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Abstract

We have recently identified that phosphorylation at tyrosine (Y)406 is critical for the tumor
suppressor functions of the thyroid hormone receptor p1 (TRp) in a breast cancer line. However,
still unclear is whether the critical tumor suppressor role of phosphorylated Y406 of TR is
limited to only breast cancer cells or could be extended to other cell types. In the present studies,
we addressed this question by stably expressing TR, a mutated TR oncogene (PV), or a TRB
mutated at Y406 (TRBY406F) in rat PCCL3 thyroid follicular cells and evaluated their tumor
characteristics in athymic mice with elevated thyroid stimulating hormone. PCCL3 cells stably
expressing PV (PCCL3-PV), TRBY406F (PCCL3-TRBY406F), vector only (PCCL3-Neo)
developed tumors with sizes in the rank order of TRBY406F>PV = Neo, whereas PCCL3 cells
expressing TRP (PCCL3-TRp) barely developed tumors. As evidenced by markedly elevated
Ki67, cyclin D1, and p-Rb protein abundance, proliferative activity was high in PV and
TRBY406F tumors, but low in TRP tumors. These results indicate that TR acted as a tumor
suppressor in PCCL3 cells, whereas TRBY406F and PV had lost tumor suppressor activity.
Interestingly, TRBY406F tumors had very low necrotic areas with decreased TNFa.-NFxB
signaling to lower apoptotic activity. In contrast, PV tumors had prominent large necrotic areas,
with no apparent changes in TNFa-NFxB signaling, indicating distinct oncogenic activities of
mutant PV and TRBY406F. Thus, the present studies uncovered a novel mechanism by which TR
could function as a tumor suppressor through modulation of the TNFa-NFxB signaling.
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INTRODUCTION

Thyroid hormone receptor B1 (TRp) is a ligand-dependent transcription factor critical in
growth, development, and differentiation. Since the cloning of the 7H/RB gene in 1986 [1],
studies of TR functions have been focused on its role in mediating the normal biological
activities of the thyroid hormone T3. Recently, the idea that TR can function as a tumor
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suppressor in cancer development has gained increasing attention. Early studies indicated
that truncations and/or deletions of chromosome 3p where the 7HRB gene is located are
closely associated with human malignancies including lung, melanoma, breast, head and
neck, renal cell, uterine cervical, ovarian, and testicular tumors [2-5]. Moreover, decreased
expression resulting from the silencing of the 7HRB gene by promoter hypermethylation has
been found in human cancer including breast, lung, and thyroid carcinoma [6-9].

In addition to these positive association studies, recent work has proposed molecular
mechanisms by which TR can function as a tumor suppressor. Cell-based studies have
shown that over-expressed TR reduces tumor growth and causes partial mesenchymal-to-
epithelial cell transition (B-catenin, vimentin, and cytokeratin 8/18) in hepatocarcinoma and
breast cancer cells [10]. In neuroblastoma cells, the over-expressed TRp inhibits the
transcriptional response of the Ras/mitogen-activated protein kinase/ribosomal-S6 pathway,
thereby suppressing growth [11]. Similarly, over-expressed TR was also shown to inhibit
AKT-mTOR-p70S6K pathways in human follicular thyroid cancer cells [12]. In human
breast cancer cells, TRB suppresses estrogen-dependent tumor growth by down-regulation of
JAK-STAT-cyclin D pathways [13]. An additional mechanism by which TR could function
as a tumor suppressor was recently uncovered [14]. TRB up-regulates the expression of
nuclear receptor corepressor 1 (NCOR1), which mediates the suppression of invasion, tumor
growth, and metastasis in human hepatocarcinomas and more aggressive breast tumors [14].

We have previously identified a cSrc phosphorylation site on Y406 of TR [15]. Such
phosphorylation on Y406 signals T3-induced degradation, thereby markedly attenuating
cSrc signaling to suppress cell proliferation and invasiveness in breast cancer cells. When
TRPY406 is mutated to 406F, no T3-induced degradation occurs, resulting in constitutive
activation of cSrc signaling to promote oncogenesis [15]. However, it is not clear whether
this cSrc-dependent tumor suppressor function of TRB operates uniquely in breast cancer
cells or could be extended to other cell types.

In the present studies, we stably expressed TRBY406F and TRp in PCCL3 thyroid cells and
assessed the effect of the loss of cSrc phosphorylation on the tumor suppressor function of
TRp. We also compared the oncogenic effect of a TRB C-terminal frame-shift mutant PV in
PCCL3 cells to that of TRBY406F. PV has been shown to be an oncogene in mouse models
and in cultured cells [16-18]. We found that loss of the cSrc phosphorylation site on Y406
abrogated the tumor suppressor function of TR, thereby functioning as an oncogene in
thyroid PCCL3 cells as it did in breast cancer cells. In addition, we uncovered that
TRBY406F, but not PV, acted to attenuate the TNFa.-1xBa-NFxB signaling, thereby
decreasing necrotic activity and increasing tumor growth. Thus the present studies
uncovered a novel mechanism by which TR could function as a tumor suppressor through
modulation of TNFa-IxBa-NFxB pathway.

MATERIALS AND METHODS

Cell Lines

The PCCL3 cells were a generous gift from Professor R. Di Lauro (Napoli, Italy).
Establishment of PCCL3 cells stably expressing human TR (PCCL3-TR cells), PV
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(PCCL3-PV cells), TRBY406F (PCCL3-TRBY406F cells), or the control selectable marker
Neo gene (Neo cells) was carried out similarly as described previously for PCCL3 cells [18].
Briefly, PCCL3 cells were transfected with the expression plasmid containing cDNA
encoding Flag-hemagglutinin-TRB (pcDNA3.1-FHTR-B), Flag-hemagglutinin-PV
(pcDNA3.1-FH-PV), Flag-hemagglutinin-TRBY406F (pcDNA3.1-FH-TRBY406F), or the
empty vector containing only the cDNA for the selector marker, the Neo gene. After
transfection, cells were selected with 200 mg/ml G418 (Invitrogen, Carlsbad, CA) for 2 wk.
G418-resistant colonies expressing TRP and mutants (PV and TRB1Y406F) were expanded
for subsequent experiments. The expression of TRP and mutant protein was verified by
Western blot analysis using anti-TRp antibodies (Rockland, Limerick, PA, cat. 600-401-
A96).

Reporter Assays

PCCL3-parental and stably expressing cells (PCCL3-TRp, PCCL3-PV, and PCCL3-
TRPY406F) were seeded at a density of 5 x 10° in six-well culture plates and preincubated
for 24 h with Td medium. Cells were transfected using Lipofectamine2000 (Invitrogen)
using the protocol of the manufacturer. Briefly, 0.5 ug/well plasmid (pcDNA3.1-FH-TRp or
pcDNAS3.1-FH-PV for PCCL3-parental cells) and 0.2 ug/well reporter plasmids (Pal-luc)
were incubated with Lipofectamine2000 at room temperature for 20 min and then added to
cells cultured in 1 ml OptiMEM. After a 3-h incubation, the medium was replaced by fresh
10% Td-fetal bovine serum with or without T3 (100 nM). Cells were lysed 24 h later with
Luciferase Cell Culture Lysis 5X Reagent (Promega, Madison, WI), and luciferase activity
was measured using Victor 3 (PerkinElmer Life and Analytical Sciences, Waltham, MA).
Luciferase values were standardized to the ratio of activity to protein concentration.

In Vivo Mouse Xenograft Study

The protocols for the use and care of the animals in the present studies were approved by the
National Cancer Institute Animal Care and Use Committee. Six-week-old female athymic
NCr-nu/nu mice were obtained from the NCI-Frederick animal facility. The control PCCL3
cells (Neo) and PCCL3-TR@ or PCCL3-mutants (PV and Y406F) (5 x 10° cells) in 200 pl
suspension mixed with Matrigel Basement Membrane Matrix (BD, Biosciences, San Jose,
CA) were inoculated subcutaneously into the right flank of mice, similarly as previously
described [18]. The mice were fed an iodine-deficient diet supplemented with 0.15% PTU
(cat. no. TD.95125, Harlan Laboratories, Inc., Indianapolis, IN) beginning at 1 wk before
cell injection and continued on the PTU diet until reaching near 2 cm in diameter, at which
time the tumors were isolated for analyses. The tumor size was measured with calipers
weekly until it reached ~2 cm in diameter. The tumor volume was calculated as L x W x H x
0.5236.

Histopathologic Analysis

Xenograft tumors were dissected and fixed in 10% neutral-buffered formalin (Sigma-—
Aldrich, St. Louis, MO) and subsequently embedded in paraffin. Five-micrometer-thick
sections were prepared and stained with hematoxylin and eosin (H&E).
Immunohistochemistry was performed on formalin-fixed paraffin tumor sections, as
previously described [19]. Primary antibodies used were anti-Ki-67 antibody (dilution
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1:300; Thermo Scientific, Cambridge, MA) and anti-TNFa antibodies (dilution 1:100; Santa
Cruz Biotechnology, Dallas, TX). Staining was developed with diaminobenzidine (DAB)
using the DAB substrate kit for peroxidase (Vector Laboratories, Burlingame, CA). For
quantitative analysis Ki-67 or TNFa positive cells were counted by using NIH Image J
software version 1.47 (Wayne Rasband, National Institutes of Health, Bethesda, MD).

Western Blot

The western blot analysis was carried out as described by Park et al. [18]. The protein
sample (20 pg) was loaded and separated by SDS—-PAGE. After electrophoresis, the protein
was electrotransferred to a poly vinylidene difluoride membrane (Immobilon-P; Millipore
Corp., Billeria, MA). The antibodies phosphorylated Src (Y416, 1:500), total Src (1:1000),
p-Rb (5780, 1:500 dilution), total Rb (1:1,000 dilution), p-1kBa (S32/36, 1:500 dilution),
total IkBa. (1:1,000 dilution), caspase 8 (1:1,000 dilution), and GAPDH (1:1,000 dilution)
were purchased from Cell Signaling Technology (Denver, MA). Antibodies for VEGF
(1:200 dilution) and TNFa (1:200 dilution) were purchased from Santa Cruz Biotechnology.
Antibody for cyclin D1 (1:500 dilution) and TRp (1:500) were purchased from Neomarkers
(Thermo Scientific, Cambridge, MA) and Rockland, respectively. The blots were stripped
with Re-Blot Plus (Millpore, Billeria, MA) and reprobed with rabbit polyclonal antibodies to
GAPDH. Band intensities were quantified by using NIH IMAGE software (Image J 1.47).

Statistical Analysis

RESULTS

All data are expressed as mean + standard error of the mean (SEM). Significant differences
between groups were calculated using Student’s #test with the use of GraphPad Prism 6
(GraphPad Software, Inc., San Diego, CA). A P-value <0.05 is considered statistically
significant.

Loss of the cSrc Phosphorylation Site at Y406 Abrogates the Tumor Suppressor Functions
of TRP by Propelling Tumor Cell Proliferation

Previously we have shown that mutation of tyrosine at amino acid 406 of TRB1 to
phenylalanine (designated as TRBY406F) leads to the loss of tumor suppressor functions of
TRP1 in breast cancer MDA cells [15]. Consequently, it functions as an oncogene. To
understand whether the oncogenic actions of TRBY406F could be modulated by cellular
context, we stably expressed TRB1 (designated as TRB), TRB1PV (designated as PV), or
TRPY406F in rat thyroid PCCL3 cells. PV is a TRB mutant derived from a patient with
resistance to thyroid hormone (RTH) [20]. Compelling evidence has shown that PV
functions as an oncogene [16-18]. Figure 1A shows that the protein levels of TR (lane 2),
PV (lane 3), and TRBY406F (lane 4) were similar as detected by a polyclonal antibody
against the A/B domain of TRs. In contrast, only background was detected in the control cell
line in which only the vector expressing the selector marker, neomycin (Neo) (lane 1). In
addition, we also carried out reporter assays to confirm the functionality of the expressed
proteins. For positive controls, when TRP was exogenously transfected into the parental
PCCL3 cells, T3-dependent transcriptional activation was detected (bar 2, Figure 1B). In
contrast, when PV was exogenously transfected into the parental PCCL3, no T3-dependent
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transcriptional activation was detected (bar 3). T3-dependent transcriptional activation was
detected in cells stably expressing TRp (PCCL3-TR cells) (bar 4), but not in cells stably
expressing PV (PCCL3-PV cells) (bar 5). We have shown previously that Y406 mutation to
F406 does not affect T3 binding of TRP [15]. Consistent with these findings, Figure 1B
shows that TRBY406F stably expressed in PCCL3 cells exhibited T3-dependent
transcriptional activity (bar 6). These data indicate that TR and TRBY406F stably
expressed in PCCL3 cells transcriptionally active and that PV had lost transcriptional
activity as expected.

Previously we showed that breast cancer MDA cells stably expressing TRBY406F lost the
tumor suppressor function of wild-type TRp. To ascertain whether TRBY406F also lost the
tumor suppressor function of wild-type TR in thyroid cells, we used the xenograft models.
Athymic mice were fed with propylthiourea (PTU) to elevate thyroid-stimulating hormone
(TSH), and PTU-treated mice were inoculated with PCCL3-TRBY406F cells. PCCL3-Neo
cells and PCCL3-TRp cells were similarly inoculated into PTU-treated mice as controls.
Since we have shown that PV is an oncogene [16-18], we also inoculated PCCL3-PV cells
into athymic mice for comparison. Figure 2A shows that PCCL3-Neo cells developed
tumors, reaching the end point by 7 wk (closed circles). PCCL3-TRBY406F cells developed
tumors after a brief lag time, but reached a slightly larger tumor size within 4 wk (closed
diamonds; see also Figure 2B, bar4). PCCL3-PV cells, after a brief lag time, also developed
tumors with the same size as that of PCCL3-Neo cells (closed triangles; see Figure 2B, bar
3). Remarkably, barely detectable tumors were found for PCCL3-TRp cells after 13 wk
(closed squares; Figure 1A and B, bar 2).

We next used immunohistochemical analysis to evaluate the proliferation activity of tumor
cells with the use of the proliferation marker Ki67. As shown in Figure 2C, more and
stronger Ki67 signals were detected in tumors derived from PCCL3-Neo cells (panels b and
c), PCCL3-PV cells (panels h and i), and PCCL3-TRBY406F cells (panels k and I). In
contrast, weaker and fewer Ki67 signals were found in tumors derived from PCCL3-TRp
cells (panels e and f). The quantitative data from counting the positively stained cells
indicate clearly that fewer proliferating cells (a 40% lower number) were found in the tumor
cells derived from PCCL3-TRp (bar 2, Figure 2D) than in tumors derived from PCCL3-Neo
cells (bar 1), PCCL3-PV cells (bar 3), and PCCL3-TRBY406F cells (bar 4, Figure 2D). In
Figure 2C, panels a, d, g, and j are the negative controls in which only 1gG was used. Taken
together, these results clearly show that TR acted as a tumor suppressor to inhibit tumor
growth, whereas PV and TRBY406F had lost the tumor suppressor functions.

To understand the molecular basis of the different levels of proliferation activity found in
cells in the four tumors, we evaluated the activation of cSrc and key cell cylcie regulators.
Previously we showed that in breast cancer cell lines, TRBY406F activated cSrc activity
[15]. We therefore, determined whether cSrc activity was elevated by TRBY406F in PCCL3
cells. Figure 3 shows that the protein abundance of p-cSrc was higher in PCCL3-TRBY406F
cells (panel a: lanes 7 and 8; see also quantitative data in data in Figure 3B-a, bar 4) and in
PCCL3-PV cells (panel a: lanes 5 and 6; see also quantitative data in Figure 3B-a, bar 3)
than in PCCL3-TRp tumor cells (lanes 3 and 4; also in Figure 3B-a, bar 2). We also found
that the protein abundance of cyclin D1 was lower in PCCL3-TRp tumor cells (Figure 3A,
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panel c: lanes 3 and 4; see also quantitative data in Figure 3B-b, bar 2) than in PCCL3-Neo,
PCCL3-PV, and PCCL3-TRBY406F tumor cells (panel b: lanes 1 and 2; lanes 5 and 6; and
lanes 7 and 8; see also bars 1, 3, and 4 in Figure 3B-b). The higher cyclin D1 led to an
increase in phosphorylated retinoblastoma protein (p-Rb S780) in PCCL3-Neo, PCCL3-PV,
and PCCL3-TRBY406F tumor cells (panel d: lanes 1 and 2; lanes 5 and 6; and lanes 7 and 8;
see also bars 1, 3, and 4 in Figure 3B-c). Increased phosphorylation of Rb leads to release of
the associated-E2F from unphosphorylated Rb-E2F complexes to drive the expression of
transcription factors, thereby propelling cells to enter the S-phase to increase cell
proliferation [21]. Since vascular endothelial growth factor (VEGF) is critical in the growth
of solid tumors because of the need for an adequate blood supply [22], we also compared the
protein abundance of VEGF in the cells from the four tumors. We found that the protein
abundance of VEGF was lowest in PCCL3-TRp tumor cells (panel f: lanes 3 and 4; see also
quantitative data in Figure 3B-d, bar 2) as compared with PCCL3-Neo, PCCL3-PV, and
PCCL3-TRBY406 tumor cells (panel f: lanes 1, 2; lanes 5 and 6; and lanes 7 and 8; see also
bars 1, 3, and 4 in Figure 3B-d). These results indicate that TRP could act to inhibit cell
proliferation by suppressing the expression of key cell cycle regulators and to impede tumor
growth by lowering VEGF to decrease vasculogenesis.

Loss of the cSrc Phosphorylation Site at Y406 of TRpP Promotes Cell Survival to Increase
Tumor Growth

To understand whether the oncogenic actions of PV and TREY406F mutants caused distinct
histopathological features, we examined the H&E-stained tumor sections (Figure 4A). At a
higher magnification, we detected proliferating cells in the regions marked as viable tumor-
growth areas in all four types of tumor cells. Interestingly, we also found prominent necrotic
areas in tumors derived from PCCL3-Neo cells (panels a and b, Figure 4A) and PCCL3-PV
cells (panels e and f). But only a few necrotic areas were found in the tumor derived from
PCCL3-TR} cells (panels ¢ and d) and necrosis was barely discernable in the tumor derived
from PCCL3-TRBY406F cells (panels g and h, Figure 4A). To quantify the frequency of
occurrence of necrosis, we measured the area of each part of each section with viable tumor
and that with necrosis at a low magnification (Figure 4B-1). Consistent with the larger size
shown in Figure 2B, the cross section of TRBY406F-tumor (panels m-p) was clearly larger
than that of PCCL3-Neo panels a—d), PCCL3-TRp (panels e-h), and PCCL3-PV (panels i-I,
Figure 4B; quantitative data shown in Figure 4B-11). Remarkably, we found that the
percentage of necrotic area was high in the tumors derived from PCCL3-Neo cells and
PCCL3-PV cells (18.3% and 29.2%, respectively; bars 1 and 3, Figure 4B-I11), but was very
low (1.2%) in tumors derived from PCCL3-TRBY406F cells (bar 3, Figure 4B-I111).
However, the tumor derived from PCCL3-TRp cells was too small for accurate measurement
of the necrotic areas. These results indicate that the tumors derived from PCCL3-Neo cells
and PCCL3-PV cells were highly necrotic, but the tumor derived from PCCL3-TRBY406F
was barely necrotic suggesting different oncogenic molecular pathways in tumorigenesis for
PV and TRPY406F mutants.

The markedly low level of necrosis detected in tumors derived from PCCL3-TRBY406F
cells prompted us to ascertain the underlying molecular events. Necrosis in histology implies
areas of cell death in tissues that can be caused by processes of overt damage, such as

Mol Carcinog. Author manuscript; available in PMC 2021 February 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

Page 7

mechanical injury, deprivation of oxygen or blood supply, or chemical damage. At the
cellular level, necrosis is evident by organelle damage, nuclear swelling, and lyzed cell
membrane ingested by macrophages [23]. On the other hand, necrosis can have other paths,
such as apoptosis that is mediated by expression of pro-apoptotic genes and their effectors,
leading to mitochondrial damage, nuclear shrinkage, and cell membrane lysis as a terminal
event [24,25]. It is possible that a necrotic area in a tumor is a mixture of both mechanisms,
where apoptotic death of some cells leads to necrosis of nearby cells caused by the liberated
cell debris and toxins, poor blood supply, and inflammation. We therefore, examined the
protein level of tumor necrosis factor a (TNFa), a cell-signaling molecule involved in
inflammation. Consistent with the smallest necrotic areas shown in Figure 4B-1, the protein
level of TNFa in tumors derived from PCCL3-TRBY406F cells was lower than in tumors
derived from PCCL3-Neo cells and PCCL3-PV cells (lanes 7-9 vs. 1-and 4-6, Figure 5A-1-
a; also quantitative data in Figure 5A-I1-a). We further used immunohistochemistry to
determine the protein abundance of TNFa in the tumor cells. Consistent with the western
blot analysis, less intensive and fewer TNFa signals were detected in tumors derived from
PCCL3-TRBY406F cells (panels h and I, Figure 5A-111-a) than in tumors derived from
PCCL3-Neo cells and PCCL3-PV cells (panels b and c; and e and f, Figure 5A-11-a; see
quantitative data in Figure 5A-11-b). Panels a, d, and g (Figure 5A-I11-a) show the negative
controls from using 1gG only.

We next evaluated the activity of the downstream effector, NFxB (nuclear factor kappa-
light-chain-enhancer of activated B cells). NFxB is a transcription factor whose activity is
regulated by IxBa (nuclear factor of kappa light polypeptide gene enhancer in B-cells
inhibitor, alpha). 1xBa inhibits NFxB by masking the nuclear localization signals of NFxB
proteins and keeping them sequestered in an inactive state in the cytoplasm [26]. In addition,
IxBa blocks the ability of NFxB transcription factors to bind to DNA, which is required for
NFxB’s transcriptional activity. However, phosphorylation of IxBa by IxB kinase (IKK)
results in the degradation by the proteasome pathway such that IxBa is released from the
NF«xB protein complex to allow translation of NFxB to nuclease to act as a transcription
factor [26]. Figure 5A-1-b shows that p-IxBa protein levels were lower than in tumors
derived from PCCL3-TRBY406F cells than in tumors derived from PCCL3-Neo cells and
PCCL3-PV cells (lanes 7-9 vs. 1-3 and 4-6, Figure 5A-1-b), while the total 1xBa protein
levels were not significantly changed (Figure 5A-1-c; also quantitative data in Figure 5A-11-
b). These data suggested that the TNFa-IxBa-NF«xB signaling was attenuated in tumors
derived from PCCL3-TRBY406F cells, but not in tumors derived from PCCL3-Neo cells
and PCCL3-PV cells. This attenuated signaling decreased necrotic activity and increased
tumor growth.

Moreover, TNFa-lxBa-NFxB signaling is also known to regulate apoptosis by controlling
the expression of pro-apoptotic key regulators. Figure 5A-I-d shows that the protein levels of
pro-apoptotic BAX was lower in tumors derived from PCCL3-TRBY406F cells than in
tumors derived from PCCL3-Neo and PCCL3-PV cells, (lanes 7-9, vs. lanes 1-6; also see
quantitative data, Figure 5A-11-c). Consistently, we also found that the protein levels of
cysteine-aspartic proteases (e.g., caspase 8) that play an essential role in apoptosis and
necrosis [27,28] were lower in tumors derived from PCCL3-TRBY406F cells than in tumors
derived from PCCL3-Neo and PCCL3-PV cells (panel e, lanes 7-9 vs. lanes 1-6; Figure 5A-
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I-e; also see quantitative data, Figure 5A-I1, panel d). These data indicate that the decreased
apoptotic activity mediated by TRBY406F contributed to the growth in tumors derived from
PCCL3-TRBY406F cells.

DISCUSSION

The notion that TRP could function as a tumor suppressor derives from earlier observations
that the loss of heterozygosity and/or truncating of the 7HRB gene is associated with human
cancers. Subsequently, data from cell-based analyses and in vivo studies have provided
many lines of evidence to support this notion. One piece of compelling evidence came from
extensive studies of a mutant mouse expressing a dominant negative TRp C-terminal frame-
shift mutant, PV [16, 29], in that the loss of TR normal functions drives carcinogenesis of
thyroid and promotes the aberrant growth of the pituitary [30] and the breast [31]. Other
collaborative evidence came from the studies showing that ectopically over-expressed TRB
suppresses the cancer phenotypes [12,13]. Our previous studies have elucidated that
phosphorylation of TR on Y406 by cSrc is critical in the tumor suppression of TR in
breast cancer cells. The present studies have shown that the critical role of cSrc-induced
phosphorylated Y406 in mediating the tumor suppressor functions of TR is not limited in
breast cancer cells. PCCL3 cells are normal rat thyroid cells. In our preliminary studies, we
found that in the absence of elevated TSH, no tumors were developed from PCCL3-Neo
cells. We therefore, treated the athymic mice to elevate the TSH levels. Tumors were
developed from the injected PCCL3-Neo cells. That tumors were developed from the
injected PCCL3 cells in mice with elevated TSH are consistent with accumulated evidence
to indicate that high TSH concentrations are closely associated with an increased risk of
thyroid cancer [32-35]. Thus, PCCL3 cells xenograft tumors could serve as a model to
reflect the effects of TSH on follicular cell tumorigenesis. Remarkably, tumors were barely
detectable in athymic mice inoculated with PCCL3-TR cells in spite of elevated TSH
levels, indicating a strong tumor suppressing activity by TRpB. In PCCL3-TRBY406F cells,
not only was the suppressor activity of wild-type TRp lost, but also the induced tumors were
larger than those induced by control PCCL3-Neo cells (see Figure 2B). These results
indicate that the critical role of Y406 phosphorylation by cSrc in the tumor suppressing
function of TR is not limited to breast cancer cells, but could be extended to thyroid cells.
Additional work further examining the role of Y406 phosphorylation in other cell types
could establish that this is a general molecular mechanism applicable in all cell types that
accounts for the tumor suppressor function of TRp.

In the present studies, we discovered that while mutations of PV and Y406F abolished the
tumor suppressor functions of TR, the resulting oncogenic phenotypic manifestations of
PV and TRP Y406F differed. Tumors derived from TRBY406F cells developed faster and
became larger than tumors derived from PV cells (see Figure 2A and B). Tumors derived
from TRPY406F cells exhibited less necrosis than tumors derived from PV cells (Figure 4).
Molecular analysis showed that TRBY406F, but not PV, attenuated the TNFa.-1xBa-NFkB
signaling, thus lowering necrotic activity and apoptosis and further promoting tumor cell
proliferation. The different oncogenic actions between PV and TRBY406F could be
anticipated as these two mutants have different molecular characteristics. PV has a frame-
shift mutation at the C-terminal 14 amino acids [20], resulting in the total loss of T3 binding
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activity and transcription capacity. In our in vivo studies using the 74PV mouse, we have
elucidated that the oncogenic actions could be initiated at the transcription levels as well as
through extra-nuclear actions [16]. In contrast, TREY406F retained its T3 binding activity
and transcription capacity [15]. Its oncogenic actions are mainly via phosphorylation
cascades. Thus, the oncogenic actions of TR mutants depend on the sites of mutations and
the functional characteristics of the mutants. This notion would suggest that potential
oncogenic mutations of the 7HRB gene could lead to different cancer phenotypes.

The role of TSH in thyroid carcinogenesis has been debated for years. Some studies have
implied that TSH could act to initiate thyroid carcinogenesis [36,37], and suggested that
high TSH concentrations are closely associated with an increased risk of thyroid cancer [32—
35]. However, other reports have disputed this possibility [38-40]. Previously, we crossed
the 7hrbPVPY mouse, a model of follicular thyroid cancer, with mice deficient in the TSH
receptor gene (TSHR™/~ mice). Analysis of phenotypes of the offspring from the cross of
these two mutant mice indicated that thyroid growth stimulated by TSH is a prerequisite but
is not sufficient for metastatic cancer to occur. Additional genetic alterations, destined to
alter focal adhesion and migration capacities, are required to empower hyperplastic follicular
cells to invade and metastasize [41]. In line with these findings, we found that the athymic
mice without elevated TSH by PTU treatment that were inoculated with PCCL3-Neo cells
failed to develop tumors. These findings suggested that in athymic mice, TSH is necessary
prerequisite to stimulate cell proliferation. Also, the lack of proper immune surveillance in
athymic mice facilitated tumorigenesis even without oncogenic mutations in PCCL3-Neo
cells. In PCCL3-TR} cells, the tumor suppress or function of TRP blocked tumor
development in spite of the athymic mice’s lack of proper immune surveillance. However,
the mutations such as TRBY406F or PV led to the loss of tumor suppressor functions of
TRP in mice with elevated TSH. These observations would suggest that elevated TSH could
potentially be a risk factor in thyroid cancer susceptibility in a subpopulation of patients
with compromised immunity.
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PCCL3 parental cell and stably expressed in cells (PCCI3-TRp, PCCI3-PV, and PCCI3-
TRPY406F) using a Pal-luc reporter construct. Results are presented as the relative fold
luciferase activity of cells treated with T3 for 24 h compared with cells without T3 treatment
(Td medium), reporter assay was carried out as described in Materials and Methods. A~

values are as indicated.

Mol Carcinog. Author manuscript; available in PMC 2021 February 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 13

>
w

<0.001
2000 1 @ Neo 1200+ .p—,
=B TRp
4 PV p<0.001 p<0.001
E 1500 <+ TRPY406F 5 9 ' ' !
E £ |1
q, b
£ S 600
S 1000 - S
o
S ~
° 2 300
2 E 0.
€ =
=S 500 4 -
= 20 4
10
0 ol
0 5 10 15 1 2 3 4
Weeks Cells: Neo TRB PV TRPBY406F
80
Neo w p0.01
3 p<0.05 p<0.01
O gp4{ M
k-l
g | L
it
o 7]
TRB |- 2 40
2
.‘g'.
5 201
TRBPV ¥4
ol
1 2 3 4
TRBY406F Kok ) Cells: Neo TRB PV TRBY406F
IgG
Figure2.

Comparison of tumor growth characteristics of PCCI3-TRp, PCCI3-PV, PCCI3-TRPY406F,
and PCCL3-Neo control cells. (A) Tumor growth rates: Equal numbers of cells for four cell
lines were inoculated onto the right flank of 6-wk-old female athymic NCr-nu/nu mice.
Tumor sizes were measured weekly until reaching the end points and the rates of tumor
growth were compared. (B) Tumors were dissected at the endpoint and the weight was
determined. The data are expressed as mean * SE (7= 6). (C) Immunohistochemical
analysis using the Ki67 marker in tumor cells. Sections of tumors derived from Neo control
cells (panels a—c), PCCI3-TRp cells (panels d-f), PCCI3-PV cells (panels g-i), and PCCI3-
TRPY406F cells (panels j—I) were treated with control 1gG (panels a, d, g, and j) or with anti
Ki67 antibodies (panels b and c, e and f, h and I, and k and 1), as described in Materials and
Methods. Ki67 positively stained cells are indicated by arrows. (D) Quantitative analysis of
the Ki67 positively stained cells in the tumors derived from the four cell lines. The Ki-67-
positive cells were counted from three different sections and expressed as percentage of
Ki-67-positive cells versus total cells examined. The data are expressed as mean + SEM (n=
4). The P-values are shown.
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Figure3.

Agalysis of protein levels of cell proliferation regulators in tumors derived from Neo control
cells, PCCL3-TRB1, PCCL3-TRB1PV, and PCCL3-TRB1Y406F cells. (A) Western blot
analysis of key regulators, cyclin D1 (panel a), p-Rb (panels b), total Rb (panel c¢), and
VEGF (panel d) in tumors derived from PCCL3-Neo (lanes 1 and 2), PCCL3-TRp (lanes 3
and 4), PCCL3-PV (lanes 5 and 6), and PCCL3-TRPY406F (lanes 7 and 8) cells. Tumors
were excised from the injection sites (hind flanks) of athymic nude mice, and the Western
blot analysis was carried as described in Materials and Methods. (B) The band intensities of
the proteins detected in A were quantified and compared. The data are shown as mean + SE
(n=2).
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Comparison of viable tumor growth area and tumor necrotic area of tumors derived from

PCCL3-Neo (control), PCCL3-TRp, PCCL3-PV, and PCCL3-TRBY406F cells. (A)
Representative histological features of hematoxylin and eosin (H&E) stained sections of
tumors derived from PCCL3-Neo (panels a and b), PCCL3-TRp (panels ¢ and d), PCCL3-
PV (panels e and f), and PCCL3-TRBY406F (panels g and h) cells. (B) Representative
necrotic area images of tumors derived from PCCL3-Neo (panels a and b), PCCL3-TRpB
(panels ¢ and d), PCCL3-PV (panels e and f), and PCCL3-TRBY406F (panels g and h) cells.
(C) Quantitative image analysis of the total tumor areas from tumors derived from PCCL3-
Neo, PCCL3-TRp, PCCL3-PV, and PCCL3-TRBY406F cells, respectively. The P-values are
shown. (D) Quantitative analysis of necrotic area as percentage of total tumor area for the
tumors derived from PCCL3-Neo, PCCL3-PV, and PCCL3-TRBY406F cells. No
quantitative data could be determined accurately because of the small size of the tumors
derived from PCCL3-TR} cells. The P-values are shown.
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Figure5.
Analysis of protein levels of necrosis regulators in tumors derived from PCCL3-Neo

(control), PCCL3-PV, and PCCL3-TRBY406F cells. (A-1-a) Western blot analysis of TNF-a
(panel a) and IxBa (panel b and c) and caspase-8 in tumors. Tumors were excised from the
injection sites (hind flanks) of athymic nude mice, and Western blot analysis was carried out
as described in Materials and Methods. (A-1-b) The band intensities of the protein detected
in A-l-a were quantified and compared. The data are shown as mean = SE (n7= 2). (A-11-a)
Immunohistochemical analysis of TNFa in tumors from PCCL3-Neo (control), PCCL3-PV,
and PCCL3-TRPY406F cells. Sections of tumors derived from PCCL3-Neo control cells
(panels a-c), PCCI3-TRBPV cells (panels d—f), and PCCI3-TRBY406F cells (panels g—i)
were treated with control anti-IgG (panels a, d, g) or with anti-TNFa antibodies (panels b, c,
e, f, h, and i) as described in Materials and Methods. The TNFa positively stained cells are
indicated by arrows. (A-11-b) The TNFa-positive cells were counted from three different
sections and expressed as percentage of TNFa-positive cells versus total cells examined.
The data are expressed as mean = SEM (/7= 4). The P-values are shown.
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