
Agonist binding directs dynamic competition among
nuclear receptors for heterodimerization with retinoid X
receptor
Received for publication, October 24, 2019, and in revised form, June 5, 2020 Published, Papers in Press, June 8, 2020, DOI 10.1074/jbc.RA119.011614

Lina Fadel1, Bálint Rehó1, Julianna Volkó1, Dóra Bojcsuk2, Zsuzsanna Kolostyák2, Gergely Nagy2, Gabriele Müller3,
Zoltan Simandi2, Éva Hegedüs1, Gábor Szabó1, Katalin Tóth3 , Laszlo Nagy2,4,*, and György Vámosi1,*
From the 1Department of Biophysics and Cell Biology, Doctoral School of Molecular Medicine, Faculty of Medicine, University of
Debrecen, Debrecen, Hungary, 2Department of Biochemistry and Molecular Biology, Doctoral School of Molecular Cell and
Immune Biology, Faculty of Medicine, University of Debrecen, Debrecen, Hungary, 3Biophysics of Macromolecules, German
Cancer Research Center, Heidelberg, Germany, 4Johns Hopkins University School of Medicine, Department of Medicine and
Biological Chemistry, Institute for Fundamental Biomedical Research, Johns Hopkins All Children’s Hospital, Saint Petersburg,
Florida, USA

Edited by Henrik G. Dohlman

Retinoid X receptor (RXR) plays a pivotal role as a transcrip-
tional regulator and serves as an obligatory heterodimerization
partner for at least 20 other nuclear receptors (NRs). Given a
potentially limiting/sequestered pool of RXR and simultaneous
expression of several RXR partners, we hypothesized that NRs
compete for binding to RXR and that this competition is
directed by specific agonist treatment. Here, we tested this hy-
pothesis on three NRs: peroxisome proliferator-activated recep-
tor gamma (PPARg), vitamin D receptor (VDR), and retinoic
acid receptor alpha (RARa). The evaluation of competition
relied on a nuclear translocation assay applied in a three-color
imaging model system by detecting changes in heterodimeriza-
tion between RXRa and one of its partners (NR1) in the pres-
ence of another competing partner (NR2). Our results indicated
dynamic competition between the NRs governed by twomecha-
nisms. First, in the absence of agonist treatment, there is a hier-
archy of affinities between RXRa and its partners in the
following order: RARa > PPARg > VDR. Second, upon agonist
treatment, RXRa favors the liganded partner.We conclude that
recruiting RXRa by the ligandedNR not only facilitates a stimu-
lus-specific cellular response but also might impede other NR
pathways involving RXRa.

Retinoid X receptor (RXR) plays a pivotal role as a transcrip-
tional regulator. It serves as an obligatory heterodimerization
partner for many other nuclear receptors (NRs) (1). Activation
of RXR heterodimers exerts transcriptional activity controlling
a wide variety of important biological processes, such as devel-
opment, cell differentiation, metabolism, and cell death (2).
Consequently, dysfunction of these signaling pathways may
result in proliferative and metabolic diseases, like cancer, obe-
sity, and diabetes (3), and makes nuclear receptors promising
therapeutic targets (4, 5).

Nuclear receptors share a common structure composed of
several functional domains: a ligand-independent N-terminal
transcription activation function domain (AF-1), a DNA-bind-
ing domain (DBD), a flexible hinge region, and a ligand-binding
domain (LBD), also functioning as a ligand-dependent tran-
scription activation function domain (AF-2) at the C terminus
(6, 7). The main function of the DBD is to bind to a specific
DNA sequence called a response element (RE) (8). RXR hetero-
dimers recognize REs composed of two AGGTCA half-sites
arranged as direct repeats (DRs) and separated by a spacer of
zero to eight base pairs, termed DR0 to DR8 (9, 10). Moreover,
the DBD also contributes to receptor heterodimerization and
harbors between its two zinc finger motifs a nuclear localiza-
tion signal, termed NLS1, mediating the nuclear localization of
the receptors (11). The LBD accommodates the core of NR
actions, because it contains the ligand-binding pocket and
regions that mediate dimer formation, coregulator binding,
and ligand-dependent transactivation (12).
The mechanism of activation, called the molecular switch, is

also a common characteristic of these receptors (13). In the ab-
sence of the cognate ligand, the heterodimeric complex of RXR
and its partner binds to DNA in its apo form and recruits core-
pressors, leading to a transcriptionally repressed state. The
liganded receptors change their conformation to their holo
form, which reduces their affinity for corepressors and leads to
coactivator binding and transcription initiation (14). This simi-
larity in structure, mechanism of activation, and sharing of cor-
egulators suggest cross-talk between the members of this NR
family and a competition for the common binding partners, i.e.
for RXR, coactivator, or DNA binding sites (15).
Numerous fluorescence microscopy studies have analyzed

the molecular mechanism of NR activation by observing pro-
tein-protein and protein-DNA interactions and dynamics
(16–23). Homodimerization of RXR-LBD is enhanced upon 9-
cis-retinoic acid treatment, as demonstrated by fluorescence
fluctuation analysis (24). Previously we have shown by fluores-
cence correlation spectroscopy that specific agonists increase
chromatin binding of RARa and RXRa in a coactivator-
dependent manner (25, 26). We have shown by light-sheet
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microscopy-based FRET and fluorescence cross-correlation
measurements (SPIM-FRET-FCCS) that dimerization of RARa
and RXRa and chromatin binding of the dimer are enhanced
upon agonist treatment (27).
Typically, multiple heterodimeric partners of RXR are pres-

ent in certain cell types. In cells where there is a limiting or se-
questered pool of RXR (13, 15, 28, 29) combined with the
expression of several RXR heterodimerization partners, the
mechanism by which RXR partner selection is mediated
remains unclear. We hypothesized that there is a competition
between RXR partners for binding to RXR and that binding of a
specific agonist increases the affinity of a given receptor to RXR
and favors their heterodimerization. RXRa and three NR part-
ners were included in this study: PPARg, VDR, and RARa.
The present work was undertaken to better understand

RXRa partitioning between its different heterodimeric partners
in the absence and presence of their cognate agonists. This may
have pharmacological implications by improving the current
usage of the present drugs in triggering specific signaling path-
ways andmay explain how targeting one NR pathway can inter-
fere with a seemingly distinct NR pathway.

Results

Subcellular distribution of WT and NLS mutant NRs: effect of
agonist treatment and coexpression with RXRa

We hypothesized that competition for heterodimerization
with RXR is dictated, at least in part, by the availability of the
partner-specific agonist. To test this hypothesis, we developed
a robust system relying on a nuclear translocation assay applied
in a three-color imaging model system by detecting changes in
heterodimerization between RXRa and one of its partners
(NR1) in the presence of another competing partner (NR2). To
this end, NR1was present in a form showing homogeneous dis-
tribution when expressed alone and translocating into the nu-
cleus when interacting with RXRa (for details, see Fig. 1 and
Experimental procedures). In this system, fluorescent proteins
attached N-terminally to the NRs: TagBFP, EGFP, and
mCherry (indicated as prefixes B-, G-, and C-, respectively, to
the NRs throughout the text).
To minimize the influence of endogenously expressed NRs

on the observed results, we used wt HEK293 cells, which
express the NRs involved in our study at low/medium levels.
Using publicly available RNA-seq data from WT HEK-293T
cells (30), we plotted the average gene expression values of the
studied NRs (Fig. S1E). We also generated a stable cell line,
HEKB-RXRa, overexpressing B-RXRa. According to our immu-
nofluorescence and Western blot analyses, the endogenous
RXR expression level inWTHEK293 is ca. one-fourth the level
in HEKB-RXRa (Fig. S1A–D).
First, we expressed NRs tagged with EGFP and studied their

changes of localization in response to the addition of ligands
and coexpression of RXRa using the WT HEK293 and
HEK293B-RXRa cell lines. G-PPARg andG-RARawere localized
mainly in the nucleus (Fig. 2A), even in the absence of exoge-
nously added RXRa or agonist. To impede the nuclear trans-
port of these NRs in the absence of RXRa, we induced a muta-
tion in the nuclear localization signal, NLS1 (denoted /nlsm).

We then observed the subcellular distribution of these NLS
mutant receptors (G-PPARg/nlsm and G-RARa/nlsm) in WT
HEK293 cells and studied the effect of specific agonist treat-
ment (rosiglitazone [RSG] and AM580, respectively) on their
localization. As shown in Fig. 2C, the nuclear-to-cytoplasmic
ratio (NCR) for G-PPARg/nlsm and G-RARa/nlsm was around
1 irrespective of ligand treatment, i.e. these homogeneously dis-
tributed mutant receptors did not show considerable enrich-
ment in the nucleus.
We next transfected the NLS mutant receptors into

HEK293B-RXRa cells to see the effect of dimerization with
RXRa on their localization (Fig. 2B and C). We detected a 6-
fold enrichment in the nucleus for G-PPARg/nlsm and 5-fold
for G-RARa/nlsm. Specific agonist treatment caused a further
increase in the nuclear accumulation of these receptors.
Contrary to both G-PPARg and G-RARa, G-VDR

(expressed alone in WT HEK293 cells in the absence of

Figure 1. Schematic representation of the translocation assay in a three-
color imaging model system. I, single expression of NRs; distribution of
NR1, RXRa, and NR2 expressed alone in WT HEK293 cells. A, PPARg/nlsm (NLS
mutant form) as an example of NR1 having a homogeneous, nucleocytoplas-
mic distribution. B, WT RXRa having nuclear localization. C, WT RARa as an
example of NR2 having nuclear localization. II, double expression; NR1 or NR2
expressed in HEK293B-RXRa. D, nuclear redistribution of NR1 in HEK293B-RXRa.
E, nuclear distribution of NR2 in HEK293B-RXRa. III, triple expression of NR11
RXRa 1 NR2 to detect the competition between NR1 and NR2 for heterodi-
merization with RXRa, in the absence or presence of specific ligands of NR1
and/or NR2. F, NR1 is expected to translocate to the nucleus if NR1 rather
than NR2 is the preferred heterodimerization partner of RXRa. G, NR1 is
expected to be redistributed homogeneously if NR2 is the preferred hetero-
dimerization partner of RXRa rather than NR1.
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agonist) was distributed in the cell with an NCR of ;2 (Fig.
2C). Treatment with a specific agonist, calcitriol (cal), or
coexpression of RXRa (using HEK293B-RXRa cells) enhanced
the translocation of G-VDR to the nucleus, resulting in an
NCR value of ;3. Expressing G-VDR in HEK293B-RXRa

combined with calcitriol treatment led to an even higher
NCR value of ;6 (Fig. 2B and C). Because WT VDR showed
an increased localization in the nucleus in the presence of
RXRa, it could be used in its WT form to detect heterodime-
rization with RXRa.
The next question was whether DNA binding of RXRa plays

a role in the RXRa-dependent nuclear enrichment of NR1 or
depends merely on heterodimerization. Therefore, a similar
experiment was carried out in which RXRa was expressed ei-
ther as a zinc finger mutant, RXRa/znm, or as an NLS mutant,
RXRa/nlsm. RXRa/znm had a nuclear localization similar to

that of WT RXRa despite lacking a direct DNA binding capa-
bility (which is mediated through the two zinc finger motifs in
the DBD), whereas the mutation in the NLS1 of RXRa resulted
in a homogeneous distribution of RXRa/nlsm (Fig. 2D and E).
Interestingly, RXRa/znm boosted translocation of NR1 into

the nucleus just as effectively asWTRXRa did, whereas RXRa/
nlsm failed to do so (Fig. 2C). Thus, nuclear enrichment of NR1
in the presence of RXRa is because of heterodimerization
rather than binding to DNA. As we have learned before from
Fig. 2B and C, calcitriol treatment alone could cause nuclear
enrichment of its cognate receptor, VDR, and, intriguingly,
when VDR was coexpressed with RXRa/nlsm, both of these
homogeneously distributed receptors were enriched in the nu-
cleus upon calcitriol treatment (Fig. 2F).
In summary, the mutation in NLS1 abolished the spontane-

ous nuclear accumulation of RARa and PPARg but conserved

Figure 2. Subcellular distribution of NRs used in this study. A, representative confocal images show the nuclear localization of G-PPARg and G-RARa in
HEK293 cells. B, representative confocal images of NR1s. The NLS mutants of G-PPARg/nlsm and G-RARa/nlsm and WT G-VDR transiently transfected into WT
HEK293 (top) or HEK293B-RXRa cells stably expressing B-RXRa (bottom) in the absence (left) or presence (right) of specific NR1 agonists (1026

M RSG, 1027
M

AM580, and 1027
M cal) is shown. C, Nuclear-to-cytoplasmic fluorescence intensity/pixel ratios (NCR) of NR1; ***, p, 0.0001 compared with NR1 distribution in

WT HEK293; ns, not significant. D, representative confocal image shows the nuclear localization of B-RXRa forms, B-RXRa and the mutants B-RXRa/znm and B-
RXRa/nlsm in WT HEK293. E, NCR of B-RXRa forms. F, effect of calcitriol on governing the nuclear localization of B-RXRa/nlsm cotransfected with G-VDR. Box-
and-whiskers plots represent 10th, 25th, 50th, 75th, and 90th percentiles;1, mean value. G, EGFP; B, TagBFP; C, mCherry. Scale bar, 10mm. ***, p, 0.0001.

Dynamic competition between RXR partners

J. Biol. Chem. (2020) 295(29) 10045–10061 10047



their ability to heterodimerize with RXRa and to bind their
ligands efficiently. Because G-PPARg/nlsm, G-RARa/nlsm,
and WT G-VDR had homogeneous distribution when expressed
alone and moved to the nucleus when heterodimerizing with
RXRa, irrespective of the presence or absence of ligand, they could
serve as a suitable model system in our study (we refer to them
later as NR1). Via a piggy-back mechanism (31), the NR1-RXRa
heterodimeric complex translocated into the nucleus depending
on theNLS of RXRa.

PPARg heterodimerization with RXRa is abolished in the
presence of RARa and restored by RSG

In all competition experiments, the combined expression
level of NR1 and NR2 was higher than that of RXRa, (NR1 1
NR2) . RXRa, resulting in a limiting pool of RXRa. This was
assessed by comparing the relative fluorescence intensities of
the fluorescent protein labels of the NRs to those of EGFP-
mCherry and EGFP-TagBFP fusion proteins expressing the flu-
orescent proteins at a 1:1 ratio (see Experimental procedures).
Competition between PPARg and RARa for binding to

RXRa was assessed by tracing the distribution changes of G-
PPARg/nlsm (NR1) in HEK293B-RXRa in the presence of C-
RARa (NR2) and cognate agonists. Nuclear accumulation of
G-PPARg/nlsm in HEK293B-RXRa was strikingly reduced when
cells were additionally cotransfected with C-RARa; G-PPARg/
nlsm became homogeneously distributed with an NCR value of
;1, similar to the case when expressed alone in WT HEK293.
Treatment with RSG caused a 4-fold nuclear enrichment of G-
PPARg/nlsm, whereas AM580 or LG268 (RXR agonist) treat-
ment kept G-PPARg/nlsm homogeneously distributed (Fig. 3A
and B). The challenge was to prove that dominance of RARa
over PPARg in competing for RXRa was not because of
expressing mutant PPARg and intact RARa; therefore, a com-
plementary experiment was also carried out. Here, the changes
in the distribution of G-RARa/nlsm (NR1) were traced in
HEK293B-RXRa in the presence of C-PPARg (NR2) and ago-
nists. The results were consistent with our previous observa-
tion; C-PPARg failed to inhibit binding of G-RARa/nlsm to
B-RXRa. G-RARa/nlsm was still dominantly located in the nu-
cleus with an NCR of ;5.5, and this was further enhanced by
AM580 treatment. On the other hand, RSG treatment facili-
tated the recovery of C-PPARg binding to RXRa and led to a
homogeneous redistribution of G-RARa/nlsm (Fig. 3C andD).
We were interested in how the affinities of liganded RARa

and liganded PPARg toward RXRa compare. To answer this
question, we first treated our samples with saturating doses of
RSG and AM580 simultaneously. G-RARa/nlsm and G-
PPARg/nlsm responded to the double treatment similarly to
AM580 treatment alone, i.e. G-RARa/nlsm became nucleus
localized, whereas G-PPARg/nlsm remained homogeneous
(Fig. 3). This implies that liganded RARa has a higher affinity
toward RXRa than liganded PPARg. We then cotreated the
cells with RSG, the agonist of the weak partner, at its saturating
dose (1 mM) and titrated AM580, the ligand of the dominant
partner, from 0 to saturation, 100 nM. RSG-dependent nuclear
enrichment of G-PPARg/nlsm in HEK293B-RXRa cotransfected

with C-RARa was abolished gradually with increasing doses of
AM580 (Fig. 3E).
In summary, these data show that in the absence of an ago-

nist, RARa has a higher binding affinity to RXRa than PPARg,
whereas treatment with a specific PPARg agonist, RSG, tips the
scale in favor of PPARg.

RXRa is more likely to heterodimerize with RARa than with
VDR unless calcitriol is present

We next investigated the competition between VDR and
RARa in a similar way. The enrichment of G-RARa/nlsm in
the nucleus of HEK293B-RXRa was reduced in the presence of
C-VDR; the NCR decreased from 5.5 to 3.8, as shown in Fig.
4B. Treatment with agonists had a considerable effect on the
redistribution of their cognate receptors. Whereas the nu-
clear accumulation of G-RARa/nlsm was augmented by
AM580 treatment, it was abolished by calcitriol treatment, af-
ter which G-RARa/nlsm was distributed more homogene-
ously in HEK293B-RXRa, just as inWTHEK293. Simultaneous
treatment with AM580 and calcitriol increased the NCR
value to ;6, even more than that of AM580 alone. LG268
treatment had no impact on this competition (Fig. 4A and B).
Associated changes in the localization of C-VDR are shown
in Fig. 4C; treatment with AM580 kept C-VDR in the cyto-
plasm, whereas calcitriol induced its nuclear translocation
with an NCR of ;5. Interestingly, double treatment with
AM580 and calcitriol increased the NCR value to;6.6.
The complementary experiment was also carried out as in the

previous case: changes of G-VDR localization in HEK293B-RXRa

were monitored in the presence of the competing partner,
C-RARa. G-VDR failed to maintain its nuclear accumulation in
HEK293B-RXRa when cells were cotransfected with C-RARa and
redistributed homogeneously with NCR values similar to those in
WT HEK293. Calcitriol treatment abolished the dominance of
C-RARa overG-VDR in competing for RXRa and boosted the nu-
clear accumulation of VDR, resulting in an NCR value of ;5,
whereas calcitriol treatment in combination with AM580 resulted
in anNCRof;4 (Fig. 4E).
In summary, RXRa is more likely to heterodimerize with

RARa than with VDR, unless VDR gets liganded with its spe-
cific agonist, calcitriol.

PPARg heterodimerization with RXRa is slightly reduced by
VDR, abolished by calcitriol, and boosted by RSG

To investigate the competition between PPARg and VDR,
we first assessed changes of the NCR of G-PPARg/nlsm in
HEK293B-RXRa ensuing in the presence of C-VDR and specific
agonists. As shown in Fig. 5A and B, without ligand, the nuclear
accumulation of G-PPARg/nlsm was diminished in cells coex-
pressing C-VDR (from an NCR of 6 to 3.7), although to a lesser
extent than that because of C-RARa (Fig. 3B). Agonist treat-
ment shifted competition between the NRs in favor of the
liganded partner. RSG treatment induced G-PPARg/nlsm
enrichment in the nucleus of triply transfected cells, whereas
calcitriol redistributed G-PPARg/nlsm within HEK293B-RXRa

cells with an NCR value equaling that measured in WT cells.
Double treatment with RSG and calcitriol increased the NCR
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value of G-PPARg/nlsm to ;4.4, favoring again the binding of
RXRa to G-PPARg/nlsm and abolishing the effect of calcitriol.
LG268 did not affect the competition: G-PPARg/nlsm
remained nucleus localized. Changes in the localization of C-
VDR are shown in Fig. 5C. In these triply transfected cells, C-
VDR was homogeneously distributed in the absence of ligand
and upon RSG or LG268 treatment, whereas its NCR value
increased to ;4 after treatment with calcitriol alone and to
;4.5 in combination with RSG.

Second, in the complementary experiment, we traced local-
ization changes of G-VDR in HEK293B-RXRa cells cotransfected
with C-PPARg and treated with the above-mentioned agonists
(Fig. 5D and E).Without agonist treatment, the NCR of G-VDR
was ;2, similar to its value in WT HEK293. RSG or LG268
treatment kept the NCR of VDR low, impeding the interaction
between VDR and RXRa, whereas calcitriol boosted the NCR
of G-VDR to;4.8 when applied alone and to;4 when in com-
bination with RSG.

Figure 3. Competition between PPARg and RARa: RXRa is more prone to heterodimerize with RARa than with PPARg unless PPARg gets
liganded. A and C, representative confocal images show NR1 in green, RXRa in blue, and NR2 in red. Scale bar, 10 mm. A, changes in the distribution
of G-PPARg/nlsm in HEK293B-RXRa cotransfected with C-RARa were assessed in the absence or presence of agonists (1026

M RSG, 1027
M AM580, or

1027
M LG268). C, analogously, changes in the distribution of G-RARa/nlsm were assessed in HEK293B-RXRa cotransfected with C-PPARg. B and D, nu-

clear-to-cytoplasmic fluorescence intensity/pixel ratios (NCR) of NR1. ***, p , 0.0001 compared with NR1 distribution in HEK293B-RXRa cotrans-
fected with NR2; 2, nontreated sample; ns, not significant. E, dose-response curve showing that RXRa partner selection is dose dependent. Box-
and-whiskers plots represent 10th, 25th, 50th, 75th, and 90th percentiles;1, mean value. G, EGFP; B, TagBFP; C, mCherry.
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To exclude the effect of endogenously produced PPARg
ligands on our results, we also used a PPARg antagonist
(GW9662) to displace endogenous ligands. This antagonist
enhances corepressor binding and stabilizes PPARg in its apo
(nonliganded) conformation (32). The dominance of PPARg

over VDR was retained even when GW9662 was present (Fig.
5F), suggesting that this dominance was not because of binding
endogenous agonists.
In summary, RSG treatment favors RXRa heterodimeriza-

tion with PPARg and calcitriol augments VDR binding to

Figure 4. Competition between RARa and VDR: RXRa is more prone to heterodimerize with RARa than with VDR unless VDR gets liganded.
A and D, representative confocal images show NR1 in green, RXRa in blue, and NR2 in red. Scale bar, 10 mm. A, changes in the distribution of
G-RARa/nlsm in HEK293B-RXRa cotransfected with C-VDR were assessed in the absence or presence of treatment with agonists (1027

M AM580, 1027
M

cal, or 1027
M LG268). D, analogously, changes in the distribution of G-VDR were assessed in HEK293B-RXRa cotransfected with C-RARa. B and E, nu-

clear-to-cytoplasmic fluorescence intensity/pixel ratios (NCR) of NR1. ***, p , 0.0001; **, p , 0.01 compared with NR1 distribution in HEK293B-RXRa

cotransfected with NR2; 2, nontreated sample; ns, not significant. C, NCR values of NR2, C-VDR in HEK293B-RXRa cotransfected with G-RARa/nlsm.
Box-and-whiskers plots represent 10th, 25th, 50th, 75th, and 90th percentiles;1, mean value. G, EGFP; B, TagBFP; C, mCherry.
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RXRa, whereas without agonists RXRa binds to PPARg with a
higher affinity.

Competition of VDR/nlsm, as NR1, with RARa or PPARg

In contrast to NLS mutants of PPARg and RARa, G-VDR/
nlsm showed a cytoplasmic distribution in WT HEK293 cells
(NCR of ;0.6) and remained so even in HEK293B-RXRa cells
(Fig. 6A and B). Intriguingly, even RXRa followed G-VDR/nlsm

to the cytoplasm, indicating that G-VDR/nlsm was competent
to heterodimerize with RXRa but the heterodimeric complex
failed to translocate to the nucleus. Therefore, we also traced
changes in the localization of B-RXRa to detect the presence
or absence of heterodimerization with G-VDR/nlsm (Fig. 6C).
Specific agonist treatment had an interesting effect. In WT
HEK293, the NCR of G-VDR/nlsm was doubled upon treatment
with calcitriol, reaching a value of;1.3 (Fig. 6B). Moreover, both

Figure 5. Competition between PPARg and VDR: RXRa is more likely to heterodimerize with PPARg than with VDR unless VDR gets liganded. A and D,
representative confocal images show NR1 in green, RXRa in blue, and NR2 in red. Scale bar, 10 mm. A, changes in the distribution of G-PPARg/nlsm in HEK293B-RXRa

cotransfected with C-VDRwere assessed in the absence or presence of treatment with agonists (1026
M RSG, 1027

M cal, or 1027
M LG268).D, analogously, changes

in the distribution of G-VDR were assessed in HEK293B-RXRa cotransfected with C-PPARg. B and E, nuclear-to-cytoplasmic fluorescence intensity/pixel ratios (NCR)
of NR1; ***, p, 0.0001 compared with NR1 distribution in HEK293B-RXRa cotransfected with NR2;2, nontreated sample; ns, not significant. C, NCR values of NR2,
C-VDR in HEK293B-RXRa cotransfected with G-PPARg/nlsm. F, PPARg antagonist GW9662 (1026

M) did not change the NCR of NR1 (compared with nontreated sam-
ples). Box-and-whiskers plots represent 10th, 25th, 50th, 75th, and 90th percentiles;1, mean value.G, EGFP; B, TagBFP; C, mCherry.
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G-VDR/nlsm and RXRa became enriched in the nucleus of
HEK293B-RXRa cells upon calcitriol treatment; the NCR of G-
VDR/nlsm increased to ;3.3 (Fig. 6B), and that of B-RXRa was
restored to;5, close to its normal value (Fig. 6C).
In competition experiments between G-VDR/nlsm and C-

RARa in HEK293B-RXRa cells, RXRa was enriched in the nu-
cleus together with PPARg rather than being sequestered in
the cytoplasm with VDR/nlsm, suggesting the preference of
RXRa for RARa over VDR (Fig. 6D).
Similarly, when G-VDR/nlsm and C-PPARg were cotrans-

fected in HEK293B-RXRa cells, RXR was trapped in the nucleus
where PPARg resided rather than colocalizing with VDR/nlsm
in the cytoplasm. This also indicated the dominance of PPARg
over VDR (Fig. 6E).
In both experiments, G-VDR/nlsm became slightly enriched

in the nucleus of HEK293B-RXRa after treatment with calcitriol
(Fig. 6D and E).
In summary, results on VDR/nlsmwithout ligand treatment are

in accordance with those gained with WT VDR, indicating the
dominance of both RARa and PPARg over VDR. The role of cal-
citriol in the competition is less obvious in the case of VDR/nlsm.

Overexpression of RXRa abrogates competition between its
potential heterodimerization partners

We have shown that NRs compete for RXRa and revealed
differences in the binding affinities between RXRa and its part-

ners. Competition was observed in a situation where the com-
bined expression levels of NR1 and NR2 were larger than that
of RXRa alone; therefore, RXRawas limiting.
To assess whether the competition for RXRa is the

primary cause for our observed results, experiments were
repeated in cells expressing less NR1 and NR2. Thus,
HEK293B-RXRa cells were transfected with half the amount
of the plasmids of NR1 and NR2 used previously, and experi-
ments were carried out 24 h rather than 48 h after transfec-
tion. In the new model system, RXRa is not limiting any-
more: RXRa . (NR11NR2). The dominance of RARa over
PPARg was abolished because RXRa became sufficient for
both partners (Fig. 7A). G-PPARg/nlsm in HEK293B-RXRa

was enriched in the nucleus with an NCR of ;5, very close
to the case where C-RARa was absent. This supports our
previous conclusions. The homogeneous distribution of G-
PPARg/nlsm in HEK293B-RXRa cotransfected with C-RARa
is because of monopolizing of RXRa by the dominant part-
ner, RARa, when RXRa is limiting. In the same manner, we
showed how the reduced amount of heteroassociation part-
ners relative to RXRa abolished the dominance of RARa
(Fig. 7B) and PPARg (Fig. 7C) over VDR.
In summary, in cells where there is a limiting or sequestered

pool of RXR combined with the expression of several RXR het-
erodimerization partner NRs, a competition between NRs for
their common partner, RXR, is most likely to occur.

Figure 6. EGFP-VDR/nlsm as NR1 in competition with RARa and PPARg: both RARa and PPARg dominate over VDR/nlsm in competing for dimeriza-
tion with RXRa. A, representative confocal images of G-VDR/nlsm transiently transfected into WT HEK293 (left) or HEK293B-RXRa cells (right) in the absence
(top) or presence (bottom) of specific NR1 agonists (1027 M cal). Scale bar, 10 mm. B, nuclear-to-cytoplasmic fluorescence intensity/pixel ratios (NCR) of
G-VDR/nlsm. C, NCR values of B-RXRa. D, NCR of G-VDR/nlsm in HEK293B-RXRa cotransfected with C-RARa were assessed in the absence or presence of
agonists (1027

M AM580, 1027
M cal, or 1027

M LG268). E, changes in the distribution of G-VDR/nlsm in HEK293B-RXRa cotransfected with C-PPARg were
assessed in the absence or presence of agonists (1026

M RSG, 1027
M cal, or 1027

M LG268). Box-and-whiskers plots represent 10th, 25th, 50th, 75th, and
90th percentiles;1, mean value. G, EGFP; B, TagBFP; C, mCherry. *, p, 0.05; ***, p, 0.0001; ns, not significant.
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Chromatin binding of VDR is dynamically regulated by
calcitriol

Our finding that specific agonist binding increases the affin-
ity of the studied NRs toward RXR brings up the question of
whether it also affects their chromatin binding properties. We
investigated this possibility in the case of VDR. Genomic bind-
ing sites (GBSs) of VDR were detected by chromatin immuno-
precipitation sequencing (ChIP-seq) in THP-1 monocytes. The
GBSs (n = 13,915) were divided into three groups: (i) n = 1866
VDREs containing a full vitamin D response element (a direct
repeat of AGGTCA or similar sequence with a 3-nucleotide
spacer, DR3), (ii) n = 1572 less specific NR half-sites (single
AGGTCA sequences), and (iii) the rest, n = 10,477, where nei-
ther a VDRE nor an NR half-site sequence could be mapped,
denoted as “None.” Upon calcitriol activation, VDRE-contain-
ing GBSs showed considerably higher occupancies on average
than those in the control, vehicle-treated sample. A similar
induction, but to a much lesser extent, was detected for the NR
half-site-containing regions. In contrast, the None GBSs did
not show any induction upon calcitriol treatment (Fig. 8A).
To reveal more details of the stimulatory/inhibitory effect of

calcitriol on VDR binding, we clustered the VDR GBSs in each
group according to their tag densities and response types. We
found that in the None group, a significant proportion (n =
6361) of the GBSs displayed a negative response, i.e. a decrease
of tag densities upon calcitriol treatment, whereas only a few
VDRE (n = 213)- and NR half-site (n = 321)-containing GBSs
behaved this way (Fig. 8B, clusters denoted by II). To better
understand the factors that are responsible for this pattern, we
applied de novo motif enrichment analysis within each group.
In addition to the expected motifs, the VDRE- and NR half-
site-containing GBSs mostly showed the presence of the well-
known PU.1, C/EBP (enhancer-specific pioneering factors pu-
rine-rich box 1 and CCAAT enhancer-binding protein), and
AP-1 (activator protein 1) motifs, which occurred mainly in
intergenic or intronic regions, also suggesting that they are
enhancers. On the other hand, in the None group, the pro-
moter-specific YY1 (Yin Yang 1 transcriptional repressor pro-

tein) motif was significantly enriched (Fig. S2). We observed
that the YY1 motif was enriched at the negatively responding
sites (cluster II of each group, Fig. 8B), and many of these GBSs
were indeed located within promoter-transcription start site
regions (Fig. 8C).
From the above results, we can conclude that direct DNA

binding (to VDREs or NR half-sites) is enhanced by calcitriol,
which, together with our microscopy data, suggests that heter-
odimerization with RXR and direct DNA binding are correlated
events. On the other hand, binding at None GBS regions is
characteristic for promoters and is diminished by calcitriol
treatment. Figure 8D demonstrates the effect of calcitriol treat-
ment on VDR accumulation on the GBSs of some of its target
genes in either enhancer or promoter regions. There is an over-
lap between these two sets: in the case of 507 genes, binding
both to the enhancer and the promoter of the same gene was
found, suggesting chromatin looping (Fig. S2D).

Discussion

Nuclear receptors are widely used and are excellent targets
for drug intervention in many diseases. However, in recent tri-
als, unexpected side effects have been observed despite the high
specificity of the drug-NR interaction. Here, we propose how
the activation of one NR pathway can interfere indirectly with
other NR pathways through competition for their common
heterodimeric partner, RXRa. We show that there is a hierar-
chy in the affinities of NR partners toward RXRa, which is over-
ridden by ligand binding. Our findings can help to explain the
complex response observed in in vivo tests and may help design
novel treatment strategies utilizing already FDA-approved
drugs in an appropriate combination.

NLS1 mutants as a model system to study heterodimerization
with RXR

The localization of NRs in the nucleus is mandatory for
exerting their function as transcription factors; thus, their nu-
clear trafficking has been studied extensively. Like other nu-
clear proteins, nuclear localization of NRs is mediated through

Figure 7. Increased availability of RXRa abolishes the competition between NRs for RXRa heterodimerization. Distribution of NR1 in WT HEK293 is
shown in gray, in HEK293B-RXRa cells in light green, and in HEK293B-RXRa cells cotransfected with NR2 in blue. In the first blue box, HEK293B-RXRa cells were
transfected with 80 ng of each of NR1 and NR2, and experiments were carried out 48 h after transfection; these conditions result in a limiting pool of RXRa:
(NR11 NR2). RXRa. In the second blue box, HEK293B-RXRa cells were transfected with 40 ng of each of NR1 and NR2; experiments were carried out 24 h after
transfection, resulting in a larger RXRa pool relative to NR1 and NR2: RXRa . (NR11 NR2). Box-and-whiskers plots represent 10th, 25th, 50th, 75th, and 90th
percentiles;1, mean value.G, EGFP; B, TagBFP; C, mCherry.
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binding of carrier proteins, called importins, to the nuclear
localization signal of the receptor (33), which is a specific
sequence characterized by basic, positively charged amino
acids. Changing these residues to uncharged, polar, or nonpolar
amino acids abolishes receptor binding to importins and abro-
gates its nuclear accumulation (34, 35). Based on our observa-
tions, we can conclude that mutation of the NLS1 of RXR part-
ners increases their presence in the cytoplasm but retains their

ability to heterodimerize with RXR and to bind their ligands
effectively. In line with our results, NLS mutants of pregnane
xenobiotic receptor and constitutive androstane receptor
(CAR) also showed RXR heterodimerization-dependent nu-
clear import (36). These findings allowed us to establish the
NLS1 mutant receptors as a good model to detect the occur-
rence of heterodimerization with RXR by using a translocation
assay.

Figure 8. Chromatin binding of VDR is dynamically regulated by calcitriol. A, histograms showing the decile-normalized average tag density of the VDR
binding sites that contain VDRE (n = 1866), NR half-site (n = 1572), or None (n = 10477) in the presence of cal or vehicle (Ctrl). B, left, heat maps representing
the tag densities of VDR binding sites with VDRE, NR half-site, or None upon control (Ctrl) and calcitriol treatment. Regions were divided by k-means clustering
(k = 2). Right, motif distribution heat maps showing the presence of VDRE, NR half-site, YY1, and PU.1 motifs in 2-kb frames around the VDR binding sites. C,
bar charts showing the genomic distribution of VDR binding sites separately for the two clusters (I and II) of regions that contain VDRE, NR half-site, or None.D,
an Integrative Genomics Viewer (IGV) snapshot of VDR coverage representing ten VDR binding sites upon control (Ctrl) or cal treatment from clusters I (left)
and II (right). The interval scale is 30 in all cases.
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Competition of NRs for their common partner, RXRa

In this paper, we addressed the questions of whether RXR
has different affinities to its heterodimerization partners in the
absence of ligand and if specific agonist treatment enhances
these affinities. Our data demonstrated that in the absence of
ligand, RXRa had the highest affinity toward RARa, intermedi-
ate for PPARg, and the lowest for VDR, whereas agonist treat-
ment always tipped the scale in favor of the liganded partner.
The dependence of RXR partner selection on the availability

of the partner’s specific agonist is consistent with the regulation
of metabolism in which triggering a specific metabolic pathway
is dictated by the availability of the endogenous substrate, e.g.
NRs like liver X receptor (LXR) and PPARa are involved in lipid
metabolism (storage versus degradation, respectively). These
receptors serve as sensors for their endogenous ligands, free
fatty acids (FFA), and oxysterol (37). In a fasting state where
energy production is needed, FFA accumulates in the liver,
reducing the expression of genes involved in fatty acid and cho-
lesterol synthesis while activating genes promoting fatty acid
catabolism. FFA increases the expression of PPARa and evokes
its transcriptional activity, regulating genes involved in mito-
chondrial b-oxidation (38, 39). On the other hand, in a fed state
with a high-fat diet, fatty acid delivery to the liver is decreased
and oxysterol accumulates as a result of an increasing concen-
tration of cholesterol (40). Oxysterol-dependent activation of
LXR helps to eliminate the excess of cholesterol by increasing
the expression of genes involved in bile acid synthesis, choles-
terol absorption, transport, and excretion (41). This example of
regulation of metabolism by two NRs implies how the liver can
avoid competition between two partners of RXRmediating two
interacting signaling pathways by providing only one partner’s
ligand at a time.
In HEK293B-RXRa cells, the originally nuclear localization of

PPARg/nlsm was massively reduced in the presence of RARa,
whereas RARa/nlsm maintained its nuclear localization even
in the presence of either PPARg or VDR. Monopolization of
RXRa by RARa indicates competition between the two part-
ners (because of the limiting amount of RXRa expressed by the
stable cell line) with an outcome favoring RARa. PPARg/nlsm
managed to maintain its nuclear localization in HEK293B-RXRa

cells cotransfected with VDR; in addition, VDR was redistrib-
uted homogeneously, implying a dominance of PPARg over
VDR. The role of a potential endogenous ligand in this competi-
tion was excluded by applying a PPARg antagonist, which did
not change the distribution of the NRs. We also showed that if
the RXRa pool is not limiting, competition between the hetero-
dimerization partners is abolished; both NRs can bind to RXRa
and become enriched in the nucleus. These experiments show a
well-defined order of preference of RXRa for its heterodimeriz-
ing partners in the absence of agonist treatment, which is abso-
lutely overridden by the effect of specific agonists (Fig. 9). Heter-
odimerization with RXRa of even the strongest partner, RARa/
nlsm, persisted only until its competing partner, PPARg or
VDR, was ligandedwith its specific agonist, RSG or calcitriol.
In previous studies, PPARg was shown to dominate the sig-

naling pathway of both thyroid hormone receptor and VDR; it
suppressed thyroid hormone receptor signaling in epiphyseal

chondrocytes (42) and attenuated 1,25-dihydroxyvitamin-D3-
mediated transactivation of VDR (43). PPAR/RXR binding to
the response element of PPAR was shown to be reduced in the
presence of LXRa or LXRb (44). In the previously mentioned
studies, the dominance of one RXR partner over the other was
abolished when RXR was overexpressed and became abun-
dantly available for both partners simultaneously. This might
be the case in cells with a very large pool of uncommitted or
sequestered RXR (13, 15, 28). Previously, we have shown that
retinoic acid treatment of undifferentiated mouse embryonic
stem cells decreases the expression of LXR target genes and
decreases RXR binding at LXR response elements while induc-
ing RXR redistribution to RAR target genes. This ligand-
induced switch in RXR preference from LXR to RAR is critical
for proper cellular differentiation (45).
There are other examples of ligand-directed competition for

a shared subunit between different protein complexes (46). We
also previously showed that interleukin-2 and -15 regulate the
association of their membrane-localized receptor chains in a
similar fashion. The b and gc chains of their heterotrimeric
receptors are used by the two cytokines, whereas the IL-2Ra
and IL-15Ra chains are cytokine specific. The bgc heterodimer
forms a complex with the receptor a chain, the ligand of which
is present (47).
Our or similar studies may have some limitations. We note

that (i) we cannot entirely exclude the presence of endogenous
ligands for the receptors; (ii) our approach may not mimic all
possible physiological conditions; (iii) as for the limiting nature
of RXR, antibody-based approaches are, at best, semiquantita-
tive to determine endogenous NR concentrations; and finally,
(iv) we used indirect measures to assess downstream gene
expression events.

Similarities and differences in the localization of NRs

Despite the similar positioning of the NLS1 of different NRs,
the studied NLS mutant NRs partitioned between the nucleus
and the cytoplasmwith different ratios and responded to RXRa
heterodimerization with different localizations. PPARg/nlsm
and RARa/nlsm were distributed homogeneously in WT
HEK293. Nuclear accumulation of PPARg/nlsm and RARa/
nlsm was observed in the presence of RXRa (in HEK293B-RXRa

cells). The translocation of NLS mutant receptors into the

Figure 9. Summary of the results represented as chemical equations.
Reactants, the two competing partners, and RXR are shown in black. For the
products, the weak partner is shown in blue, and the dominant NR:RXR heter-
odimerization complex is shown in orange. 0, without ligand treatment.
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nucleus can be explained by the piggy-back mechanism, which
is mediated by protein-protein interaction with their shuttling
partner, RXRa. This mechanism was described previously for
other NRs, such as progesterone receptors (31).
Contrary to PPARg/nlsm and RARa/nlsm, VDR/nlsm was

more cytoplasmic in WT HEK293 cells. In HEK293B-RXRa, it
not only failed to translocate into the nucleus but also induced
a significant redistribution of RXRa. Translocation of RXRa to
the cytoplasm implies that heterodimerization of RXRa with
VDR/nlsm masks RXR’s NLS1 and prevents its recognition by
importins. Intriguingly, calcitriol treatment promoted the nu-
clear import of both VDR/nlsm and RXRa in HEK293B-RXRa.
In line with this, when using RXRa/nlsm, calcitriol evoked the
nuclear enrichment of both VDR and RXRa/nlsm, whereas
both receptors were retained in the cytoplasm in the absence of
calcitriol, similar to previous studies (48, 49). Another study
also suggests that the translocation of the VDR-RXR hetero-
dimer into the nucleus is facilitated by the NLS of VDR (50).
Heterodimerization of GFP-VDR and RXR-BFP in the cyto-
plasm has also been affirmed by FRET (49), and the initiation of
heterodimerization with RXR in the cytoplasm has been sug-
gested for other NRs, such as xenobiotic receptors (pregnane
xenobiotic receptor and CAR) (36).
Because VDR/nlsm did not translocate to the nucleus upon

heterodimerization with RXRa in the absence of ligand, we did
not rely on this mutant alone in the competition assay. WT
VDR matched our needs better; it was distributed between the
nucleus and the cytoplasm evenly in WT HEK293 cells and
translocated into the nucleus when treated with calcitriol. It
accumulated in the nucleus of HEK293B-RXRa cells and was fur-
ther enriched there when treated with calcitriol. Thus, calcitriol
increases the affinity of VDR to RXRa, which results in the
accumulation of VDR in the nucleus, in line with previous find-
ings showing that RXRa inhibits VDR export (48, 49). The effect
of calcitriol to enhance the nuclear accumulation of VDR is
because of increasing its affinity to importin (50). Nuclear
enrichment of VDR/nlsm after calcitriol treatment may be
explained by the presence of a further, ligand-responsive NLS in
the hinge region between the DBD and the LBD (51, 52). A simi-
lar NLS, also in the hinge region, has been reported for other
NRs like progesterone receptors (53).
In competition experiments for dimerization with RXRa, the

application of a single agonist (of NR1 or NR2) always shifted
the balance toward the liganded receptor. When ligands of
NR1 and NR2 were both present, the outcome was different for
the different pairs. RARa dominated over PPARg when both
NRs were liganded. In experiments involving WT VDR and
another NR, both NRs accumulated in the nucleus. In these
cases, RARa/nlsm or PPARg/nlsm probably relied on the NLS
of RXRa using the piggy-back mechanism, whereas calcitriol
treatment may have exposed an alternative NLS of VDR facili-
tating its binding to importins.

Ligand-induced chromatin binding of VDR and
heterodimerization with RXR are correlated

Calcitriol treatment had a triple effect on VDR: it enhanced
its nuclear localization along with an augmented heterodimeri-

zation with RXRa, and it increased its binding to its response
elements, stronger to VDREs binding the heterodimer and to a
lesser extent to NR half-sites. This is in line with our finding
that heterodimerization of RARa and RXRa was also positively
correlated with chromatin binding as measured by comobility
(27).
The GBSs of VDR were primarily enhancers, where the

motifs of the enhancer-specific transcription factors PU.1 and
C/EBP were also enriched. On the other hand, the majority of
GBSs not containing a VDRE or a half-site were localized in
promoter regions and were enriched in the motif of the pro-
moter-specific YY1 transcription factor. In these regions, VDR
binds indirectly. The latter GBSs became less occupied upon
calcitriol treatment; thus, we can conclude that calcitriol indu-
ces a transition from promoters (and possibly from the non-
DNA-bound pool of VDR) to enhancers. 507 genes were doubly
assigned to an enhancer region (from the cluster of positively
responding sites) as well as to a promoter region (from the nega-
tive responders), suggesting chromatin looping (54). A possible
interpretation of the observed complex behavior is that calcitriol
strengthens binding of VDR to enhancers and initiates transcrip-
tion, causing the transcription machinery to move from the pro-
moter toward the coding region of the regulated gene.

Conclusions

Tracing the dynamic distribution pattern of EGFP-VDR,
EGFP-PPARg/nlsm, and EGFP-RARa/nlsm (homogeneous in
the absence of RXRa and nuclear enriched in response to
RXRa binding) serves as a good model system for studying
their competition for heterodimerization with RXRa. There is
indeed dynamic competition between RXR partners, which is
governed by two mechanisms. First, in the absence of agonist
treatment, there is a hierarchy of affinities between RXRa and
its partners in the following order: RARa . PPARg . VDR.
Second, in the presence of agonist treatment, RXRa partner
selection is shifted toward the liganded partner.
These results may explain certain side effects of drugs target-

ing NRs. Competition for RXR could be responsible for the
symptoms of vitamin D deficiency developed in a child upon
receiving systemic retinoid treatment for ichthyosis (55) or the
antagonistic effect of coadministered vitamin A on serum cal-
cium response to vitamin D treatment (56).
Our observations regarding these three RXR partners, con-

sistent with metabolism regulation by two other RXR partners
(LXR and PPARa) and our similar previous findings on mem-
brane-localized IL-2/15 receptors, encourage us to generalize
the concept that specific ligand binding may often govern com-
petition between different partners of a promiscuous receptor.
Our findings are a proof of concept of a hierarchy of affinities
between NRs and their common partner, RXRa. These studies
can be extended to a larger number of receptors to uncover the
network of hierarchies, and follow-up studies will also focus on
testing this concept in a broader and physiological context.
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Experimental procedures

Plasmid construction

Expression constructs for EGFP-PPARg, EGFP-RARa, and
EGFP-VDR were generated by PCR using PPARg, RARa, and
VDR human cDNA, splice variant (isoform) 1, as templates. As
a replacement for the start codon ATG, TTT was inserted in
the designed cloning primers. PCR products were subcloned
into EGFP-C3 vector (Clontech Laboratories, Mountain View,
CA) using the restriction sites XhoI/SalI, BglII/HindIII, and
XhoI/HindIII, respectively. mCherry-PPARg, mCherry-RARa,
and mCherry-VDR constructs were generated from EGFP-
tagged receptors by replacing EGFP with mCherry. Candidate
NLSs in the DBDs of the involved receptors have been
defined to be between amino acids 136 and 141 for PPARg,
113 and 118 for RARa, 49 and 54 for VDR, and 160 and 165
for RXRa in a previous study (48). NLS mutant receptors
were prepared by introducing a point mutation in the NLS1
into the coding sequence of EGFP-tagged receptors using
site-directed mutagenesis via the overlap extension PCR
method (57). Accordingly, the following point mutations
were introduced: in EGFP-PPARg/nlsm, R136Q, R137G,
R140G, and L141Q; in EGFP-RARa/nlsm, R113Q, R114G,
Q117G, and K118Q; in EGFP-VDR/nlsm, R49Q, R50G, K53G,
and R54Q; in EGFP-RXRa/nlsm, K160Q, R161G, R164G, and
K165Q. TagBFP-RXRa/nlsmwas generated from EGFP-RXRa/
nlsm by replacing EGFP with TagBFP using NheI and BglII
restriction enzymes. The zinc finger mutant RXR, RXR/znm,
was prepared by mutating all 8 cysteines within the two zinc fin-
ger motifs of the DBD to alanines using the overlap extension
PCR method. Accordingly, the following point mutations were
introduced: C135A, C138A, C152A, C155A, C171A, C177A,
C190A, and C195A.
In all cases, the fluorescent proteins were fused to the N ter-

mini of the receptors. All plasmids were sequenced and are
available upon request.
Control plasmid constructs EGFP-mCherry and EGFP-

TagBFP are complemented with a CGC GAT CCA CCG GTA
ATG linker sequence after the sequence of EGFP. In the pro-
line-separated TagBFP-P30-EGFP construct, there is a GGT
CCG GTC GCC ACC CGC GAT CCA CCG GTA ATG linker
before the proline spacer (30 repeats, mixed from the 4 proline
codons) after the sequence of TagBFP.

Generation of TagBFP-RXRa stable cell line

The adherent version of human embryonic kidney (HEK293;
also called AD-293) cell line stably expressing TagBFP-RXRa,
HEK293B-RXRa, was prepared using viral transduction. Virus
particles harboring the TagBFP-RXRa gene were purchased
from VectorBuilder (Santa Clara, CA, USA). Multiplicity of
infection, which is the number of virus particles needed to
transduce one cell (58), was optimized experimentally for
HEK293. A multiplicity of infection of 12 gave 70% transduc-
tion efficiency and kept the cells in good viability conditions;
thus, it was chosen to transduce the cells. G418 as a selection
marker was applied in a dose of 500 mg/ml to get rid of non-
transduced cells. Cells were further sorted with a FACSAria III
(BD Bioscience, San Jose, CA, USA) cell sorter to collect a cell

population expressing TagBFP-RXR within an expression
range with a coefficient of variation of 50%.

Cell culture and transient transfection

Both HEK293 and HEK293B-RXRa cells were maintained in
DMEM, supplemented with phenol red, 10% fetal calf serum
(Sigma-Aldrich, Saint Louis, MO), 13 GlutaMAX (Fisher Sci-
entific, Tokyo, Japan), and 50 mg/liter gentamycin (KARA,
Novo Mesto, Slovenia). For microscopy experiments, HEK293
or HEK293B-RXRa cells were subcultured in 8-well chambered
coverslips (ibidi, Munich, Germany) and maintained in phenol
red-free DMEM because of the potential estrogenic effect of
phenol red (59) and supplemented with 10% charcoal-stripped
fetal calf serum (PAN-Biotech, Aidenbach Germany) to get rid
of the endogenous NR ligands. 24 h after seeding, cells reached
50–60% confluency and were transiently transfected with 75–
80 ng of either one RXR partner (NR1) or two competing part-
ners (NR1 1 NR2) using FuGENE® HD transfection reagent
(Promega, MA, USA), as suggested by the manufacturer. The
amounts of plasmids yielding equal expression levels of NR1
and NR2 were determined by comparing the red-to-green fluo-
rescence intensity ratio of the receptors to that of the EGFP-
mCherry fusion protein, expressing the fluorophores in equal
amounts. Unless otherwise indicated, cells were used for mi-
croscopy within 48 h after transient transfection.

Ligand treatment

Ligands were purchased from BioVision (Milpitas, CA, USA)
and were applied to the transfected cells 30–60 min before
imaging at 37 °C, 5% CO2. The following ligands with the men-
tioned concentrations were used: RSG, a PPAR agonist (1 mM);
AM580, an RAR agonist (100 nM); calcitriol, a VDR agonist
(100 nM); and LG268, an RXR agonist (100 nM). PPARg-specific
antagonist (GW9662; 1 mM) was purchased from Promega,
MA, USA. Stock solutions of ligands were prepared in DMSO.
For use, ligand aliquots were prepared in 1:1 DMSO–ethanol
solvent to prevent repetitive freezing and thawing. Ligands
were stored at220 °C.

Microscopy

Confocal images were recorded by a Zeiss LSM 880 (Carl
Zeiss, Jena, Germany) confocal microscope using a 403, 1.2
numeric aperture water immersion objective. A 405-nm laser
was used to excite the blue fluorescence signal of TagBFP
detected between 429 and 481 nm, the 488-nm line of an ar-
gon-ion laser for the green signal of EGFP detected between
499 and 562 nm, and a 543-nm HeNe laser for the red signal of
mCherry measured between 561 and 735 nm. An incubator
built around the microscope maintained the temperature at
37 °C during themeasurements.

Analysis of microscopy data

The average intensity per pixel was measured in two sepa-
rately, manually selected regions of interest, one contouring the
entire cytoplasm and another contouring the entire nucleus,
excluding the nucleoli. The values were corrected for
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background by subtracting the mean intensity calculated for
nontransfected HEK293 cells. The intensities were determined
using the open-source FIJI distribution of ImageJ (version
2.0.0-rc-69/1.52i).
Relative expression levels of the fluorescently tagged NRs

were assessed as described previously (60). Briefly, the intensity
of B-RXR in the blue channel and that of G-NR1 in the green
channel were measured, and the ratio of these signals, IG/IB,
was calculated. Similar IG/IB ratios from TagBFP-P30-EGFP
(and EGFP-TagBFP) fusion proteins expressing the two fluoro-
phores at a 1:1 ratio were determined and averaged, serving as a
standard value,Q. Themolecular expression ratioNG/NB of the
NRs was then calculated asNG/NB = (IG/IB)/Q.
For determining the relative expression ratio of G-NR1 to C-

NR2, NG/NC, we used the EGFP-mCherry fusion protein as a
standard in a similar fashion, whereas the relative expression
ratio of C-NR2 to B-RXRa was calculated as NG/NB divided by
NG/NC. In our triple coexpression experiments, the combined
expression of NR1 and NR2 was greater than that of RXR to
ensure a limiting pool of RXR; thus, competition could be
observed.
Data were presented as a ratio of nuclear-to-cytoplasmic flu-

orescence intensities (NCR), displayed as box-and-whiskers
plots depicting the 10th, 25th, 50th, 75th, and 90th percentiles
and the arithmetic means for at least 30 cells. Analysis of var-
iance was used to compare the differences between the groups.
Prism 8.4.0 was used for statistical analysis and graphs.

Translocation assay

In this study, we intended to understand how the promiscu-
ous RXR molecule chooses its interaction partner in the pres-
ence of several potential heterodimeric partners and agonists.
We evaluated competition between these NRs for their com-
mon partner, RXRa, by using a translocation assay in a three-
color model imaging system as illustrated in Fig. 1. RXRa was
tagged with TagBFP and stably expressed in HEK293 cells.
NR1, called the “studied partner,” was labeled with EGFP and
NR2, or the “competing partner,” with mCherry. Applying a
translocation assay required a version of the studied partner
present in both the cytoplasm and the nucleus when not inter-
acting with RXRa and getting enriched in the nucleus when
interacting with RXRa. Inducing a mutation in the NLS1 of
PPARg and RARa fulfilled these criteria, whereas VDR was
more appropriate in itsWT form; we call these the “homogene-
ous form of the receptor” and refer to it as NR1. A pilot study
confirmed the homogeneous localization of EGFP-PPARg/
nlsm, EGFP-RARa/nlsm, and EGFP-VDR in WTHEK293 cells
and their nuclear accumulation in HEK293B-RXRa. Next, com-
petition between RXRa partners for binding to RXRa was eval-
uated by detecting changes in heterodimerization between
RXRa and the homogeneous form of NR1 in the presence of
WT NR2. Competition between any two selected NRs was
tested in two complementary experiments, e.g. to study com-
petition between RARa and PPARg for binding to RXRa, we
traced the distribution changes of both EGFP-PPARg/nlsm in
the presence of mCherry-RARa and that of EGFP-RARa/nlsm
in the presence of mCherry-PPARg in HEK293B-RXRa cells.

The role of specific agonists in governing the competition was
assessed by treating the samples with the specific agonists of
the involved receptors selectively or in combination.

ChIP

Cell culture and ligand treatment—The human monocytic
cell line THP-1 was maintained in Roswell Park Memorial
Institute medium supplemented with 10% fetal calf serum
(Sigma-Aldrich, Saint Louis, MO), 13 GlutaMAX, (Fisher Sci-
entific, Tokyo, Japan), 50 mg/liter gentamycin (KARA, Novo
Mesto, Slovenia). 60 min prior to ChIP assay, THP-1 cells were
maintained in phenol red-free Roswell ParkMemorial Institute
medium supplemented with 10% charcoal-stripped fetal calf se-
rum and treated with either vehicle, 1:1 DMSO–ethanol, or cal-
citriol (100 nM).
The ChIP experiment was performed as previously published

(61) and optimized with minor modifications. A mouse mono-
clonal anti-VDR antibody was applied (sc-13133, Santa Cruz
Biotechnology). TruSeq ChIP library systems (Illumina) were
used for library preparation according to the manufacturer’s
instructions.
ChIP-seq data analysis and peak prediction—Raw ChIP-seq

reads were aligned to the hg19 reference genome assembly with
default parameters by using the BWA tool (v07.17), and BAM
files were generated with SAMtools (v1.7) (62, 63). Peaks were
predicted with the findPeaks program of the HOMER toolkit,
and their widths were fixed to 200 bp relative to their summits
(64). Artifacts were removed according to the blacklisted
genomic regions of ENCODE (65). Peaks that were present in
both replicates (separately for control and calcitriol-treated
samples) and reached a minimum of 3 units (normalized tag
densities as determined within625 bp relative to peak summits
by HOMER’s annotatePeaks; n = 8401 for the control and
n = 10,927 for the calcitriol-treated samples) were merged
(n = 13,915) and considered in further analyses. Genome cover-
age (bedgraph) files were generated by HOMER’s makeUCSC-
file program.
Classification and characterization of peaks—Peaks were di-

vided into three groups based on the presence or absence of the
VDRE or NR half-site. For this, VDRE and NR half-site motif
matrices were downloaded from the HOMER Motif Database.
Tag density of the central 50-bp region of the 13,915 peaks was
determined for each sample with HOMER’s annotatePeaks
(-hist 50 and -ghist options). Tag density values were normal-
ized with the per-sample upper decile value and were averaged
per condition. For heat maps, the three peak groups (with
VDRE, NR half, or None) were further divided by k-means clus-
tering (k = 2), applying the centered correlation similarity met-
ric using the Cluster 3.0 (v1.59) software. For histograms, aver-
age tag densities were generated with HOMER’s annotatePeaks
(-hist 10) and were normalized with the previously determined
decile values. Genomic distribution and annotation of the peak
groups also were defined by HOMER’s annotatePeaks. The
pathway terms were predicted using the KEGG database (66).
Motif analysis and mapping—De novo motif enrichment

analyses were carried out with HOMER’s findMotifsGenome
and were performed on the central 200-bp regions of the peaks.
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The targeted motif lengths were 10, 12, 14, and 16 bp. p values
were calculated by comparing the enrichment within the target
regions and that of a random set of regions (background) gen-
erated by HOMER. For motif distribution plots, matrices of the
enriched motifs were mapped by following the order of regions
in the tag density heat maps by using the -mbed parameter of
HOMER’s annotatePeaks in 20-bp windows within 2-kb frames
relative to the peak centers.
Visualization—Heat maps were visualized by Java TreeView

(v1.1.6r4) (67). Histograms and bar charts were plotted by using
GraphPad Prism (v8). An area-proportional Venn diagram was
generated by BioVenn (68). Genome coverage (bedgraph) files
were visualized by Integrative Genomics Viewer (v2.4.16) (69).

Data availability

ChIP-seq data have been submitted to Sequence Read
Archive and Gene Expression Omnibus databases under acces-
sion numbers PRJNA632899 andGSE150652, respectively.
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