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ABSTRACT
Association studies suggest that the thyroid hormone receptor β1 (TRβ1) could 

function as a tumor suppressor in cancer cells. However, the underlying molecular 
mechanisms remain to be elucidated. We explored how TRβ1 acted as a tumor 
suppressor in breast cancer MDA cells. Proliferation and invasiveness were markedly 
inhibited in cells stably expressing TRβ1 (MDA-TRβ1 cells). cSrc-phosphorylated TRβ1 
at Y406 signaled T3-induced degradation. Mutation of Y406 to Phe (TRβ1Y406F) did 
not affect T3 binding affinity, but blocked T3-induced degradation in cells. Importantly, 
cell-based studies showed that TRβ1Y406F lost the inhibitory effects by TRβ1 on 
cell proliferation and invasion. Consistently, in xenograft models, MDA-TRβ1 cells 
exhibited significantly slower tumor growth rates than those of Neo control cells. In 
contrast, the tumor growth rates of MDA-TRβ1Y406F cells were indistinguishable from 
those of Neo control cells. We further showed that markedly more TRβ1Y406F than 
TRβ1 was physically associated with cSrc in cells, leading to constitutive activation 
of cSrc-FAK-ERK signaling. In contrast, degradation of T3-bound TRβ1 complexed 
with cSrc attenuated signaling to decrease cell proliferation and invasiveness, thus 
confirming TRβ1 as a tumor suppressor. Thus, the present studies suggested that 
TRβ1 could be tested as a novel potential therapeutic target.

INTRODUCTION 

Thyroid hormone receptors (TRs) are ligand-
dependent transcription factors that mediate the 
biological activities of the thyroid hormone T3. The TR 
isoforms—,α1, β1 and β2—are encoded by the THRA 
and THRB genes, respectively, located on two different 
chromosomes. These TR isoforms share extensive 
sequence homology in the DNA and T3 binding domains, 
but differ in the amino terminal A/B domains [1]. TR 
binds to the thyroid hormone response elements (TREs) 
and recruits nuclear co-regulatory proteins to regulate 
gene transcription. In the absence of T3, TRs recruit the 
nuclear corepressors for transcriptional repression on the 
T3-positively-regulated genes. In the presence of T3, the 
T3-bound TR undergoes structural changes that result in 

the release of co-repressors, thus allowing recruitment of 
nuclear receptor coactivators to facilitate transcription 
activation [2, 3]. Recent studies also suggest that TRβ1 
could act via protein-protein interaction with the PI3K-
regulatory subunit p85α in extra-nuclear sites to initiate 
intracellular signaling [4-6]. 

There has been recent progress in understanding the 
molecular mechanisms by which TR functions to mediate 
T3 biological activities in normal growth, differentiation, 
and development, but the roles of TRs in human cancers 
are less well understood. Early studies indicated that 
truncations and/or deletions of chromosome 3p where the 
THRB gene is located are closely associated with human 
malignancies including lung, melanoma, breast, head and 
neck, renal cell, uterine cervical, ovarian, and testicular 
tumors [7-12]. Moreover, decreased expression due to 
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silencing of the THRB gene by promoter hypermethylation 
has been found in human cancer including breast, lung, 
and thyroid carcinoma [13-16]. These association studies 
raised the possibility that TRs could function as tumor 
suppressors in human cancers. 

Recent studies have presented compelling evidence 
to support the notion that TRβ1 could function as a tumor 
suppressor. The expression of TRβ1 in hepatocarcinoma 
and breast cancer cells reduces tumor growth, causes 
partial mesenchymal-to-epithelial cell transition, and has 
a striking inhibitory effect on invasiveness, extravasation, 
and metastasis formation in mice [17]. Moreover, 
in neuroblastoma cells stably expressing TRβ1, the 
transcriptional response mediated by the Ras/mitogen-
activated protein kinase/ribosomal-S6 subunit kinase-
signaling pathway is inhibited. Moreover, fibroblast 
transformation and tumor formation in nude mice induced 
by oncogenic ras are blocked when TRβ1 is expressed 
[18]. The tumor suppressor function of TRβ1 was also 
demonstrated in human follicular thyroid cancer (FTC) 
cells. Expression of TRβ in FTC-133 cells reduces cancer 
cell proliferation and impedes migration of tumor cells 
through inhibition of the AKT-mTOR-p70 S6K pathway. 
TRβ1 expression in FTC cells inhibits tumor growth in 
xenograft models [19]. 

Despite growing evidence that TRβ1 is a tumor 
suppressor, the molecular mechanisms have yet to be fully 
elucidated. Our previous studies suggested that TRβ1 could 
initiate its actions via extra-nuclear sites [4, 5, 20]. Based 
on these findings, we hypothesized that extra-nuclear 
TRβ1 signaling could be mediated by phosphorylation 
cascades. Accordingly, we stably expressed TRβ1 in 
breast cancer MDA cells and found that proliferation 
and invasiveness were markedly inhibited in cells stably 
expressing TRβ1 (MDA-TRβ1 cells). Biochemical 
analyses showed that TRβ1 was phosphorylated by Src 
kinase at Y406. Further molecular studies demonstrated 
that phosphorylation by cSrc at TRβ1Y406 signaled T3-
induced degradation, thereby markedly attenuating cSrc 
signaling to suppress cell proliferation and invasiveness. 
When TRβ1Y406 was mutated to Phe (TR1Y406F), no 
T3-induced degradation occurred, resulting in constitutive 
activation of cSrc signaling to promote oncogenesis. The 
present studies uncovered a novel mechanism by which 
TRβ1 could function as a tumor suppressor via cSrc-
dependent phosphorylation. 

RESULTS

TRβ1 is phosphorylated at tyrosine406 (Y406) by 
cSrc kinase 

We have recently shown that TRβ1 acts as a tumor 
suppressor in human thyroid Tori cells (HTori). HTori 

cells were derived from transfection of human primary 
thyroid follicular epithelial cells with a plasmid containing 
an origin-defective SV40 genome (SVori-) [21]. We 
showed that one mechanism by which TRβ1 acts as a 
tumor suppressor in HTori cells is by physical interaction 
with SV40Tag. This leads to inactivation of the oncogenic 
actions of SV40Tag by blocking its recruitment of the 
retinoblastoma protein (Rb) and p53 tumor suppressors 
[22]. In view of the critical roles of phosphorylation in 
cellular functions, and the recent findings that TRβ1 could 
act via extra-nuclear sites [4, 5, 20] we hypothesized 
that the tumor suppressor activity of TRβ1 could involve 
phosphorylation. We therefore tested this possibility by 
determining whether TRβ1 was phosphorylated at the 
tyrosine residues (Tyr). We first used anti-Tyr antibodies 
to immunoprecipitate cellular proteins phosphorylated at 
Tyr; this step was followed by Western blot analysis using 
anti-TRβ1 antibodies. 

In HTori cells stably expressing TRβ1 (HTori-TRβ1 
cells; Figure 1A-a), a strong specific Tyr phosphorylated- 
TRβ1 was detected (lane 4), whereas in the control 
Neo cells, no specific band was observed (lane 3). The 
corresponding input amounts are shown in Lanes 1 and 2 
(Figure 1A-a). These results indicated that TRβ1 in HTori-
TRβ1 cells was phosphorylated at Tyr residues. That TRβ1 
was also phosphorylated at Tyr residues in other cancer 
cells was shown in MDA-MB-468 cells stably expressing 
TRβ1 (MDA-TRβ1 cells). A specific Tyr phosphorylated-
TRβ1 was detected in MDA cells stably expressing TRβ1 
(lane 4; Figure 1A-b), but not in the corresponding Neo 
control cells (lane 3; Figure 1A-b). Similarly, TRβ1 
phosphorylated at Tyr was also found in another breast 
cancer cell line, MCF-7 cells (data not shown). These 
results indicate that TRβ1 phosphorylated at Tyr was not 
limited to HTori (thyroid) cells, but also in breast cancer 
cells. We therefore further sought to identify the site(s) of 
Tyr phosphorylation and its role in TRβ1 functioning as a 
tumor suppressor in MDA cells. 

To locate the domains of TRβ1 in which Tyr was 
phosphorylated, we transfected intact and truncated TRβ1 
expression plasmids into MDA cells (Figure 1B-a). Next 
we performed Western blot analysis with anti-C-terminal 
TR antibody after immunoprecipitation with anti-Tyr 
antibody. Figure 1B-b shows that phosphorylation at the 
Tyr was detected in the intact TRβ1 (lanes 11 and 12), 
truncated TRβ1 lacking the A/B domain (ΔA/B) (lanes 13 
and 14), and truncated TRβ1 lacking the A/B & C domains 
(ΔA/B&C; lanes 15 and 16). These results indicate that 
the Tyr phosphorylation sites were located in the ligand 
binding domain (LBD, domains D&E, amino acid position 
176-461; see Figure 1B-a). It is important to note that in 
the presence of T3, a lower TRβ1 amount (lane 12), ΔA/B 
(lane 14), and ΔA/B&C (lane 16) were found, respectively, 
than in the absence of T3 (lanes 11, 13, and 15). These 
T3-induced decreases were not caused by different input 
amounts as equal amounts were used (lanes 3&4, 5&6, 
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and 7&8, Figure 1B). These results indicate that Tyr 
phosphorylation of the liganded TRβ1 decreased the 
stability of TRβ1. 

The LBD of TRβ1 has four potential Tyr 
residues (Y321, Y395, Y406, and Y409) that could be 
phosphorylated by tyrosine kinases (Figure 2A). To 
identify the tyrosine kinases that could phosphorylate 
TRβ1, we used the purified LBD and screened for tyrosine 
kinases using in vitro kinase systems. cSrc was one of 
the few purified tyrosine kinases available for testing. 
Since it is known that cSrc is self-phosphorylated [23], 
we first confirmed that the purified cSrc was active by 
Western blotting using anti-Tyr antibodies in the presence 
or absence of T3 (Figure 2B-I). Phosphorylated cSrc was 
detected in the absence (lanes 1 & 2) or presence of LBD 
(lanes 4 & 5). The cSrc self-phosphorylation was not 
affected by T3 (lanes 1-5 vs 6-10). Using cSrc specific 
phosphorylation site anti-Y416 antibodies, the activity 
of cSrc was further confirmed as cSrc phosphorylation 

at Y416 was inhibited by SKI606 (compare lanes 2 with 
1; 5 to 4; panel b, Figure 2B-Ib). As a control, panel c 
(Figure 2B-Ic) shows that total cSrc was not affected by 
the presence of cSrc inhibitor, or T3). Moreover, in the 
absence of ATP, the extent of phosphorylation at Y416 was 
inhibited (compare lanes 1 to 2, 4 to 5, 6 to 7 and 9 to 
10, Figure 2B-II, panel b) without changing the total cSrc 
protein levels (Figure 2B-II, panel c). These data show 
that the purified c-Src was active in the in vitro kinase 
system. Panel d in Figure 2B-I shows that TRβ1 LBD was 
phosphorylated at the Tyr residues in the absence of T3 
(lane 4) by purified cSrc kinase. In the presence of cSrc 
specific inhibitor, SKI606, the extent of phosphorylation 
was inhibited to the basal level (lane 5 vs lane 3). In the 
presence of T3, TRβ1 LBD was similarly phosphorylated 
(lane 9) and it was also inhibited by cSrc inhibitor (lane 
10). Moreover, in the absence of ATP, no cSrc-dependent 
phosphorylation was observed (compare lanes 4 to 5 and 
lane 9 to 10, Figure 2B-II-d). Taken together, these data 

Figure 1: TRβ1 is phosphorylated at Tyr in human HTori and MDA breast cancer cells. (A) HTori-TRβ1 (a) and MDA-TRβ1 
cells (b) together with Neo control cells were immunoprecipitated with p-Tyr antibodies followed by Western blot analysis for detecting 
TRβ1 was described Materials and Methods. Lanes are as marked. (B) Mapping of the domains of TRβ1 that contained the phosphorylated 
Tyr sites. (a) Schematic representation of the TRβ1 with domain boundaries marked with amino acid numbers. (b) Expression plasmids 
for full-length TRβ1, ∆Α/Β TRβ1, ∆A/B/C TRβ1 were transiently transfected into MDA cells, followed by treatment without or with T3 
briefly for 15 min. Cellular extracts were prepared and immunoprecipitated with anti-Tyr antibodies followed by Western blot analysis 
using anti-TRβ1, J53, recognizing the “D+E” domains of TRβ1. Lanes 1-8 are the input and lanes 9-16 are the corresponding truncated 
proteins detected as marked.
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indicate that TRβ1 LBD was phosphorylated by cSrc and 
that the phosphorylation of Tyr was T3 independent in the 
in vitro kinase system. 

To identify which Tyr residues in the TRβ1 LBD 
were phosphorylated by cSrc in cells, we constructed 
expression plasmids in which each of the four Tyr residues 
in the LBD was mutated from Tyr to phenylalanine 
(Phe). After these plasmids were transfected into MDA 
cells followed by immunoprecipitation and Western blot 

analysis (Figure 2C), Y406F (see Figure 2A) was found 
not phosphorylated in cells (lane 11, Figure 2C), while 
mutations in Y321, Y395, and Y409 were phosphorylated 
to a similar extent as that in WT LBD (lanes 9, 10, 12 vs 
8). These results indicate that Y406 was the Tyr residue 
in the LBD phosphorylated by cSrc kinase in MDA cells. 

We next evaluated whether cSrc indeed was the 
cellular kinase that phosphorylated Y406. We therefore 
treated cells stably expressing WT TRβ1LBD or Y406F 

Figure 2: Identification of the TRβ1 domain containing cSrc phosphorylated tyrosine site. (A) Schematic representation 
of ligand binding domain (LBD) of TRβ1. The D and E domain boundaries are marked. The four tyrosine residues in the domain E are 
indicated. (B-I) Effect of cSrc inhibitor, SKI606, on the in vitro phosphorylation of purified LBD with cSrc in the absence of T3 (lanes 1-5) 
or presence of T3 (lanes 6-10) and other conditions as marked. (B-II) Effect of ATP on the in vitro phosphorylation of purified LBD with 
cSrc in the absence of T3 (lanes 1-5) or presence of T3 (lanes 6-10) and other conditions as marked. (C) MDA cells were transfected with 
expression vectors for LBD with mutation at Y321F, Y395F, Y406F or Y409F. Cellular extracts were immunoprecipitated with anti-Tyr 
antibodies followed by anti-TRβ1, J53 as described in Figure 1B. (D). Src mediated tyrosine phosphorylation of TRβ1 Y406F inhibited 
by SKI606. MDA cells were transfected with expression vectors for TRβ1LBD or LBDY406F with/ or without SKI606 (0.5 μM or 1 μM 
for 8 hours) and with or without T3 (100 nM for 15 min). Cellular extracts were immunoprecipitated with anti-Tyr antibodies followed by 
anti-TRβ1, J53. Lanes are as marked. 
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in the absence or increasing concentrations (0.5 and 1μM) 
of cSRC-specific inhibitor, SKI606. Figure 2D-a shows 
that Tyr phosphorylation of WT TRβ1LBD was nearly 
completely inhibited in in the presence of SKI606 at 1 μM 
(lanes 5 and 6 vs lane 1 and 2, respectively) in the absence 
or presence of T3, whereas, no Tyr phosphorylation 
of LBDY406F was detected at any conditions (lanes 
7-12). These results further confirmed that Y406 was the 
phosphorylation site and that in cells cSrc was the cellular 
kinase that phosphorylated the TRβ1LBD. 

We further constructed expression plasmids in 
which each of the four Tyr residues in intact TRβ1 was 
mutated from Tyr to Phe and expressed them in MDA 
cells. Finding that the phosphorylated LBD was degraded 
in the presence of T3 (Figure 1B) prompted us to examine 
the effect of the loss of Tyr phosphorylation on the 
stability of T3-bound intact TRβ1. Figure 3A shows that 
WT TRβ1 was nearly completely degraded after 18 hours’ 
treatment of cells with T3 (lanes 3 vs 1). A similar extent 
of degradation was found for TRβ1Y321F (lanes 6 vs 4), 
TRβ1Y395F (lanes 9 vs 7), and TRβ1Y409F (lanes 15 vs 
13). However, no T3-induced degradation was observed 

for TRβ1Y406F (lanes 10-12). These results indicate that 
phosphorylation at TRβ1Y406 was critical for T3-induced 
degradation. That TRβ1Y406F failed to be degraded in 
the presence of T3 could be caused by the loss of T3 
binding activity. We therefore compared the T3 binding 
avidity of WT TRβ1 and TRβ1Y406F. We also included 
TRβ1PV (PV) that has a mutation at the C-terminal 14 
amino acids and has completely lost T3 binding activity 
as a control [24]. Figure 3B-I shows that equal amounts 
of TRβ1 (lanes 1-2), TRβ1Y406F (lanes 3-4), and PV 
(lanes 5-6) prepared by in vitro transcription/translation 
were used in the binding assays. Figure 3B-II shows no 
binding was detected for PV, as expected. Interestingly, 
no differences in the competitive displacement curves 
were found between TRβ1 WT and mutant TRβ1Y406F. 
These binding data indicate that mutation from Tyr to Phe 
at residue 406 did not affect T3 binding to TRβ1. Thus, 
phosphorylation at Y406 by cSrc kinase was critical for 
signaling the degradation of TRβ1. 

Figure 3: Identification of the cSrc-targeted phosphorylated Y406 in TRβ1. (A) TRβ1 phosphorylated at Y406 by cSrc 
resistant to T3-induced degradation. MDA cells were transfected with expression vectors for intact TRβ1 with mutations at Y321F, Y395F, 
Y406F, or Y409F. Cell lysates were prepared after treatment of cells without or with T3 for 8 and 18 hours. (B) Mutation of Y406 to Phe 
did not affect the T3 binding activity. I. The amounts of in vitro translated TRs used in the T3 binding assays were quantified by western blot 
using anti-TRβ1 antibody. II. An equal amount of TRβ1 (●), TRβ1Y406F (■), and TRβ1PV (▲) were used in the competitive T3 binding 
assay as described in Materials and Methods. 
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TRβ1Y406F loses the tumor suppressor activities 
of TRβ1 

To elucidate the functional consequences due to the 
loss of phosphorylation at Y406, we prepared MDA cell 
lines stably expressing TRβ1Y406F (MDA-TRβ1Y406F 
cells). Figure 4A shows the representative clone 
expressing TRβ1Y406F that was unable to undergo T3-
induced degradation (lanes 6 vs 5), whereas the WT TRβ1 
protein level was degraded in the presence of T3 (lane 4 
vs 3). We have recently shown that TRβ1 stably expressed 
in human thyroid cancer cells, FTC-133 [19], and MCF-7 
breast cancer cells [25] functions as a tumor suppressor 
by inhibiting cell proliferation. We therefore evaluated 
whether the loss of phosphorylation at Y406 could affect 
the tumor suppressor functions of WT TRβ1. Figure 4B 
shows that the proliferation rate of MDA cells stably 
expressing TRβ1 (MDA-TRβ1 cells) was significantly 
lower than that of the control Neo cells. These findings 
are consistent with those found in human FTC-133 and 
MCF-7 cells [19, 25]. Remarkably, MDA-TRβ1Y406F 

cells exhibited proliferation rates indistinguishable from 
those of the Neo control cells (Figure 4B). These results 
indicate that inability to be phosphorylated at Tyr406 led 
to the loss of inhibitory effects in cell proliferation by WT 
TRβ1. 

We have also shown previously that WT TRβ1 
acted to inhibit cell migration in FTC-133 cells [19]. 
We therefore further assessed the impact of the loss of 
phosphorylation at Y406 by cell migration and invasion. 
Figure 5A-I shows that TRβ1 stably expressed in MDA 
cells impeded cell migration as compared with the control 
Neo cells. TRβ1Y406F stably expressed in MDA cells 
lost the inhibitory effects as these cells migrated at a rate 
similar to that in the control Neo cells. The migration 
distances from three different cell lines were measured 
and compared quantitatively as shown in Figure 5A-II. 
Results indicated that TRβ1 stably expressed in MDA cells 
impeded cell migration. In contrast, MDA-TRβ1Y406F 
cells had a migration rate similar to that in the Neo control 
cells. Moreover, we also evaluated the invasiveness of 
MDA-TRβ1Y406F cells. Figure 5B shows that while 

Figure 4: Comparison of growth rates of MDA-TRβ1, MDA-TRβ1Y406F and Neo control cells. (A) TRβ1 and TRβ1Y406F 
protein abundance in of MDA-TRβ1 (lanes 3- 4) and MDA-TRβ1Y406F cells (lanes 5-6). T3 induced degradation of TRβ1 (lane 4), but not 
TRβ1Y406F protein (lane 6), in the presence T3 (lanes 4 and 6), but not without T3 (lane 3 and 5). Lanes 1 & 2 are from the control Neo 
cells. (B) Cell growth was analyzed as described in Materials and Methods. Data are expressed as mean ± standard error (SE) (n=3) and 
analyzed by one-way ANOVA with Tukey’s post-hoc test, “a”; p<0.05. Cell lines are as marked. 
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MDA-TRβ1 cells had a 30% lower invasiveness than 
the control Neo cells (compare bars 2 with bar 1), MDA-
TRβ1Y406F cells had similar extent of invasiveness as the 
control Neo cells (compare bars 3 with 1). Taken together, 
these data indicate that the inability to be phosphorylated 
at Y406 led to loss of the tumor suppressor activity of WT 
TRβ1. 

We further confirmed the cell-based findings by in 
vivo studies using xenograft models. We injected MDA-
TRβ1Y406F cells, MDA-TRβ1 cells, or Neo controls 
into athymic NCr-nu/nu mice. As shown in Figure 6A-I, 
the tumor growth rate for MDA-TRβ1 cells was clearly 
significantly slower than that of Neo control cells, 
indicating TRβ1 acted as a tumor suppressor in vivo. In 
contrast, the tumor growth rate from MDA-TRβ1Y406F 
cells was indistinguishable from that of Neo control cells. 
A quantitative comparison of tumor weights derived from 
the three cell lines is shown in Figure 6B. The results 
indicated that there was no significant differences in tumor 
weights between Neo and MDA-TRβ1Y406F cells, but 
the tumor weight from MDA-TRβ1 cells was ~50% lower 
than that of Neo and MDA-TRβ1Y406F cells. Moreover, 
we examined the histological characteristics of the H & 
E-stained tumor sections derived from the three cell lines 
(Figure 6C). The 40X images show the viable areas in 
each tumor (each from two tumors) and the arrows point 
to mitotic figures indicating cell replication. The striking 
difference was apparent in the thickness of the viable 
tumor areas at the edges, since all the tumors have some 
central necrosis. This is shown in the 4X images with the 
arrows indicating the thickness of the viable areas (Figure 
6C, panels a, d and g for the control Neo cell, MDA-TRβ1 
cells and MDA-TRβ1Y406F cells, respectively). Note that 
the tumors derived from MDA-TRβ1 cells had less viable 
tumor area at the edge and the tumor derived from MDA-

TRβ1Y406F cells had the thickest viable areas, consistent 
with its greater growth. Take together, these results support 
the cell-based studies that the phosphorylation at Y406 of 
TRβ1 by cSrc was critical for tumor suppressor functions 
of TRβ1. The inability for Y406 to be phosphorylated by 
cSrc kinase led to the loss of tumor suppressor activities 
of wild-type TRβ1. 

TRβ1Y406F loses the inhibitory effects on 
activated cSrc signaling by TRβ1

That TRβ1 was phosphorylated by cSrc at Tyr406 
prompted us to investigate how the loss of phosphorylation 
affected the association of TRβ1 with cSrc by co-
immunoprecipitation assay. Using total cellular extracts, 
we showed that TRβ1 interacted with cSrc, but in the 
presence of T3, markedly less TRβ1 was associated with 
cSrc in the presence of T3 (compare lane 4 with lane 3). 
In contrast, a similar extent of association of TRβ1Y406F 
with cSrc was detected whether T3 was present or not 
(lanes 8 & 9). Lanes 13-15 of Figure 7A were the controls 
using Neo cells in which no TRβ1 was present. These 
results indicate that upon phosphorylation, T3 induced 
the degradation of TRβ1, freeing cSrc from association 
with TRβ1. In contrast, T3 did not induce degradation of 
TRβ1Y406F, indicating it is constitutively associated with 
cSrc (see also the molecular model in Figure 8). 

Since it is known that cSrc can be activated via 
protein-protein interaction with receptors and activators 
[26, 27], we therefore ascertained whether constitutive 
association of cSrc with TRβ1Y406F affected the activity 
of cSrc. Consistent with T3-induced degradation of TRβ1, 
less p-cSrc (Y416) was detected in MDA-TRβ1 cells (lane 
4 vs lane 3, Figure 7B-a), but similar levels of p-cSrc as 
that in the control Neo cells (lane 1 & 2; Figure 7B-a) 

Figure 5: Comparison of cell migration (A) and invasiveness (B) of MDA-TRβ1, MDA-TRβ1Y406F and Neo control 
cells. (A-I) Representative pictures of cell wound healing in Neo cells, MDA-TRβ1 cells, and MDA-TRβ1Y406F cells at 0, 6, 12, 18 and 
24 hours. (A-II) Cell migration rates determined from results observed in (A-I). Data are expressed as mean ± standard error (SE) (n=3), a; 
p<0.05 MDA-TRβ1 cells vs Neo control cells, b; p<0.05 MDA-TRβ1 cells vs MDA-TRβ1Y406F cells. (B) Comparison of invasiveness of 
MDA-TRβ1 cells, MDA-TRβ1Y406F and Neo control cells was carried out as described in Materials and Methods. Data are presented as 
mean ± SE (n=3) and analyzed by one-way ANOVA with Tukey’s post-hoc test.
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were detected in MDA-TRβ1Y406F cells (lanes 5 & 6, 
Figure 7B-a). The total cSrc levels remained similar in 
the three cell lines whether T3 was present or not (Figure 
7B-b). That cSrc was constitutively activated in MDA-
TRβ1Y406F cells prompted us to probe its downstream 
effectors and signaling targets. Focal adhesion kinase 
(FAK), upon phosphorylation at Y397, provides a binding 
site for cSrc, relaying the activated signals to RAS (e.g., 
KRAS), triggering signaling cascades to ERK activation 
[28]. Indeed, we found that p-Y397 was lower in MDA-
TRβ1 cells than in Neo cells and MDA-TRβ1Y406F cells 
in the presence of T3 (compare lane 4 with lanes 2, & 6), 
while similar levels of p-Y397 were detected in MDA-
TRβ1Y406F cells whether T3 was present or not (lane 
5 & 6, panel c). The downstream effector, p-ERK, was 
lower in cells stably expressing TRβ1 (lane 4, panel e, 

Figure 7B) than in Neo cells (lanes 1 & 2), but remained 
elevated in MDA-TRβ1Y406F cells (panel e, lanes 5 & 
6). Total ERK, however, remained unaffected (panel f). 
Panel g shows the protein levels of GAPDH as loading 
controls. These results indicate that phosphorylation of 
TRβ1 at Y406 triggered the T3-induced degradation that 
weakened the activated state of cSrc. As a result, cSrc-
FAK-ERK signaling was attenuated, thereby suppressing 
the oncogenic events. In contrast, inability of TRβ1Y406F 
to be phosphorylated by cSrc kinase, remained associated 
with the activated cSrc. The inability of TRβ1Y406F to 
undergo T3-induced degradation led to the loss of tumor 
suppressor activity by TRβ1. 

Figure 6: Comparison of tumor growth rates of MDA-TRβ1, MDA-TRβ1Y406F, and Neo control cells. (A) Equal 
numbers of cells for 3 cell lines were inoculated onto the right flank of mice 6-week-old female athymic NCr-nu/nu mice. Tumor sizes were 
measured weekly 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 (n=6), ; p<0.05 MDA-TRβ1vs Neo cells or MDA-TRβ1Y406F. (C). Comparison of histological 
characteristics in tumors derived from Neo cells (panels a, b and c), MDA-TRβ1 (panels d, e and f) and from MDA-TRβ1Y406F cells 
(panels g, h, i). The magnification was 4X in panel a, d and g to indicate increased thickness of the viable areas in tumors derived from 
MDA-TRβ1Y406F cells (panel g). The magnification was 40X in b & c (two tumors derived from Neo cells), e & f (two tumors derived 
from MDA-TRβ1) and h & I (two tumors derived from MDA-TRβ1Y406F cells). 
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DISCUSSION

While evidence has been accumulating to indicate 
that TRβ1 could function as a tumor suppressor [17-19], 
how TRβ1 acts to exert such an important function is just 
beginning to be unraveled. The present studies identified 
one mechanism by which TRβ1 could function as a tumor 
suppressor via cSrc-dependent phosphorylation. Our cell-
based studies showed activation of cSrc when complexed 
with the unliganded TRβ1, resulting in downstream 
signaling to increase cell proliferation and invasion. 
However, phosphorylation by cSrc at Y406 signaled 
degradation of TRβ in the presence of T3. Degradation 
of T3-bound TRβ1 freed cSrc from TRβ-associated 
complex, resulting in the attenuation of cSrc-FAK-ERK 
signaling (Figure 8A). This molecular model was further 
strengthened by mutational analysis in that mutation 

of Y406 to Phe led to a mutant that was constitutively 
associated with cSrc. TRβ1Y406F bound to T3 with 
similar binding affinity as wild-type TRβ1. TRβ1Y406F 
cannot be phosphorylated by cSrc, thus lacking the signal 
to trigger degradation of T3-bound TRβ1 (Figure 8B). As a 
result, cSrc was constitutively associated with TRβY406F, 
resulting in a sustained activated cSrc-FAK-KRAS-ERK 
signaling. Thus, the present studies uncovered a novel 
molecular mechanism by which TRβ1 could function as a 
tumor suppressor via protein-protein interaction with cSrc 
kinase. 

However, at present, it is not clear whether the 
mechanism shown in Figure 8 for T3-bound TRβ1 could 
be extended to the liganded TRα1. Furuya et al found 
that the liganded TRα1 could stimulate proliferation of 
pancreatic β-cells in adult animals [29]. While we had 
previously shown that in CV1 cells, the transfected TRα1 

Figure 7: cSrc signal pathway is constitutively activated by TR1Y406F via stable protein-protein interaction. (A) 
Comparison of co-immunoprecipitated Src-TRβ1 (lanes 3 & 4) and cSrc-TRβ1Y406F (8 & 9) in the absence (lanes 3&8) or presence 
(lanes 4 & 9). No co-immunoprecipitated bands were detected in the Neo control cells (lanes 13 & 14). Lanes 1,2, 6, 7, 11, and 12 show the 
corresponding input. The IgG controls are shown in lanes 5, 10 and 15. co-immunoprecipitation was carried out as described in Materials 
and Methods. (B) Constitutive activation of c-Src signal pathway in MDA-TRβ1Y406F cells. Western blot analysis of p-Src (Y416), total 
Src, p-FAK (Y397), total FAK, p-ERK (T202/Y204), total ERK, and GAPDH (as loading control) in Neo cells (lanes 1 & 2), MDA-TRβ1Y 
cells, and MDA-TRβ1Y406F cells in the absence (lanes 1,3, and 5) or presence of T3 (lanes 2, 4, and 6) was carried out as described in 
Materials and Methods. 
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could also undergo T3-dependent proteasomal degradation 
similarly as shown for T3-bound TRβ1 [30], it is currently 
unknown whether the T3-dependent proteasomal 
degradation of the liganded TRα1 could also occur in 
pancreatic β-cells. Moreover, it is also unknown whether 
TRα1 could be similarly phosphorylated by cSrc at the 
tyrosine residues as in TRβ1. These questions would need 
to be studied in the future.

Post-translational modification of steroid 
hormone nuclear receptors by phosphorylation is well 
studied. Evidence has been presented to indicate that 
phosphorylation affects the functions of steroid hormone 
nuclear receptors not only in normal physiology, but also 
in pathophysiology of many diseases including cancers, 
diabetes, and obesity, among others [31]. For example, the 
progesterone receptor (PR) and estrogen receptors (ER) 
are phosphorylated by multiple protein kinases either 
basally or in response to ligand binding. Phosphorylation 
leads to increased transcriptional activity of these 
receptors to drive the expression of target genes important 
for cell cycle progression, proliferation, and survival [32]. 
Alterations in the expression of these key regulators could 
impact breast cancer progression. Phosphorylation of 
PR and ER is also involved in nongenomic membrane-
associated actions [32, 33]. In contrast to steroid hormone 
receptors, however, how phosphorylation affects the 
functions of TRs is less studied. Early reports have shown 
that phosphorylation stimulates the transcriptional activity 
of TRβ1 over-expressed in COS1 cells [34]. While the 
phosphorylation residues from TRβ1 over-expressed 
in COS1 cells were shown to be serine, threonine, and 
tyrosine in the ratios of 8.5:1:0.5, the sites of these resides 
have not been identified, nor was the identity of kinases 
responsible for phosphorylation elucidated. Therefore 

it was not possible to elucidate the functions of the site-
dependent phosphorylation. The present study identified 
Y406 as the site phosphorylated by cSrc kinase. It served 
as a signal for T3-induced degradation of TRβ1, which 
in turn affected the activity of cSrc in intracellular cSrc-
FAK-ERK signaling pathways. That the activity of 
TRβ1 was modulated by complexing with cSrc in a T3-
depedent manner is not without precedent. It is of interest 
to point out that treatment of breast cancer cells with 
progestin activates the MAPK signaling that requires PR-
cSrc interaction [35]. Complexing of ER with cSrc and 
scaffold proteins was also found to stimulate cSrc activity 
by increasing downstream signaling pathways including 
PI3K and MAPK [33, 36]. ERα is phosphorylated at 
Y537 by cSrc in vivo, and this phosphorylation is required 
for triggering DNA synthesis and tumor growth [37]. 
Moreover, an ER activity stimulator, hexachlorobenzene 
(an endocrine disrupter), enhances ERαY537 
phosphorylation and ERα-cSrc physical interaction [38]. 
Therefore TRβ1, ER, and PR could exert cSrc-dependent 
cellular functions via direct protein-protein interaction. 

However, the functional outcomes of the cSrc-
dependent TRβ1 action differed from that of PR and ER 
in that T3-bound TRβ1 was triggered by cSrc-dependent 
phosphorylation to undergo degradation, resulting in the 
attenuation of cSrc-FAK-ERK signaling. In contrast, 
the cSrc-dependent ER and PR actions led to stimulated 
downstream signaling pathways including PI3K and 
MAPK. In breast cancer as well as in other cancers such as 
small cell lung, head and neck, renal cell, uterine cervical, 
and ovarian cancers, the expression of the THRB gene is 
frequently silenced either via chromosomal truncation 
and/or deletion in chromosome 3p where THRB lies, 
or via epigenetic changes in the promoter region of the 

Figure 8: A proposed molecular model for the effects of tyrosine phosphorylation of TRβ1 in the degradation of TRβ1 
and regulation of cSrc signaling. (A) Phosphorylation of Y406 triggers the T3-induced degradation of TRβ1, releasing TRβ1 from 
complexing with cSrc and attenuating cSrc signaling. (B) TRβ1Y406F, unable to be phosphorylated by cSrc, thereby remaining stably 
associated with cSrc, leading to constitutive activation of cSrc signaling to increase cell proliferation and invasion.
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THRB gene (e.g., hypermethylation; [10]. In light of these 
findings, one could speculate that cancer cells may have 
evolved the above mechanisms to silence the expression 
of the THRB gene to evade the tumor suppressor actions 
of TRβ1 in growth, proliferation, and invasion. This 
notion would suggest that reactivation of the THRB 
gene in cancer cells would lead to attenuation of cancer 
phenotypes. Indeed, this hypothesis was recently tested 
and validated in human FTC-236 cells [39]. Evaluation 
of promoter methylation and the expression of the THRB 
gene in tissue specimens from patients with differentiated 
thyroid carcinoma and in several human thyroid cancer 
cell lines (e.g., FTC-236) showed a positive correlation 
between the extent of promoter hypermethylation of the 
THRB gene and the progression of differentiated thyroid 
carcinoma. When FTC-236 cells were treated with 
demethylation agents such as 5’aza-CdR and zebularine, 
the expression of the THRB gene was reactivated 
concurrently with inhibition of cancer cell proliferation, 
migration, and tumor growth in xenograft models [39]. It 
is known that cSrc is aberrantly activated in many cancers 
[40, 41]. That TRβ1 could down regulate the activity of 
cSrc in the presence of T3 via phosphorylation at Y406 
would suggest that TRβ1 could be tested as a potential 
novel therapeutic target. 

MATERIALS AND METHODS

Cell lines 

HTori cells were a generous gift from Yuri Nikiforov 
of the University of Pittsburgh Medical Center, Pittsburgh, 
Pennsylvania. Establishment of HTori cells stably 
expressing either TRβ1 or the control gene (Neo) was 
described previously [42]. MDA-MB-468 cells were from 
Ana Aranda (Universidad Auto´noma de Madrid, Madrid, 
Spain). 

In vitro kinase reaction with cSrc kinase 

One μg of purified human TRβ1 ligand binding 
domain [43] was incubated with 50 ng Src kinase 
(Millipore cat. 14-326) in in vitro kinase buffer containing 
60 mM HEPES (pH7.5), 5 mM MgCl2, 5 mM MnCl2, 
3 mM Na3VO4, 1.25 mM DTT, and 20 mM ATP. After 
incubation for 2 hours at room temperature, the mixture 
was analyzed by Western blot using anti-phosphotyrosine 
(anti-p-Tyr) and anti-TRβ1 antibodies.

Preparation of expression plasmids of TRβ1-
ligand binding domain with mutations at Y321, 
Y395, Y406, and Y409 by phenylalanine (Phe) 

The mammalian expression plasmids for the 
truncation mutants of TRβ1 were described previously 
[30]. We used the pcDNA3.1TRβ1∆A/B/C (ie. ligand-
binding domain LBD) as a template to construct expression 
vector that had mutation of phenyalaine (Phe) at Y321, 
Y395, Y406 and Y409, Mutagenesis was performed 
as described in the QuikChange II XL site-directed kit 
manual (catalog no. 200521; Stratagene, La Jolla, CA). 
The sequences of the forward and reverse primers were 
TRβ1Y321F forward, 5-GCTGCTGTGCGCTTTGACCC 
AGAAAGTGAG-3; TRβ1Y321F reverse, 
5-CTCACTTT CTGGGTCA AAGCGCACAGCAGC-3; 
TRβ1Y395F forward, 5-GAGAGAATAGAAAAGT 
TCCAAGATAGTTTC-3; TRβ1Y395F reverse, 
5-GAAACTATCTTGGAACT TTTCTATTCTCTC-3; 
TRβ1Y406F forward, 5-GCTGGCCTTTGAACAC 
TTTATCAATTACCG-3; TRβ1Y406F reverse, 
5-CGGTAATTG ATAAAGTGTTCAAAGGCCAG C; 
TRβ1Y409F forward, 5-CACTATATCAATTTCCG 
AAAACACCACGTG-3; TRβ1Y409F reverse, 
5-CACGTGGTGTTTTCGGAAATTGATATAGTG-3. 
Reverse and forward primers were complementary 
in sequence-covered mutation sites. The mutagenesis 
reaction was performed in a 25 ml volume using 50 ng 
template DNA (pcDNA3.1-FH- TRβ1 LBD) and 100 ng 
primers, and all other reagents were added following the 
QuickChange site-directed mutagenesis kit instructions. 
The cycling conditions were a 1-minute initial denaturation 
at 95°C, 18 cycles with 50 seconds denaturation at 95°C, 
50 seconds annealing at 60°C, and 7 minutes extension 
at 68°C, and a final extension of 7 minutes at 68°C. The 
product was treated with 10 U DpnI and incubated for 1 
hour at 37°C. Then, 2 ml DpnI-treated DNA was used for 
transformation of XL-10 Gold ultracompetent cells to 
select ampicillin-resistant colonies. The selected clones 
were verified by DNA sequencing. 

Preparation of expression plasmids of TRβ1 with 
tyrosine to phenylalanine mutations at Y321, 
Y395, Y406 and Y409

The mammalian expression vectors for full-
length hTRβ1 mutants were constructed by using Flag-
hemagglutinin tagged-pcDNA3.1-TRβ1 (pcDNA3.1-FH-
TRβ1) as a template similarly as described above. The 
TRβ1 Phe mutants at Y321, Y395, Y406 and Y409 were 
prepared using the QuikChange II XL site-directed kit 
according to company instruction manuals. The primers of 
mutagenesis were the same as described for the mutations 
of the LBD described as above. The obtained mutants 
were verified by DNA sequencing. 
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Generation of MDA cells stably expressing TRβ1 
or TRβ1Y406F

Establishment of MDA-MB-468 cells stably 
expressing human TRβ1 (MDA-TRβ1 cells), TRβ1Y406F 
(MDA- TRβ1Y406F cells), or the control selectable 
marker Neo gene (Neo cells) was carried out similarly 
as described previously for HeLa cells [44]. Briefly, 
MDA-MB-468 cells were transfected with the expres sion 
plasmid containing cDNA encoding Flag-hemagglutinin-
TRβ1 (pcDNA3.1-FH-TRβ1), Flag-hemagglutinin-
TRβ1Y406F (pcDNA3.1-FH-TRβ1Y406F), or the empty 
vec tor containing only the cDNA for the selector marker, 
the Neo gene. After transfection, cells were selected 
with 200 μg/ml G418 (Invitrogen, Carlsbad, CA) for 2 
weeks. G418-resistant colo nies expressing TRβ1 and 
TRβ1Y406F were expanded for sub sequent experiments. 
The expression of TRβ1 and TRβ1Y406F protein was 
verified by Western blot analysis using monoclonal anti-
TRβ antibody (J53) [45].

Western blot analysis and co-immunoprecipitation 
assays 

The Western blot analysis was carried out as 
described by Furumoto et al. [46]. Anti-TRβ1 antibodies 
(C4; 1 μg/mL) [47] and J53 [45] were used at 2  μg/ml. 
The anti-p-Tyr (pY100, cat. #9411; 1:1000 dilution), 
p-Src (Tyr 416, cat. #2113; 1:1000 dilution), total-cSrc 
(cat. #2108, 1:1000 dilution), p-ERK (T202/Y204, cat. # 
9101), total-ERK (cat. #9102) and and GAPDH (#2118) 
were purchased from Cell Signaling Technology. Anti-p-
FAK (Y397, cat. 44624) and total FAK (cat. SC-557) were 
purchased from Invitrogen and Santa Cruz Biotechnology, 
respectively.

To demonstrate the phosphorylation of 
tyrosine of full-length and truncated TRβ1 in cells, 
expression plasmids for full-length TRβ1 (pcDNA3.1-
TRβ1),∆ TRβ1 (pcDNA3.1-∆ TRβ1), ∆A/B/C 
TRβ1(pcDNA3.1-∆C-TRβ1) were transiently 
transfected into MDA-MB-468 parent cells using 
Lipofectamine 2000 (Invitrogen, cat. 11668-027, 
Carlsbad, CA). Transfected cells were cultured in DMEM/
F12 media including T3 deficiency FBS (Td) for 24 hours 
followed by without or with addition of 100 nM T3 
for 15 min. Cellular extracts (1 mg) were prepared and 
immunoprecipitated with anti-Tyr antibodies followed by 
Western blot analysis using anti-TRβ1 (J53).

To determine the effect of SKI606 on the tyrosine 
phosphorylation of TRβ1 LBD and Y406F LBD mutant in 
cells, expression plasmid for TRβ1 LBD and Y406F LBD 
mutant were transiently transfected into MDA-MB-468 
parent cells using Lipofectamine 2000 (Invitrogen, 
cat.11668-027, Carlsbad, CA). Transfected cells were 
cultured in DMEM/F12 media including T3 deficiency 

FBS (Td) for 24 hours followed by without or with 
addition of 0.5 μM or 1 μM SKI606 for 8 hours, and then 
treated without or with 100 nM T3 for 15 min before total 
protein extraction. Cellular extracts (2 mg) were prepared 
and immunoprecipitated with anti-Tyr antibodies followed 
by Western blot analysis using anti-TRβ1 (J53).

Co-immunoprecipitation of TRβ1 with cSrc was 
carried as described previously (Fozzatti PLOS one, 
2013). Briefly, MDA-TRβ1, MDA-TRβ1Y406F, and 
Neo cells were treated in the absence or presence of T3 
(100  nM) for 24 hours. Cell lysates (1 mg) were prepared 
and immunoprecipitated with monoclonal anti-TRβ1 
antibody (C4; 4 μg), or control mouse anti-IgG antibodies 
(4 μg) followed by Western blot analysis using rabbit 
anti-cSrc antibodies (Cell Signaling, Cat# 2109, 1:1000 
dilution). 

T3 binding assay 

The TRβ1, TRβ1Y406F, and TRβ1PV proteins 
were prepared by in vitro transcription/translation (TNT-
quick-couple transcription/translation system; Promega, 
cat. L1170) using plasmids pcDNA3.1 TRβ1, pcDNA3.1 
TRβ1Y406F, and pcDNA3.1 TRβ1PV, respectively. In 
vitro translated proteins were analyzed by SDS-PAGE, 
followed by Western blotting using anti-TRβ1 antibody to 
ensure that equal amounts of receptor proteins were used 
in the binding assays. ([125I]-T3), 100µCi (3.7MBq, cat 
NEX110100UC) was purchased from PerkinElmer. The 
binding to TRβ1, TRβ1Y406F, and TRβ1PV was carried 
out by incubating with 0.2 nM [125I] T3 in the absence 
or increasing concentration of unlabeled T3 in 0.25 
ml binding buffer for 90 minutes at room temperature. 
Protein bound [125I] T3 was separated from the unbound 
radioligand in a Saphadex G-25 (fine) column (5.5 X 
1 cm) as described previously [48]. [125I]-T3 bound to 
receptor fractions was measured with a Gamma 5500B 
counter (Beckman Instruments, Inc., Fullerton, CA).

Cell proliferation assay 

The control (Neo), MDA-TRβ1, and MDA-
TRβ1Y406F cells (5 x 104 cells per well) were plated in 
6-well plates (in triplicates) and cul tured for 4 days in the 
presence or absence of T3 (100 nM). Cell proliferation 
was measured every 24 hours for 4 days using a cell 
counter (Beckmann Coulter, Indianapolis, IN) as described 
previously [25].

Wound healing and invasion assay 

Wound healing assay was carried out as previously 
described [39] with some modifications. The wound 
was applied with a pipette tip on the confluent cells, and 
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nonattached cells were removed by gently flushing with 
fresh media. We visualized cell migration with an inverted 
microscope at ×100 Mag at every 6 hours for 24 hours. 
The cell migration was determined at the edges of the 
wound, and the percentage of migration was determined 
as the ratios between migrated distance and initial distance 
of the wound. For invasion assay, the method used was 
similar to the protocol described previously [49]. Invasion 
assay was performed in 8-µm-pore transwells (6.5 mm; 
Costar, Corning, NY) in quadruplicate. Transwells filters 
were layered with 100 µl of matrigel (BD Biosciences, 
cat. 356230) diluted 1:10 in PBS. After rinsing with PBS, 
cells were plated as above. Seventy-two hours later, cells 
migrating to the bottom of the filter were evaluated, after 
removal of material from the upper side of the filter, 
by 0.1% crystal violet staining and measurement of 
solubilized dye at A590. 

In vivo mouse xenograft study 

The protocols for the use and care of the ani mals 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 MDA cells 
(Neo) and MDA-TRβ1 or MDA-TRβ1Y406F (5 x 106 

cells) in 200 μl sus pension mixed with Matrigel basement 
mem brane matrix (BD Biosciences, cat. 354234) were 
inoculated subcutaneously into the right flank of mice, 
similarly as previously described [25]. The tumor size was 
measured with calipers weekly until it reached ~2 cm in 
diameter. The mice were then sacrificed and the tumors 
dissected. The tumor volume was calculated as L x W x 
H x 0.5236.

Statistical analysis

 All data are expressed as mean ± the standard 
error of the mean (SEM). Significant differences between 
groups were calculated using Student’s t-test with the 
use of GraphPad Prism 5 (GraphPad Software, Inc., San 
Diego, CA). P<0.05 is considered statistically significant.
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