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Triiodothyronine regulates cell growth and
survival in renal cell cancer
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Abstract. Triiodothyronine plays an important role in
the regulation of kidney cell growth, differentiation and
metabolism. Patients with renal cell cancer who develop hypo-
thyreosis during tyrosine kinase inhibitor (TKI) treatment
have statistically longer survival. In this study, we developed
cell based model of triiodothyronine (T3) analysis in RCC and
we show the different effects of T3 on renal cell cancer (RCC)
cell growth response and expression of the thyroid hormone
receptor in human renal cell cancer cell lines from primary
and metastatic tumors along with human kidney cancer stem
cells. Wild-type thyroid hormone receptor is ubiquitously
expressed in human renal cancer cell lines, but normalized
against healthy renal proximal tube cell expression its level is
upregulated in Caki-2, RCC6, SKRC-42, SKRC-45 cell lines.
On the contrary the mRNA level in the 769-P, ACHN, HKCSC,
and HEK?293 cells is significantly decreased. The TRf3 protein
was abundant in the cytoplasm of the 786-0, Caki-2, RCC6,
and SKRC-45 cells and in the nucleus of SKRC-42, ACHN,
769-P and cancer stem cells. T3 has promoting effect on the
cell proliferation of HKCSC, Caki-2, ASE, ACHN, SK-RC-
42, SMKT-R2, Caki-1, 786-0, and SK-RC-45 cells. Tyrosine
kinase inhibitor, sunitinib, directly inhibits proliferation of
RCC cells, while thyroid hormone receptor antagonist 1-850
(CAS 251310-57-3) has less significant inhibitory impact. T3
stimulation does not abrogate inhibitory effect of sunitinib.
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Renal cancer tumor cells hypostimulated with T3 may be
more responsive to tyrosine kinase inhibition. Moreover, some
tumors may be considered as T3-independent and present
aggressive phenotype with thyroid hormone receptor activated
independently from the ligand. On the contrary proliferation
induced by deregulated VHL and or c-Met pathways may
transgress normal T3 mediated regulation of the cell cycle.

Introduction

Multiple reports in the field or endocrine oncology have shown
that in renal cell cancer (RCC) development and progression
stimulation by estrogens, androgens, testosterone, aldosterone,
or glucocorticoids are significant pathogenesis factors (1-3). In
molecular research, disturbances in the 3,5,3'-triiodotyronine
(T3) signaling pathway were described as a possible trigger in
RCC (4). In clinical reports, an increased risk of kidney cancer
was reported in women with a history of hypothyroidism with
myxedema, thyrotoxicosis (5) or multinodular thyroid disease
(6). The molecular background of coincidence or codepen-
dence of renal cell cancer and thyroid disease is elusive.

In general, the signaling of thyroid hormones (THs),
including T3, is mediated by TH receptors (TRs) TRa
(isoforms al and a2) and TRf (isoforms 1 and p2). In cell
biology, TRs function as T3-inducible transcription factors.
By controlling the expression of specific genes, THs regu-
late a panel of biological processes, including embryonic
and postnatal development, animal/human metabolism, and
general organism-cell homeostasis (7). THs influence sodium
and calcium reabsorption and renal potassium permeability,
and they affect renin release and angiotensinase activity (8,9).
At the tissue and cell levels, THs regulate differentiation,
proliferation, and apoptosis (10). In normal kidneys, THs have
been shown to play a role in renal morphogenesis and growth
regulation, renal cell differentiation, and renal cell prolifera-
tion (11). It was also reported that T3 increased the expression
of the epidermal growth factor receptor (EGFR) gene in renal
tubule cells and as a result it potentiated mitogenic stimulation
of epidermal growth factor (EGF) (12). Data on the function
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of TRs and impact of T3 on renal cancer is not as detailed as
for the healthy kidney and relevant in vitro and in vivo models
need to be developed.

In humans, the normal total T3 value is 1.2-3.4 nmol/l or
80-230 ng/dl, depending upon the assay conditions and the
antibody employed (13). The normal range of serum-free T3
(active form) is 3.0-7.0 pg/ml, as derived from mass values
using a molar mass of 650.98 g/mol. At physiological concen-
trations, the total free hormone value of T4 and T3 is ~0.03
and 0.20-0.4%, respectively. It results in 6 pM of T3 and
30 pM of T4 (14). In serum, 0.3% of T3 is free, and ~70-80% of
T3 production is accounted for by peripheral conversion of T4
to T3. One-third of circulating T4 is converted to T3 in periph-
eral tissues. Tissues in need of TH convert T4 to T3 at different
rates (15). T3 is produced by extra-thyroidal conversion of T4
by 5'-mono-deiodinase, including type I (5'DI), which is highly
expressed in the kidneys (16). The expression of 5'DI was
reported to be downregulated in RCC in comparison to that
observed in normal kidneys (17). Furthermore, RCC patients
treated with tyrosine kinase inhibitors who develop hypothy-
roidism are expected to have longer progression-free survival
(PFS) and overall survival (OS) (18-20). This observation urge
the question if the direct influence of T3 on renal cell cancer
cells is involved in the mechanism of disease control or if there
is no direct cause-effect and just a correlation of phenomena.

In cancer THs promote cancer cell proliferation, tumor
angiogenesis, and neovascularization via TR and activa-
tion of its signaling pathway (21). As reported earlier, upon
stimulation of TR, cells secreted vascular endothelial
growth factors and basic fibroblast growth factor (22,23). THs
were also shown to play a role in promoting radiation- and
chemical-induced carcinogenesis (24,25). TR gene deletions,
mutations, and methylation and deregulated expression of TRs
protein have been shown to be associated with the develop-
ment of multiple types of cancer, including hepatocellular
carcinoma (HCC), breast, colon, lung, and prostate cancers
(26,27). As a result, TRs have been designated as tumor
suppressors. Cancer-promoting effects of THs are mediated by
downstream TR signaling and by integrin o, 3; signaling via
phosphatidylinositol-3-kinase (PI3K) and mitogen-activated
protein kinases (MAPK), focal adhesion kinase (FAK) and the
Src tyrosine kinases. This cell-signaling results in stimulation
of angiogenesis in the tumor (26). Indeed, tetraidothyroacetic
acid (TETRAC), a thyromimetic agonist of TRf that can also
block the T4 integrin (a,f3;) receptor at the cell surface, has
been shown to inhibit growth of human renal cell carcinoma
xenografts (28). In the case of renal cell cancer abnormal T3
signaling was also reported to induce overexpression of E2F
transcription factor 1 and cyclin El and trigger undesirable
G1/S phase progression (4), while other functional data on T3
and RCC is currently not available.

The THRB (thyroid hormone receptor gene) has been
in the focus of RCC-related research because it is located
on the short arm of chromosome 3, in the proximity of the
VHL locus, a gene that is commonly mutated in clear-cell
RCC (17). The region of common allelic losses (VHL gene)
in sporadic RCC is bordered by D3S2 marker and THRB loci
and it was in the focus of early VHL-related research (29).
A loss of heterozygosity (LOH) analysis provided the first
genetic data supporting the significance of THRB in the devel-
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opment of RCC, with the analysis revealing that more that
60% of non-familial RCCs harbored 3p22-24.1 loss or other
THRB abnormalities (30). Large deletions of THRB in ccRCC
samples were confirmed recently in whole genome analyses
including The Cancer Genome Atlas Research Network study
(31,32). Furthermore, point mutations in TR genes resulting
in the loss of its expression have been reported in RCC tumor
samples (33). Most TR mutations found in RCC cells result in
the expression of a receptor protein with abnormal hormone
binding or co-regulator binding potential. Mutated receptor
proteins also harbor dominant negative effect against wild-
type copy of the receptor. In particular mutant receptor T3
was shown to have affinity shifted towards selected splice
forms of silencing mediator of retinoid and thyroid receptors
(SMRT) known also as thyroid-, retinoic-acid-receptor-asso-
ciated co-repressor (34,35). Selected TR mutants, found in
RCC cells, were also reported to have disturbed TH response
element binding and on the other hand expanded target gene
specificity (34,36-38). In addition to large deletions, the
epigenetic silencing of the THRB gene was also investigated
in RCC samples, but results were negative (31,39). Apart from
genomic alternations in THRB gene, the expression of TRs
was also shown to be deregulated at the mRNA level (40,41). In
addition to the protein coding mRNA sequence, untranslated
regions (UTRs) were also shown as mutated. Also these muta-
tions play a significant role in the pathogenesis of RCC, since
mutations of the TRB1 5'UTRs resulted in acquisition of new
regulatory functions of 5'UTRs. Specific motifs of 5’UTRs
and its secondary structures that modulate or/and restrain
translation efficiency. In the 3'UTR of TR mRNA specific
set of microRNAs is bound and affects its level through RNA
interference (RNA1) mechanism and modify THRB gene trans-
lation. This set of miRNA is different in mutated cases (39,41).
At this point of time analysis of T3 stimulation responsive-
ness in renal cell cancer cells with mutated and/or wild-type
THRB is not directly available since current reports were
derived from data obtained from the investigation of frozen
RCC tissue samples (33,40,41), transfected adult African green
monkey cells (CV-1 cells) (35) or hepatocellular carcinoma
(Hep2G) cells (38). Direct analysis of RCC cell T3 stimula-
tion is missing. The goal of this research was to describe the
effect of T3 on RCC cells in in vivo relevant model including
physiological concentrations of hormones. The second goal of
the analysis was to correlate T3 response with expression and
mutation status of hormone receptor.

Materials and methods

Cell culture. Human kidney cancer stem cells (HKCSC,
RCC-CSCs) were obtained from Celprogen Inc. (Torrance,
CA, USA). 786-0 (CRL-1932), Caki-1 (HTB46), Caki-2
(HTB-47), 769-P (CRL-1933), ACHN (CRL-1611), primary
normal renal proximal tubule epithelial cells (PCS400010),
and 293 [HEK-293] (CRL-1573) cell lines were obtained from
ATCC Global Bioresource Center (Manassas, VA, USA).
SK-RC-42, SK-RC-44, SK-RC-45, metastatic RCC cell lines
were established in the laboratory of Dr Lloyd Old, from
patients undergoing nephrectomy at Memorial Hospital of
Memorial Sloan Kettering Cancer Center and were obtained
from MSKCC core facility (42). Cell lines SMKT-R2 and
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SMKT-R3 were a kind gift from Professor Taiji Tsukamoto
(School of Medicine, Sapporo Medical University, Sapporo,
Japan) (43). RCC6 cell line was a kind gift of Professor Salem
Chouaib (INSERM, Institut Gustave Roussy, Villejuif, France)
44).

Human kidney cancer stem cells (HKCSC, RCC-CSCs)
(Celprogen) have been cultured in human kidney cancer
stem cell media according to the manufacturer's protocol. In
reference experiment RCC cells were cultured in RPMI-1640
with GlutaMAX (Life Technologies, Carlsbad, CA, USA)
with 10% FBS (Biochrom GmbH, Cambridge, UK). For
hormone-level controlled experiment cells were cultured in
Gibco® FreeStyle™ 293 expression medium (Thermo Fisher
Scientific, Waltham, MA, USA), as it does not require the
addition of serum, glutamine, or surfactants, and is T3/T4-free
(Patent WO1998008934A1).

Cells were cultured both in normoxia (21% O,) and hypoxia
(2% 0O,) conditions. Hypoxia was obtained with SANYO
MCO-5M incubator. In parallel cells cultured in normoxic
conditions were placed in Forma Scientific 3131 incubator.
After thawing cells were cultured in normoxia for first passage
for viability analysis and subsequently cultured in hypoxia
until final stimulation experiments, not earlier that second
passage after oxygen tension stabilization.

Hormonal stimulation. For hormonal stimulation 3,3',5-triiodo-
L-thyronine sodium salt (Sigma-Aldrich, St. Louis, MO, USA)
was used. TSH, T3, T4 depleted serum (SF231-2, BBI Solutions,
Cardiff, UK) was used as a control. To block the receptor
CAS 251310-57-3, thyroid hormone receptor antagonist 1-850
(Santa Cruz Biotechnology Inc. Dallas, TX, USA) was used
as it is a cell-permeable hydrazinyl-carboxamide, selective
and high-affinity thyroid receptor antagonist, blocking T3
(L-triiodothyronine)-mediated interaction of receptor with
nuclear receptor co-activator and blocking downstream
targeted gene expression. For drug toxicity sunitinib malate
and DMSO (Sigma-Aldrich) were used. For hormone effect
cells were cultured in RPMI 10% FBS. For high T3 stimu-
lation cells were cultured in RPMI 10% FBS with addition
of 1 pM T3,4 pM T3, 1 nM T3 or 100 nM T3. As negative
control RPMI 10% FBS with inhibitor T3 was used. Inhibition
effectivity was estimated in RPMI 10% FBS with inhibitor T3
and 4 pM T3. A control, hormone-free conditions, RPMI with
T3 depleted serum was used. For additional T3/T4 stimulation
experiments cells were cultured in FreeStyle medium - animal
origin-free, protein-free and chemically-defined medium.
This medium contains L-alanyl-L-Glutamine, amino acids,
vitamins, and salts. T3 stimulation was obtained in FreeStyle
medium with 1 pM T3,4 pM T3, 1 nM T3 or 100 nM T3. As a
negative control FreeStyle with 1.5 M T3 inhibitor was used.
Inhibition effectivity was confirmed in FreeStyle medium
with 1.5 uM inhibitor T3 and 4 pM T3. Tyrosine kinase and
hormone cross effect on RCC cells was tested in FreeStyle
medium with 3 #M sunitinib and 1 pM T3,4 pM T3, 1 nM T3
or 100 nM T3. Drug toxicity against RCC cells was tested in
FreeStyle medium with 3 M sunitinib. FreeStyle with DMSO
was used as control of toxicity.

Cell viability analysis. AlamarBlue® (Life Technologies) was
used to estimate cell proliferation, hormone stimulation and
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drug toxicity. Alamar blue measurements were performed
every 24 h for 6 h with Multiskan™ GO microplate spec-
trophotometer (Thermo Fisher Scientific). Cell viability and
number was also confirmed with automated cell counter
‘MOXI Z’ (Orflo Technologies, Ketchum, ID, USA). Vybrant®
MTT cell proliferation assay kit (Thermo Fisher Scientific)
was used as a method for determination of cell number using
microplate reader. MTT based determination of cell growth
rate was used in the testing of T3 stimulation.

Colony formation analysis. The influence of T3 on cell
anchorage-independent growth was analyzed with Cell
Recovery Compatible StemTAG™ stem cell colony formation
assay (Cell Biolabs, Inc. San Diego, CA, USA) according to
the manufacturer's protocol with adjustment to differential
hormone concentration in media. Cell lines were cultured in
layers of base agar matrix, cell suspension/agar matrix, and
culture media with/without T3 in 96-well plates. The differ-
ences of potency to generate various sizes and numbers of
colonies between the cell lines was analyzed with a dissecting
microscope Delta Optical SZ-450T (Delta Optical, Nowe
Osiny, Poland) and an inverted microscope Olympus CKX41
(Shinjuku, Tokyo, Japan).

Cell cycle analysis. Cell cycle phase determination kit
(Cayman Chemical, Ann Arbor, MI, USA) was used according
to the manufacturer's protocol, including propidium iodide
staining. For hormone stimulated cell cycle evaluation, cells
were cultured in FreeStyle medium in 6-well plates and
cultured with or without 4 pM T3 for 72 h after seeding. Flow
cytometry analysis was performed with FACSCalibur instru-
ment (Becton-Dickinson and Co., Franklin Lakes, NJ, USA).
Analysis was performed with FlowJo single cell analysis
software (FlowJo, LLC, Ashland, OR, USA).

DNA sequencing. Sequencing service (Genomed S.A, Warsaw,
Poland) was used to analyze THRp coding sequence (refer-
ence: CCDS ID CCDS2641.1). Reference sequence analyzed
was refereed as to wild-type (non-mutated) (45,46). Total
RNA was isolated with Total RNA Mini Plus kit (A&A
Biotechnology, Gdynia, Poland) and quantified by Multiskan™
GO microplate spectrophotometer (Thermo Fisher Scientific).
For reverse transcription of RNA TranScriba-qPCR master
mix SYBR kit with moloney murine leukemia virus (MuMLYV)
reverse transcriptase and oligo-(dT) primer was used
(A&A Biotechnology). Sequencing primers were designed to
cover all transcript variants including: NM_000461.4,
NM_001128177.1, NM_001128176.2 and NM_001252634.1.
Primers used were as follows: THRBF1, ATG+ACTCCCA
ACAGTATGACAGA; THRBR1,GGCAAAATCCACCACTC
TGG; THRBF2, AGTCAATGCCCCAGAAGGTG; THRBR2,
CTAATCCTCGAACACTTCCAAGA. Sequences were
analyzed with CLC Sequence Viewer program ver. 7.0.2
(Qiagen, Waltham, MA, USA).

RT Real-Time PCR analysis. RT-qPCR reactions were
performed with FastStart essential DNA green master kit
(Roche Applied Science, Penzberg, Germany) using the
LightCycler® Nano Instrument. Expression of thyroid hormone
receptor o and B along with reference gene peptidylprolyl
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isomerase A (Cyclophilin A) - PPIA - were analyzed with
subsequent primers: THRB-R, CACAGAGCTCGTCCTTGTC
TAAGTAA; THRB-F, GTGTCTCAAGTGCCCAGACCTT;
THRA-F, TGGATGACACGGAAGTGGCTCT; THRA-R,
ACGCCTCCTGACTCTTCTCGA; PPIA-F, TGTGTCA
GGGTGGTGACTTC; PPIA-R, TTGCCATGGACAAGA
TGCCA.

Western blot analysis. NE-PER Nuclear and Cytoplasmic
Extraction kit (Thermo Fisher Scientific) was used to isolate
protein fractions and quantified with bicinchoninic acid (BCA)
protein assay (Sigma-Aldrich, St. Louis, MO, USA). Thyroid
hormone receptor 3-1 antibody [J52] (Thermo Fisher Scientific)
was used for analysis (1:1,150). For cytoplasmic isolates f actin
loading control antibody [BA3R] Thermo Fisher Scientific)
and for nuclear extracts histone H3 antibody [E.960.2] (Sigma-
Aldrich) were used as control (1:1,150). Secondary anti-mouse
IgG (whole molecule)-alkaline phosphatase labeled antibody
produced in goat [A3562] (1:7,000) was used and detected
with SigmaFast™ BCIP/NBT (5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium) (Sigma-Aldrich, St. Louis,
MO, USA).

Statistical analysis. Statistical analysis was performed in
GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA,
USA). Statistical models for repeated measures were used.
In particular growth curves were compared with two-way
ANOVA followed with Dunnett's multiple comparisons test
and Tukey's multiple comparisons test as statistical methods
that allow estimation of inter-individual variability in intra-
individual patterns of change over time (47). Cell cycling
(cell cycle phase distribution) was evaluated with t-test. Gene
expression level (RT-qPCR) was also evaluated with t-test
48).

Results

Hormonal stimulation of cell viability and proliferation.
Normal human renal epithelial cells (ASE-5063) are slow
proliferators in comparison to RCC cells. Normal renal cells
were responsive to stimulation with T3 and proliferated at
a higher rate when stimulated with T3, both T3 from FBS
(equivalent to regular serum concentration) and T3 added to
hormone-depleted serum. ASE-5063 cells cultured with the
T3 inhibitor proliferated more slowly than when cultured with
FBS or T3. There was no difference in the viability of the ASE
cells cultured in different concentrations of the T3 hormone.
Exposure to 1 pM of T3 stimulated proliferation of ASE-5063
cells at a high rate. The viability and proliferation of primary
renal proximal tubule epithelial cells (PCS400010) required
10 nM of supplementation with T3 in the medium.

In the first step, T3-hyperstimulation was excluded to
influence RCC cells viability, both in normoxia and hypoxia
(Fig. 1), as the proliferation rate was specific to the cell
line and not dependent on additional T3 stimulation in the
hormone-reach medium. Among the cancer cell lines in the
hormone-depleted medium, the serum proliferation rate of the
HKCSC, Caki-2, ASE, ACHN, SK-RC-42, SMKT-R2, Caki-1,
786-0, and SK-RC-45 cells was decreased. The RCC6, 769-P,
and SK-RC-42 cancer cells and the embryonic HEK-293 cells
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Figure 1. RCC cells viability with T3 hyperstimulation in normoxia and
hypoxia (Alamar Blue assay).

were viable and proliferated at a similar rate, both with and
without T3/T4. In hormone depleted conditions supplemented
4 pM T3 was not able to stimulate cancer cells to regular
proliferation, and only triiodothyronine - 0.56-2.23 ng/ml
with thyroxine T4 - 0.08-0.16 ng/ml induced the cells. Off-the-
clot serum, thyroxin, triidothyronine and thyroid hormone,
depleted and was more effective in decreasing cell viability
than thyroid hormone receptor antagonist CAS 251310-57-3
or chemically-defined, animal origin-free, chemically-defined,
protein-free medium. The HKCSC renal cancer stem cells were
particularly sensitive to T3 regulation, as CAS 251310-57-3
decreased their proliferation. Significant influence of T3 on
RCC viability was noted in ACHN cells, that were stimulated
by T3 and inhibited by CAS 251310-57-3, both in chemically-
defined and hormone-depleted conditions.

At the same time as resazurin (7-hydroxy-3H-phenoxazin-
3-one 10-oxide) based cell viability was estimated by measuring
oxidation-reduction in mitochondria (aerobic respiration) and
since T3 is well known to increase uncoupling and increase
aerobic respiration (49), the impact of T3 on cell metabolism
was indirectly evaluated. Metabolic and respiration state of
the cells was therefore described as influenced by T3, because
T3 depletion (hormone depleted serum) decreased readout
(aerobic respiration rate) in HKCSC, Caki-2, ASE, ACHN,
SK-RC-42, SMKT-R2, Caki-1, 786-0, and SK-RC-45 cells. In
parallel activity of NAD(P)H-dependent cellular oxidoreduc-
tase enzymes, of the cell cytosolic compartment, reflecting the
number of viable cells present, was also measured in an MTT
assay. This test was used as it is more related to the glycolytic
rate per se and thus to NADH production through glycolysis
than to respiration. MTT test results confirmed the impact of
T3 on the RCC cells, with T3 promoting the glycolytic rate and
viability. T3 inductor effect was shown to arise independently



1670
769-P T3 stimulation
1.4
1.2
§ 1 —4—769-P 4 pM
S o8 ~8-769-P 1nM
g 06 e 769-P 100 nM
2 0.4+ ~=T769-P 1M
0.2 —w=T69-P
0 .
0 2 4 6 8
Time (days)
SMKT-R2 T3 stimulation
0.7
g 0.6 o
0.5 g
g 0.4 ¥ —4—SMKT-R2 4 pM
€03 / . —8-SMKT-R2 1 nM
202 ~4—SMKT-R2 100 iM
< 0. 1 —#=SMKT-R2 1 UM
’ 5 ’ —#—SMKT-R2
0 2 4 6 8
Time (days)
CAKI-2 T3 stimulation
9 1
5081 —4=CAKI-2 4 pM
g 0.6 ~m-CAKI-2 1 1M
A04 ~4~CAKI-2 100 nM
< g9 —=CAKI-2 1M
0 —#=CAKI-2
0 2 4 6 8
Time (days)
ASE T3 stimulation
04
0.35- _ :
8 0.3 =
5025 : . ” 2 ——HK 4 pM
2 02 /...1_________7/"'--.._ —m=HK 1nM
2015 7 HK 100 nM
< 01 7/ —s=HK 1M
0.05- £ o
0
0 2 4 6 8
Time (days)

Figure 2. The influence of T3 physiological and supraphysiological concen-
tration on RCC cell viability (MTT assay).

from oxygen pressure in the cell environment (hypoxia versus
normoxia) and activate both cells responsive and not respon-
sive to the oxygen concentration (Fig. 2). Hypoxia (2% O,)
promoted viability of Caki-2 cells, normoxia (21% O,)
promoted proliferation of ACHN, and SMKT R2 cells but
oxygen partial pressure had no influence on proliferation of
786-0, and RCC6 cells. T3 also promoted the proliferation of
786-0,RCC6, Caki-2, SMKT R2, and healthy kidney cell lines
(Fig. 3), as shown in chemically-defined, animal origin-free
and chemically-defined, protein-free media. The glycolytic
rate and cell viability were also induced by supplementa-
tion of as low as 0.5 or 1% serum in cultures of RCC cells.
Additional stimulation with increasing amounts of T3, 4 pM,
1 nM, 100 nM, or 1 uM, along with serum had no further
inductor influence on the RCC cells. Overall, stimulation of
the RCC cells with T3 had a greater impact on the glycolytic
rate than on oxidative respiration, as shown by comparison of
formazan and resazurin oxidation rate. Cultured in the same
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Figure 3. Induction of renal cancer cell proliferation in chemically-defined
medium influenced by (A) T3 stimulation and (B) hypoxia or normoxia con-
ditions (MTT assay).

conditions (T3 concentration) RCC cells in the MTT assay
were responsive to T3 stimulation in chemically-defined
media, but no difference was shown in Alamar blue measure-
ments (Fig. 2).

After T3 stimulation in most cell lines trend of decreasing
number of cells in G1 with concurrent increasing in S phase
was observed (p>0.5) (Table I and Fig. 4). The opposite corre-
lation was observed in the ACHN and 786-0 cell lines (p<0.5).
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Table I. Cell cycle distribution before and after T3 stimulation.

Phase Control +T3 % change Phase Control +T3 % change
786-0 ACHN

G1 87.2 90.6 +34* G1 61.3 63.9 +2.6*

G2 39 29 -1 G2 17.2 16.2 -1

S 89 6.5 24 S 215 199 -1.6
769-P SM-KT-R2

G1 73.7 72.7 -1 G1 759 75.5 -04

G2 179 18.8 +0.9 G2 12.6 134 +0.8

S 8.4 8.4 -0 S 11.6 11.1 -0.5
RCC6 HKCSC

G1 779 76.3 -1.6 G1 45.7 425 -3.2

G2 9.6 95 -0.1 G2 21.7 17.2 -4.5

S 12.5 143 +1.8 S 32.6 404 +7.8°
Caki-2 HSE

G1 813 78.2 -3.1 G1 87.67 86.79 -0.88

G2 57 6.2 +0.5 G2 11.37 12.02 +0.65

S 12.8 15.5 +2.7 S 0.96 1.25 +0.29

Significant difference p<0.05.

Control T3 stimulation

B

g8
2
g
L
g
=4

]

Figure 4. Specific cell cycle phase distribution in 786-0 cell line before and
after T3 stimulation.

Interestingly, giving the slow proliferation characteristics of
RCC stem cells, there was a significant increase (+7.8%) in the
number of cells in S phase in this cell line.

In addition to analyzing cell proliferation in 2D culture,
this study also investigated the impact of T3 on 3D cell growth.

The colony formation potential of the RCC cells before and
after T3 stimulation was low in agar matrix. Only the Caki-2
and SMKT-R2 cells derived from a primary clear-cell carci-
noma of the kidney and ACHN cells derived from a metastatic
site by pleural effusion generated 3D colonies. The number
of colonies formed by the cell lines was not significantly
different between the cells stimulated and not stimulated
with T3 (Fig. 5). In the soft agar colony formation model of
cellular anchorage-independent growth, T3 did not increase
the tumorigenic growth potential of the RCC cells in vitro. T3
also had no tumor-suppressive effect on the RCC cells.

Treatment of the normal renal and cancer cell lines with
sunitinib, a tyrosine kinase inhibitor, decreased RCC cell
growth. T3 stimulation did not promote or prevent the inhibi-
tory effect of sunitinib. Higher T3 concentrations also did not
decrease the inhibitory effect of sunitinib.

TR gene sequences and expression. For the analysis THRB
gene expression on mRNA and protein level, cell lines were
divided into four groups dependent on the origin as follows:
primary RCC, metastatic RCC, unclassified renal cells, and
control normal kidney cell lines (ASE5063). The statisti-
cally significant upregulation of relative expression (RE) was
identified in Caki-2, RCC6, SKRC-42, SKRC-45 cell lines,
in comparison to normal cells. In contrast, the expression in
the 769-P, ACHN, HKCSC, and HEK293 cells was signifi-
cantly downregulated (Fig. 6). Additional control analysis of
the THRA (thyroid hormone receptor o) expression revealed
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Figure 5. Formation of 3D colonies by renal cell cancer cell lines with and
without T3 induction.
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Figure 6. Expression of THRB gene in renal cell cancer cell lines on mRNA
level.

significant upregulation in SKRC-44 cells and downregulation
in786-0,769-P,and RCC6 primary tumor cells (Fig. 7). Among
the metastatic cell lines, expression only the in SKRC-44 cells
was upregulated, and the expression in all the other cell lines
was downregulated. The relative THRA expression in the
embryonic renal cell line and renal cancer, cancer stem cells
were also downregulated. A subsequent western blot analysis
of cytosolic and nuclear proteins confirmed the presence of
TRp1 in both fractions. In comparison to normal proximal
tubule cells RCC expression and accumulation of TRP1 in the
cytoplasmic fraction was higher in the 786-0, Caki-2, RCC6,
and SKRC-45 cells, than in normal renal cells (Fig. 8). The
protein level of TRP1 in the SKRC-44 and 769-P primary
tumor cells, metastatic ACHN cells, embryonic HEK293
cells, and HKCSC stem cells was downregulated. In cells with
a high cytoplasmic level of TRp, the level of the TR protein
in the nuclear fraction was not as high as with the lowest in
HKCSC, SKRC-42, ACHN, and 769-P. The analysis showed
that the expression levels of mRNA and proteins were corre-
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Figure 7. Expression of THRA gene in renal cell cancer cell lines on mRNA
level.

Table II. TRP gene sequence polymorphisms found in RCC
cell lines and their protein consequences.

Cell line Origin Mutation AA

786-O Primary 735C>T F245F
SK-RC-42 Metastatic 735C>T F245F
HEK293 Human embryonic 735C>T F245F

kidney

lated. No difference from reference sequence was found in the
analyzed coding sequence of the TRf gene and since reference
sequence that is referred as normal sequence no mutation was
expected. Synonymous polymorphisms were found in three
cases (Table II).

Discussion

The goal of this study was to verify the influence of T3
stimulation on renal cell cancer cells. This research was
designed to verify of prolonged survival of hypothyroid RCC
patients is epidemiological or cell biology phenomenon. We
also aim to verify interaction of T3 and TKI on RCC cells.
Understanding the effect of hypothyreosis and normothyreosis
on RCC cells is of clinical importance, as hypothyroidism
was reported in >80% of RCC patients treated with sunitinib
(18), up to 20% of those treated with sorafenib (19), and up to
100% of those treated with axitinib (50). Furthermore, hypo-
thyroidism was shown to be an independent predictive marker
of treatment outcomes in patients with metastatic RCC (20).
Hypothyroidism that developed during the treatment of RCC
patients was associated with significantly longer progression-
free survival, overall survival, and better objective response
rates (51), but hormone replacement with I-thyroxine had
no influence on patient survival (52). In a meta-analysis, the
observed advantage of acquired hypothyroidism in terms of
overall survival was not clear, and the authors indicated that
any perceived benefits should be interpreted with caution (53).
Data on direct T3 activity in RCC tumor cells was not avail-
able. First step undertaken in order to verify the influence of
T3 on RCC cell was development of physiologically relevant
cell culture model for the study.
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Figure 9. THRB gene genomic distribution alterations in renal cell cancer
including homozygous deletions (deep loss), heterozygous deletion (shallow
loss), normal diploid and low-level gain (amplification).

To support the growth of cancer cell lines in vitro gener-
ally standard media (RPMI/DMEM/F12), supplemented with
fetal bovine/calf serum (FBS/FCS) are used. We confirmed
that for modelling of RCC cell physiology FBS, that was used
in control experiments, has relevant T3/fT3 concentration for
simulation of healthy euthyreosis conditions. The uptake of T4,
T3, and reverse (r) T3 by kidney cells is mediated by an active

transport process, which is dependent on ATP availability
and Na* gradient across kidney cell membrane. Transport
of hormones into kidney cells is a rate-limiting step in the
metabolism of these THs in the kidney (54). The binding of T3
to the nuclear T3 receptor of the target cell induces the activity
of the hormone. The binding of T3-TRf1 complex to the nuclei
targets occurs slowly and attains a maximal value after 2-3 h
of induction. The peak effect of T3 mediated gene expression
occurs not earlier than 1-2 h after stimulation with hormone
(12,14). In typical cell culture model-based experiments, the
T3 hormone binds mitochondrial and cytosol fractions at a
concentration in the range of 107'? to 10 M (1 pM-10 nM),
but the nuclear fraction only up to 1-10° M (100 pM). At
higher concentrations of 100 pM (0.1 nM), T3 binds to high-
capacity non-specific nuclear sites (14,55). The T3 dissociation
constant of the TR (both isoforms) is between 10° and 107° M
(100 pM-1 nM), the half-maximal effective concentration
(ECs) of the TR is 1-2 nM, and the TR mediates TH-regulated
gene expression (35,56). T3 binds in vitro translated full-length
TRp with an apparent equilibrium (Kd) of 108 pM, and the
T3-TR saturation curve is characterized by a single component
(one-phase exponential growth) (57). In the cortical-collecting
tubules of the kidney, T3 at a concentration of 10" M (10 pM)
increased Na/K-ATPase activity and the trans-epithelial
voltage (58), but T3 at a concentration in the range of 107 to
107 M had no effect on inducible nitric oxide synthase (iNOS)
protein expression in renal cells (59). In addition, 6.5 pg/ml of
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T3 were reported to be required for maturation of CD133/1*
papillary renal cells into tubular epithelial cells in the kidney
(60). Based on this cell physiology data it may be concluded
that 100 pM-1 nM T3 stimulation is required to investigate
the effect of T3 on renal cell cancer cells, as confirmed in this
study. Our result is supported by a previous study confirming
that FBS was relevant for studying T3-dependent effects in cell
culture. In cells cultured in minimal essential medium (MEM)
with 10% TH-depleted FBS, the expression of 3-hydroxy-
3-methylglutaryl coenzyme A reductase was downregulated
by 70.1%. This deregulation of gene expression was normalized
when the cells were transferred to medium supplemented with
regular FBS or TH-depleted FBS supplemented with 10°® M
T3 for 48 h (61). However, due to the presence of endogenous
THs in FBS/FCS, it is impossible to control the effects of low
(physiological and supra-physiological) levels of THs on cells
(62). To study the effect of T3/T4 charcoal-stripped FBS, and
serum-free chemically defined medium, must be used instead
of standard media (63) and concordant physiological T3 amount
must be supplemented. Therefore, we analyzed hormone-
deprived serum, chemically-defined media with panel of T3
concentrations and focused on pM and nM T3 effects (Fig. 1-3).
The goal of this model was to mimic conditions of RCC cells
in vivo in euthyreosis and hypothyreosis. Before now renal cells
were cultured in 100 nM of T3 and this T3 concentration was
reported to inhibit the proliferation of a human proximal tubule
cell line (HK?2) and stimulate proliferation of Caki-2 and Caki-1
cell lines (4). Such a dose of T3 can be considered hyperstimu-
lation, as a physiological T3 dose was defined before as 10 nM,
and a supraphysiological dose was defined as 100 nM (64).
Moreover, it was demonstrated that short (4 days) and prolonged
(3 months) exposure to regular (1.0 nM) and supra-normal T3
concentrations (25.0 nM) supports maximal cell growth rates
and induces significant increases in global translation rate (65).
Along with this T3 dosing restriction, the research of Rosen
et al with 100 nM T3 must also be interpreted as used to verify
the effect of hormonal hyperstimulation of TRs in RCC, but
not the effect of physiological T3 concentration found in RCC
patients serum (38).

By focusing on in vivo-like T3 supplementation and using
more cell lines, this study confirmed that both hyperstimula-
tory and physiological conditions promote the viability of not
only Caki-1 and Caki-2 cells but also that of other cancer cell
lines of both clear-cell cancer and papillary cancer subtype
(e.g., ACHN, 786-0, RCC-6; Figs. 1-3). Our data are generally
in accordance with the findings of Poplawski and Nauman (4).
In our study in standard T3 concentration (FBS-derived)
normal renal cells (ASE) were not stimulated by addition of
supraphysiological T3 up to final concentration of 100 nM,
while in the study of Poplawski and Nauman (4) normal renal
cells (HK-2) were inhibited by 100 nM T3. Moreover, we have
confirmed that the depletion of T3 decreases the prolifera-
tion of healthy renal cells. We concluded that the difference
between HK-2 and ASE-5063, both cell lined derived from
normal proximal tube of the kidney, cells should be applied to
differences in cell biology between the lines. ASE-5063 cells
represent passage 0-2 of normal cells (primary culture), while
HK-2s are proximal tubular cells immortalized by transduc-
tion with human papilloma virus 16 (HPV-16) E6/E7 genes
(66). It was shown that HPV E6 and E7 proteins are able to
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directly interact with thyroid hormone receptor (67), and HPV
E2 protein interacts with thyroid hormone receptor and with
its co-activators GRIP1 (glucocorticoid receptor-interacting
protein 1) and Zacl (zinc-finger protein which regulates apop-
tosis and cell cycle arrest 1), and as a consequence influence
transcriptional activation of TRB1 (68). As a result of HPV
proteins interaction with thyroid hormone receptor, the TRf1
activation in HK-2 cells is to be different that in primary
cultures of renal proximal tubule (ASE-5063) cells. We believe
that analysis of primary culture represents the in vivo state
more closely than investigation of immortalized cells (69).

It is important to consider the mechanism of metabolic
regulation in HIF-1 overexpression state in which local TH
signaling is reduced through the induction of local thyroxine
deiodinase D3 (70). In this study, the supplementation of
RCC cells culture with T3 promoted proliferation and oxida-
tive phosphorylation metabolism when compared with T3/
T4-depleted serum (BBI solutions serum or FreeStyle media).
T3 promoted the proliferation of RCC cells at a concentra-
tion as low as 1 yuM when compared to T3-free conditions.
A concentration of 1 yM fT3 represents hypothyroidism,
with normal limit being 3 M. At the same time, without T3
exogenous supplementation, the RCC cells still proliferated
when other chemically-defined factors were present. The low-
molecular weight TR antagonist (CAS 251310-57-3) did not
inhibit the prostimulatory effect of T3 on the RCC cells to
any great extent and other inhibitors should be considered in
the future. T3 stimulation was not sufficient to overpower the
inhibitory effect of sunitinib on the RCC cells, as shown in the
Alamar-Blue-based cell viability test. This test was effectively
used as cell health indicator and measure of the reducing
power of living cells and quantitative measure of cell line
proliferation allowing to establish relative cytostimulatory and
cytotoxicity of T3, T3-inhibitor, and sunitinib.

In our study the effect of T3 on the cell cycle was dependent
on the RCC line, as well as the overall speed of the division
of these cells (Table I). Regardless of the genetic variation
between the individual tumors from which the cell lines were
isolated, the impact of hormonal T3 induction was possible to
describe when the same cell line under controlled conditions
of supplementation and deprivation of THs was compared. In
this study, T3 stimulation had little impact on the distribution
of the cell cycle phase and cell cycle progression of RCC cells.
Nevertheless trend of decreasing number of cells in G1 with
concurrent increasing in S phase was shown (Table I and
Fig. 4). In conclusion, T3 cell cycle regulation changes in the
cell cycle may be related to the checkpoint of the cell cycle in
the late G1 phase referred as to nutrient-sensing cell growth
checkpoint (71) and may depend on the impact of hormonal
stimulation on cyclins (72). As the S and G2/M phases of
mammalian cells are relatively invariant in length, with
changing interdivision time, a decrease in the interdivision
time due to the increased rate of mass synthesis necessarily
leads to a shortening of the Gl phase (72), which is taking
place in most investigated RCC cells. Our result are supported
by a previous study which has shown that T3 signaling distur-
bances result in improper G1/S phase progression in Cakil
and Caki-2 cells (4). These authors have also shown that in
RCC T3 regulate proliferation, acting as a stimulator and
inhibits of the proliferation of normal immortalized kidney
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(HK2) cells. This difference was explained by T3-deregulated
expression of transcription factors E2F4 and E2F5, along with
Retinoblastoma-like 1 protein (pl07) and retinoblastoma-like
2 protein (p130) activity in cancer cells. E2F4 and E2FS5 factors
in complexes with p107 or p130 stop cancer cells in G1 phase
and repress cell cycle progression and gene transcription.
At the same time, pl07 and p130 may inhibit the activity of
cyclin/cdk2 complexes and promote cell cycling (4). Fibroblast
cell cycle analysis showed that the GO/G1 phase transition is
mainly affected by T3 and that number of cells in S phase is
reduced after T3 stimulation (73) and the same phenomenon
we observed in RCC cancer stem cells. In cell cycle analysis it
should not be forgotten that TR expression levels increase in
a cell cycle-dependent manner (74). The levels of TR proteins
was also specifically shown to fluctuate in HK?2 cells, and
increase during cell cycle progression. In contrast, in Caki-2
cells, the expression profile was improper, with protein levels
dropping during progression (4). Collectively, we believe that
T3 although significant factor in RCC cell cycle regulation has
cancer case to case-specific effect that must be explained by
background mutations.

To determine whether T3 signaling was disturbed in studied
RCC cells, THP was analyzed at the mRNA and protein levels.
Previous studies reported inconsistent data on the expression
of TRa and TRP in RCC. One study reported that the expres-
sion of TR at the mRNA level was upregulated in 30% and
downregulated in 70% of RCC cases when compared with
adjacent normal renal tissue (40). In RCC tissues with THRB
underexpression, the measured amount of specific mRNA
was ~2.5+3 times lower in cancer tissue when compared with
the surrounding tissue and ~2.2 times lower in comparison
with that of other healthy kidneys (40). However, investigated
kidneys affected by other pathologies, including cysts, which
could represent some gene expression abnormalities. The
expression levels of mRNA TRf were reported to be lower
in Gl tumors than in G2 and G3 tumors. Among RCC with
TRP gene overexpression (6/20 cases), the tumors were mostly
poorly differentiated (G2 and G3) and clinically more advanced,
including T3b, T3c, and T4b (40). TR mRNA amount was
significantly different between tumors and surrounding tissues
only in G3 cases. The same study reported that TR} mRNA
was underexpressed in 33.6, 34.2, and 40.1% of G1, G2, and
G3 tumors, respectively (40). Our results showed that the TR
transcript level was decreased in SKRC-44 and 769-P primary
tumor cells, metastatic ACHN cells, embryonic HEK293 cells,
and HKCSC stem cells, and it was increased in 786-0, Caki-2,
RCC6, and SKRC-45 cells when compared to the level in cells
derived from healthy kidney proximal tubules. Measurement
of the TRP transcript revealed cells with high expression (cell
line SKRC-42) and low expression (cell lines 769-P, HKCSC,
SKRC-45). In the first group, the expression was up to 12 times
higher in RCC cells in comparison to that of healthy renal cells.
There was no difference in the expression of the TR transcript
in papillary RCC cells (i.e., Caki-2, ACHN, and HKCSC) when
compared with that of clear-cell RCC (i.e., Caki-1, 786-0, and
796-P). There was also no difference in the expression of the
TRP transcript in cells originating from metastatic tumors and
those originating from primary tumors. Our results represent
therefore additional evidence for TR1 expression deregula-
tion in RCC.
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In previous studies an interesting discrepancy between
mRNA and protein levels was described, with a low level
of protein found in RCC cells with overexpression of TR
mRNA (40). In tissue analysis by Master et al (41) TR mRNA
and protein levels were reported to be reduced by 70 and
91%, respectively, in ccRCC tissues. This phenomenon was
accompanied by an absence of the TRP1 target gene, the type 1
deiodinase enzyme (DIO1) protein, and a 58% reduction in the
tissue concentration of T3, which is generated mainly by DIO1.
The observed discordance in the magnitude of the change
in TR mRNA and protein was explained by the influence of
aberrant splicing of TR mRNA 5'UTRs, leading to differences
in the translation efficacy and expression of the miRNA-204,
inhibitor of TR mRNA 3'UTR. The authors concluded that the
THRB expression in RCC cells is subject to complex post-tran-
scriptional regulation Master et al (41). In our study, the high
TR mRNA level was not correlated with a low TRB1 protein
level in the nuclear fraction, suggesting that nuclear transloca-
tion is important for the activity of TR3. Complementary to
our data abnormalities in TR mRNA translation reported in
RCC were shown to be cancer specific. In normal renal cells,
the major TR transcript contains variant A (AY286465.1) of
the 5'UTR. In RCC, this is deregulated. A loss of transcript
variants [IVS4B (GeneBank: GQ919288.1) and F1 (GQ456950)
was reported in ccRCC. A functional analysis of the influence
of the 5'UTR variant on protein expression in an RCC cell
line, Caki-2, showed that weakly folded variant A promoted
the highest level of receptor expression. In contrast, variants
F (AY286470.1) or F1 (GQ456950), which were strongly
folded, resulted in low transcription, low translation rates,
and low receptor expression. In >70% of RCC cases, a reduc-
tion in the TRBI mRNA coding sequence has been reported.
Furthermore, reduced expression of A and F 5'UTR variants
has been reported in 75 and 62% of tumors, respectively
(41). Finally TRp1 protein level in cancer tissues was barely
detectable. An analysis of the protein level of TRs in nuclear
extracts from RCC tumors revealed that the TR1 protein level
was decreased in 87% (20/23) of tumors when compared with
that of normal tissue from the same kidney. The level of the
TRPI protein was decreased 1.2-16 times. The expression level
of the TRal protein was 1.6 times higher in tumors than in
healthy tissue, and the expression level of TRp1 was 1.7 times
lower in tumors than in healthy controls (40). In Caki-2 and
Caki-1 cancer cell lines the level of TR proteins was lower
than in healthy kidney HK2 cells (4). In this study, we showed
a low level of expression of TR in the RCC nuclear fraction
compared with that of the healthy kidney cells. The distribution
of the cytoplasmic fraction level was more variable, suggesting
that the cell localization and activity are altered in RCC and
that the cytoplasmic pool represents a quiescent fraction of the
protein. In cases with a high cytoplasmic level of TR, the level
of the TR protein in the nuclear fraction was not as high. This
confirms and extends the findings of a previous study, which
demonstrated a low level of TR in pseudotriploid cells derived
from human embryonic kidney (HEK293) with deregulated
cell cycle control pathways and apoptosis but lacking a VHL or
c-MET pathway (75).

In this study, the RCC cells did not harbor TR coding
sequence differences when compared with those of a stan-
dard reference sequence deposited in the NCBI database
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and they did not contain mutations reported previously
(33,54,76). In a previous study, TR genes from 22 tumor
tissues, 20 corresponding controls, and seven non-cancerous
kidney tissues were sequenced and compared with those of a
control (wild-type TRp1 cloned from non-cancerous kidneys)
(33). The authors reported that the mutations were clustered
in T3-binding domains (D and E). In particular, one TR1
(3TRP1) mutant was isolated from an RCC grade G1 tumor
(25% of all G1 tumors tested), three TRB1 (25TRpB1, 8TRp1,
18TRP1) mutants were isolated from G2 (33%) tumors, and
three TRB1 (15TRP1, 32TRP1, 6TRP1) mutants were isolated
from G3 (42.8%) tumors. In total, nine of all analyzed RCC
cases (40.9%) had at least one mutation in a ligand (T3)-binding
domain or DNA-binding domain. Of these mutations, seven
were missense, and these were also mostly clustered in
T3-binding domains (33). In a subsequent functional analysis,
mutant TRB1 was shown to have impaired T3 association
and DNA binding capacities. The transcriptional activity of
many mutants was also reported to be downregulated or lost.
Mutations in the T3-binding domains (i.e., Y321H, E299K,
H412R, L4568, and S380F) reduced the T3 binding activity
by ~35-60%, and other mutations (i.e., W219L, F4511, F451S,
Q252R, A387P, and F417L) resulted in a loss of almost 100%
of T3 binding activity. These mutants also displayed signifi-
cantly reduced DNA affinity (50-100%). A mutation in the
DNA binding domain (i.e., K155E), which interferes with
the TH-response element interaction, resulted in the loss of
up to 100% DNA-binding activity. Furthermore, some muta-
tions (e.g., F415S) exhibited a dominant negative effect on the
wild-type TR receptor, and the TR mutants lost receptor
transactivation activity. A previous study investigated the
effect of mutations found in RCC in a HepG2 cell (HCC)
model and performed detailed analyses of the impact of these
two mutations on gene regulation (38). The authors showed
that the target gene specificity of TR mutants isolated from
RCC cells was greatly expanded. The targets of the TR mutants
overlapped to a large extent between RCC cases but minimally
overlapped with wild-type TR-specific genes or with target
genes found in other cancers including HCC. The mutant TR
targets included solute carriers, metallothioneins, glycolytic
enzymes, and other metabolism genes. In the same study, 69
genes were repressed by a TRB1 mutant (rc15-RTf1 = P453S
hormone-binding domain mutant). Although most of the
targeted genes were not controlled by the wild-type receptor
and were new targets, some of the mutant-repressed genes
were activated by the wild-type receptor. The majority of the
genes repressed by the mutant receptor were not affected by
stimulation or hyperstimulation by T3 and were regulated in
a hormone-independent manner. The authors suggested that
the different target specificity was the result of changes in
the binding of co-activator proteins and therefore the binding
of different response elements, broadening the ability of the
receptors to recognize different sequences at -1 and -2 posi-
tions. As a result, the mutants attained the ability to recognize
a distinct set of genes, different from those recognized by the
wild-type receptor (38). In the study by Rosen ef al (38), other
mutations associated with RCC were mostly localized in the
DNA-bonding domain and were dominant-negative. These
showed altered co-repressor splice variant selectivity and
impaired co-repressor release in response to T3 stimulation.

INTERNATIONAL JOURNAL OF ONCOLOGY 49: 1666-1678, 2016

These mutations localized mostly in helix 12 of the receptor
and were dominant negative at T3 concentrations of >10 nM,
>100 nM, and >1,000 nM. Other mutations (e.g., rc§-TRp1)
required higher than normal T3 concentrations to bind
coactivators and stimulate gene expression. Therefore, they
may not be active in euthyreosis or hypothyreosis found in
RCC patients. According to Rosen and Privalsky (35), these
mutations were more likely to deregulate cell homeostasis
in cells with specific co-repressor and co-activator variant
expression. All the TR mutations may play specific roles in
carcinogenesis, angiogenesis, and tumor progression mediated
through the activity of target genes (38). Defects in the func-
tion of TRs may serve as a second hit, after VHL mutations,
that triggers, or participates in, the transition from a renal
cyst to a clear-cell carcinoma (34). As complement to cell line
sequencing, our analysis of cBio Cancer Genomics Portal data
showed that THRB gene is altered in 57 of 538 (10.6%) ccRCC
patients available for analysis (77,78). Identification of somatic
copy-number alterations (SCNAs) driving cancer growth by
GISTIC2.0 method (79) has shown that most common events
reported in ccRCC are heterozygous deletion, followed by
homozygous deletions and that gain of copy number is excep-
tional (Fig. 9). In the TCGA analysis of ccRCC, 15 of the 418
(3.6%) cases described harbored deletions of THRB gene with
majority of hemizygous deletions (32) suggesting that TR gene
may be lost in RCC carcinogenesis, but it may also be mutated
and be expressed as protein with novel transcription regulation
functions.

In conclusion, we have shown that TR expression is
deregulated in RCC cells, both in mRNA and protein level.
RCC cells are also responsive to T3 stimulation and increase
proliferation rate in most cases. Significant cell cycle shift
towards S phase was apparent in RCC cancer stem cells.
This could be one of the reasons why patients with hypo-
thyreosis have better tumor shrinkage while treated with
TKI. Nevertheless some tumors may be considered as
T3-independent which may represent especially aggressive
phenotype, where receptor is activated also in the absence of
the ligand. On the contrary proliferation induced by deregu-
lated VHL and or c-Met pathways may transgress normal T3
mediated regulation of the cell cycle.
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