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Background and Objectives: Although thyroid hormones affect human cancer progression, the regulatory 

mechanism of thyroid hormone receptors in carcinogenesis has not been elucidated. This study aimed to evaluate 

the expression pattern of the thyroid hormone receptor (TR) and its corepressors, and to investigate the clinical 

and biological functions of TR. Materials and Methods: Transcriptomic and clinical data for thyroid cancer were 

downloaded from The Cancer Genome Atlas. Paraffin-embedded tissue sections from patients who underwent 

thyroidectomy were used for immunohistochemistry. BCPAP cells were treated with T3 to investigate the thyroid 

hormone target genes. Thyroid hormone receptor alpha (THRA) and Thyroid hormone receptor beta (THRB) were 

knocked down by transient siRNA transfection. Results: THRA and THRB expression was lower in thyroid cancer 

tissues than in normal tissues. However, strong focal staining of TRβ was observed in the invasive front. High 

THRB expression was associated with high Silencing Mediator for Retinoid or Thyroid hormone receptor (SMRT) 

expression, older age, a high MACIS (distant Metastasis, patient Age, Completeness of resection, local Invasion, 

and tumor Size) score, more aggressive histological subtypes, more frequent extra-thyroidal extension, and 

advanced TNM stage. THRB expression was positively correlated with Hypoxia Inducible Factor 1 Subunit Alpha 

(HIF1A), L1 Cell Adhesion Molecule (L1CAM), and Lysyl Oxidase (LOX) expression. Thyroid hormone-induced 

HIF1A, L1CAM, and LOX upregulation was abolished by siTHRB but not siTHRA in BCPAP cells. High SMRT and 

high THRB groups (SMRT/THRB) presented more aggressive clinical features and showed an upregulation of HIF1A, 

L1CAM, and LOX, as well as of epithelial-mesenchymal transition (EMT)-related genes, causing changes in the 

tumor microenvironment. Conclusion: Cooperative subtype switching from NCOR1/THRA to SMRT/THRB was thus 

related to aggressive clinical and molecular features, possibly related to EMT and EMT-related tumor microenvironment.
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Introduction

The thyroid hormone receptor (TR) is a representa-

tive type of nuclear receptor (NR) activated by thyroid 

hormone (TH).1) TR functions as a transcription factor 

affecting gene transcription in nearly every cell in the 

body for cell type-specific target genes.2) TR has two 

representative classes, TR alpha and beta (TRα and 

TRβ, respectively).3) These subtypes are differently 

distributed in the body. For example, TRα (THRA) is 

mainly localized in cardiac and skeletal muscle, brown 

fat, and bone, whereas TRβ (THRB) is widely ex-

pressed in the brain, liver, and kidney. TRβ2, an iso-

form of TRβ, is highly expressed in the hypothalamus 

and pituitary glands.4) 

The nuclear receptor co-repressor 1 (NCOR1; Thyroid 

Hormone and Retinoic Acid Receptor-Associated 

Corepressor 1 [TRAC-1]) encoded by NCOR1, is a 

transcriptional co-repressor with several nuclear re-

ceptor interacting domains.5-7) The nuclear receptor 

co-repressor 2 (NCOR2), also referred to as a silenc-

ing mediator for retinoid or thyroid-hormone receptors 

(SMRT) or TRAC-1, is a member of the NCOR1 family 

and is also a transcriptional coregulatory protein, as-

sisting nuclear receptors in the downregulation of tar-

get gene expression. As their names imply, NOCR1 

and SMRT are known to play an important role in the 

functioning of TR and TH.8) 

The relationship between thyroid dysfunction and 

cancer incidence has been investigated recently. 

Some investigators have reported that thyroid dys-

function is associated with an increased risk of thyroid, 

breast, and prostate cancers.9) However, phenome- 

wide association analysis from the UK Biobank in-

dicated that a polygenic score for higher TSH levels 

is associated with a reduced risk of thyroid cancer.10) 

A two-sample Mendelian randomization study pro-

vided evidence of a causal association between thy-

roid dysfunction and estrogen receptor-positive breast 

cancer risk.11) The physiological function and regulatory 

mechanism of TR and its repressor have been ex-

tensively investigated. Further, the causal relationship 

between thyroid dysfunction and cancer risk has been 

recently elucidated. However, the molecular biological 

aspects of TH and TR in tumors require further 

exploration. 

In this study, thyroid cancer (THCA) data from The 

Cancer Genome Atlas (TCGA)12,13) were used to inves-

tigate the gene expression status of TR subtypes and 

their repressors (NCOR1/SMRT).

Materials and Methods

Analysis of Public Repository Data 

The mRNA expression values (transcripts per million 

[TPM]) and clinical information of 505 patients with 

THCA were downloaded from TCGA (https://tcga- 

data.nci.nih. gov/tcga/).12) We evaluated the stromal, 

immune, and ESTIMATE scores of TCGA THCA from 

the Estimation of STromal and Immune cells in 

MAlignant Tumours using Expression data (ESTIMATE) 

(https://bioinformatics.mdanderson.org/estimate/).14)

Immunohistochemical (IHC) Staining

The immunohistochemical staining on paraffin- 

embedded tissue sections (IHC-P) was performed us-

ing cancer tissue from a patient who underwent thy-

roidectomy from April to October 2010, at the Yonsei 

Cancer Center (Seoul, Korea). The sections were 

stained with TRα (PA1-211A, Invitrogen, Waltham, 

MA, USA) and TRβ (sc-737, Santa Cruz Biotechnology, 

Dallas, TX, USA) antibodies according to the manu-

facturer’s recommendations. Stained slides were 

scanned with an Aperio Scanscope AT Turbo system 

and Imagescope software was used for analysis 

(Aperio Technologies, Vista, CA, USA). The research 

protocol was approved by the Yonsei University 

Cancer Center Institutional Review Committee, and 

the prior consent requirement was exempted due to 

the nature of the study.

Cell Culture and Reagents

BCPAP, a human papillary thyroid carcinoma cell 

line, was cultured in RPMI1640 (Hyclone, Logan, UT, 

USA) supplemented with 10% fetal bovine serum, 1% 

penicillin and streptomycin (Life Technologies, Carlsbad, 
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Fig. 1. Comparison of (A) 
THRA, (B) THRB, (C) NCOR1
and (D) SMRT mRNA ex-
pression between normal 
and thyroid cancer tissues 
by unpaired (left panel) and
paired (right panel) t tests. 
NCOR1: nuclear receptor 
corepressor 1, SMRT: si-
lencing mediator for retinoid
or thyroid hormone receptor,
THRA: thyroid hormone re-
ceptor alpha, THRB: thyroid
hormone receptor beta. Data
are presented as mean±
S.D. Mean comparisons were
analyzed by an unpaired or
paired t test. *p＜0.0001.

CA, USA). Cells were maintained in a humidified at-

mosphere with 5% CO2 and 95% air at 37°C. T3 

(3,3,5-Triiodo-L-thyronine sodium salt, T6397) was 

purchased from Sigma-Aldrich (Ann Arbor, MI, USA).

Short Interfering RNA (siRNA) Transfection

To knockdown the endogenous THRA and THRB 

expression, cells were transiently transfected with 10 

μM of chemically synthesized siRNAs (THRA, s14116; 

THRB, 3918; Thermo Fisher Scientific Inc., Waltham, 

MA, USA) targeting THRA and THRB, respectively, or 

with non-silencing control siRNA, using the RNAiMAX 

transfection reagent (Invitrogen, Carlsbad, CA, USA) 

according to the manufacturer’s protocol. All experi-

ments were performed in duplicate and were repeated 

at least thrice.

RNA Isolation and Real-Time PCR

Total RNA from cells was extracted using TRIzolⓇ 

(Invitrogen) and cDNA was synthesized from total RNA 

with SuperScriptⓇ III First Strand Synthesis Kit 

(Invitrogen). For a list of primers used in the experi-
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Fig. 2. Representative immunohistochemistry-paraffin (IHC-P) staining for TRα (A), TRβ (B) in papillary thyroid cancer.
THRA: thyroid hormone receptor alpha, THRB: thyroid hormone receptor beta. Red boxes indicate the areas magnified 
at the next high power field. Scale bars indicate 25 μm. Red arrows indicate the focal strong staining intensity of TRβ
in the invasive front area. 

ment, refer to the supplementary materials (Supple-

mentary Table 1). Real-time PCR was performed us-

ing Power SYBRⓇ Green Master Mix (Applied 

Biosystems, Foster City, CA, USA) on the StepOneTM 

Real-Time PCR System (Applied Biosystems, Foster 

City). The comparative CT (cycle threshold) method 

was used to evaluate relative quantification. Real-time 

PCR experiments were repeated three times, and 

each experiment was performed in triplicate. GAPDH 

was used as an internal control.

Statistical Analysis

SPSS Statistics Version 26 (IBM, Armonk, NY, USA) 

or GraphPad Prism (GraphPad Software, San Diego, 

CA, USA) were used for all statistical analyses. 

Statistical comparisons of mean values were per-

formed using Student’s t-test (two-tailed), and group 

comparisons were performed using a two-tailed 

chi-square test, Fisher’s exact test, or linear-by-linear 

association. Pearson’s correlation coefficient was used 

to examine the association between genes. All p-val-

ues were two-sided.

Results

Cooperative Subtype Switch of THR and 

NCOR1/SMRT Expression in Papillary Thyroid 

Cancer 

First, we analyzed the expression of THRA, THRB 

in normal and tumor tissues using the TCGA THCA da-

ta to understand their role in papillary thyroid cancer 

(PTC). Compared to normal tissues, unpaired and 

paired comparisons showed decreased mRNA ex-

pression of THRA, THRB in the tumor tissues (Fig. 1A, 

B). In the analyses of NCOR1/SMRT, NCOR1 ex-
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Table 1. Clinicopathological characteristics of TCGA THCA dataset according to THRA expression status

Characteristics

THRA

p-valueLow expression 
n=126 (%) 

High expression 
n=126 (%)

NCOR1 expression 112.33±35.59 103.92±43.00 0.092*
SMRT expression 167.14±41.05 153.82±40.66 0.010*
Age (years) 46.64±17.22 49.56±15.84 0.180*
Gender (Male:Female) 34 (27.0):92 (73.0) 34 (27.0):92 (73.0) 0.999†

Tumor size (cm) 3.02±1.64 2.99±1.75 0.960*
MACIS score 5.59±1.66 5.30±1.38 0.173*
Histologic subtype ＜0.0001†

  Follicular variant 5 (4.0) 37 (30.3)
  Conventional 100 (80.6) 80 (65.6)
  Tall cell variant 18 (14.5) 2 (1.6)
  Othersς 1 (0.8) 3 (2.5)
Extrathyroidal extension ＜0.0001†

  No 65 (57.5) 89 (80.2)
  Yes 48 (42.5) 22 (19.8)
Multifocality 0.048†

  No 73 (58.9) 55 (46.2)
  Yes 51 (41.1) 64 (53.8)
T stage 0.013†

  T1 27 (23.3) 38 (32.8)
  T2 33 (28.4) 41 (35.3)
  T3 48 (41.4) 33 (28.4)
  T4 8 (6.9) 4 (3.4)
N stage ＜0.0001†

  N0 36 (33.0) 64 (64.6)
  N1 73 (67.0) 35 (35.4)
M stage 0.480†

  M0 69 (98.6) 59 (96.7)
  M1 1 (1.4) 2 (3.3)
TNM stage 0.127†

  I 63 (53.8) 62 (54.4)
  II 5 (4.3) 20 (17.5)
  III 33 (28.2) 25 (21.9)
  IV 16 (13.7) 7 (6.1)

*p-values calculated using Student’s t-test. Data are mean±SD. 
†p-values calculated using χ2 test or linear-by-linear association. 
ςOthers: columnar cell variant, diffuse sclerosing variant, cribriform-morular variant, etc.
NCOR1: nuclear receptor co-repressor 1, MACIS: distant metastasis, patient age, completeness of resection, local 
invasion, and tumor size, SMRT: silencing mediator for retinoid or thyroid hormone receptor, SD: standard deviation, 
TCGA: The Cancer Genome Atlas, THCA: thyroid cancer, THRA: thyroid hormone receptor alpha, TNM: tumor-node- 
metastasis 

pression was decreased in PTC, whereas SMRT was 

upregulated in PTC by unpaired and paired compar-

isons (Fig. 1C, D). As described in the Introduction, 

thyroid hormone might affect tumor behavior even 

though the exact causal mechanism is not elucidated.9-11) 

As TCGA data reflect the expression of the entire tu-

mor, we postulated that the ability to predict localized 

TRα and TRβ expression might be insufficient. To 

overcome this putative limitation of TCGA data, we 

performed immunochemical staining of TRα and TRβ 

in patient samples to understand the heterogeneity of 

TRα and TRβ expression in tumor cells and in the 

tumor microenvironment (TME). Consistent with the 

results obtained using TCGA THCA data, no or faint 
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Table 2. Clinicopathological characteristics of TCGA THCA dataset according to THRB expression status

Characteristics

THRB 

p-valueLow expression 
n=126 (%) 

High expression 
n=126 (%)

NCOR1 expression 94.22±37.54 120.88±34.07 ＜0.0001*
SMRT expression 141.19±38.16 176.54±49.18 ＜0.0001*
Age (years) 43.62±13.84 49.29±15.88 0.004*
Gender (Male:Female) 28 (22.2):98 (77.8) 25 (19.8):101 (80.2) 0.643†

Tumor size (cm) 3.00±1.64 2.97±1.61 0.893*
MACIS score 5.01±1.42 5.64±1.65 0.003*
Histologic subtype 0.047†

  Follicular variant 29 (23.0) 20 (16.0)
  Conventional 92 (73.0) 90 (72.0)
  Tall cell variant 3 (2.4) 15 (12.0)
  Othersς 2 (1.6) 0 (0.0)
Extrathyroidal extension 0.005†

  No 92 (78.6) 69 (61.6)
  Yes 25 (21.4) 43 (38.4)
Multifocality 0.276†

  No 66 (54.1) 75 (61.0)
  Yes 56 (45.9) 48 (39.0)
T stage 0.129†

  T1 35 (29.4) 32 (27.4)
  T2 49 (41.2) 37 (31.6)
  T3 32 (26.9) 41 (35.0)
  T4 3 (2.5) 7 (6.0)
N stage 0.065†

  N0 63 (57.8) 46 (45.1)
  N1 46 (42.2) 56 (54.9)
M stage 0.941†

  M0 63 (95.5) 67 (95.7)
  M1 3 (4.5) 3 (4.3)
TNM stage 0.040†

  I 74 (62.2) 56 (47.9)
  II 11 (9.2) 13 (11.1)
  III 23 (19.3) 34 (29.1)
  IV 11 (9.2) 14 (12.0)

*p-values calculated using Student’s t-test. Data are mean±SD. 
†p-values calculated using χ2 test or linear-by-linear association. 
ςOthers: columnar cell variant, diffuse sclerosing variant, cribriform-morular variant, etc.
NCOR1: nuclear receptor co-repressor 1, MACIS: distant metastasis, patient age, completeness of resection, local 
invasion, and tumor size, SMRT: silencing mediator for retinoid or thyroid hormone receptor, SD: standard deviation, 
TCGA: The Cancer Genome Atlas, THCA: thyroid cancer, THRB: thyroid hormone receptor beta, TNM: tumor-node- 
metastasis 

staining intensity of TRα was observed in PTC cells 

(Fig. 2A). TRβ staining was not detected in most tu-

mor cells (Fig. 2B). However, focal staining with strong 

intensity was observed for TRβ at the invasive front 

of PTC (Fig. 2B), suggesting that TRβ function might 

be related to PTC invasion. 

Clinicopathological Characteristics according to 

THRA, THRB, and NCOR1/SMRT Expression in 

Papillary Thyroid Cancer

As we observed changes in THRA, THRB, and 

NCOR1/SMRT expression in PTC, we investigated the 

clinical and molecular impacts of these expression 



THR and NCOR1/SMRT Switching in Thyroid Cancer

158 Int J Thyroidol, Vol. 14, No. 2, 2021

Fig. 3. TRβ dependent upregulation of HIF1A target genes in PTC. (A) Correlation between expression levels of THRA,
THRB and HIF1A in TCGA (The Cancer Genome Atlas) THCA (thyroid carcinoma). (B) Representative results of reverse 
transcription-polymerase chain reaction (RT-PCR) indicating the effect of T3 on HIF1A target genes. (C) Representative
results of RT-PCR showing the silencing efficacy effect of siTHRA and siTHRB. (D) Representative results of RT-PCR
showing the effect of THRA, THRB silencing on the expression of HIF1A target genes in BCPAP cells. HIF1A: hypoxia 
inducible factor1 alpha, T3: triiodothyronine, THRA: thyroid hormone receptor alpha, THRB: thyroid hormone receptor
beta. All experiments were repeated three times, and each experiment was performed in triplicate. Correlation 
coefficients were calculated by Pearson’s method.

changes. First, we analyzed the clinicopathological 

features of THCA according to the NCOR1 expression 

status. Most of the clinical features showed no differ-

ence, but PTC with low NCOR1 expression presented 

more frequent extra-thyroidal extension (ETE) 

(Supplementary Table 2). PTC with high SMRT ex-

pression showed a high MACIS score, more ag-

gressive histological subtypes, and advanced tu-

mor-node-metastasis (TNM) stage compared to PTC 

with low SMRT expression (Supplementary Table 3). 

These data suggest that expression change to low 

NCOR1 and high SMRT might contribute to the ag-

gressive clinical features of PTC. In the case of TRα, 

PTC with low THRA expression showed high SMRT 

expression, more aggressive histological subtypes, 

more frequent ETE, more frequent multifocality, and 

advanced T-, N-, and TNM stages (Table 1). These 

data suggest that the decreased expression of THRA 

is related to an increased expression of SMRT and that 

it contributes to the aggressive clinical features in 

PTC. Supporting our hypothesis, the molecular fea-

tures of PTC with low THRA expression indicated a 

high frequency of BRAFV600E and TERT promoter 

mutations, BRAFV600E-like BRAFV600E-RAS score 

(BRS), a higher ERK score, lower differentiation score, 

and more frequent residual tumors (Supplementary 

Table 4). In fact, THRB expression was decreased in 

tumors compared to that in normal tissues in THCA 
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Fig. 4. Positive relationship of THRB expression with EMT-related genes. (A) Correlation between expression levels of
THRA, THRB and epithelial to mesenchymal transition genes in TCGA THCA. (B) qPCR analysis presenting T3 induced 
upregulation of EMT-related genes in BCPAP cells. (C) Comparison of the expression of HIF1A target genes according
to subtype switch from high NCOR1/high THRA (NCOR1-THRA) to high SMRT/high THRB (SMRT/THRB). Comparison 
of (D) immune score, (E) stromal score, and (F) ESTIMATE score according to subtype switch. EMT: epithelial- 
mesenchymal transition, HIF1A: hypoxia inducible factor1 alpha, NCOR1: nuclear receptor corepressor 1, SMRT: silencing
mediator for retinoid or thyroid hormone receptor, TCGA: The Cancer Genome Atlas, THCA: thyroid carcinoma, THRA: 
thyroid hormone receptor alpha, THRB: thyroid hormone receptor beta. All experiments were repeated three times, and
each experiment was performed in triplicate. Data are presented as mean±S.D. Correlation coefficients were calculated
by Pearson’s method. Mean comparisons were analyzed by an unpaired or paired t test. *p＜0.01; **p＜0.001; ***p＜
0.0001.

data; however, because we detected a strong focal in-

tensity of TRβ at the invasive front in PTC, we also 

analyzed the clinicopathological and molecular features 

according to THRB expression. Interestingly, PTC with 

high THRB expression was associated with high 

NCOR1/SMRT expression, older age, high MACIS 

score, more aggressive histological subtypes, more 

frequent ETE, and an advanced TNM stage (Table 2). 

PTC with high THRB expression also showed a high 

frequency of BRAFV600E mutation, BRAFV600E-like 
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Table 3. Comparison of the clinico-pathological characteristics between the high NCOR1/THRA group and high 
SMRT/THRB group from TCGA THCA

Characteristics
NCOR1/THRA

n=24 (%)
SMRT/THRB 

n=24 (%)
p-value

Age (years) 48.36±14.56 52.78±16.98 0.356*
Gender (Male:Female) 3 (12.5):21 (87.5) 10 (41.7):14 (58.3) 0.023†

Tumor size (cm) 2.68±1.50 3.02±1.38 0.475*
MACIS score 5.16±1.24 6.05±2.01 0.097*
Histologic subtype 0.172†

  Follicular variant 4 (18.2) 1 (4.3)
  Conventional 17 (77.3) 18 (78.3)
  Tall cell variant 0 (0.0) 4 (17.4)
  Othersς 1 (4.5) 0 (0.0)
Extrathyroidal extension 0.028†

  No 19 (82.6) 12 (52.2)
  Yes 4 (17.4) 11 (47.8)
Multifocality 0.555†

  No 11 (47.8) 13 (56.5)
  Yes 12 (52.2) 10 (43.5)
T stage 0.038†

  T1 9 (39.1) 3 (13.0)
  T2 7 (30.4) 7 (30.4)
  T3 6 (26.1) 11 (47.8)
  T4 1 (4.3) 2 (8.7)
N stage 0.001†

  N0 17 (81.0) 7 (31.8)
  N1 4 (19.0) 15 (68.2)
M stage 0.309†

  M0 14 (100.0) 13 (92.9)
  M1 0 (0.0) 1 (7.1)
TNM stage 0.038†

  I 14 (63.6) 9 (39.1)
  II 3 (13.6) 2 (8.7)
  III 4 (18.2) 7 (30.4)
  IV 1 (4.5) 5 (21.7)

*p-values calculated using Student’s t-test. Data are mean±SD. 
†p-values calculated using χ2 test or linear-by-linear association. 
ςOthers: columnar cell variant, diffuse sclerosing variant, cribriform-morular variant, etc.
NCOR1: nuclear receptor co-repressor 1, MACIS: distant metastasis, patient age, completeness of resection, local 
invasion, and tumor size, SMRT: silencing mediator for retinoid or thyroid hormone receptor, SD: standard deviation, 
TCGA: The Cancer Genome Atlas, THCA: thyroid cancer, THRA: thyroid hormone receptor alpha, THRB: thyroid hormone 
receptor beta, TNM: tumor-node-metastasis 

BRS, a higher ERK score, and lower differentiation 

score. 

Subtype Change of TR from THRA to THRB is 

Linked with Epithelial to Mesenchymal Transition 

As we observed TRβ staining signals at the in-

vasive front of PTC tissues, we postulated that THRB 

might play a role in the migration and invasion of can-

cer cells. Based on a literature review, we selected 

putative targets of TRβ transactivation, including hy-

poxia-inducible factor 1-alpha (HIF1A), L1 cell adhe-

sion molecule (L1CAM), and Lysyl oxidase (LOX).15) All 

these genes have been reported as putative TH tar-

gets and as epithelial–mesenchymal transition (EMT)- 

related genes.16,17) In the TCGA THCA data, HIF1A ex-

pression showed a significant negative correlation with 

THRA expression but a significant positive correlation 

with THRB expression (Fig. 3A). The correlation of 
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Table 4. Comparisons of the group from TCGA THCA

Characteristics
NCOR1/THRA 

n=24 (%)
SMRT/THRB 

n=24 (%)
p-value

Ras driver mutation 0.018†

  Absent 18 (78.3) 23 (100.0)
  Present 5 (21.7) 0 (0.0)
BRAF driver mutation 0.376†

  Absent 13 (56.5) 10 (43.5)
  Present 10 (43.5) 13 (56.5)
TERT promoter mutation 0.086†

  Absent 16 (94.1) 13 (72.2)
  Present 1 (5.9) 5 (27.8)
RAS/RAF score −0.024±0.71 −0.78±0.23 ＜0.0001*
ERK score −2.08±18.29 24.25±14.04 ＜0.0001*
Differentiation score 0.37±1.08 −0.87±1.01 ＜0.0001*
Tumor status 0.130†

  Free 23 (100.0) 19 (90.5)
  With tumor 0 (0.0) 2 (9.5)

*p-values calculated using Student’s t-test. Data are mean±SD. 
†p-values calculated using χ2 test or linear-by-linear association. 
NCOR1: nuclear receptor co-repressor 1, SMRT: silencing mediator for retinoid or thyroid hormone receptor, SD: 
standard deviation, TCGA: The Cancer Genome Atlas, THCA: thyroid cancer, THRA: thyroid hormone receptor alpha, 
THRB: thyroid hormone receptor beta 

L1CAM and LOX expression with THRA and THRB ex-

pression also showed a pattern similar to that of HIF1A 

(data not shown). To validate our hypothesis, we 

treated BCPAP PTC cells with triiodothyronine (T3). 

Interestingly, T3 treatment increased the selective tar-

gets of TRβ, such as HIF1A, L1CAM, and LOX (Fig. 

3B). Next, we transfected the cells with siTHRA and 

siTHRB to validate the selective dependency of the 

target genes on TRβ. As shown in Fig. 3C, siTHRA 

and siTHRB effectively eliminated THRA and THRB 

expression, respectively, indicating that these siRNAs 

were effective in suppressing their targets. Experiments 

using siTHRA and siTHRB showed that siTHRA had no 

impact on the upregulation of target genes, whereas 

siTHRB almost completely abolished the upregulation 

of the target genes induced by T3 (Fig. 3D). Taken to-

gether, our data suggest that the subtype change from 

THRA to THRB might be linked to the T3-induced 

transcriptome in cells under EMT. To support our in 

vitro experiments based on the literature review, we 

performed comparison analyses between TR and 

EMT-related genes using TCGA THCA data. From 

these analyses, we selected representative EMT-re-

lated genes that were positively correlated with THRB 

expression including fibronectin 1 (FN1) and trans-

forming growth factor beta 2 (TGFB2), Erb-B2 re-

ceptor tyrosine kinase 3 (ERBB3) (Fig. 4A).18,19) When 

BCPAP cells were treated with T3, the expression of 

these representative genes was also found to be in-

creased (Fig. 4B). 

Clinicopathological and Molecular Characteristics 

of the Cooperative Subtype Switch from 

NCOR1/THRA to SMRT/THRB 

Based on our analysis for the expression change of 

TR and its repressors, PTC showed a subtype shift 

from NCOR1 and THRA to SMRT and THRB, respectively. 

To understand the implications of this cooperative 

subtype switching from NCOR1/THRA to SMRT/THRB, 

we generated two groups from TCGA THCA data: the 

high NCOR1 and high THRA (NCOR1/THRA) group vs. 

the high SMRT and high THRB group (SMRT/THRB). 

Upon the comparison of clinicopathological character-

istics between these groups, SMRT/THRB presented 

an increased frequency of male patients, more fre-

quent ETE, and advanced T-, N-, and TNM stages 

(Table 3). Comparisons of molecular features showed 

no RAS mutation in SMRT/THRB, which was con-
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sistent with the lower BRS and higher ERK scores in 

SMRT/THRB. The differentiation score was also lower 

in SMRT/THRB, indicating its aggressive features 

(Table 4). SMRT/THRB also showed an upregulation of 

TRβ target genes including HIF1A, L1CAM, and LOX 

(Fig. 4C). TR has been reported to crosstalk with other 

metabolically important nuclear receptors including 

peroxisome proliferator-activated receptor (PPAR). 

SMRT/THRB showed a slight downregulation of per-

oxisome proliferator-activated receptor alpha (PPARA) 

but induced no change in other PPARs (Fig. 4C).5) 

Upregulation of EMT-related genes can cause changes 

in the TME, such as altered immune cells including tu-

mor-infiltrating lymphocytes (TILs) and cancer-asso-

ciated fibroblasts (CAFs). The recently developed 

ESTIMATE algorithm identifies differentially expressed 

genes (DEGs) from immune cell- and infiltrating stro-

mal-related genes, and evaluates the estimated tumor 

purity (ESTIMATE score) and levels of stromal cells 

(stromal score) and immune cells (immune score) in 

the admixture from the expression data.14) Upon ap-

plying this algorithm to our two groups, SMRT/THRB 

showed remarkably higher scores compared to 

NCOR1/THRA (Fig. 4D-F). Taken together, these data 

consistently indicate that the cooperative subtype 

switch from NCOR1/THRA to SMRT/THRB is related 

to aggressive clinical and molecular features, which 

might be related to EMT and EMT-related TME. 

Discussion

TH affects nearly every cell in the body.1,4) The 

well-known function of TH is to increase the basal 

metabolic rate, affect protein synthesis, and increase 

sensitivity to catecholamines.4) In addition to these 

metabolic and cardiovascular functions, TH is closely 

linked with neural maturation and plays an important 

role in the development and differentiation of all 

cells.20-22) Its various functions suggest that TH regu-

lates the expression of cell type-specific target genes 

through more complex transcriptional regulatory 

mechanisms.1,2,4) In fact, TR has a unique regulatory 

mechanism by which it can influence gene expression 

regardless of ligand binding because TR can bind to 

T3 response elements (TREs) without TH. To repress 

gene expression, TR needs to recruit corepressor pro-

teins such as NCOR1 and SMRT.5,8) 

Epigenetic regulation of gene expression is involved 

in complex regulatory mechanisms.23,24) For example, 

the accessibility of DNA and the state of chromatin 

compaction have a strong influence on gene expression. 

Co-regulators such as NCOR1 and SMRT, which are 

currently the best-characterized co-repressors, play a 

pivotal role in the connection between chromatin- 

modifying enzymes and nuclear receptors such as 

TR.8) As NCOR1 and SMRT have similar functional do-

mains, their repressor function is regarded to be quite 

similar. However, recent interesting observations us-

ing liver-specific mutant NCoR mice (L-NCoRΔID) 

and SMRT knockout mice have suggested a repress-

or-specific function of TR, indicating that NCOR1 is 

the principal mediator of TH signaling.8) Further, Ncor1 

and Ncor2 have been reported to have different roles 

in zebrafish primitive myelopoiesis. Ncor2 acts in par-

allel with tal1 and lmo2 to direct the maturation of mpx＋ 

neutrophils and mfap4＋ macrophages, whereas Ncor1 

directs the maturation of mpx＋ neutrophils.25) In this 

context, we addressed the receptor-specific role of 

TR and the corepressor-specific functions of NCOR1 

and SMRT. Our first interesting finding was related to 

the expression patterns of THRA and THRB. As cancer 

cells sustain proliferative signaling and enable repli-

cative immortality, thyroid hormone signaling for cel-

lular development and differentiation might not be re-

quired for carcinogenesis.26) Supporting this idea, the 

overall THRA and THRB expression was decreased 

and their repressor NCOR1 was also downregulated in 

PTC. However, focal strong intensity of TRβ was de-

tected in the invasive front, indicating that TRβ target 

genes are required for EMT and TME changes, at least 

in PTC. Our postulation is also compatible with the 

co-repressor changes from NCOR1 to SMRT because 

SMRT showed weak repressor activity on TR, as re-

ported previously.8) Further, the clinicopathological 

characteristics and molecular profiles supported our 

idea, presenting more aggressive features with the 

change from THRA to THRB and from NCOR1 to 

SMRT. 



Seonhyang Jeong, et al

www.ijthyroid.org 163

Previous studies have suggested that TH can affect 

tumor behavior by HIF1A induction.15) This observation 

was reproduced in our in vitro experiments. Further-

more, we observed that the effect of TH on HIF1A and 

HIF1A-related genes such as L1CAM and LOX is de-

pendent on THRB but not on THRA. In addition to 

HIF1A-related genes, THRB expression showed a 

strong positive correlation with the expression of 

EMT-related genes, as verified by the T3-induced up-

regulation of FN1, TGFB2, and ERBB3 in BCPAP cells. 

Taken together, these observations indicate that the 

subtype switch from THRA to THRB might contribute 

to EMT-related changes in the invasive front of PTC. 

Cooperatively, their corepressor also needs to be 

changed from NCOR1 to SMRT, which harbors weaker 

repressor activity for TR.8) This cooperative subtype 

switch from NCOR1/THRA to SMRT/THRB indicated 

the upregulation of HIF1A-related genes and was re-

lated to EMT and TME changes with high immune, 

stromal, and ESTIMATE scores. In fact, we selected 

BCPAP cells as a representative PTC cell line because 

this cell line has BRAFV600E mutation but no mutation 

related PKB/AKT signaling which is well known signal-

ing pathway to promote EMT. To validate our in vitro 

data, the additional experiments performed on the 

other PTC cell lines such as TPC1, K1 and so forth are 

also needed. 

Recent management strategies for PTC have shifted 

to active surveillance (AS) instead of immediate sur-

gery, especially for papillary thyroid microcarcinoma 

(PTMC).27) However, the molecular markers for pre-

dicting tumor progression have not been fully inves-

tigated. Currently, although clinicians use BRAFV600E 

mutation and TERT promoter mutation, these genetic 

markers have very limited efficacy for predicting the 

progression of PTMC in AS.28-30) EMT and EMT-related 

TME changes might be a critical step in PTMC 

progression.31) Thus, from a diagnostic perspective, 

focal TRβ expression and the upregulation of SMRT 

might be a predictive marker of tumor progression 

representing EMT and EMT-related TME changes. 

From a therapeutic perspective, TH might have a 

harmful effect on PTC, showing focal TRβ expression 

and upregulation of SMRT. 

In this study, because we used THRB expression 

data from TCGA THCA, we could not evaluate the focal 

expression of TRβ because of the intrinsic limitation 

of transcriptomic data. To obtain more detailed in-

formation on the role of TRβ in EMT, a study using 

a large sample cohort is warranted. Further, the re-

pressor targets of SMRT were not investigated in this 

study. The clinicopathological and molecular features 

of SMRT upregulation in PTC showed aggressive fea-

tures, regardless of THRA and THRB. Other important 

targets of NCOR1 and SMRT, such as liver X receptor 

(LXR), PPARs, and Rev-Erb alpha (Rev-Erbα), might 

also be an interesting topic for future research in thy-

roid cancer.6,32,33) 

In summary, our results indicate that the coopera-

tive subtype switch of TR along with its corepressor 

change is related to poor clinical behavior and more 

aggressive molecular features in PTC. Through this 

subtype switch, TH may play a role in PTC pro-

gression, especially in EMT and EMT-related TME 

changes. 
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Supplementary Table 1. List of primers used for Real-Time PCR

Gene Primer seqence

THRA Forward 5′-TGG ATG ACA CGG AAG TGG CTC T-3′
Reverse 5′-TAC GCC TCC TGA CTC TTC TCG A-3′ 

THRB forward 5′-GGT TGA CTT GGA AGC CTT CAG C-3′
reverse 5′-GGA TGA TCT GGT CTT CAC ATG GC-3′ 

HIF1A forward 5′-TAT GAG CCA GAA GAA CTT TTA GGC-3′
reverse 5′-CAC CTC TTT TGG CAA GCA TCC TG-3′

L1CAM forward 5′-TCG CCC TAT GTC CAC TAC ACC T-3′ 
reverse 5′-ATC CAC AGG GTT CTT CTC TGG G-3′

LOX forward 5′-GAT ACG GCA CTG GCT ACT TCC A-3′ 
reverse 5′-GCC AGA CAG TTT TCC TCC GCC-3′ 

FN1 forward 5′-ACA ACA CCG AGG TGA CTG AGA C-3′ 
reverse 5′-GGA CAC AAC GAT GCT TCC TGA G-3′

TGFB2  forward 5′-AAG AAG CGT GCT TTG GAT GCG G-3′
reverse 5′-GCT CCA GCA CAG AAG TTG GC-3′ 

ERBB3 forward 5′-GAT GGG GAA CCT TGA GAT TG-3′ 
reverse 5′-GGC AAA CTT CCC ATC GTA GA-3′

GAPDH forward 5′-GGA GCG AGA TCC CTC CAA AAT-3′
reverse 5′-GGC TGT TGT CAT ACT TCT CAT GG-3′ 
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Supplementary Table 2. Clinicopathological characteristics of TCGA THCA dataset according to the NCOR1 expression 
status

Characteristic

NCOR1 

p-valueLow expression 
N=126 (%) 

High expression 
N=126 (%)

Age (years) 48.24±15.42 44.90±14.65 0.079*
Gender (Male:Female) 35 (27.8):91 (72.2) 29 (23.0):97 (77.0) 0.385†

Tumor size (cm) 3.20±1.76 2.83±1.47 0.105*
MACIS score 5.44±1.51 5.00±1.30 0.023*
Histologic subtype 0.635†

  Follicular variant 31 (25.4) 26 (21.1)
  Conventional 79 (64.8) 94 (76.4)
  Tall cell variant 12 (9.8)  3 (2.4)
Extrathyroidal extension 0.044†

  No 72 (66.7) 92 (78.6)
  Yes 36 (33.3) 25 (21.4)
Multifocality 0.689†

  No 72 (58.1) 70 (55.6)
  Yes 52 (41.9) 56 (44.4)
T stage 0.121†

  T1 32 (28.1) 37 (30.6)
  T2 37 (32.5) 52 (43.0)
  T3 39 (34.2) 28 (23.1)
  T4 6 (5.3) 4 (3.3)
N stage 0.776†

  N0 58 (54.7) 57 (52.8)
  N1 48 (45.3) 51 (47.2)
M stage 0.686†

  M0 64 (95.5) 62 (96.9)
  M1 3 (4.5) 2 (3.1)
TNM stage 0.156†

  I 63 (54.8) 74 (61.7)
  II 10 (8.7) 16 (13.3)
  III 31 (27.0) 20 (16.7)
  IV 11 (9.6) 10 (8.3)

*p-values calculated using Student’s t-test. Data are mean±SD. 
†p-values calculated using χ2 test or linear-by-linear association. 
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Supplementary Table 3. Clinicopathological characteristics of TCGA THCA dataset according to SMRT expression status

Characteristic

SMRT

p-valueLow expression 
N=126 (%) 

High expression 
N=126 (%)

Age (years) 45.68±15.31 48.34±16.83 0.190*
Gender (Male:Female) 37 (29.4):89 (70.6) 30 (23.8):96 (76.2) 0.318†

Tumor size (cm) 3.19±1.64 3.05±1.58 0.566*
MACIS score 5.14±1.40 5.66±1.70 0.016*
Histologic subtype 0.023†

  Follicular variant 36 (29.8) 19 (15.3)
  Conventional 77 (63.6) 96 (77.4)
  Tall cell variant 8 (6.6)  9 (7.3)
Extrathyroidal extension 0.202†

  No 83 (72.2) 74 (64.3)
  Yes 32 (25.2) 41 (35.7)
Multifocality 0.203†

  No 62 (50.0) 72 (58.1)
  Yes 62 (50.0) 52 (41.9)
T stage 0.831†

  T1 27 (22.9) 28 (23.5)
  T2 44 (37.3) 42 (35.3)
  T3 43 (36.4) 43 (36.1)
  T4 4 (3.4) 6 (5.0)
N stage 0.423†

  N0 53 (49.5) 61 (55.0)
  N1 54 (50.5) 50 (45.0)
M stage 0.471†

  M0 50 (98.0) 66 (95.7)
  M1 1 (2.0) 3 (4.3)
TNM stage 0.023†

  I 73 (62.9) 54 (45.4)
  II 8 (6.9) 18 (15.1)
  III 26 (22.4) 31 (26.1)
  IV 9 (7.8) 16 (13.4)

*p-values calculated using Student’s t-test. Data are mean±SD. 
†p-values calculated using χ2 test or linear-by-linear association. 
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Supplementary Table 4. Molecular features of TCGA THCA dataset according to THRA expression status

Characteristic

THRA

p-valueLow expression 
N=126 (%) 

High expression 
N=126 (%)

Ras driver mutation 0.016†

  Absent 120 (97.6) 110 (90.2)
  Present 3 (2.4) 12 (9.8)
BRAF driver mutation ＜0.0001†

  Absent 39 (31.0) 78 (62.9)
  Present 87 (69.0) 46 (37.1)
TERT promoter mutation 0.025†

  Absent 86 (85.1) 91 (94.8)
  Present 15 (14.9) 5 (5.2)
RAS/RAF score −0.74±0.39 0.06±0.74 ＜0.0001*
ERK score 18.06±16.95 −7.59±18.73 ＜0.0001*
Differentiation score −0.75±0.85 0.35±1.16 ＜0.0001*
Tumor status 0.017†

  Free 96 (82.8) 107 (93.0)
  With Tumor 20 (17.2)  8 (7.0)

*p values calculated using Student’s t-test. Data are mean±SD. 
†p-values calculated using χ2 test or linear-by-linear association. 

Supplementary Table 5. Molecular features of TCGA THCA dataset according to THRB expression status

Characteristic

THRB 

p-valueLow expression 
N=126 (%) 

High expression 
N=126 (%)

Ras driver mutation 0.005†

  Absent 108 (87.1) 119 (96.7)
  Present 16 (12.9)  4 (3.3)
BRAF driver mutation 0.007†

  Absent 73 (57.9) 51 (40.8)
  Present 53 (42.1) 74 (59.2)
TERT promoter mutation 0.602†

  Absent 82 (90.1) 95 (92.2)
  Present 9 (9.9) 8 (7.8)
RAS/RAF score −0.17±0.74 −0.44±0.66 0.008*
ERK score 0.41±20.14  10.88±21.17 ＜0.0001*
Differentiation score 0.09±1.02 −0.26±1.02 0.015*
Tumor status 0.583†

  Free 103 (88.8) 101 (91.0)
  With Tumor 13 (11.2)  10 (9.0)

*p-values calculated using Student’s t-test. Data are mean±SD. 
†p-values calculated using χ2 test or linear-by-linear association. 


