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Abstract

Thyroid hormone receptor (TR) controls the expression of thyroid hormone (T3)-responsive
genes, while undergoing rapid nucleocytoplasmic shuttling. In Resistance to Thyroid Hormone
syndrome (RTH), mutant TR fails to activate T3-dependent transcription. Previously, we showed
that Mediator subunit 1 (MEDZ) plays a role in TR nuclear retention. Here, we investigated
MEDZ1’s effect on RTH mutants using nucleocytoplasmic scoring and fluorescence recovery
after photobleaching in transfected cells. MED1 overexpression and knockout did not change
the nucleocytoplasmic distribution or intranuclear mobility of C392X and P398R TRal at
physiological T3 levels. At elevated T3 levels, however, overexpression increased P398R’s
nuclear retention and MED1 knockout decreased P398R’s and A263V’s intranuclear mobility,
while not impacting C392X. Although A263V TRal-transfected cells had a high percentage
of aggregates, MED1 rescued A263V’s impaired intranuclear mobility, suggesting that MED1
ameliorates nonfunctional aggregates. Results correlate with clinical severity, suggesting that
altered interaction between MED1 and TRa1 mutants contributes to RTH pathology.
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1. Introduction

Thyroid hormone receptor (TR) is a member of the nuclear receptor superfamily and
mediates the effect of thyroid hormone (T3) by activating and repressing the transcription
of hundreds of target genes. Hence, TR plays a vital role in human health by regulating
many aspects of development, growth, and metabolism (Bassett & Williams, 2003; Brent,
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2012; Chavez et al., 1998; Contreras-Jurado et al., 2014; Dinda et al., 2002; Mullur et

al., 2014; Pascual & Aranda, 2013; Preau et al., 2015; Puzianowska-Kuznicka et al.,

2006: Qi et al., 1999; Stepien & Huttner, 2019; Williams, 2009; Wojcicka et al., 2013).
The two major subtypes of TR, TRa.1 and TRB1, can bind to specific sequences on the
DNA called thyroid hormone response elements (TRES) as monomers, homodimers, and
heterodimers with the retinoid X receptor (RXR) (Laudet & Gronemeyer, 2002; Sap et

al., 1986; Umesono & Evans, 1989; Weinberger et al., 1986). In the absence of T3, TR
interacts with corepressors and represses transcription on positive TREs (Hollenberg et al.,
1996; Horlein et al., 1995; Koenig, 1998; Yoh & Privalsky, 2001). After binding T3, TR
undergoes a conformational change that releases corepressors and recruits coactivators such
as Mediator subunit 1 (MEDZ1) to activate transcription (Femia et al., 2020; Figueira et al.,
2011; Moras & Gronemeyer, 1998; Yuan et al., 1998).

Although TR functions as a transcription factor and mainly exerts its effects inside the
nucleus, it shuttles rapidly between the nucleus and the cytoplasm (Bunn et al., 2001). The
nuclear import and export of TR are mediated by interactions with importins and exportins,
respectively (Zhang et al., 2018). Both TRa.1 and TRB1 have a classical nuclear localization
signal 1 (NLS-1) in the hinge domain and at least three nuclear export signals (NESs) in

the ligand binding domain (LBD), while TRa1 has an additional nonclassical NLS-2 in the
A/B domain (Fig. 1) (Mavinakere et al., 2012; Salomon et al., 2020). One of the NESs,
NES-H12, located in helix 12 of the LBD, overlaps with the activation function 2 (AF-2)
domain and coactivator binding site (Mavinakere et al., 2012).

Mutations in TR lead to an inherited disease called Resistance to Thyroid Hormone
syndrome (RTH), impacting about 1 in 40,000 people (Moran et al., 2014). Although
mutations in the 7HRB gene cause almost all known cases of RTH syndrome, the first case
of a THRA mutation was discovered in 2012 (Bochukova et al., 2012). RTH syndromes
caused by TRa and TRP gene mutations were later renamed as RTHa and RTHp,
respectively. To date, 27 RTH mutations have been identified in TRa 1 (Bochukova et al.,
2015; Chen et al., 2019; Demir et al., 2016; Espiard et al., 2015; Furman et al., 2017,
Kalikiri et al., 2017; Korkmaz et al., 2019; le Maire et al., 2020; Moran et al., 2013, 2014,
2017; Paisdzior et al., 2021; Sun et al., 2019; Tylki-Szymariska et al., 2015; van Gucht et
al., 2016, 2017; van Mullem et al., 2012; Yuen et al., 2015). RTHp is usually diagnosed in
patients by the presence of a goiter, while RTHa has a broader range of symptoms (Singh &
Yen, 2017; Sun et al., 2020; Weiss & Refetoff, 2000). Due to the lack of distinct phenotype
and largely normal thyroid function tests, RTHa often is undiagnosed (Moran et al., 2017).
In both RTHa and RTHB, the thyroid gland produces enough T3, but the mutant TRs are
defective in T3 binding, blocking the conformational change required to recruit coactivators
like MED1 (Ortiga-Carvalho et al., 2014).

MED1, also known as TRAP220, bridges TR to the Mediator complex, a large multi-
protein complex required for transcription by RNA polymerase Il (Pol I1) (Liu et al.,

2015; Soutourina et al., 2018). MED1 binds to the AF-2 domain of TR through the

highly conserved LXXLL motif located in the two nuclear receptor boxes (NR boxes) or
receptor binding domains (NBD) (Jin et al., 2012). MED1 has been shown to impact both
intracellular dynamics of TR and TR-mediated gene transcription activity. MED1 knockout
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mouse embryonic fibroblast (MEF) cells show impaired TR function, but the expression of
MED1 in the MED1~/~ MEFs restores TR function (Ito et al., 2000). Our previous research
showed that there is a decrease in nuclear retention of TR in MED1~/~ MEFs, and MED1
overexpression in HeLa (human) cells increases nuclear retention and decreases intranuclear
mobility of TRB1 (Femia et al., 2020). However, the interaction between MED1 and RTH
mutants of TR was not investigated in our prior study.

Due to the importance of TR’s helix 12 in the interaction with MED1, we hypothesized that
two RTH helix 12 mutants, C392X and P398R, would be less responsive to MED1 levels
compared to wild-type TRal. P398R is a point mutation found in the middle of helix 12,
while C392X is a missense mutation resulting in a premature stop codon, deleting most of
helix 12 (Fig. 1). A263V, a point mutation in helix 6, away from the critical helix 12, was
chosen to act as a control for mutant TR and MED1 interaction since the MED1 binding
site on A263V TRal is unchanged. Previous research has shown that A263V and P398R
mutants show reduced sensitivity to T3, while C392X loses almost all its ability to interact
with T3 (Moran et al., 2014; Moran et al., 2017; Tylki-Szymanska et al., 2015; van Gucht et
al., 2017). Hence, we hypothesized that T3 levels would also impact the interaction between
mutant TR and MEDL1.

Materials and methods

Plasmids

Coding regions for human wild-type TRal, A263V TRal, A263S TRal, C392X TRal,
and P398R TRal were acquired from Invitrogen GeneArt Gene Synthesis (Thermo Fisher
Scientific) and subcloned into pmCherry-C1 (Clontech). GFP-MED1 was obtained from
Origene Technologies, Inc and encodes full-length human MED1 (residues 1-1581). GFP-
NCoR1 and GFP-MED13 were acquired from GenScript and GeneCopoeia, respectively.
The GFP-250 expression vector encodes the well-established aggresome marker GFP-250,
composed of GFP fused at its C-terminus to the first 250 amino acids of p115, a protein
involved in the transport of cargo from the endoplasmic reticulum to the Golgi (Salomon et
al., 2020).

2.2. Cell culture and transient transfection

HelLa cells (#CCL-2; American Type Culture Collection) were grown in minimum essential
medium (MEM; Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco) at 37°C
under 5% CO, and 98% humidity. MED1*"* and MED1~/~ mouse embryonic fibroblasts
(MEFs) were a gift from Dr. Robert Roeder, Rockefeller University (Ito et al., 2000). MEFs
were grown in Dulbecco's Modified Eagle Medium (DMEM; Gibco) supplemented with
10% newborn calf serum (NBCS; Gibco) at 37°C under 5% CO, and 98% humidity. Cells
were seeded at a density of 2.5x10° cells per well and transfected using Lipofectamine
3000 (Invitrogen) 24 h later. Six hours post-transfection, the transfection mixtures were
replaced by MEM supplemented with 10% FBS or DMEM supplemented with 10% NBCS.
For thyroid hormone (T3) treatment, the transfection mixtures were replaced by MEM or
DMEM supplemented with 10% charcoal-stripped FBS (Gibco) and with or without 100 nM
T3 (MilliporeSigma).
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2.3. Nucleocytoplasmic distribution and aggregate analysis

Cells were fixed in 3.7% formaldehyde 24 h post-transfection. Coverslips (22mm, round;
Thermo Fisher Scientific) were mounted on glass slides using Fluoro-Gel Il containing
DAPI (Electron Microscopy Sciences). Fluorescence images were taken using All-in-One
Fluorescence Microscope BZ-X800 (Keyence America). Protein distribution was analyzed
using lcy. Regions of interest (ROIs) were selected both inside the nucleus and cytoplasm
of cells. The nuclear-cytoplasmic (N/C) ratio was calculated by dividing the fluorescence
intensity inside the nucleus by the fluorescence intensity inside the cytoplasm. The
normalized N/C ratio was calculated by normalizing the treatment group to corresponding
wild-type controls. A relatively higher raw N/C ratio indicates a more nuclear distribution,
while a relatively lower raw N/C ratio indicates a more cytoplasmic distribution.

In addition, the presence of nuclear and cytoplasmic aggregates was assessed qualitatively
to determine the percentage of cells with or without aggregation for A263V and A263S
mutants. Two main phenotypes were defined: 1) “No aggregation” refers to a homogeneous
distribution of TR within a cell, without bright fluorescent foci, and 2) “Aggregation” refers
to cells with bright fluorescent foci of TR, ranging from speckles to larger aggregates.

Each experiment contained at least three biologically independent replicates with 60 cells
scored per replicate. For analysis of colocalization of the aggresome marker GFP-250

with mCherry-tagged wild-type TR and the A263V mutant, cotransfected HeLa cells were
imaged by confocal microscopy.

2.4. Fluorescence recovery after photobleaching (FRAP)

Cells were washed with Dulbecco’s phosphate-buffered saline (D-PBS) and incubated

in MEM-a with or without 100 nM T3 (MilliporeSigma) in an OkoLab Incubation

System (Warner Instruments, Inc) at 37°C and 5% CO,. Strip-fluorescence recovery after
photobleaching (Strip-FRAP) was performed using a Nikon A1Rsi confocal microscope Ti-
E-PFS (Nikon, Inc) with a x60 oil objective and perfect focus system. The 488-nm line and
561-nm line of krypton-argon lasers were used for GFP and mCherry detection, respectively.
A solid-state 405-nm laser was used for photobleaching. Acquisition and photobleaching
were achieved in Nikon NIS-Elements AR Software (Nikon). Using the ROI module, one
stimulation line region of interest (ROI) positioned horizontally across the nucleus and two
acquisition ROIs placed inside the nucleus and outside of the cell, respectively, were created.
The total experimental time for the assay was set to 35 s using the Al plus stimulation
module of NIS-Elements. With a frame rate at approximately 15.3 frames/s, 535 frames
were collected in total. The total experimental time was divided into a 5-s pre-bleach
acquisition phase at approximately 2 to 3% laser power, a 1-s photobleaching phase at
100% laser power on a stimulation line ROI, and a 29-s post-bleach acquisition phase at
approximately 2 to 3% laser power. All image acquisition was conducted through resonant
scanning, corrected by line averaging. Fluorescence intensities for the stimulation line ROI
and two acquisition ROIs were recorded for each frame. Each experiment contained three
biologically independent replicates with 20 nuclei analyzed per replicate.

Although strip-FRAP does not allow calculation of a diffusion constant, it is better at
reducing experimental noise due to diffusion during the bleaching process for a fast-moving
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protein like TRal (Gonzélez-Pérez et al., 2011). Since TRa 1 does not localize to the
nucleolus, we avoided drawing the bleach strip across the nucleolus, although it has been
shown that placing the bleach strip this way does not affect the recovery rate of another
transcription factor, Smad2 (Gonzalez-Pérez et al., 2011). To better analyze the FRAP
recovery curve, we employed a double-term exponential fit strategy outlined in Firmino

et al. (2013). We also compared the double exponential fit model to single exponential fit
model using Akaike information criterion (AIC) and Bayesian information criterion (BIC),
where we saw a more than 99.99% chance that the double exponential fit model is the better
one as determined by AIC. We also compared the double exponential fit model to the triple
exponential fit model using AIC and BIC, where again, we saw a more than 99.99% chance
that the double exponential fit is the better model.

FRAP data were first double normalized as described by Phair et al. (2004) to correct

for background fluorescence intensity and the loss of fluorescence intensity due to
photobleaching. The double normalized data were then fully normalized using the strategy
described in Femia et al. (2020). The fully normalized data ranged from 0 to 1, where 0
represents the lowest fluorescence intensity directly after the photobleaching phase, and 1
represents the average fluorescence intensity of the pre-bleach acquisition phase and the
maximum recovery possible in the post-bleach acquisition phase. The fully normalized data
were then fitted using a two-term exponential fit (equation 1), where t; and t, (t1 < to)
represent the time constant for the faster and slower recovery process, respectively. C; and
C, represent the fraction of proteins that contributed to the faster and slower recovery,
respectively.

t t
f(t) = C](l —8_1'1)+C2(1 —e_rz) 1)

The fitted Cq, Cy, T4, and T, were used to calculate mobile (equation 2) and immobile
fractions (equation 3). The mobile fraction represents the fraction of proteins capable of
moving inside the nucleus, whereas the immobile fraction represents the population of
proteins that are not able to move as a result of DNA binding, formation of aggregates, or
interaction with other nuclear factors. The mobile and immobile fractions are two of the
primary parameters used to evaluate changes in intranuclear mobility.

Fropite = C1 + C @]

Fimmobile = 1- Finobite (3

The third primary parameter used to evaluate changes in intranuclear mobility is ty/,, which
represents the time taken to reach 50% of the maximum recovery for each replicate. ty, was
acquired by solving equation 4 with fitted C4, C5, t1, and .
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2.5. Luciferase reporter gene assay

HeLa cells were seeded at 2.0x10% cells per well in a white 96-well plate (PerkinEImer).
Twenty- four hours after seeding, cells were transiently transfected with expression plasmids
for GFP-TRa1 wild-type or RTH mutants, TRE (DR+4)-firefly luciferase reporter, and
Renilla luciferase internal control. Five hours post-transfection, medium was replaced with
MEM containing 10% charcoal-stripped FBS, supplemented or not with 100 nM T3. After
an additional 19 h, a Dual-Glo® Luciferase Assay (Promega) was performed, according to
the manufacturer's protocol. Three independent, biologically separate replicate experiments
were performed, with 8 wells assayed per treatment.

2.6. Statistical analysis

All data are expressed as mean + SEM. All p values were calculated using two-tailed t-tests,
and p values less than 0.05 were considered statistically significant.

3. Results

3.1. Knockout of MEDL1 does not alter the nuclear localization patterns of TRal mutants
under physiological T3 levels

Although primarily localized to the nucleus at steady state, TRa.1 shuttles rapidly between
the nucleus and the cytoplasm (Bunn et al., 2001). Nuclear import and nuclear export

are facilitated by importins and exportins, respectively (Zhang et al., 2018). Our previous
research has shown that knockout of MED1 decreases the nuclear retention of wild-type
TRal (Femia et al., 2020). To investigate the impact of MED1 on mutant TRa.1, we used
our well characterized and validated transient transfection assays in wild-type (MED1*/*)
and knockout (MED1~/~) mouse embryonic fibroblasts (MEFs). We have previously shown
that fluorescent protein tags do not alter the localization patterns of TRa.1, and that
overexpression of TRa.1 does not overload the nuclear import and export pathways (Femia
et al., 2020). Since all mutant TRs we selected show reduced T3 sensitivity (Moran et

al., 2014; Moran et al., 2017; Tylki-Szymariska et al., 2015; van Gucht et al., 2017), we
hypothesized that MED1 knockout would not alter the intracellular localization patterns of
TRal RTH mutants under the T3 levels that naturally exist in culture medium supplemented
with newborn calf serum, referred to hereinafter as “physiological” T3 levels. To test

our hypothesis, mCherry-tagged A263V, C392X, and P398R TRal were transfected into
MED1*"* and MED1~~ MEFs, and the average relative nuclear to cytoplasmic (N/C) ratio
was quantified using fluorescence intensities determined by fluorescence microscopy.

Similar to our previous study (Femia et al., 2020), wild-type TRa1 was highly nuclear
localized in MED1*/* cells, with only less than 10% of the total protein population localized
to the cytoplasm, whereas knockout of MED1 in MED1~/~ MEFs significantly decreased
the nuclear population of wild-type TRal (Fig. 2A and 2E). The average relative N/C

ratio of TRal in MED1™/~ MEFs was approximately 13% less than MED1** MEFs,
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indicating a significantly greater cytoplasmic localization (p<0.001). As predicted, MED17/~
knockout did not significantly alter the N/C ratios of the RTHa mutants, P398R TRa.l

(Fig. 2B and 2E), C392X TRal (Fig. 2C and 2E), or A263V TRal (Fig. 2D and 2E),

when compared to their N/C ratios in the MED1*"* MEFs (p>0.05). In addition, the N/C
ratios of all three RTHa mutants were not statistically significantly different from wild-type
TRal as determined by two tailed t-tests (p>0.05). These data suggest that MED1 does not
functionally interact with TRa.1 mutants under physiological T3 levels. Although it could
be postulated that the N/C ratios of the RTHa mutants in MED1*/* MEFs should be the
same as wild-type TRa1 in the MED1™/~ MEFs, RTHa mutant receptors also may bind
nuclear corepressor 1 (NCoR1) with higher affinity and dissociate more slowly than the
wild-type receptor in the presence of T3 (Fozzatti et al., 2013). Such an altered interaction
with NCoR1 could promote enhanced nuclear retention of the RTHa mutants, countering
the effects of a lack of interaction with MEDL1.

3.2. Overexpression of MED1 increases the nuclear population of P398R TRa.1l when
supplemented with 100 nM T3

Our previous research has shown that overexpression of MED1 increases the nuclear
retention of wild-type TRB1 in human (HeLa) cells; however, any comparable increase in
nuclear retention of wild-type TRa.1 was not measurable, since wild-type TRal is already
highly nuclear-localized (Femia et al., 2020). To test the effect of MED1 overexpression

on RTHa mutants, we employed our well-established transient transfection assays in HeLa
cells. HeLa cells provide a robust model system for several reasons. They do not express
detectable levels of endogenous TR, so the impact of endogenous receptors on distribution
patterns through heterodimerization does not have to be taken into account, but the cells
are still responsive to T3 when TR is introduced. In addition, exogenous wild-type TR is
primarily nuclear-localized over a wide range of expression levels, overexpression does not
lead to non-specific protein aggregation or saturation of the nuclear transport machinery, and
fluorescent tags do not alter localization patterns (Femia et al., 2020; Salomon et al., 2020).

Since the three RTHa mutants we selected show reduced T3 sensitivity (Lindl, 2002; Moran
et al., 2014; Moran et al., 2017; Tylki-Szymanska et al., 2015; van Gucht et al., 2017), we
hypothesized that MED1 overexpression would not impact their intracellular localization
patterns under ~1.2 nM T3, which is the level of T3 naturally supplemented by fetal bovine
serum (FBS) in the culture medium, hereinafter referred to as “physiological” T3 levels.
Since research has reported that 100 nM T3 is enough to elicit a transcriptional response in
certain RTHa mutants (Moran et al., 2014; Moran et al., 2017), we further hypothesized that
MED1 overexpression would alter the intracellular localization patterns of RTHa mutants
in the presence of 100 nM T3, added to charcoal-stripped FBS. We also predicted that
MED1 overexpression would increase the nuclear population of P398R but not C392X
TRal since P398R is a less severe point mutation, whereas C392X has lost almost the
entire MED binding site (see Fig. 1). To test our hypotheses, mCherry-tagged wild-type
TRal, and A263V, C392X, and P398R TRal RTH mutants were either single-transfected
or cotransfected with GFP-tagged MED1 into HeLa cells in the absence of T3, or in the
presence of physiological T3 (1.2 nM) or elevated T3 (100 nM) levels, and the average
relative N/C ratios for wild-type and mutant TRa.1 were calculated.
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As in our previous study (Femia et al., 2020), MED1 overexpression did not impact the
intracellular localization of wild-type TRal (Fig. 3A and 3B). Moreover, cells transfected
with GFP-MED1 alone showed fluorescent foci similar to those previously reported by us
and other labs (Femia et al., 2020; Sabari et al., 2018; Shi et al., 2021) and, notably, these
MED1 foci disappeared when coexpressed with TRa.1, forming a homogeneous distribution
of both proteins. As predicted, MED1 overexpression did not change the intracellular
localization patterns of P398R TRal (Fig. 3C and 3D) and C392X TRal (Fig. 3E and

3F) under physiological (~1.2 nM) T3 levels (p>0.05). In addition, C392X and P398R TRa.l
showed no differences in the average relative N/C ratio compared to wild-type TRa1 when
transfected alone (p>0.05).

In contrast, in the presence of 100 nM T3, MED1 overexpression significantly altered the
intracellular localization pattern of P398R TRal (Fig. 3C and 3D). On average, the relative
N/C ratio for P398R TRa.1 cotransfected with MED1 showed an approximately 14%
increase compared to single-transfected P398R TRa1 (p<0.01). Not surprisingly, MED1
overexpression did not alter the intracellular localization pattern of C392X TRa1, which
lacks all of helix 12 (p>0.05) (Fig. 3E and 3F). Taken together, these data further support
our model that the interaction between MED1 and RTH mutant TRal is impaired under
physiological T3 levels. The interaction between MED1 and TRa1 with the less severe
P398R mutation can be restored when supplemented with T3, while the interaction between
MED1 and TRal1 with the more catastrophic C392X mutation is still impaired even after
providing elevated T3 levels.

3.3. Overexpression of MED1 increases the percentage of A263V TRa.l transfected cells
with aggregates

Due to the presence of aggregates of A263V TRal in transfected HelL a cells, we were
unable to accurately quantify N/C ratios in MED1-cotransfected cells, as was done for the
P398R and C392X mutants (see Fig. 3). A263V TRal formed both nuclear and cytoplasmic
foci, ranging in size from small speckles to larger aggregates, suggesting misfolding of
A263V TRal (Fig. 4A, rows 1-4). To quantify aggregate formation, we calculated the
average percentage of cells with either nuclear or cytoplasmic aggregates in A263V and
wild-type TRal under various transfection schemes and T3 levels. Expressing A263V
instead of wild-type TRal in HeLa cells significantly increased the percentage of cells
with aggregates, and more interestingly, overexpressing MED1 with A263V TRal shifted
the percentage even higher (Fig. 4B). On average, A263V TRa.l transfected cells showed

a five-fold increase in the percent of cells with aggregates compared to wild-type TRa.l
(p<0.05), and A263V TRal and MED1 cotransfected cells almost doubled the percentage
of cells with aggregates compared to A263V TRal single-transfected cells (p<0.01).

Not surprisingly, MED1~/~ knockout significantly decreased the percentage of cells with
aggregates of A263V TRal, while the same effect was not seen in wild-type TRal (Fig.
4D). The average percent of cells with aggregates was approximately 50% higher in A263V
transfected MED1*/* MEFs than MED1~/~ MEFs (p<0.05).

We then tested how changes in T3 levels impact aggregate formation. We hypothesized that
by providing 100 nM T3, A263V TRa.1 would be able to bind to T3, which would lead
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to a conformational change in A263V TRal and weaken the protein-protein interaction
within the aggregates, disfavoring aggregate formation. As predicted, supplementing with
100 nM T3 decreased the percentage of HeLa cells with aggregates for both A263V TRal
single-transfection and A263V TRal and MED1 cotransfection, supporting our hypothesis
(Fig. 4C). On average, T3-supplemented A263V TRal transfected cells showed a 57%
decrease in aggregate formation compared to T3-depleted cells, while T3 supplemented
A263V TRal and MEDL1 cotransfected cells showed a 34% decrease in aggregate formation
compared to T3 depleted cells (p<0.05). Again, we did not see any significant amount of
aggregation in both T3 supplemented and T3 depleted WT TRa 1 transfected cells (p>0.05).

We had previously shown that MED13, although to a lesser extent than MED1, also impacts
the nuclear retention of WT TRal (Femia et al., 2020). To test whether other proteins

in the Mediator complex also induce A263V TRal aggregate formation, we cotransfected
A263V TRal with GFP-MED13 into HeLa cells. Approximately 20% of cells cotransfected
with A263V TRal and MED13 contained nuclear or cytoplasmic aggregates (Fig. 4A, row
5). This finding led us to hypothesize that A263V TRal interacts with Mediator complex
subunits non-specifically, possibly through the intrinsically disordered domains that are
proposed to contribute to the organization of the Mediator complex (Boija et al., 2018;
Palacio & Taatjes, 2022). To further test our hypothesis, we cotransfected HelLa cells with
A263V TRal and NCoR1, a corepressor that interacts with wild-type TRa1 but is not

a component of the Mediator complex (Hérlein et al., 1995). Supporting our hypothesis,
A263V TRal and NCoR1 cotransfected cells showed a homogeneous distribution of both
proteins without any aggregates (Fig. 4A, panel 7). Taken together, these results suggest
that MED1 and MED13 could interact with A263V TRal in a non-specific fashion and
potentially form aggregates with A263V TRal through the intrinsically disordered domains
contained in many subunits of the Mediator complex (Nagulapalli et al., 2016).

In our previous studies, we observed that 23% of HeLa cells transfected with K74E,

A264V TRal, a mutant isolated from hepatocellular carcinoma (HCC) patients, also

formed nuclear and cytoplasmic aggregates (Salomon et al., 2020). We then questioned
whether mutations around the A263 position in the NES-H6 region are highly favorable

to aggregate formation. To test this hypothesis, we cotransfected Hela cells with MED1

and another RTH mutant, A263S TRa.l. As predicted, about 15% of A263S TRa.l and
MED1 cotransfected cells showed both nuclear and cytoplasmic aggregates (Figure 4D,
panel 6). Further supporting our hypothesis, another cancer-associated mutant, L251P, which
resides in the NES-H®6 region, also showed increased aggregate formation (Salomon et al.,
2020). Given our prior results showing that cancer-associated mutants of TR often form
aggregates that can subsequently be recruited by a microtubule-dependent mechanism to the
perinuclear aggresome (Salomon et al., 2020), we sought to further explore the nature of

the aggregates formed by A263V. To this end, we examined colocalization with GFP-250,

a well-established aggresome marker. Wild-type TRa.1 was primarily nuclear and did not
colocalize with GFP-250, which was localized in the cytoplasm (Fig. 4E, upper panels). In
contrast, cytoplasmic aggregates of A263V showed colocalization with GFP-250, suggesting
that some of these aggregates are being recruited to the aggresome (Fig. 4E, lower panels).
Overall, these data suggest that TRa.1 with mutations in the NES-H6 region of helix 6 is
more prone to aggregation.
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3.4. MED1 overexpression partially rescues the impaired nuclear mobility of A263V TRal

We previously investigated the effect of MED1 overexpression on the intranuclear mobility
of wild-type TRal using an alternative FRAP technique called strip-FRAP that involves
photobleaching a strip drawn across the entire length of the nucleus and recording the
fluorescence recovery in the strip over time (Femia et al., 2020). Here, we used strip-FRAP
to further investigate the properties of A263V TRal aggregates under physiological T3
levels.

As shown in Fig. 5A (rows 2 and 3), aggregates (bright foci) were present in the A263V
transfected cells analyzed by strip-FRAP. As predicted, A263V TRal showed a significantly
slower intranuclear mobility profile than wild-type TRal (Fig. 5A and 5B). The average ty),
was 1.045 s for wild-type TRa.1 compared to 1.403 s for A263V TRal (Table 1; p<0.001).
In addition, A263V TRal also showed a significant decrease of 29% in the mobile fraction
compared to wild-type TRal (Table 1; p<0.001). This reduction in the mobile fraction

is contributed by the short-term or immediate recovery process represented by Cq (see
Materials and Methods, equations 1-4) (p<0.001). In contrast, the fraction of the long-term
or gradual recovery process described by C, for A263V TRal is surprisingly higher than
for wild-type TRal (Table 1; p<0.05). However, the time constants for wild-type TRa 1 and
A263V TRal are not significantly different for either the short-term or long-term recovery
processes represented by tl and 2, respectively (Table 1; p>0.05).

Notably, even though MED1 coexpression increased the percent of A263V-transfected cells
with aggregates, MED1 coexpression also increased the intranuclear mobility of A263V
TRal. A263V TRal aggregates showed a much slower recovery time than MED1 and
A263V TRal co-aggregates (Fig. 5A, rows 2 and 3). The average t1/» was 1.403 s for
A263V TRal compared to 1.126 s for A263V TRal coexpressed with MED1 (Table 1;
p<0.001). More importantly, the t;;, for A263V TRa.l coexpressed with MEDL1 is not
significantly different from wild-type TRa 1 (Table 1; p>0.05). MED1 coexpression also
increased the mobile fraction of A263V TRa1 by approximately 25% (p<0.001), but not to
the level of wild-type TRal (p<0.05); however, the effect was mainly caused by an increase
in the fraction responsible for short-term recovery as MED1 coexpression significantly
increased the Cq parameter in the FRAP profile (p<0.01). The fraction responsible for

the long-term recovery represented by C, was not significantly different between A263V
TRal and A263V TRal coexpressed with MED1 (p>0.05), and the C, of A263V TRal
coexpressed with MED1 was still significantly greater than wild-type TRa 1 (p<0.01).
Again, there were no significant differences in both time constants (t1 and t,) between
A263V TRal and A263V TRal coexpressed with MED1, or A263V TRal coexpressed
with MED1 and wild-type TRal (p>0.05). Taken together, these results show that MED1
can interact with A263V TRal even at physiological T3 levels, and overexpression of
MED1 partly rescues the impaired intranuclear mobility of A263V TRal in terms of

t1/2, suggesting that MED1 can form relatively more dynamic and potentially functional
complexes with A263V TRa.l.

To further investigate the interactions between MED1 and RTHa mutants, we also tested the
intranuclear mobility profile for C392X and P398R TRal using the strip-FRAP technique
under physiological T3 levels. Not surprisingly, MED1 coexpression did not change the
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intranuclear mobility of either P398R or C392X TRa.l. There was no significant difference
in mobile and immobile fractions, 1, T2, C1, C», and t1/» between P398R TRa.l and C392X
TRal alone and P398R and C392X coexpressed with MED1, and the FRAP profiles of
P398R and C392X TRal were also not significantly different from wild-type TRa 1 (Fig.
5A, 5C, and 5D; p>0.05). These results further support our hypothesis that MED1 does not
functionally interact with P398R TRal and C392X TRal under physiological T3 levels.

MED1 knockout increases the intranuclear mobility of WT TRa.l

We previously showed that MED1 overexpression does not impact the intranuclear mobility
of wild-type TRal at physiological T3 levels; however, the effect of MED1 knockout was
not examined (Femia et al., 2020). Since MED is a coactivator of TR, we hypothesized that
knockout of MED1 would increase the intranuclear mobility of TR, possibly by decreasing
the overall residence time of TR on DNA. To test our hypothesis, we transfected MED1*/*
and MED1~/~ MEFs with wild-type TRa.1 and performed strip-FRAP under physiological
T3 levels. MED1 knockout significantly decreased the average ty/, of wild-type TRa.l from
1.150 s in MED1** MEFs to 0.839 s in MED1™/~ MEFs (Table 2; p<0.05), supporting

our hypothesis. Although no difference in the mobile fraction was found in MED1*/*

and MED1~/~ MEFs (p>0.05), MED1 knockout altered the composition of the mobile
fraction. A significantly larger fraction of MED1~/~ MEFs was responsible for the short-
term recovery (C;) compared to MED1*/* MEFs (p<0.01), while a smaller fraction of
MED1~/~ MEFs was responsible for the long-term recovery (C) compared to MED1*/*
MEFs (p<0.05) (Table 2). In addition, MED™~ MEFs also had a faster short-term time
constant (t7) compared to MED1*/* MEFs (p=0.05) (Table 2). These results show that
MED1 increased the intranuclear mobility of wild-type TRa1, represented by decreased tys,
suggesting that the increase in mobility is potentially caused by a faster short-term recovery
time and more proteins undergoing this faster short-term recovery. The faster T4 could be
explained by the more rapid recovery rate of wild-type TRa1 when not bound to a larger
protein, or protein complex like MED1 and the Mediator complex, while the decrease in
overall residence time and population of TRa1 on DNA could contribute to the increase in

MED1 knockout increases the intranuclear mobility of A263V and P398R TRal in the

presence of 100 nM T3

Here, we showed that MED1 knockout increases the intranuclear mobility of wild-type
TRal. To further test the interaction between MED1 and TRa.1 mutants, we focused on

the effect of MED1 knockout on the intranuclear mobility of TRa.1l RTH mutants under
various T3 levels. We hypothesized that MED1 knockout would not change the intranuclear
mobility of A263V, C392X, and P398R TRal in the absence of T3 or at physiological

(1.2 nM) levels of T3; however, since we showed that increasing the T3 levels to 100 nM
partially restores the normal functioning of A263V and P398R TRal (see Figs. 3 and 4), we
hypothesized that MED1 knockout would increase the intranuclear mobility of A263V and
P398R TRal, but not C392X TRal in the presence of T3. We deployed strip-FRAP again
to test our hypothesis. Since the most consistent and important parameter for evaluating the
effect of MED1 knockout on the mobility of wild-type TRal is ty», or the time elapsed to
recover half of the maximum recovery, we only computed t1, values for this experiment.
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As expected, MED1 knockout did not change the ty;, values of the RTHa mutants, A263V,
C392X, and P398R, under physiological T3 levels (Table 3; p>0.05). The t;/» values
between all mutants and wild-type TRal also were not significantly different (p>0.05).
MED1 knockout also did not change the t1,» values of the TRa.l mutants under T3-depleted
conditions (Table 3; p>0.05). In contrast, after providing 100 nM of T3, MED1 knockout
decreased the average t1/, of A263V TRal from 1.3 s in MED1** MEFs compared to 0.887
s in MED1~/~ MEFs (Table 3; p<0.05). We also saw a similar effect in P398R TRa.1, where
MED1 knockout decreased the average ty/, from 1.453 s in MED1** MEFs compared to
1.061 s in MED1~/~ MEFs (Table 3; p<0.05). However, MED1 knockout did not change the
t1/2 of C392X TRal even in the presence of 100 nM T3 (Table 3; p>0.05). Taken together,
these data further support our model that A263V and P398R TRa.1, comprising less severe
forms of RTH mutation, are able to functionally interact with MED1 in the presence of
supplemental T3, while C392X TRal, containing a more severe form of mutation with
deletion of the important helix 12, cannot interact with MED1 even in the presence of high
levels of T3.

RTH mutants have altered ligand-dependent transcriptional activity

Since A263V, P398R, and C392X TRal have been shown to have reduced T3 sensitivity
(Lindl, 2002; Moran et al., 2014; Moran et al., 2017; Tylki-Szymanska et al., 2015; van
Gucht et al., 2017), we next sought to ascertain whether these RTHa mutants impacted
TR-mediated gene expression in HeLa cells. A firefly luciferase reporter gene under the
positive control of a thyroid hormone response element (TRE) was used to examine ligand-
dependent transactivation by wild-type TR and the RTH mutants. As expected, wild-type
TRal significantly induced relative luciferase reporter activity in the presence of 100 nM T3
(Fig. 6, p=0.001). A263V TRal induced a statistically significant response to T3 (p=0.015),
but this induction was diminished compared to the response induced by wild-type TRal
(Fig. 6). P398R TRa.1 showed, on average, a comparable induction of reporter gene activity
to A263V TRal; however, there was high inter-sample variability and results were not
statistically significant (p=0.072). C392X TRa1-mediated transcriptional output was not
significantly induced by T3 (p=0.174), further indicating the severity of this mutation.

Discussion

We have long been interested in uncovering the interactions between TR and its interaction
partners, including exportins, importins, and MED1. We had previously shown that MED1
overexpression does not affect the intranuclear mobility of TRa.1l (Femia et al., 2020). Here,
we extended our previous research to MED1 knockout MEF cells. We demonstrated that
MED1 knockout significantly increases the intranuclear mobility of wild-type TRa.1l. We
also used an improved double exponential fit to analyze the strip-FRAP recovery curve, as
suggested by Firmino et al. (2013). This new model allowed us to extract a faster short-term
time constant responsible for the immediate recovery of TR, most likely through simple
diffusion, and a slower long-term time constant responsible for a gradual recovery, most
likely involving dissociation from a protein/protein or protein/DNA complex. The data we
acquired from the new model suggest that the increase in mobility of TRal is caused in part
by a decrease in the short-term time constant, potentially explained by a faster recovery rate
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when TRal is not associated with a large protein, or protein complex like MED1 and the
Mediator complex, leading to a shorter short-term time constant. Other contributing factors
to the increased mobility of TRal are likely an increase in the TRa 1 population responsible
for short-term recovery, along with a decrease in the TRa1 population responsible for
long-term recovery, potentially explained by a decreased residence time of TRa.1 on DNA
due to MED1 knockout.

In addition to the interactions between MED1 and wild-type TRal, we also extended

our research to select RTH mutants of TRa1. We demonstrated that MED1 does not
modulate the intracellular localization and intranuclear mobility of all TRa.1 mutants under
physiological levels of T3. When supplemented with 100 nM T3, MED1 overexpression was
able to increase the nuclear population of P398R but not C392X TRal. Similarly, MED1
knockout increased the intranuclear mobility of A263V and C392X TRal at these elevated
T3 levels. These findings are supported by previous findings that A263V and P398R TRal
show reduced T3 sensitivity, while C392X TRa1 shows negligible T3 sensitivity (van Gucht
etal., 2017). Research has also shown that the dysfunction of A263V TRal and the reduced
expression of KLF9, a T3 responsive gene mediated by A263V TRal, is reversed at 100 nM
T3 (Moran et al., 2014; Moran et al., 2017). Notably, 100 nM is the same T3 concentration
at which we observed functional interactions between MED1 and A263V or P398R TRal.

Interestingly, we saw a significant number of aggregates in HeLa cells expressing A263V
TRal alone or expressing both A263V TRa1 and MED1. We demonstrated that A263V
TRal could also form aggregates with other Mediator complex subunits but not with
NCoR1, suggesting that A263V TRa.l interacts with MED1 nonspecifically. Since MED13
knockdown decreases the nuclear population of TR and potentially can interact with TR
directly, it will be of interest to investigate the interactions of A263V TRal with MED?7,
MED9, MED10, or MED25, Mediator subunits that do not interact directly with TR but
directly bind to MED1 (Fondell, 2012). We also showed that other point mutations near
residue 263 in the NES-H6 region of TRa.1 contribute to aggregate formation, as we have
previously documented in the cancer-associated mutants K74E, A264V and L251P TRal
(Salomon et al., 2020). Further investigation of RTHa mutations in the NES-H6 region, like
M259T, could reveal more insight into TR and MED1 aggregate formation. Our previous
research also showed that A225T in the NES-H3 region formed aggregates when expressed
in HelLa cells (Salomon et al., 2020). Additional analysis of the interactions between MED1
and D211G, an RTHa mutant in the NES-H3 region, should give more insights into the
formation of mutant TR/MED1 co-aggregates.

Of importance, the biochemical data we acquired is in line with clinical records. Since
RTHa does not have a signature symptom like goiter in RTHP and patients have largely
normal thyroid function tests, many of the less severe cases of RTHa are left undiagnosed.
Our results showed that P398R TRal is a less severe form of mutation, in which the
normal interaction with MED1 was easily restored at 100 nM T3. This finding matches

the clinical record that there is only one known RTHa patient with the P398R mutation.
Moreover, the patient did not show severe symptoms and was easily treated with thyroxine
supplements (Table 4). Although A263V and A263S are also less severe forms of mutation,
both A263V and A263S TRal form intracellular aggregates. This aberrant distribution
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pattern correlates with more diagnosed cases of RTHa (3 families, 11 cases), but still with
less severe and treatable symptoms (Table 4). Our data suggest that C392X is a severe form
of mutation, since providing 100 nM of T3 did not restore the normal interaction between
C392X TRal and MED1. This finding is reflected in the clinical record, where a large
range of severe symptoms are associated with the C392X mutation that are not treatable

by simply providing thyroxine supplements to the patients (Table 4). It will be of interest

to examine how other severe RTH mutations, such as L274P and other helix 12 deletion
mutations (C380fsX8, C380fsX9, A382fsX7, E395X, and F397fsX10) (Moran et al., 2017),
change the interactions between mutant TR and MED1. Recent research has also discovered
mutations in the Hinge domain, where the RTH pathology was attributed to the increased
inhibitory function of TRa2, a TR variant that does not bind T3 (Paisdzior et al., 2021).
Investigating the interactions between such TRal mutants (1170V and E173G) and MED1
will further enhance our understanding of TRa1-MED1 interactions and the biochemical
basis of RTHa.
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1581

Functional domains of TRa 1, TRB1, and MEDL. (A) Domains for TRa.l and TRB1. TRB1

has a longer A/B domain than TRa 1. The other three domains are conserved between

TRal and TRPB1. Several NLS and NES motifs have been identified in both TRal and
TRP1. MEDL1 binds to helix 12 of TRal. RTH mutations selected for this research (A263V,
C392X, and P398R) are marked on TRal. (B) Schematic of MED1. MED1 interacts with
TR using two conserved NR boxes with LXXLL motifs located at amino acids 604 and 645.
A/B, A/B domain; DBD, DNA binding domain; Hinge, hinge domain; LBD, ligand binding
domain; NLS, nuclear localization signal; NES, nuclear export signal; H3, helix 3; H6, helix

6; H12, helix 12; AF-2, activation function 2 domain; NR box, nuclear receptor box.
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Fig. 2.
Knockout of MED1 decreases the nuclear population of wild-type (WT) TRal. mCherry

tagged WT TRal (A), P398R TRal (B), C392X TRal (C), and A263V TRal (D)
expression plasmids were transfected into MED1** and MED1~/~ MEFs. Cells were
analyzed by fluorescence microscopy 24 hours post-transfection. Representative images are
shown. Scale bar = 10 um. (E) Bars represent the average normalized N/C ratios, calculated
by normalizing the mutant N/C ratio to WT (MED1*/*). Error bars indicate +/- SEM (n=3
biologically independent replicates, with 60 cells per replicate). *** p<0.001, ns p>0.05.
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Fig. 3.
MED1 overexpression increases the N/C ratio of P398R TRal at elevated T3 levels.

mCherry-tagged WT TRal (A), P398RX TRal (C), and C392X TRal (E) expression
plasmids were either single transfected or cotransfected with GFP-MED1 into HelLa cells at
physiological, 0 nM, or 100 nM T3 levels. Cells were analyzed by fluorescence microscopy
24 hours post-transfection. Representative images are shown. Scale bars = 10 pm. Average
normalized N/C ratios were calculated by normalizing the mutant N/C ratio to WT. Bars
represent the average normalized N/C ratio of WT TRal (B), P398R TRal (D), or

C392X TRal (F) under different T3 levels. Error bars indicate +/- SEM (n=3 biologically
independent replicates, with 60 cells per replicate). ** p<0.01, ns p>0.05. P: Physiological
T3; 0: 0nM T3; 100: 100 nM T3.
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Fig. 4.

MgIJEDl overexpression increases the percentage of A263V-expressing cells with aggregates,
while MED1 knockout and T3 supplementation decrease the percentage of cells with
aggregates. mCherry-tagged WT, A263V, and A263S TRa1 expression plasmids were
either single-transfected or cotransfected with GFP-MED1 or GFP-MED13 into HeLa cells,
MED1** MEFs, and MED™~ MEFs, as indicated. Cells were analyzed by fluorescence
microscopy 24 hours post-transfection. (A) Representative images are shown for different
transfection schemes. Scale bar = 10 um. (B) Bars represent the average percent of cells
with TR aggregates for each transfection scheme under physiological levels of T3. (C) Bars
represent the average percent of cells with TR aggregates for each transfection scheme
under depleted or elevated levels of T3. The presence or absence of aggregates was assessed
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qualitatively by scoring cells as having “no aggregation” (homogeneous distribution of TR
without any bright fluorescent foci) or having “aggregation” (bright fluorescent foci of TR,
ranging from speckles to larger aggregates). (D) Bars represent the average percent of cells
with TR aggregates for MED1*/* or MED1~/~ MEFs under physiological levels of T3.
Error bars indicate +/— SEM (n=3 biologically independent replicates, with 60 cells per
replicate). *p<0.05, **p<0.01, ns p>0.05). (E) HelLa cells cotransfected with the aggresome
marker GFP-250 and either wild-type or A263V TRa.l were analyzed for colocalization of
aggregates and aggresomes by confocal microscopy.
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Fig. 5.

O\?erexpression of MED1 rescues the decreased intranuclear mobility of A263V TRa.l.
mCherry tagged WT, A263V, P398R, and C392X TRa.l expression plasmids were either
single-transfected or cotransfected with GFP-MED1 into HeLa cells. Strip-FRAP was
performed 24 h post transfection on 20 nuclei with a stimulation bleaching line near the
middle of each nucleus. (A) Representative nuclei prior to bleach (pre-bleach), directly
after bleaching terminated (bleach), 1 s post-bleach (+1s), and at the end of the recovery
(final). Graphs represent the average normalized fluorescence intensity for each time point
for A263V (B), P398R (C), and C392X TRal (D). Error bars indicate +/- SEM (n=3
biologically independent replicates, with 20 nuclei per replicate). * p<0.05.
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Fig. 6.
TR-mediated T3-dependent reporter gene transactivation is diminished in RTH mutants. (A)

HelLa cells were cotransfected with expression plasmids for wild-type (WT) GFP-TRal
and the RTH mutants, as indicated, TRE (DR+4)-firefly luciferase reporter, and Renilla
luciferase internal control, in the presence or absence of 100 nM T3. Data are presented
as relative firefly/Renilla luciferase activity (Relative Luciferase) normalized to -T3. Error
bars indicate + SEM (n=3 biologically independent replicates of 8 wells per treatment).
***p<0.001, **p<0.01, ns p>0.05.
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Intranuclear FRAP profile for wild-type (WT) and A263V TRal in HeLa cells under physiological T3 levels.”

Table 1.

WT A263V A263V + MED1
WT vs A263V | A263V + MED1 | WT vs A263V + MED1
Mobile Fraction | 09380010 | 06650028 0.882 + 0.020
p = 0.0002* p =0.0003 " p=0.044"
immobile Eraction | 0062%0010 | 0.3350.028 0.118 +0.020
p =0.0002 " p =0.0003" p=0.044"
w0 1.154+0.013 | 1.182+0.047 1.101 +0.021
! p =0.589 p=0.168 p=0.071
) 7142+0383 | 8.977+1.139 6.086 + 0,511
2 p=0.189 p =0.063 p=0.140
0.742+0.010 | 0.431+0.032 0.617 +0.028
C]_ * * *
p = 0.0003 p =0.002 p = 0.009
c 0.196 + 0.007 0.234 +0.012 0.265 + 0.016
2 p=0037" p=0178 p=0010"
o ) 1.045+0.012 | 1.403+0.035 1.126 + 0.034
w2 p=0.0002" p = 0.0005™ p=0.072

a . . . . .
1 and T2 are the time constants for short-term and long-term recovery, respectively. C1 and C2 are the fractions of proteins responsible for the
short-term and long-term recovery process, respectively. t1/2 represents the time taken to reach 50% of maximum recovery.

*
p<0.05.
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Table 2.

Intranuclear FRAP profile for wild-type (WT) TRal in MED1** and MED1~/~ MEFs under physiological T3

a
levels.

MED1** MED17/~ p value

Mobile Fraction 0.943 £ 0.005 | 0.951 +0.002 0.672

Immobile Fraction | 0.057 +0.005 | 0.049 +0.002 0.672

7 (5) 1.036+0.003 | 0.915+0.009 | g50*

T, () 5.876 £0.199 | 5.222 +£0.124 0.475
C, 0.613+0.004 | 0.741+0.006 | go9™
C, 0.330£0.008 | 0.211+0.007 | oo29*

tyo (S) 1.150 +£0.006 | 0.839+0.015 | o15*

a . . . . .
t1 and t2 are the time constants for short-term and long-term recovery, respectively. C1 and C2 are the fractions of proteins responsible for the
short-term and long-term recovery process, respectively. t1/2 represents the time taken to reach 50% of maximum recovery.

*
p<0.05.
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ty/o for wild-type, A623V, C392X, and P398R TRal under different T3 levels determined by FRAP.

Table 3.

T3 Treatment | TRal Variant MED1** MED1/- p value
WT 1.150 +£0.006 | 0.839+0.015 | 0.015~

Physiological A263V 0.988 £0.028 | 0.916 £ 0.025 0.608

C392X 1.102 £ 0.014 | 0.966 + 0.004 0.096

P398R 0.992 £ 0.022 | 0.962 £ 0.030 0.823

A263V 1.402 +0.103 | 1.235+0.016 0.688

0nM C392X 2.092 +0.162 | 1.162 +0.022 0.097

P398R 1.779 £0.059 | 1.779 +0.061 0.999
A263V 1.300 +£0.024 | 0.887 £0.012 | 0.023%

100 nM C392X 1.867 £ 0.047 | 1.439 +0.062 0.192
P398R 1.453+0.030 | 1.061+0.017 | 0.036"

*p<0.05.

Mol Cell Endocrinol. Author manuscript; available in PMC 2023 March 04.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wang et al.

Table 4.
Clinical records for RTH patients with A263V, C392X, and P398R TRa 1 mutations.

Mutation A263V A263S C392X P398R
# of Families 2 1 2 1
# of Cases ™ 3+1 7 1+1 1
Countries UK Turkey China; Poland Poland

Selected Patient for

Moran et al., 2017

Demir et al., 2016

Tylki-Szymarnska et al. 2015

Comparison
Basic Information
Age 17 8.8 18 8
Inheritance de novo Inherited de novo de novo
Dysmorphic Features
Macrocephaly Y Y
Coarse Face Y
Wide Forehead Y Y
Hypertelorism Y
Palpebral Ptosis Y
Low or Flat Basal Bridge Y Y
Short and Upturned Nose Y
Micrognathia Y
Macroglossia Y
Short Neck
Cranial Hyperostosis Y Y Y
Growth and Skeletal Abnormalities
Delayed Growth Y Y Y
Short Stature Y Y
Elongated Thorax Y
Lumbar Kyphosis Y
Short Limbs Y Y
Abnormal Foot Y Y
Abnormal Hand Y Y
Developmental Abnormalities
1Q Normal Mild Severe (22) Normal (95)
Delayed Speech Y Y Y
Delayed Cognitive Y Y Y
Delayed Motor Y Y Y Y
Gestation Age 39+4w N/A 41w 42w
Birth Weight 4580 g 98th centile N/A 4200 g 90th centile | 3450g >50th centile
Birth Length 56.5 cm 91st centile N/A 56 cm >98th centile | 55 cm >98th centile
Head Circumference 62.5 >99th centile N/A 37 cm >98th centile | 35 cm >75th centile
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Other Features

Deep or Hoarse Voice Y Y
Pale and Doughy Skin Y
Constipation Y
Anemia Y Y
Hyper-cholesterolemia Y
Psychological Disorder Y
Biochemical Measurements
fT4 Lower Limit Low/Normal Low Low/Normal
fT3 High High/Normal Upper Limit Upper Limit
TSH Normal Normal Normal Low/Normal

Page 30

*
3+1 and 1+1 mean that the first family has three or one cases, while the second family has one case. Table adapted from Tylki-Szymanska et al.

(2015). Data adapted from Demir et al. (2016), Moran et al. (2017), and Tylki-Szymariska et al. (2015).
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