11T and -16T tumors,
respectively (Figure 4E-11-i and -ii, right panel). Altogether, these findings indicated SRC-3
inhibition by SI-2 suppresses the CSC capacity in /n vitro ATC culture cells and in mouse
xenograft models.

SRC-3 is highly expressed in human ATC tissues

To assess whether SRC-3 is an appropriate target for treatment of patients with ATC, we
compared the SRC-3 protein abundance among human normal thyroid tissue (Figure 5A-1-
a), FTC (5A-I-b), PTC (5A-1-c), and ATC (Figure 5A-1-d, -e, -f). The nuclear expression of
SRC-3 was clearly higher in ATCs than in normal thyroid tissues (panel a versus panels b
and c, Figure 5A-I1). Quantitative analysis shows that 54.6% of ATC cells were positive for
SRC-3, whereas only 18.6% of PTC cells, 13.9% of FTC cells, and 18.3% of normal thyroid
cells were positive for SRC-3 (Figure 5A-111). To understand how elevated expression of
SRC-3 could impact tumor cell proliferation, we next compared the nuclear expression of
the proliferation marker, Ki-67, among human normal thyroid (Figure 5B-I-a), PTC (5B-I-
b), and ATC (5B-I-c). We found that more than 80% of ATC cells were positive for Ki-67,
while only 7.3% of normal thyroid cells and 30.4% of PTC cells were positively stained for
Ki-67 (Figure 5B-I11), suggesting that SRC-3 is critically involved in rapid and sustained
proliferation of ATC cells.

We next validated the clinical significance of the NCOA3 gene in human thyroid cancer by
analysis of the thyroid cancer database in TCGA. For this analysis, we first divided the data
into two groups according to mMRNA expression of NCOAS3. low and high NCOA3
expression group (n = 30, respectively), and then performed GSEA to identify biological
characteristics of the high NCOAZ3 group, compared to the low NCOA3 group. Interestingly,
we found that multiple oncogenic pathways including PI3K-AKT-MTOR and MAPK
signaling involved in various types of human cancer were enriched in the high NCOA3
expression group (Figure 5C; see also Table S1 and S2) while there was no significantly
enriched gene set in the low NCOA3 group (Table S3). This result indicates extensive
involvement of SRC-3 in the activation of multiple oncogenic pathways for cancer
progression. To confirm this finding, we next created our own gene set including 48 cancer
driver- and pathway-related genes, as previously reported (Mlecnik et al. 2016), and
performed GSEA using this gene set. Consistently, high NCOAS3 group exhibited
coordinated enrichment of these 48 cancer-related genes (Figure 5D). Of note, incidence of
cervical lymph node metastasis, an important prognostic factor in thyroid cancer, was more
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frequent in the high than the low NCOA3 expression group (69.0% vs. 39.3%; Figure 5E).
Together, these data indicated that SRC-3 would be a potential therapeutic target in human
ATC against which SI-2 could be tested in future clinical trials.

Discussion

SRC-3 activates transcription of nuclear receptors and other transcriptional factors by
assembling into a multi-protein coactivator complex on the target genes (Yan et al. 2006,
Wang et al. 2016). Aberrant expression of SRC-3 was found in many human cancers and the
oncogenic roles of SRC-3 were demonstrated in cell-based studies and /n vivo mouse
models. That SRC-3 deficiency in a mouse model of thyroid cancer ( 74r6°Y/PY mice) led to
increased survival and delayed metastatic spread shows that SRC-3 could be a potential
therapeutic target in thyroid cancer. Thus, in the present study, we targeted SRC-3 in ATC by
using a newly developed selective SRC-3 small molecule inhibitor, SI-2. The therapeutic
effects of SI-2 were demonstrated in breast cancer cells. SI-2 selectively killed breast cancer
cells at the low nanomolar range of 1C-50 values without adverse effects on the survival of
normal cells (Song et al. 2016). Our present study shows SRC-3 expression was significantly
increased in human ATC tissues and that SRC-3 inhibition by SI-2 decreased cancer cell
survival and tumor growth through induction of apoptosis and impeding cell cycle
progression in /n vitroand in vivo studies. These present preclinical findings indicate that
targeting SRC-3 by SI-2 may be a potentially effective strategy for treating patients with
ATC.

Emerging evidence suggests cancer stem-like cells (CSCs) may initiate new tumors in ATC.
CSCs are a subpopulation of cells in tumors that share molecular similarities to embryonic
or adult stem cells and are frequently related to chemo- and radio-resistance (Reya et al.
2001, Lin 2011). A previous study reported that 9.4% of THJ-11T cells and 4.5% of
THJ-16T cells are enriched CSCs (L1, et al. 2013). CSCs in thyroid cancers were also shown
to express high levels of ALDH (Todaro, et al. 2010). Consistent with these reports, our
study also showed that a subpopulation of THJ-11T and THJ-16 cells possessed the ability
to form tumor spheres and exhibited high expression of ALDH, characteristics of CSCs.
Analysis of the TCGA thyroid cancer database clearly indicated a close association of
NCOAZ3(SRC-3) gene expression with stemness-related genes (see Figure 4A). These
findings prompted us to evaluate whether SI-2 could be effective to suppress CSCs via
targeting SRC-3. Remarkably, we found that SI-2 was effective in reducing not only the
number of tumor spheres, but also their size. Moreover, SI-2 also inhibited ALDH
expression and activity in ATC cells. The decreases in tumor sphere formation and reduced
expression of ALDH are indicative of reduced CSC activity.

That SI-2 suppressed CSCs in ATC, as demonstrated in the present study, has important
clinical implications. ATC is one of the most aggressive solid tumors in humans. Currently
there is no effective treatment. One possible explanation of resistance to treatment in ATC
could be the perpetual self-renewing and re-initiating in the development of tumors driven
by CSCs. The finding that SI-2 could suppress the CSC capacity suggested that SI-2
treatment is useful for both monotherapy or in combination therapy to overcome potential
resistance due to CSC cells.
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It is important to point out that THJ-11T cells and THJ-16 cells have distinct genetic lesions.
THJ-11T cells harbor a KRASG12V mutation, whereas THJ-16 cells express PISKE454K,
TP53, and Rb mutations (Marlow et al. 2010). In spite of these distinct driver mutations,
SI-2 had similar efficacy in the inhibition of tumor cell growth in both ATC cells, as shown
in vitro and /n vivo analyses. These observations suggest that aberrant signaling initiated by
different upstream driver mutations would converge in the transcription responses. Other
components involved in the transcription machinery such as chromatin structure,
transcription mediator, and polymerase complexes would be critical in the final
manifestation of oncogenic responses. SRC-3, a critical transcription activator, would be an
effective target to suppress these aberrant transcriptional responses. Recent global genomic
analyses have demonstrated that in ATC, in addition to mutations in 7ERT promoter, 7P53,
PI3K/AKT/mTOR pathway effectors, mutations in SWI/SNF subunits, histone
methyltransferases, and EIF1AX (a component of the translational preinitiation complex)
were also detected (Landa, et al. 2016). The identification of small molecular inhibitors such
as Sl-2 to targeting SRC-3 or other transcription regulators could be promising approaches
for effective ATC treatment and prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SI-2 Suppresses Proliferation through Induction of Apoptosisand Cell Cycle Arrest fin

ATC Célls.

(A) Western blot (1) and its quantitative analysis (11, n = 3) showing different expression
levels of SRC-3 protein in normal thyroid, FTC, and ATC cell lines. (B and C) Western blot
(B-I) and its quantitative analysis (B-I1, n = 3) showing dose-dependent inhibition of SRC-3
protein (B), and dose-dependent inhibition of cell proliferation (C, n = 3) by 48-hour
treatment of SI-2 in ATC cells. (D) Annexin V apoptosis assay (I) and its quantitative
analysis (11, n = 3) showing effect of SI-2 treatment on apoptosis in ATC cells. (E) Western
blot (1) and its quantitative analysis (I1, n = 3) showing effect of SI-2 treatment on protein
expression of apoptosis-related molecules in ATC cells. (F) Western blot (1) and its
quantitative analysis (I1, n = 3) showing effect of SI-2 on protein expression of cell cycle-
related molecules in ATC cells. Significant differences are indicated by asterisks (P < 0.01
[**], P<0.001 [***], and P < 0.0001 [****]). Data represent the mean * SD.
Abbreviations: FTC, follicular thyroid cancer; ATC, anaplastic thyroid cancer.
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Figure 3. SI-2 Effectively Inhibits Cell Praliferation and Induces Apoptosisin Vivo.
(A) Representative IHC images for SRC-3 (I) and quantitative analyses for the IHC results

(I, n = 4, respectively) in the THJ-11T- and THJ-16T xenograft tumors treated with vehicle
or SI-2. (B) Representative IHC images for molecules related to apoptosis (1) and
quantitative analyses for the IHC results (Il, n = 4) in the THJ-11T and -16T xenograft
tumors treated with vehicle or SI-2. (C) Representative IHC images for molecules related to
proliferation (1) and quantitative analyses for the IHC results (I1, n = 4, respectively) in the
THJ-11T and -16T xenograft tumors treated with vehicle or SI-2. Significant differences are
indicated by asterisks (P< 0.001 [***] and P< 0.0001 [****]). Data represent the mean +
SD. Scale bar represents 50 um. Abbreviations: IHC, immunohistochemistry.
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Figure 4. SI-2 Can Target Cancer Stem-like Cells (CSCs) in ATC.
(A) Strong positive relationship of NCOA3 with stemness-related genes in human thyroid

cancer (n = 505), compared to normal thyroid tissue (n = 59); TCGA-THCA data analyses.
(B) Positive correlation between NCOA3 and Stemness Index (1) and higher Stemness Index
in tumor samples with high NCOA3 expression (n = 30) compared to tumors with low
NCOAS3 expression (n = 30) (I1); TCGA-THCA data analyses. (C) ALDEFLUOR assay (1)
showing inhibitory effect of SI-2 on CSCs with high ALDH activity and its quantitative
analysis (11, n = 4). (D) Tumor-sphere formation assay () showing inhibitory effect of SI-2
on the self-renewal ability of CSCs in ATC, and its quantitative analysis (II, n = 5). (E)
Representative IHC images and their magnified images (x3) for CSCs markers (1) and
quantitative analyses for the IHC results (11, n = 4) in the 11T- and 16T- xenograft tumors
treated with vehicle or SI-2. We used Pearson coefficient for the correlation analyses and
two-tailed Student ftest for the comparison of Stemness Index between low and high
NCOA3tumor group. Significant differences were indicated by asterisks (£< 0.001 [***]
and P<0.0001 [****]). Data represent the mean + SD. Scale bar represents 20 um.
Abbreviations: CSC, cancer stem-like cell; ATC, anaplastic thyroid cancer; IHC,
immunohistochemistry; THCA, thyroid cancer; DEAB, diethylaminobenzaldehyde.
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Figure 5. High Expression of SRC-3 Is Closely Related to Thyroid Cancer Aggressivenessin
Human.

(A) Representative IHC images for SRC-3 (l), their magnified images (x2) showing nuclear
staining of SRC-3 (1), and quantitative analysis for the IHC results (111) in different stages
of human thyroid cancer. (B) Representative IHC images for Ki-67 (1) and quantitative
analysis for the IHC results (I1) in normal thyroid, PTC, and ATC. (C) Highly enriched
Hallmark or Kegg gene sets related to multiple oncogenic pathways (nominal p-value < 0.05
and FDR g-value < 0.25) in high NCOA3 expression group, compared to low NCOA3
group. (D) Coordinated enrichment of 48 cancer-related genes in high NCOA3 expression
group. (E) Comparison of incidence of cervical lymph node metastasis between the low and
the high NCOA3 groups by two-tailed x? test. (C-E) TCGA-THCA data analyses. For the
GSEA and clinical data analyses, we used the transcriptome data of tumors with top 30 and
bottom 30 NCOAS3Z expression levels in the TCGA-THCA data (low versus high NCOA3
group; n = 30, respectively). Significant differences were indicated by asterisks (P < 0.05 [*]
and P< 0.0001 [****]). Scale bar represents 50 um. Abbreviations: IHC,
immunohistochemistry; FTC, follicular thyroid cancer; PTC, papillary thyroid cancer; ATC,
anaplastic thyroid cancer; THCA. Thyroid cancer; GSEA, gene set enrichment analysis.
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