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Abstract

The thyroid hormone receptors (TRs) mediate thyroid hormone (T3)-dependent gene expression.
The nuclear import and export signals that direct TR shuttling are well characterized, but little is
known about factors modulating nuclear retention. We used fluorescence-based nucleocytoplasmic
scoring and fluorescence recovery after photobleaching (FRAP) in transfected cells to investigate
whether Mediator subunits MED1 and MED13 play a role in nuclear retention of TR. When
MED1 was overexpressed, there was a striking shift towards a greater nuclear localization of
TRP1 and the oncoprotein v-ErbA, subtypes with cytosolic populations at steady-state, and TRp1
intranuclear mobility was reduced. For TRa.1, there was no observable change in its
predominantly-nuclear distribution pattern or mobility. Consistent with a role for MED1 in nuclear
retention, the cytosolic TRa1 and TRB1 population was significantly greater in MED1 7/~ cells,
compared with MED1*/* cells. Exposure to T3 and epidermal growth factor, which induces MED1
phosphorylation, also altered TR intranuclear dynamics. Overexpression of miR-208a, which
downregulates MED13, led to a more cytosolic distribution of nuclear-localized TRa1; however,
overexpression of MED13 had no effect on TRP1 localization. The known binding site of MED1
overlaps with a transactivation domain and nuclear export signal in helix 12 of TR’s ligand-
binding domain (LBD). Coimmunoprecipitation assays demonstrated that TR’s LBD interacts
directly with exportins 5 and 7, suggesting that binding of exportins and MED1 to TR may be
mutually exclusive. Collectively, our data provide evidence that MED1 promotes nuclear retention
of TR, and highlight the dual functionality of helix 12 in TR transactivation and nuclear export.

Keywords

Thyroid hormone receptor; Mediator subunit 1 (MED1); Mediator subunit 13 (MED13);
fluorescence recovery after photobleaching (FRAP); intranuclear mobility

1 INTRODUCTION

Thyroid hormone action is mediated primarily by two major subtypes of the thyroid
hormone receptor, TRa.1 and TRB1, that are members of the nuclear receptor superfamily.
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By modulating the transcription of target genes in response to thyroid hormone (T3), TR
plays a key role in human health via the regulation of many aspects of development, growth,
and metabolism, including energy homeostasis in the heart (1-10). TR function involves a
multifaceted cascade of events that results in binding of TR, often as a heterodimer with the
retinoid X receptor (RXR), to thyroid hormone response element (TRES), and culminates in
the modulation of target gene expression (11-13). In the absence of ligand, TR binds
positive TREs through two zinc fingers in the DNA-binding domain, and represses gene
expression in conjunction with corepressors (14,15). Upon ligand binding, TR undergoes a
conformational change, releasing corepressors and forming a docking surface for
transcriptional coactivators in its activation domain (16—20). In addition to activating
transcription, TRs can also repress gene expression in a T3-dependent manner by binding to
negative TREs (21-23).

Transcription factors, such as TRa 1 and TRpB1, cross the nuclear envelope through the
nuclear pore complexes, facilitated by transport proteins called importins and exportins (24—
30). Although localized primarily to the nucleus at steady state, TRa1 and TRB1 shuttle
between the nucleus and cytosol, directed by multiple nuclear export signal (NES) and
nuclear localization signal (NLS) motifs (31-34) (Fig. 1A). Along with a NLS in the hinge
domain (NLS-1), TRa1 houses a NLS in the A/B domain that is absent in TRB1 and
inactive in the retroviral oncoprotein v-ErbA (31). v-ErbA is a dominant negative mutant of
TRal that displays altered transport activity due to acquisition of a viral CRM1 (exportin
1)-dependent NES and localizes to both the nucleus and cytosol at steady state (35-38).
TRal exits the nucleus through two pathways, one dependent on the export factors CRM1
and calreticulin, and the other CRM1-independent (39), mediated by NESs in helix H3
(NES-H3), helix H6 (NES-H6), and helix 12 (NES-H12) of the ligand-binding domain
(LBD) of TR (31). Given that TR contains multiple, conflicting nuclear import and export
signals, it is of interest to ascertain what factors modulate TR nuclear retention. Little is
known regarding how TR intranuclear mobility and localization is regulated in the nucleus.
Advances in live-cell imaging of other transcription factors, however, suggest that
intrinsically disordered regions within transcription factor activation domains interact to
form highly dynamic, high-concentration “hubs” that stabilize DNA binding, recruit RNA
polymerase 1, and activate transcription (40).

Here, we begin to tease apart the relative importance of coregulatory factors in TR
localization, focusing on Mediator, an evolutionarily conserved multi-subunit complex that
functionally bridges DNA-bound nuclear receptors and other signal-activated transcription
factors with the general transcription apparatus (41-46). Mediator has emerged as an
important player in many disorders, such as cancer, and cardiovascular, metabolic, and
neurological diseases (43). TRal and TRB1 directly bind with Mediator complex subunit 1
(MEDJ), originally called TRAP220 (Thyroid hormone receptor-associated protein 220)
(47). Receptor binding domains present in MED1 contain leucine-rich (LXXLL) motifs
which interact with the activation function 2 (AF-2) region of TR’s LBD in helix 12 (48-51)
to facilitate transcription of Ts-responsive genes (52-55) (Fig. 1B). In addition,
phosphorylation of MED1 by the mitogen-activated protein kinase (MAPK)-extracellular
signal-regulated kinase (ERK) at specific threonine residues promotes its association with
Mediator, and phosphorylated MED1 is a more potent coactivator of TR-regulated genes
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(52,53). Adding to the complexity of TR regulatory networks, miR-208a, a cardiac-specific
microRNA is upregulated in response to elevated T3 levels (56-58). Among the targets of
miR-208a is MED13, which associates with MED12 and cyclin C-cyclin dependent kinase 8
(CDKS®) in a complex that is reversibly associated with Mediator (41,59,60). Components of
the MED12/MED13/CDK8 module control the expression of a subset of genes, either
through repression or activation (60-63). In the heart, MED13 suppresses TRp1
transcriptional activation (60), but other data suggest that the MED12/MED13/CDKS8
module can also play an important coactivator role in T3-dependent transcription (64).

Given their importance in transcriptional regulation, we thus hypothesized that Mediator
subunits MED1 and MED13 play a pivotal role in anchoring TR in the nucleus. In the
current study, we demonstrate that MED1, and to a lesser extent MED13, promote nuclear
retention of TR by altering intranuclear dynamics, underscoring how the dual functionality
of helix 12 in TR’s LBD serves to modulate both gene transactivation and nuclear export.

2 MATERIALS AND METHODS
2.1 Plasmids

mCherry-tagged TRal, TRB1, and v-ErbA expression plasmids were prepared by
subcloning the corresponding coding regions from GFP-TRa 1, GFP-v-ErbA (37) and GFP-
TRP1 (34) into pmCherry-C1 (Clontech). GFP-GST-GFP-Hinge, containing NLS-1 of
TRal, and GFP-GST-GFP-Hinge-LBD were previously described (31). GFPSpark-MED1
(Sino Biological Inc.) encodes a truncated human MED1 (residues 547-1581) that lacks the
TR interaction domain. GFP-MED1 (OriGene Technologies, Inc.) encodes full-length
human MEDL1 (residues 1-1581). The pEGFP-GR expression plasmid was a gift from Alice
Wong (Addgene plasmid #47504). pPCMV-MIR, a scrambled miRNA and GFP expression
plasmid; and pCMV-MIR208a, a miR-208a and GFP expression plasmid, were from
Origene Technologies, Inc. The expression plasmid for GFP-MED13, pEZ-M29-MED13,
was obtained from GeneCopoeia™.

2.2 Cell culture and transfection

HelLa cells (ATCC #CCL-2) were cultured in Minimum Essential Medium (MEM, Gibco)
supplemented with 10% fetal bovine serum (Gibco). MED1*/* (Trap220*/*) and MED1~/~
(Trap220~~) mouse embryonic fibroblasts (MEFs) were a generous gift from Dr. Robert
Roeder, Rockefeller University (54). MEFs were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco) supplemented with 10% newborn calf serum (Gibco). Six-well
culture dishes were seeded at a density of 2.5 x 10° cells per well on round coverslips and
transfected using Lipofectamine 2000 (Invitrogen) for HelL a cells, as described (65), and
Lipofectamine 3000 for MEFs, according to the manufacturer’s protocol. For hormone
treatments, 8 h post-transfection, transfection mixtures were replaced with 10% charcoal-
stripped FBS (Gibco) containing MEM, supplemented with 100 ng/ml recombinant human
EGF (Gibco) (53), or 100 nM T3 (MilliporeSigma) (37).
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2.3 Analysis of nucleocytoplasmic distribution

Approximately 24-26 h post-transfection, cells were fixed in 3.7% formaldehyde (37), and
coverslips were mounted in Fluoro-Gel Il containing DAPI (Electron Microscopy Sciences)
onto glass slides. Fluorescent fusion protein distribution was analyzed with a Nikon Plan
Apo 40x/0.95 objective on a Nikon ECLIPSE TE 2000-E fluorescence microscope using the
following filter sets: Nikon Ultraviolet Excitation via UV-2E/C filter for DAPI/nuclei
visualization; Blue Excitation via B-2E/C filter block for GFP/FITC visualization; and Red
Excitation via T-2E/C filter for mCherry/TRITC. A CoolSNAP HQ2 CCD camera
(Photometrics) allowed image capture and NIS-Elements AR software (Nikon) was used for
analysis. Slides were blinded by members of the lab to ensure scoring was performed
without knowledge of treatment. A region of interest (ROI) was positioned inside both the
nucleus and cytoplasm of cells and fluorescence intensity was recorded for each, with a
minimum of three biological replicates and 100 ROI-analyzed cells per replicate. Nuclear to
cytoplasmic (N/C) ratios were calculated and normalized to baseline conditions for
corresponding biological replicates. A ratio greater than 1.0 was interpreted as having a
more nuclear distribution, while less than 1.0 indicated a greater distribution of TR in the
cytoplasm.

2.4 Fluorescence recovery after photobleaching (FRAP)

Approximately 24-29 h post-transfection, cells were washed with Dulbecco’s phosphate
buffered saline (D-PBS), then incubated in MEM-a. in an OkoLab Incubation System
(Warner Instruments, Inc.) at 37°C and 5% CO,. To sequester v-ErbA in the nucleus, cells
expressing mCherry-v-ErbA were supplemented with 5 ng/mL leptomycin B
(MilliporeSigma), 45 min prior to analysis. To induce nuclear translocation of GFP-GR,
cells were treated with 1 pM dexamethasone (MilliporeSigma) for 30 min prior to analysis.
Strip-FRAP (66,67) was performed on a Nikon A1Rsi confocal microscope Ti-E-PFS
(Nikon Inc.) with a 60x oil objective and perfect focus system, using the following laser
lines: 488-nm line of krypton-argon laser for GFP, 561-nm line for mCherry detection, and
solid-state 405-nm line for photobleaching. Acquisition and photobleaching were
coordinated within NIS-Elements AR (Nikon). Using the stimulation module of NIS-
Elements, the total experimental time for the assay was ~35 sec, with a frame rate of ~15
images per sec. After a 5 sec “pre-bleach” acquisition phase at ~2—3% laser power, the
stimulation line ROI was positioned within a nucleus with relatively symmetrical
morphology and subject to 1 sec of photobleaching at 100% laser power, followed by a post-
bleach acquisition phase at 2-3% laser power. All image acquisition was conducted through
resonant scanning, corrected by line averaging. Data from three separate, biologically
independent replicates of 20 nuclei per replicate were analyzed.

FRAP data were normalized using standard methods (68). Equation 1 shows full
normalization of fluorescence, /¢, as a function of time, where /o076 norm represents the
background-corrected, double normalization of fluorescence and Zypssp/each is the
background-corrected value at the time point immediately after bleaching has terminated.
Effectively, the data were normalized from 0 — 1, where 0 was the lowest relative intensity,
directly after the bleaching phase, and 1 was the point of greatest post-bleach recovery.
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Normalized data were then used to calculate the rate of recovery for each treatment. The
recovery rate, post-bleach fluorescence recovery over time to equilibrium, was used as the
primary measurement to evaluate changes in mobility. The normalized data were also used
to estimate a half-time/T, value, or the time required for half of the total fluorescence to
recover back into the bleached region. As our data were normalized to 1, we recorded the
half-time as the time that elapsed between the end of the bleaching phase and the point at
which 50% recovery occurred directly on the full-normalized recovery curve. The mobile
fraction was calculated using Equation 2

F. = I(teq) - I(tpostbleach) @
" I(tpi‘e) - I(tpostbleach)

where Fy, is the mobile fraction, A7) is the full normalized intensity at which recovery
equilibrium is reached, AZy) is defined by the intensity pre-bleach, and AZyosspreacr) is the
intensity at time (t), directly after bleaching. Subsequently, the immobile fraction F; was
calculated using Equation 3

Fi=1-F, (3)

2.5 Statistical analysis

All data are expressed as mean + SEM. All p-values were two-tailed, and p<0.05 was
considered statistically significant.

2.6 GFP-Trap® coimmunoprecipitation

HeLa cells were seeded on 100 mm vented plates at a concentration of 9 x 10° cells per
plate in MEM supplemented with 10% FBS. Twenty-four hours post-seeding, each plate was
transfected with expression plasmids encoding GFP, GFP-TRal or GFP-GST-GFP-Hinge-
LBD, using Lipofectamine 2000. After 26 h, GFP-Trap®_A (Chromotek)
coimmunoprecipitation assays were performed as described (65). Samples of unbound and
bound proteins (20 pul) were analyzed by immunoblotting using antibodies at the following
concentrations: anti-GFP (Santa Cruz), 1:2000; anti-exportin 4 (Abcam), 1:500; anti-
exportin 5 (Abcam), 1:2000; anti-exportin 6 (Abcam), 1:1000; anti-exportin 7 (Abcam),
1:1000; horseradish peroxidase (HRP)-conjugated donkey anti-rabbit 19G (GE Healthcare
Life Sciences) or mouse anti-goat 1gG (Santa Cruz), 1: 25,000.

3 RESULTS

3.1 Overexpression of MED1 increases nuclear retention of TRB1 and v-ErbA

Although TRal and TRPB1 localize primarily to the nucleus at steady state, both receptors
rapidly shuttle between the nucleus and cytoplasm (37). The constitutive presence of TR
variants in the nucleus points to regulatory factors that promote their nuclear retention.
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Given that the Mediator subunit MED1, a transcriptional coactivator, is required for the
expression of TR-regulated genes (54,55), we hypothesized that MED1 helps to anchor TR
in the nucleus. To test this hypothesis, we employed our well-established, validated approach
of transient transfection assays in HeLa (human) cells, which express MED1 and MED13
but do not express detectable levels of TRa1 and TRB1. Our prior studies have shown that in
Hel a cells overexpression of wild-type TR does not saturate the capacity of the nuclear
import machinery, nor do fluorescent protein tags alter localization patterns. Further, wild-
type TR is primarily nuclear over a wide range of expression levels in transfected cells (35—
37,65,69), and supports T3-dependent gene transactivation in reporter assays (70). Finally,
distribution patterns of exogenous TRs in HeLa cells are the same as in cell lines that
express endogenous TRs, including HepG2 (hepatocellular carcinoma) cells that express low
levels of TRal and TRP1, and GH4C1 (rat pituitary tumor) cells that express high levels of
both TRal and TRPB1 (70). To determine if increasing levels of MED1 above endogenous
levels altered the nucleocytoplasmic distribution patterns of TRal and TRB1, HelLa cells
were transfected with either mCherry-tagged TRa1 or TRP1 alone, or together with GFP-
MED1, and the relative nucleus to cytoplasmic (N/C) ratio of fusion protein fluorescence
was quantified by fluorescence microscopy. As a negative control, we also performed
cotransfections with a truncated form of MED1 (tMEDZ1), which lacks the nuclear receptor-
binding boxes, NR-1 and NR-2.

Consistent with previous studies, TRa 1 was localized almost entirely to the nucleus, with
only a small population of cells (<10%) having a cytosolic population of TRal (Fig. 2A);
TRP1 showed a greater cytosolic distribution relative to TRal (Fig. 2C) and v-ErbA, the
oncogenic homolog of TR, had a predominantly cytoplasmic distribution (Fig. 2E). These
differences in distribution patterns of TR variants is thought to result, in part, from the
presence of a second NLS, NLS-2, in the A/B domain of TRa1, which is not present in
TRPB1 and is mutated in v-ErbA (31) (Fig. 1A). As expected, GFP-MED1 was
predominantly nuclear (Fig. 2A, C, E). Interestingly, approximately 50% of the cells
transfected with GFP-MED alone contained nuclei with discrete fluorescent dots or foci
(see Fig. 2E, white arrow); however, when coexpressed with any of the TR variants these
nuclear foci were resolved, leading to a diffuse, homogeneous distribution of MED1. When
TRal and MED 1 were coexpressed, there was no detectable change in TRa1’s already
primarily nuclear localization (p=0.299) (Fig. 2A, B). In contrast, when cotransfected with
MED1, there was a striking shift toward significantly greater nuclear localization of TRpB1
(p=0.004) (Fig 2C, D) and v-ErbA (p=0.001) (Fig 2E, F) with, on average, an approximately
2-fold increase in their relative N/C ratios. Taken together, these data suggest that MED1
promotes nuclear retention of TR and v-ErbA, although the effect on v-ErbA may be
indirect, since v-ErbA lacks the AF-2 region present in TR (see Fig. 1). As anticipated, when
cotransfected with truncated tMED1, there was no change in localization of TRal, TRB1, or
v-ErbA (data not shown).

3.2 Knockout of MED1 promotes nuclear export of TRal and TRB1

To further test our model that MED1 plays a pivotal role in nuclear retention of TR subtypes,
we examined their intracellular distribution in the presence or absence of MEDL. For these
experiments, we used established MED1-knockout mouse embryonic fibroblasts (MEFs)
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(54). We predicted that a greater cytoplasmic population of TR (lower N/C ratio) would be
observed in MED1 ™/~ (null) MEFs compared to MED1*/* (wild-type) MEFs that express
endogenous MED1. MED1~~ and MED1** MEFs were transfected with expression
plasmids for mCherry-tagged TRa 1, TRB1, and v-ErbA, and the nucleocytoplasmic
distribution patterns were analyzed. TRal (Fig. 3A, B) and TRpB1 (Fig. 3C, D) both showed
a marked shift to a more cytosolic population in MEFs lacking MED1. On average, the
relative N/C ratio for TRa1 in MED1~/~ cells was 1.7-fold lower compared to MED1** cells
(p<0.05), and the N/C ratio for TRB1 in MED™ cells was 2.5-fold lower relative to the
distribution pattern in MED1*/* cells (p<0.001). These data suggest that in the absence of
MED1, nuclear retention of TR is decreased, and more TR is available for nuclear export.
As expected, given the primarily cytoplasmic distribution of v-ErbA at steady-state, there
was no significant change in localization of v-ErbA in the MED™~ MEFs compared with
wild-type MEFs (£>0.05) (Fig. 3E, F).

3.3 MED1 differentially impacts the intranuclear dynamics of TR

The reported role of MEDL as a coactivator of TR-regulated genes (41,52,53) led us to
hypothesize that overexpressing MED1 would increase TR’s residence time bound to DNA
or other nuclear factors. As a result, we predicted that overexpression of MED1 would lead
to a decrease in TR intranuclear mobility. Prior studies under a variety of conditions have
shown that TR is highly dynamic in intranuclear mobility of TRal (70,71). First, we
examined the intranuclear FRAP profile for TRa.1 alone. Given the relatively even, diffuse
distribution of TRal in the nucleus (see Figs. 2A and 3A), we used a variation of FRAP,
termed strip-FRAP, to examine the intranuclear dynamics of TRal (66,67). This approach
has the advantage of reducing experimental noise by averaging over any heterogeneities in
mobility that might exist on a smaller scale (72). In this method, a strip through the nucleus
is photobleached and mobility is monitored by the recovery of fluorescent proteins into the
bleached strip. Since TR is excluded from nucleoli (dark ovals visible in Fig. 4A); we
avoided locating the strip through a nucleolus, although it has been reported that there is no
large deviation in the recovery rate of the transcription factor Smad2 around such an obstacle
(72). As shown in Fig. 4A, in keeping with our prior studies, TRa.1 was highly dynamic in
its intranuclear mobility; the calculated half-maximal recovery time (t;;) was 1.01 £ 0.18
sec, with 95% of TRa.1 within the mobile fraction.

Next, we compared the intranuclear FRAP profile of cells expressing mCherry-TRal to
cells coexpressing mCherry-TRa 1l and GFP-MEDL. For TRal coexpressed with MED1, we
observed no significant difference in recovery rate, mobile and immobile fractions, half-time
slope, and t1/», compared with TRa1 alone (Fig. 4A, B; Table 1). In contrast, when MED1
and TRB1 were coexpressed, there was a statistically significant reduction in the half-time
slope and the estimated half-time; on average, t/» was 0.92+0.08 sec for TRp1 alone,
compared with 1.20+0.13 sec for TRPB1 coexpressed with MEDL1. In addition, there was a
statistically significant reduction in the mobile fraction, with a concomitant increase in the
immobile fraction of TRB1, from less than 1% to 3.2% immobile (Fig. 4C, D; Table 1).

To place our mobility data for TR from strip-FRAP in context, we also used this approach to
determine the intranuclear FRAP profile of the glucocorticoid receptor (GR), which has
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been extensively characterized in the literature (73-75). We treated cells expressing GFP-GR
(121 kDa) with dexamethasone to induce a nuclear population of GR and then performed
strip-FRAP (Fig. 5A, B). While others have reported halftimes of greater than a few seconds
for GR, we found that on average, GR’s t1/» was ~0.74 sec. However, analysis of individual
replicates revealed two distinct populations of GR. One GR population demonstrated a
relatively fast halftime (~ 0.6 sec) while the other was much slower (~3.0 sec), a
phenomenon that has recently been reported by another group for GR (73). Overall, data
from our strip-FRAP experimental approach appears comparable to intranuclear FRAP
profiles reported in the literature for other transcription factors.

To examine additional parameters impacting intranuclear mobility, we also used FRAP to
analyze a previously constructed expression vector for a fusion protein with NLS-1 in TR’s
hinge domain (31), termed GFP-GST-GFP-Hinge (Fig. 5C, D). Since the GFP-GST-GFP-
Hinge fusion protein lacks the DNA-binding domain present in full-length TR, we predicted
that the fusion protein would display greater intranuclear mobility than full-length TR. In
support of this prediction, the GFP-GST-GFP-Hinge fusion protein, despite its greater size
(87 kDa compared to 73 kDa for GFP-TRa.1), had a significantly faster rate of recovery than
TRal (less than 1.0 sec; p<0.001).

3.4 Tsand EGF alter TRal and TRB1 intranuclear mobility

In prior studies, we did not observe any significant difference between TRa 1 shuttling
kinetics in the presence or absence of T3 (39,70); however, we had not previously examined
ligand-dependence of intranuclear mobility. Interestingly, in addition to its classic role as an
activator of TR-dependent transcription, T3 also is a potent stimulator of activated MAPK-
ERK. Hela cells express endogenous MED1 and, in HeLa cells, T3 is capable of triggering
MED1 phosphorylation to levels comparable to that observed in cells stimulated with EGF, a
well-documented and potent activator of ERK (52). ERK stabilization of MED1 has been
shown to correlate with increased TR-dependent transcription; adding EGF and T3 increases
TRE reporter gene transactivation considerably above T3 alone (53).

To investigate the effect of treatment with T3 and EGF on the intranuclear mobility of TRa.l
and TRP1, we used strip-FRAP. For mCherry-TRa1, there was no significant difference in
the intranuclear FRAP profile in T3-treated Hel a cells compared to T3-depleted conditions
(Fig.6A, B; Table 1). When cells were treated with EGF, there was a statistically significant
decrease of mCherry-TRal in the mobile fraction (from 93% to 82%) and a concomitant
increase in the immobile fraction (from 7% to 18%); however, there was no statistically
significant difference in the overall recovery rate, the half-time slope, and t1, (Fig. 6A, B;
Table 1). In striking contrast, for cells treated with both T3 and EGF, there was a statistically
significant difference in the overall rate of recovery for TRal, a significant decrease in the
mobile fraction (93% to 67%) with a concomitant increase in the immobile fraction (7% to
33%), and a significant difference in the half-time slope (Fig. 6A, B; Table 1). On average,
ty for TRal in the presence of both T3 and EGF was 3.8 sec, compared with 1.3 sec in
their absence. The half-time values were highly variable in the T3 and EGF-treated cells,
however, resulting in no statistical significance.
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For mCherry-TRB1, in Ta-treated cells there was a significant decrease in the overall
recovery rate compared with Tg-depleted cells, but there was no significant difference in the
mobile and immobile fraction, the half-time slope, or t1/, (Fig.6C, D; Table 1). When cells
were treated with EGF, there also was no significant difference in the intranuclear FRAP
profile, compared with untreated cells (Fig. 6C, D; Table 1). For mCherry-TRB-expressing
cells treated with both T3 and EGF, however, there was a dramatic shift in the intranuclear
profile; there was a statistically significant difference in the overall rate of recovery, along
with a statistically significant increase in the mobile fraction (97% to greater than 99%) with
a concomitant decrease in the immobile fraction (3% to less than 1%), and a statistically
significant difference in the half-time slope. Finally, there was a statistically significant
difference in the half-time value; tq/o shifted from 1.4 sec in T3-depleted cells to 0.8 sec in
T3/EGF-treated cells (Fig. 6C, D; Table 1). Taken together, these data provide further
evidence of the pivotal role played by MED1 in modulating TR intranuclear dynamics.
Further, the differential responses to T3 and EGF by TRa 1 and TRB1 suggest complex
interactions with other nuclear factors and signaling pathways, in addition to interaction with
unphosphorylated endogenous MED1 and phosphorylated endogenous MED1, induced by
T3/EGF treatment.

3.5 Overexpression of miR-208a alters TR nuclear localization

Another nuclear factor that could contribute to TR nuclear retention is the Mediator subunit
MED13. miR-208a is known to downregulate MED13 expression (60), so we predicted that
overexpression of miR-208a would lead to great cytosolic population of TRa1, which is
primarily nuclear-localized at steady-state under standard conditions (see Fig. 2). When
expression plasmids for miR208a and mCherry-TRa.1 were cotransfected in HeLa cells,
TRal showed a significant shift towards the cytosol, compared to cells transfected with
scrambled miRNA alone (p=0.006) (Fig. 7A), suggesting that downregulation of MED13 by
miR208a impacted TRa 1l localization. Since these findings pointed to a possible role of
MEDZ13 in nuclear retention, we examined the impact of overexpression of MED13 on
TRP1’s nucleocytoplasmic distribution and intranuclear mobility. In this case, only TRB1
was analyzed, since this TR subtype has a small cytosolic population at steady-state (see Fig.
2), and any shift towards greater nuclear localization would be more readily apparent than
for TRa 1. Cotransfection of an expression plasmid for GFP-MED13 with mCherry-TRp1,
showed no significant impact on its intracellular distribution pattern compared with
transfection of TRB1 alone (p>0.05) (Fig. 7B). Finally, TRB1 alone or coexpressed with
MED13, showed no significant differences in its intranuclear FRAP profile (p>0.05) (Fig.
7C).

3.6 TR interacts directly with exportins 4, 5, and 7 in its LBD within the MED1-interacting

region

The MED1 subunit of the Mediator complex is known to interact with the AF-2
transactivation domain of TR within helix 12 (48). This is particularly intriguing, since our
prior studies have shown that AF-2 overlaps with one of TR’s nuclear export signals, NES-
H12 (31) (see Fig. 1A). Previously, we used RNAi-mediated knockdown to show that
exportin 4, exportin 5, and exportin 7 influence TRa1 localization, suggesting these
exportins are candidates for mediating TRa 1 nuclear export, in combination with the
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previously characterized CRM1/calreticulin pathway (34,76). To determine whether these
exportins influence localization via direct protein-protein interactions, we performed
coimmunoprecipitation assays. Fig. 8 shows western blotting results after
coimmunoprecipitation assays for exportin 4, exportin 5, exportin 6 as a control, and
exportin 7. Data show that full-length TRa1 interacts directly with exportins 4, 5, and 7 but
not exportin 6. Further, we showed that exportins 5 and 7 interact directly with TR’s LBD;
however, results were inconclusive for exportin 4. These findings suggest that binding of
exportins and MED1 to helix 12 of TR could be mutually exclusive, and that MED1 may
promote nuclear retention of TR, in part, by blocking this particular export pathway.

4 DISCUSSION

Our long-standing interest is in the complex mechanisms regulating the subcellular
distribution of TRa1, TRP1, and the oncoprotein v-ErbA. Our current working model is one
of a finely tuned, dynamic balance among nuclear import, nuclear retention, and nuclear
export. Our prior work revealed that TRa 1, TRB1, and the oncoprotein v-ErbA undergo
rapid nucleocytoplasmic shuttling (33). Here, our data extend our previous studies on
receptor movement to the nucleus, as visualized by FRAP. Recovery half-times of ~1 sec for
TRal and TRB1 demonstrate remarkably rapid intranuclear movement, suggesting that
TR’s association with nuclear factors is dynamic and transient. The results of the current
study provide evidence that Mediator subunit MED1 plays a key role in regulating the
nuclear retention of TR variants, but that MED13 has a lesser impact. Overexpression of
miR-208a, a miRNA that downregulates MED13, shifted TR towards a more cytosolic
localization; however, overexpression of MED13 did not lead to increased nuclear
localization. These findings could indicate that endogenous levels of MED13 are already at
saturating levels for interaction with TR, or that the effects of miR-208a on TR localization
involve regulatory pathways separate from MED13. Collectively, MED1 data point to the
pivotal role of helix 12 in TR function, with roles in transactivation, ligand binding, and
nuclear export. Further, intranuclear mobility of the three variants of TR was differentially
influenced by MED1, suggesting that for each variant the balance between nuclear import,
nuclear retention, and nuclear export has a different set point, thereby contributing to
differential modulation of target genes.

After photobleaching of a region of interest in the nucleus, many transcription factors exhibit
complete recoveries within seconds (77), indicating that they can diffuse throughout the
entire nucleus and are immobilized to nuclear structures only transiently (70,73). The rapid
intranuclear FRAP profiles generated for TR in the current study are thus not without
precedent. Intranuclear dynamics are complex, affected by binding interactions, the presence
of monomers vs dimers, flow, and inhomogeneity in space (72). Imaging studies of GFP-
tagged steroid hormone receptors, including the glucocorticoid receptor, mineralocorticoid
receptor, estrogen receptor, and the androgen receptor, have shown changes in intranuclear
dynamics affected by a number of factors such as ligand availability, transcriptional activity,
and proteasomal activity (78-83). An earlier study of TRB1 intranuclear mobility by FRAP
noted that overexpression of SRC-1, N-CoR1, and HDAC did not affect TRP1’s intranuclear
mobility (71); however, when factors retaining unliganded TRB1 in the nucleus were
studied, findings pointed towards a role of N-CoR1 and RXR in maintaining the receptor in
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the nucleus (84). Here, we showed that overexpression of MED1 in HeLa cells slows the
intranuclear dynamics of TRB1. MED1 is only found in a small subset of cells (85),
however, suggesting a distinct role for MED1 in TR retention for some cell types, but
additional mechanisms may be in place to adequately maintain its localization.

We also showed that T3/EGF treatment, which induces phosphorylation of MED1, alters the
intranuclear dynamics of TRa.1 and TRB1, suggesting that the phosphorylation status of
MED1 is a key factor in modulating TR intranuclear mobility. Our interest in the impact of
phospho-MEDL1 on TR nuclear retention arose from reports of MED1-stimulated increases
in TR-dependent transcription (53). Importantly, MED1 phosphorylation also leads to the
upregulation of MED1 by increasing its stability and half-life, which ultimately contributes
to the development and progression of several types of cancer, including breast, lung,
cervical, and prostate cancer. (52,53,86-94). Countering this upregulation, MED1
concentration and phosphorylation are surveilled by miR-205, which downregulates MED1
expression. By stabilizing the half-life of MED1 through T3 and EGF-induced
phosphorylation in our experiments, we may also have been simultaneously inducing
upregulation of endogenous miR-205, and rapid degradation of endogenous phospho-MED1
(86). Differences in levels of endogenous miR-205 and concomitant MED1 turnover
between biological replicates could explain some of the variability we observed in the
intranuclear FRAP profiles for TR in T3 and EGF-treated cells (see Table 1).

One of our intriguing observations in the current study was that approximately 50% of the
cells transfected with GFP-MED1 alone contained nuclei with discrete fluorescent dots or
foci. When coexpressed with any of the TR variants these nuclear foci were resolved,
leading to a diffuse, homogeneous distribution of MED1. There is precedence in the
literature for dynamic changes in protein distribution in the nucleus. For example, the
nuclear corepressor N-CoR is redistributed into intranuclear foci together with steroid
hormone receptors in the presence of agonist, and its mobility is significantly decreased
(95). Of more direct relevance to the current study, recently, it has been shown that Mediator
exists in two states: a population of transient small (~100 nm) clusters with an average
lifetime of 11 sec, and larger, temporally stable clusters of Mediator and RNA polymerase 11
(>300 nm) which associate with chromatin. These clusters have properties of phase-
separated condensates, and may facilitate long-range interactions between enhancers and
promoters (46). MED1 also was found to occupy discrete nuclear bodies that occur at
“super-enhancers,” clusters of enhancers that are bound with a very high density of
interacting factors. The MED1 nuclear bodies show rapid recovery of fluorescence after
photobleaching and the large intrinsically disordered regions of MED1 form phase-separated
liquid droplets /in vitro, suggesting that MED1 may contribute to the compartmentalization
and concentration of biochemical reactions associated with transcription (96). Diverse
transcription factors may thus interact with subunits of Mediator through the phase-
separating capacity of their intrinsically disordered activation domains, leading to gene
activation (97). Such a general mechanism also could apply to the interactions of TR with
MED1 through the helix 12 activation domain.

TRal and TRB1 have multiple NESs in their LBD (see Fig. 1). One of these, NES-H12, is
naturally deleted from v-ErbA (31). Extrapolating from our coimmunoprecipitation results
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showing direct interaction between various exportins and the LBD of TRa.1, we propose a
model involving competition between MED1 and exportins 5 and 7 to balance nuclear
retention and export of TR. By removing MED1 from this competition in MED1~/~
knockout MEFs, it is plausible that the greater cytoplasmic distribution of TR relative to
MED1*"* MEFs that we observed is due to increased interaction between NES-H12 of
TRal and TRB1 and exportins 5 and 7. Additional analysis of competition for binding TR
by exportins and MED1 should help to confirm and extend this model, and enhance
understanding of how the dual functionality of helix 12 in TR’s LBD serves to modulate
both gene transactivation and nuclear export.
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FIGURE 1.

Functional domains in thyroid hormone receptor (TR) major subtypes and MEDL1. (A)
Domain structures of TRa 1, TRB1, and v-ErbA (not to scale). The positions of nuclear
localization signal (NLS) and nuclear export signal (NES) motifs are indicated in relation to
the respective individual domains of TRal (31). Abbreviations are as follows: A/B, A/B
domain; DBD, DNA-binding domain; Hinge, hinge domain; LBD, ligand-binding domain;
AF-2; activation function 2; NES-CRM1, CRM1-dependent NES in the viral Gag region of
v-ErbA; m-NLS, inactive NLS-2 equivalent in v-ErbA; NES-H3/H6 (Predicted), based on
the sequence identity with NES-H3 and NES-H6 in TRal; V, v-ErbA-specific C-terminal
sequence that lacks the NES-H12/AF-2 region. (B) Regions of MED1 identified for
interaction with TR (41). LXXLL motifs at residues 604 (NR box 1) and 645 (NR box 2)
identify the point of contact between TRa 1 and MED1. Threonine (Thr)-1032 and Thr-1457
are phosphorylated by MAPK-ERK when stimulated by EGF and/or T3 (52,53).
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FIGURE 2.
Overexpression of MEDL1 differentially affects the nucleocytoplasmic distribution of TR

subtypes. (A) HeLa cells transfected with mCherry-TRa1 expression plasmid or
cotransfected with mCherry-TRa1 and GFP-MED1 expression plasmids, as indicated, were
analyzed by fluorescence microscopy after staining with DAPI to visualize the nucleus.
Scale bar = 10 um. (B) Bars indicate the relative nuclear to cytoplasmic (N/C) fluorescence
ratio for TRa 1 (average N/C ratio in cotransfected cells normalized to the N/C ratio in
single-transfected cells). Error bars indicate £SEM. Cotransfection with MED1 yielded no
change in intracellular distribution of TRa 1, compared with TRa.1 alone (N/C=1.0; N.S.,
p>0.05; n=3 separate, biologically independent replicates; 100 cells per replicate). (C) HeLa
cells were transfected with either mCherry-TRB1 expression plasmids, or cotransfected with
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mCherry-TRB1 and GFP-tagged MED1 expression plasmids, as indicated. (D)
Cotransfection with MEDL significantly increased the nuclear localization of TRB1,
compared to transfection of TRB1 alone (N/C>1.0; **, p<0.01). (E) HeLa cells were
transfected with either mCherry-v-ErbA expression plasmids, or cotransfected with
mCherry-v-ErbA and GFP-MED1 expression plasmids, as indicated. (F) Cotransfection with
MED1 significantly increased the nuclear localization of v-ErbA, compared to transfection
with v-ErbA alone (N/C>1.0; **, p<0.01).
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FIGURE 3.

Knockout of MED1 decreases the nuclear retention of TRa.1 and TRB1. (A) MED1~/~ and
MED™** cells, as indicated, were transfected with mCherry-TRa1 expression plasmids and
analyzed using fluorescence microscopy, after staining with DAPI to visualize the nucleus.
Scale bar = 10 um. (B) Bars indicate the relative nuclear to cytoplasmic (N/C) fluorescence
ratio for TRa1 (average N/C ratio in MED1~/~ cells normalized to the N/C ratio in MED*/*
cells). Error bars indicate +£SEM. TRa/l is shifted toward a more cytoplasmic distribution in
MED1~~ cells, compared to MED*/* cells (N/C<1.0; *, p<0.05). (C) MED1~~ and MED*/*
cells, as indicated, were transfected with mCherry-TRB1 expression plasmids and analyzed
by fluorescence microscopy. (D) TRP1 is shifted toward a more cytoplasmic distribution in
MED1~/~ cells, compared to MED*/* cells (N/C<1.0; **, p=0.001). (E) MED1~/~ and MED
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*I* cells, as indicated, were transfected with mCherry-v-ErbA expression plasmids and
analyzed by fluorescence microscopy. (F) Knockout of MED1 has no effect on the nuclear
retention of v-ErbA (N/C=1.0; N.S., p>0.05).
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FIGURE 4.
MED1 differentially affects the intranuclear mobility of TR subtypes (A) HeLa cells were

transfected with either mCherry-TRa 1 expression plasmid or cotransfected with mCherry-
TRal and GFP-MED1 expression plasmids, as indicated. Strip-FRAP was conducted on
nuclei using a stimulation bleaching line near the midline of the nuclei. Representative
images are shown for a nucleus prior to bleach (Pre-bleach), directly after bleaching was
terminated (Bleach), 1 second post-bleach (+1 sec), and at the end of the recovery period
(Final). Scale bar, 10um. (B) FRAP curves compare normalized fluorescence intensity over
time for TRa 1 alone and TRal cotransfected with MEDX. Error bars indicate £SEM.
Cotransfection of TRa1 with MED1 does not alter the intranuclear mobility of TRal (N.S.,
£>0.05; n=3 biological replicates, 20 nuclei per replicate). (C) HeLa cells were transfected
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with either mCherry-TRB1 expression plasmids or cotransfected with mCherry-TRp1 and
GFP-MEDL1 expression plasmids, as indicated and Strip-FRAP was conducted as described
in (A). (D) FRAP curves from (C). Cotransfection of TRB1 with MED1 reduces the halftime
and mobile fraction of nuclear TRB1 (*, p<0.05). Statistical analysis of intranuclear FRAP
profiles is summarized in Table 1.
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FIGURE 5.
Intranuclear dynamics of GFP-GR and GFP-GST-GFP-Hinge. (A) HeLa cells were

transfected with GFP-GR expression plasmids and analyzed by strip-FRAP as described in
Fig. 4. Of two mobility states for GFP-GR (fast, t1,=~0.6 sec; slow, t1,,=~3.0 sec), the
slower is displayed in the selected images. (B) FRAP curve depicting normalized
fluorescence intensity over time for GFP-GR. Error bars indicate £SEM. (n=3 biological
replicates, 20 nuclei per replicate). (C) HelLa cells were transfected with an expression
plasmid for GFP-GST-GFP-Hinge, a fluorescent fusion protein containing only the hinge
domain of TRal with NLS-1 (see Fig. 1A). (D) FRAP curve for GFP-GST-GFP-Hinge. The
fusion protein had a significantly faster rate of recovery than TR (see Fig. 4) (p<0.001).
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FIGURE 6.
Effect of T3 and EGF on intranuclear mobility of TRa1 and TRB1. (A) HeLa cells

transfected with mCherry-TRa.1 expression plasmids were incubated in charcoal-stripped
FBS and T3 (T3), EGF, or EGF and T3, as indicated, and strip-FRAP was performed, as
described in Fig. 4. Scale bar, 10um. (B) FRAP curves compare normalized fluorescence
intensity over time for TRal —T3 (blue), +T3 (red), +EGF (gray), and +EGF/T3 (orange).
Error bars indicate +SEM. EGF-treatment reduces the mobile fraction of TRa 1, and
EGF/T3-treatment significantly alters the recovery rate, mobile fraction, and half-time slope
(**, p<0.01; n=3 biological replicates, 20 nuclei per replicate). Statistical analysis of the
intranuclear FRAP profiles is summarized in Table 1. (C) HeLa cells transfected with
mCherry-TRB1 expression plasmids were treated with T3 (T3), EGF, or EGF and T3, as
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indicated and strip-FRAP was performed. (D) T3 treatment significantly alters the recovery
rate of TRPB1 (p<0.05), and EGF/T3-treatment significantly alters the recovery rate, mobile
fraction, half-time slope, and half-time of TRB1 (**, p<0.01). Statistical analysis of the
intranuclear FRAP profiles is summarized in Table 1.
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FIGURE 7.
Overexpression of miR-208a decreases TR nuclear retention. (A) HeLa cells were

cotransfected with mCherry-TRa 1 expression plasmid, and either pCMV-MIR, a scrambled
miRNA and GFP expression plasmid, or with a combined miR-208a and GFP expression
plasmid. Cotransfection was confirmed by visualization of GFP and mCherry fluorescence.
Bars indicate the relative N/C ratio for TRa 1 (average N/C ratio in miR-208a transfected
cells normalized to the N/C ratio in pPCMV-MIR-transfected cells). Error bars indicate
+SEM. Overexpression of miR-208a, which downregulates MED13, resulted in a significant
increase in the cytoplasmic localization of TRa1, compared to overexpression of a
scrambled, control miRNA (N/C<1.0; p=0.005636; n=4 separate, biologically independent
replicates, 50-100 cells per replicate). (B) Overexpression of MED13 does not alter the
nucleocytoplasmic distribution of TRP1. HelLa cells transfected with mCherry-TRp1
expression plasmid or cotransfected with mCherry-TRB1 and GFP-MED13 expression
plasmids, as indicated, were analyzed by fluorescence microscopy. Bars indicate the relative
N/C ratio for TRB1 (average N/C ratio in cotransfected cells normalized to the N/C ratio in
single-transfected cells). Error bars indicate +SEM. Cotransfection with MED13 yielded no
change in intracellular distribution of TRB1, compared with TRB1 alone (N/C=1.0; N.S,,
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£>0.05; n=3 biologically independent replicates; 100 cells per replicate). (C) HeLa cells
were cotransfected either with mCherry-TRB1 expression plasmids alone or cotransfected
with GFP-MED1 expression plasmids, as indicated and strip-FRAP was performed.
Overexpression of MED13 did not alter TRB1’s intranuclear FRAP profile (N.S., p>0.05;
n=3 biologically independent replicates, 20 nuclei per replicate).
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FIGURE 8.
Exportins 4, 5, and 7 coimmunoprecipitate with TRa.1. HeLa cells were transfected with

expression plasmids encoding GFP (27 kDa), GFP-TRal (73 kDa), or GFP-GST-GFP (G3)-
Hinge-LBD (fusion protein containing the hinge region and ligand-binding domain of TRa.1
(104 kDa), as indicated. Cell lysates were subjected to coimmunoprecipitation using
immobilized anti-GFP-antibodies (GFP-Trap®_A). Representative immunoblots are shown
(n=3-5 independent, biologically separate replicate experiments). Protein size was verified
using Pre-Stained Kaleidoscope Protein Standards. Immunosupernatants (Unbound) and
immunoprecipitates (Bound) from GFP, GFP-TRa 1, and G3-Hinge-LBD-expressing cell
lysates were analyzed on separate immunoblots, using longer exposure times for the
immunoprecipitates, with exportin-specific antibodies to detect exportin 4 (127 kDa),
exportin 5 (136 kDa), exportin 6 (129 kDa), and exportin 7 (110 kDa), as indicated.
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Intranuclear FRAP profile for TRal and TRB1

Table 1.

Treatment Recovery Rate  Mobile Fraction Immobile Fraction Half-time Slope  ty, (Sec)
TRal (control) 0.011+0.000 0.946+0.034 0.054+0.034 0.552+0.090 1.009+0.177
TRal+ MED1 0.011+0.001 0.922+0.053 0.078+0.053 0.493+0.161 1.211+0.420
p=0.867 p=0.551 p=0.551 p=0.608 =0.485
TRal-T3(control) 0.013+0.001 0.932+0.017 0.068+0.017 0.441+0.074 1.256+0.194
TRal+T3 0.011+0.001 0.910+0.019 0.090+0.019 0.479+0.096 1.166+0.206
1=0.222 £=0.208 £=0.208 =0.612 =0.612
TRal+EGF 0.011+0.001 0.822+0.068 0.178+0.068 0.340+0.171 1.795+0.916
=0.122 p=0.054 p=0.054 £=0.401 1=0.376
TRal +T3/+EGF 0.009+0.001 0.670+0.078 0.330£0.78 0.155+0.110 3.812+2.143
p=0.020 p=0.005 p=0.005 p=0.020 £=0.109
TRP1 (control) 0.012+0.001 0.999+0.003 0.001+0.003 0.596+0.045 0.920+0.078
TRB1+MED1 0.013+0.000 0.968+0.010 0.032+0.010 0.485+0.054 1.202+0.134
p=0.156 p=0.007 p=0.007 p=0.053 p=0.035
TRP1-T3(control)  0.014+0.001 0.970+0.011 0.030+0.011 0.397+0.055 1.368+0.169
TRBL+T3 0.013+0.000 0.976+0.020 0.023+0.020 0.508+0.071 1.099+0.169
p=0.030 £=0.653 £=0.653 =0.099 £=0.124
TRP1+EGF 0.013+0.001 0.988+0.008 0.012+0.001 0.511+0.059 1.077+0.116
£=0.092 £=0.089 £=0.089 £=0.070 £=0.070
TRPB1 +T3+EGF 0.010+0.000 0.998+0.002 0.002+0.002 0.660+0.019 0.819+0.019
p=0.002 p=0.013 p=0.013 p=0.001 p=0.005

J Cell Biochem. Author manuscript; available in PMC 2021 April 01.

Page 31



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Plasmids
	Cell culture and transfection
	Analysis of nucleocytoplasmic distribution
	Fluorescence recovery after photobleaching (FRAP)
	Statistical analysis
	GFP-Trap® coimmunoprecipitation

	RESULTS
	Overexpression of MED1 increases nuclear retention of TRβ1 and v-ErbA
	Knockout of MED1 promotes nuclear export of TRα1 and TRβ1
	MED1 differentially impacts the intranuclear dynamics of TR
	T3 and EGF alter TRα1 and TRβ1 intranuclear mobility
	Overexpression of miR-208a alters TR nuclear localization
	TR interacts directly with exportins 4, 5, and 7 in its LBD within the MED1-interacting region

	DISCUSSION
	References
	FIGURE 1.
	FIGURE 2.
	FIGURE 3.
	FIGURE 4.
	FIGURE 5.
	FIGURE 6.
	FIGURE 7.
	FIGURE 8.
	Table 1.

