
Cancer Sci |  December 2007 | vol. 98 | no. 12 | 1868–1874 doi: 10.1111/j.1349-7006.2007.00621.x
© 2007 Japanese Cancer Association

Blackwell Publishing Asia

Phosphorylated retinoid X receptor αααα loses its 
heterodimeric activity with retinoic acid receptor ββββ
Kotaro Yoshimura,1 Yoshinori Muto,2 Masahito Shimizu,1,5 Rie Matsushima-Nishiwaki,1 Masataka Okuno,1 
Yukihiko Takano,1 Hisashi Tsurumi,1 Soichi Kojima,4 Yukio Okano3 and Hisataka Moriwaki1

Departments of 1Medicine, 2Basic Health Science and Fundamental Nursing and 3Molecular Cellular Pathobiochemistry, Gifu University Graduate School 
of Medicine, Gifu, 501-1194; 4Molecular Cellular Pathology Research Unit, RIKEN, Wako, Saitama, Japan

(Received May 13, 2007/Revised July 30, 2007/Accepted August 16, 2007/Online publication September 28, 2007)

A malfunction in retinoid X receptor (RXR) αααα due to pho-
sphorylation is associated with the development of hepatocellular
carcinoma. However, the precise mechanisms by which phosphory-
lated RXRαααα loses its physiological function remain unclear. In the
present study we examined whether phosphorylation of RXRαααα
affects its dimeric activity. Fluorescence resonance energy transfer
studies and immunoprecipitation assays showed that the physical
interaction between RXRαααα and retinoic acid receptor ββββ was impaired
when 293T cells were transfected with phosphomimic mutant RXRαααα
(T82D/S260D), whereas this interaction was activated at a level
similar to wild-type RXRαααα-transfected cells when the cells were
transfected with an unphosphorylated mutant RXRαααα (T82A/S260A).
Treating the T82A/S260A-transfected cells with retinoid resulted in
a significant increase in the transcriptional activities of the retinoic
acid receptor responsive element and RXR responsive element
promoters, whereas these transcriptional activities did not increase
in the T82D/S260D-transfected cells. Transfection with T82A/S260A
enhanced both the inhibition of cell growth and the induction of
apoptosis caused by retinoid, although the T82D/S260D-transfected
cells lost their responsiveness to retinoid. Moreover, transfection
with T82A/S260A caused an inhibition of cell growth and a reduc-
tion of colony-forming ability in soft agar in HuH7 human hepato-
cellular carcinoma cells. These findings suggest that phosphorylation
of RXRαααα abolishes its ability to form homodimers and heterodimers
with RXR and retinoic acid receptor ββββ, thus resulting in the loss of
cell growth control and the acceleration of cancer development. In
conclusion, the inhibition of RXRαααα phosphorylation and the restora-
tion of its original function as a master regulator of nuclear receptors
might therefore be an effective strategy for controlling cancer cell
growth. (Cancer Sci 2007; 98: 1868–1874)

Vitamin A and its analogs, collectively termed retinoids,
have a profound effect on cell activities such as cell growth,

differentiation, apoptosis, and morphogenesis.(1,2) Retinoids
exert their biological functions primarily by regulating gene
expression through two distinct nuclear receptors, namely, RAR
and RXR. Both families of receptors are composed of three
subtypes (α, β, and γ). RAR can be activated by all-trans retinoic
acid and 9cRA, whereas RXR can be activated only by 9cRA.(3)

Nuclear retinoid receptors are ligand-dependent transcription factors.
After ligand binding, RXR forms homodimers or heterodimers with
RAR, which interacts with RXRE or RARE, located in the promoter
region of target genes, thereby modulating gene expression.(4) Other
nuclear receptors also require RXR as a heterodimer partner in order
to exert their function.(4) Therefore, RXR play a fundamental role
in controlling normal cell proliferation and metabolism, and act
as master regulators of nuclear receptors.

Abnormalities in the expression and function of retinoids and
their receptors play an important role in influencing the develop-
ment of various human malignancies, including HCC. In previous
studies, we found that the RXRα protein was phosphorylated
anomalously in human HCC tissue as well as in HCC cell lines.(5,6)

p-RXRα, the phosphorylated form of RXRα, was resistant to
ubiquitination and to proteasome-mediated degradation in both
human HCC tissues and in a human HCC cell line.(7) Moreover,
p-RXRα lost its physiological transactivation activity.(6) These
findings suggest that the accumulation of p-RXRα (i.e. non-
functional RXRα) may interfere with the function of normal
RXRα in a dominant-negative manner, thereby playing a critical
role in the development of HCC. However, the precise mecha-
nism by which p-RXRα affects the development of HCC has
not yet been determined.

Recent studies indicate that RXRα is a target for phosphoryla-
tion, which could in turn regulate the function of its heterodimeric
binding partners. For instance, the phosphorylation of RXRα
by MAPK and MAPK kinase 4 inhibits transactivation of
the vitamin D3 receptor and RAR, respectively.(8) Because heter-
odimerization with other members of the nuclear receptor family
is a fundamental process by which RXR exerts its pleiotropic
effects on numerous biological pathways, the present study examined
whether the phosphorylation of RXRα has an effect on its heter-
odimeric activity with RARβ. FRET is a technique that is useful
for measuring the molecular proximity of nuclear receptors follow-
ing ligand binding in living cells.(9) Therefore, we used FRET
and immunoprecipitation western blot assays in order to clarify
the interactions between RXRα and RARβ in phosphomimic or
unphosphorylated mutant RXRα-transfected 293T cells. More-
over, we also examined whether the prevention of RXRα pho-
sphorylation inhibits cell growth and colony-forming activity in
soft agar using unphosphorylated mutant RXRα-transfected HuH7
human HCC cells.

Materials and Methods

Plasmid construction. The WT human RXRα plasmid pRShRXRα
was kindly provided by Dr R. M. Evans (Salk Institute, La Jolla,
CA, USA).(10) An unphosphorylated form of RXRα mutant, T82A/
S260A, in which threonine 82 and serine 260 were mutated to
alanine, and a phosphomimic form of RXRα mutant, T82D/
S260D, in which threonine 82 and serine 260 were mutated to
aspartate, were generated as described previously.(6) These mutants
specifically mimic the unphosphorylated or phosphorylated form
of RXRα proteins because the transfection of these mutants could
alter the molecular weight of the RXRα protein via ubiquitination-
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dependent mechanisms, thus causing the biological activities.(6,7)

The structures of these mutant plasmids are shown in Fig. 1.
Yellow fluorescent protein–RXRα was constructed by sub-

cloning PCR-amplified RXRα cDNA with BglII sites attached
at both ends, into the BglII and BamHI sites of the pCS2-Venus
vector. Venus, a variant of YFP resistant to intracellular pH change,
was generously provided by Dr A. Miyawaki (RIKEN, Wako, Japan).
cDNA encoding point mutants of RXRα were also subcloned into
pCS2-Venus using the same methods. To generate CFP–RARβ, a
DNA fragment encoding full-length RARβ was obtained by PCR
with BamHI sites introduced into both ends, and was cloned into
the pECFP-N1 vector (Clontech, Palo Alto, CA, USA). The YFP–
CFP fusion protein with a six-amino acid linker was constructed
by conventional PCR methods and used as a positive control for
FRET analysis. As a negative control, the pCS2-Venus vector was
used to express Venus protein as an acceptor.

Cell culture. HEK-293T (293T) human embryonic kidney
epithelial cells were purchased from American Type Culture
Collection (ATCC; Manassas, VA, USA). HuH7 human HCC cells
were obtained from the Japanese Cancer Research Resources
Bank (Tokyo, Japan). The cells were maintained in DMEM
supplemented with 10% fetal calf serum (DF-10), penicillin
(100 units/mL), and streptomycin (100 μg/mL), in an incubator
with humidified air at 37°C with 5% CO2.

Fluorescence resonance energy transfer experiments. The 293T
cells (1 × 104) were cotransfected with the YFP–WT RXRα or
mutant RXRα (T82D/S260D-RXRα or T82A/S260A-RXRα)
plasmids plus CFP–RARβ, in six-well 35 mm-diameter plates
using Lipofectamine Plus reagent (Invitrogen, Tokyo, Japan)
according to the manufacturer’s instructions.(5,6) After 24 h, the
medium was changed to DF-10 containing 1.0 μM 9cRA and 30 μM
MG 132, a potent proteasome inhibitor (Calbiochem, Darmstadt,
Germany). The cells were then incubated for 5 h and used for FRET
measurement. To obtain images of living cells, the culture dishes
were observed using an IX70 inverted microscope; the imaging
system used was the same as that described previously.(11) FRET
quantification between the two fluorophores was carried out using
FRETC(12) and NFRET,(13) as described previously.(11) FRETC images
are presented in pseudocolor mode, according to a temperature-
based lookup table, with blue (cold) indicating low values and
red (hot) indicating high values. For quantitative comparisons,
NFRET values for domains containing more than 100 pixels
were calculated, and the average for the domain was calculated.
All calculations were carried out using the public domain
program Image J Version 1.34 (developed at the NIH).

Protein extraction, immunoprecipitation, and western blot analysis.
The WT or mutant RXRα-transfected cells were treated with
9cRA for 24 h and the total cellular protein was extracted, as

described previously.(14) For detection of the expression levels of
the RXRα and p-RXRα proteins that heterodimerized with RARβ,
immunoprecipitation assays were carried out. For immunopre-
cipitation, 3 mg protein was incubated with 5 μg anti-RARβ
antibody at 4°C for 1 h. Immune complexes were precipitated
by adding 50 μL protein A agarose (Sigma-Aldrich, St Louis,
MO, USA) to the mixture. After incubating overnight at 4°C,
the beads were washed three times in lysis buffer, and bound
protein was eluted directly into the sample buffer and subjected
to sodium dodecylsulfate–polyacrylamide gel electrophoresis,
as described previously.(15) The anti-RXRα antibodies (ΔN197
and D-20) and the anti-RARβ antibody (C-19) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
ΔN197 antibody is regarded as a specific antibody for the
phosphorylated form of RXRα protein.(7,14) Monoclonal antibody
against glyceraldehyde-3-phosphate dehydrogenase was from
Chemicon International (Temecula, CA, USA), and was used as
a loading control. The intensities of the blots were quantified
using the NIH image software package version 1.61.

Reporter assays for RARE and RXRE. Reporter assays were carried
out as described previously.(6) The RARE luciferase reporter plasmid
tk-CRBP II-RARE-Luc and the RXRE luciferase reporter plasmid
tk-CRBP II-RXRE-Luc were kindly provided by the late Dr K.
Umesono (Kyoto University, Kyoto, Japan).(16) The 293T and
HuH7 cells (2 × 105) were cotransfected with a combination of
WT or mutant RXRα-expressing plasmids (300 ng/35-mm dish)
with the RARE or RXRE reporter plasmids (750 ng/35-mm dish)
using Lipofectamine Plus reagent, along with pRL-CMV (Renilla
luciferase, 100 ng/35 mm-dish; Promega, Madison, WI, USA) as
an internal standard to normalize the transfection efficiency.(17)

After exposing the cells to the transfection mixture for 24 h, the
cells were treated with vehicle or 1.0 μM 9cRA for 24 h. The
cell lysates were then prepared and the luciferase activity of
each cell lysate was determined using a dual-luciferase reporter
assay system (Promega), as described previously.(17) Changes in
the firefly luciferase activity were calculated and plotted after
normalizing the values to changes in Renilla luciferase activity
in the same sample.

Cell growth assay. After the 293T cells (2 × 103) were trans-
fected with WT or mutant RXRα-expressing plasmids, the cells
were treated with vehicle or 1.0 μM 9cRA for 24 h. Cell growth
was assayed using the WST-1 system (Dojindo Laboratories,
Tokyo, Japan), according to the manufacturer’s instructions, as
described previously.(18) WT or mutant RXRα (T82D/S260D or
T82A/S260A)-transfected HuH7 cells (1 × 103) were also treated
with 1.0 μM 9cRA for 6 days. Every 24 h, the number of viable
cells in replica plates were counted using the Trypan blue dye
exclusion method, as described previously.(18)

Fig. 1. Schematic structure of wild-type retinoid X
receptor (RXR) α and the RXRα mutants (T82A/
S260A and T82D/S260D). T82A/S260A, in which
threonine 82 and serine 260 were mutated to
alanine, is an unphosphorylated form of RXRα.
T82D/S260D, in which threonine 82 and serine 260
were mutated to aspartate, is a phosphomimic of
RXRα.
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Apoptosis assays. The 293T cells (5.0 × 103) were transfected
with WT or mutant RXRα-expressing plasmids, as described
above. The transfected cells were then treated with vehicle or
1.0 μM 9cRA for 24 h, and the cell lysates were used to determine
apoptosis. To quantify the induction of apoptosis, a DNA frag-
mentation assay was carried out using the Cell Death Detection
ELISA kit (Roche Diagnostics, Mannheim, Germany). DNA
fragmentation of mutant RXRα-transfected 293T cells was
quantified using the ELISA kit, according to the manufacturer’s
instructions, as described previously.(19)

Soft agar colony-formation assay. Ten millimeters of molten 0.5%
Noble Agar (Difco, Lawrence, KS, USA) in DF-10 medium was
first added to plates and allowed to harden to form the bottom
agar. WT or mutant RXRα (T82A/S260A)-transfected HuH7
cells (2 × 104) were suspended in 8 mL DF-10 medium and then
2 mL of 1.7% molten agar (45°C) was added, and this mixture
was immediately laid over the bottom medium. Triplicate plates
were incubated at 37°C under 5% CO2, and the number of macro-
scopic colonies per plate was counted after 3 weeks.

Statistical analysis. The data are expressed as mean ± SD. The
statistical significance of the difference in mean values was
assessed using one-way ANOVA, followed by Sheffe’s t-test.

Results

Phosphorylated RXRαααα loses its heterodimeric activity with RARββββ.
Heterodimerization with other nuclear receptors is an essential
event by which RXR exerts its biological function.(20) Therefore,
in our initial study, we examined whether RXRα still possessed
heterodimeric activity with RARβ after it was phosphomimicked.

We used FRET because of its suitability for clarifying the inter-
actions between nuclear receptors following ligand binding in
living cells.(21,22) Fig. 2 demonstrated that FRET microscopy
visualized binding between CFP-fused RARβ (donor) and YFP-
fused RXRα (acceptor) overexpressed in living 293T cells.
FRETC images are presented in pseudocolor, in which the red
range indicates a high FRET efficiency (positive control; Fig. 2f )
and the blue to black range indicates a low FRET efficiency
(negative control; Fig. 2c). The results showed that the FRETC

signal detected in the nucleus of YFP–WT RXRα- and CFP–
RARβ-co-expressing 293T cells was highly positive (Fig. 2i).
However, when the 293T cells were cotransfected with a phos-
phomimic mutant RXRα (YFP–T82D/S260D-RXRα) and CFP–
RARβ, the FRETC signal detected in the nucleus was very low,
indicating diminished physical interactions between p-RXRα
and RARβ (Fig. 2l). In contrast, when the cells were cotransfected
with an unphosphorylated mutant RXRα (YFP–T82A/S260A-
RXRα) and CFP–RARβ, the FRET efficiency was comparable
to that in WT RXRα (Fig. 2o). Because FRET efficiency depends
on the amount of donor and acceptor capable of interaction,
NFRET was calculated to obtain the normalized values for
FRET efficiency.(11,13) The NFRET values in cells expressing
YFP–T82A/S260A-RXRα/CFP–RARβ were similar to those in
the cells expressing YFP–WT-RXRα/CFP–RARβ and they were
significantly higher than in cells expressing YFP–T82D/S260D-
RXRα/CFP–RARβ (Table 1).

We next examined the physical interaction between mutant
RXRα and RARβ using an immunoprecipitation western blot
analysis. As shown in Fig. 3, the physical interaction between
the RXRα and RARβ proteins was activated when the 293T

Fig. 2. Heterodimerization of RXR α mutants and
retinoic acid receptor (RAR) β in living 293T cells
as demonstrated by FRET. The 293T cells were
cotransfected with (g–i) YFP-tagged WT-RXRα, or
the RXRα mutants (m–o) T82A/S260A and (j–l) T82D/
S260D using CFP-tagged RARβ plasmids. (d–f) Cells
overexpressing the YFP–CFP fusion protein were used
as a positive control. (a–c) As a negative control,
293T cells were cotransfected with pCS2-Venus
plasmid and CFP-tagged RARβ plasmid. Cells were
visualized using the donor filter set (CFP filter)
and the acceptor filter set (YFP filter). Corrected
fluorescence resonance energy transfer values are
shown in pseudocolor.
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cells were transfected with WT or unphosphorylated mutant RXRα,
whereas this interaction was inhibited when the cells were trans-
fected with a phosphomimic mutant of RXRα. Moreover, no blots
were detected when the RARβ-binding proteins were reacted
with phospho-RARα-specific antibody. These findings suggest
that RXRα loses its heterodimeric activity with RARβ when it
is phosphomimicked, whereas the heterodimerization is activated
when the cells are transfected with unphosphorylated mutant
RXRα. Therefore, these findings provide direct evidence that
abnormal phosphorylation of RXRα loses its heterodimeric
activity with RARβ.

Overexpression of the phosphomimic mutant RXRαααα inhibits, but
the unphosphorylated mutant RXRαααα stimulates, the transcriptional
activity of the RARE promoter in 293T cells. Using transient trans-
fection luciferase reporter assays, we then examined whether

p-RXRα might inhibit the transcriptional activity of the RARE
promoter, or whether overexpression of the unphosphorylated form
of RXRα stimulates the transcriptional activity of this promoter
(Fig. 4). The results showed that WT RXRα-transfected 293T cells
caused a significant increase in RARE promoter activity when
the cells were treated with 9cRA (Fig. 4, columns 2 and 4). In
addition, this stimulation was more apparent in T82A/S260A-
RXRα-transfected cells, where the luciferase activity increased
4.0-fold in comparison to the control (empty vector) group
(Fig. 4, columns 2 and 6). However, transfection with T82D/
S260D-RXRα did not increase the transcriptional activity of
this responsive element (Fig. 4, column 8), thus, implying that
the phosphorylation of threonine 82 and serine 260 in the RXRα
protein might inhibit the ligand-dependent transcriptional activity.

Overexpression of the unphosphorylated mutant RXRαααα induces
apoptosis and inhibits cell growth, but the phosphomimic mutant
RXRαααα removes these effects in 293T cells. One of the fundamental
functions of retinoids is the induction of apoptosis, which, in
turn, regulates normal cell proliferation.(1) Therefore, we next
examined whether overexpression of phosphomimic or unpho-
sphorylated mutant RXRα affects the induction of apoptosis. When
histone-associated DNA fragmentation was measured using an
ELISA assay, the results demonstrated that in the presence of
9cRA, transfection with empty vector, WT RXRα, and T82A/
S260A-RXRα significantly induced apoptosis in 293T cells
(Fig. 5a, columns 2, 4, and 6). Moreover, transfection with T82A/
S260A-RXRα alone also induced apoptosis in these cells
without ligand stimulation (Fig. 5a, column 5). However, T82D/
S260D-RXRα-transfected cells did not induce apoptosis either
in the presence or absence of 9cRA (Fig. 5a, columns 7 and 8).

We then examined the effect of the overexpression of mutant
RXRα on the growth of 293T cells using the WST-1 assay. As
shown in Fig. 5b, overexpression of T82A/S260A-RXRα (column 5)

Fig. 3. The physical interaction between phosphorylated retinoid X
receptor (RXR) α (p-RXRα) and retinoic acid receptor (RAR) β proteins
as demonstrated by immunoprecipitation assay. The wild-type or mutant
RXRα-transfected 293T cells were treated with 9-cis-retinoic acid for 24 h
and the total cellular protein was extracted. The expression levels of the
RXRα and p-RXRα proteins that physically interacted with the RARβ
protein were determined using an immunoprecipitation western blot
analysis. An antibody to glyceraldehyde-3-phosphate dehydrogenase was
used as a loading control. The intensities of the blots were quantitated
by densitometry and the values are shown in a bar graph in the lower
panel. Similar results were obtained in a repeat experiment. Asterisks
represent significant differences (P < 0.05). Bars, SD.

Table 1. Phosphorylated retinoid X receptor (RXR) αααα loses its
heterodimeric activity with retinoic acid receptor (RAR) ββββ

FRET pair NFRET

YFP + CFP–RARβ 1.15 ± 1.16 (negative control)
YFP–CFP fusion 68.31 ± 6.11 (positive control)
YFP–RXRα (WT) + CFP–RARβ 13.33 ± 2.23
YFP–RXRα (T82D/S260D) + CFP–RARβ 7.29 ± 3.45*
YFP–RXRα (T82A/S260A) + CFP–RARβ 12.49 ± 4.08

*P < 0.01. Values are mean ± SD. Each normalized fluorescence 
resonance energy transfer (NFRET) value was obtained for several 
selected regions containing more than 100 pixels in the individual cell. 
CFP, cyan fluorescent protein; FRET, fluorescence resonance energy 
transfer; WT, wild type; YFP, yellow fluorescent protein.

Fig. 4. Effects of overexpression of the phosphomimic or
unphosphorylated mutants of retinoid X receptor (RXR) α on retinoic
acid receptor responsive element (RARE) promoter activity in 293T cells.
The 293T cells were cotransfected with wild-type or mutant RXRα-
expressing plasmids (T82A/S260A or T82D/S260D) using the RARE-Luc
and CMV-Luc plasmids. The transfected cells were then treated with
vehicle or 1.0 μM 9-cis-retinoic acid for 24 h and the extracts were
examined for luciferase activity. Values are the mean ± SD. Asterisks
represent significant differences (P < 0.05). Representative results from
three independent experiments are shown.
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caused a significant reduction in cell growth compared with
cells transfected with the empty vector (column 1). This reduc-
tion was enhanced when the cells were treated with 9cRA
(Fig. 5b, column 6). In contrast, there was no inhibition of cell
growth in T82D/S260D-RXRα-transfected cells in the presence
or absence of 9cRA (Fig. 5b, columns 7 and 8). These findings
suggest that p-RXRα-overexpressing cells are resistant to
retinoid-induced apoptosis and growth inhibition.

Overexpression of unphosphorylated mutant RXRαααα stimulates the
transcriptional activities of both the RARE and RXRE promoters,
inhibits cell growth, and reduces colony-forming ability in soft agar
in HuH7 human HCC cells. The possibility that the prevention of
phosphorylation of RXRα by transfection with the T82A/S260A

mutant inhibits the growth of HuH7 human HCC cells was next
examined. We found that in the presence of 9cRA, the promoter
activities of both RARE and RXRE were significantly enhanced
when the HuH7 cells were transfected with the T82A/S260A
mutant (Fig. 6). Transfection with this mutant also caused a
remarkable inhibition of cell growth (Fig. 7a), as well as anchorage-
dependent colony formation in soft agar (Fig. 7b) in HuH7 cells,
whereas transfection with the T82D/S260D mutant enhanced the
growth of cancer cells (Fig. 7a). These findings are consistent
with the results of the promoter assay (Fig. 4) and the WST-1
(Fig. 5b) assay in 293T cells and suggest that prevention of
the phosphorylation of RXRα might therefore be an effective
strategy to inhibit the growth of HCC cells.

Fig. 6. Effects of the overexpression of the
unphosphorylated mutant of retinoid X receptor
(RXR) α on retinoic acid receptor responsive
element (RARE) and RXR responsive element
(RXRE) promoter activities in HuH7 cells. The cells
were cotransfected with wild-type or T82A/S260A
mutant RXRα-expressing plasmid using the RARE-
Luc or RXRE-Luc plasmids. After the transfected
cells were treated with vehicle or 1.0 μM 9-cis-
retinoic acid for 24 h, the extracts were then
examined for (a) RARE or (b) RXRE luciferase
activities. Values are the mean ± SD. Asterisks
represent significant differences (P < 0.05). The
results presented are the average of the triplicate
findings from three independent experiments.

Fig. 5. Effects of overexpression of the
phosphomimic or unphosphorylated mutants of
retinoid X receptor (RXR) α on the induction of
apoptosis and the inhibition of 293T cell growth.
Wild-type or mutant RXRα-transfected cells were
treated with vehicle or 1.0 μM 9-cis-retinoic acid
for 24 h. (a) The cell lysates were then extracted
and DNA fragmentation was determined using an
ELISA assay. (b) Cell growth in replica plates was
examined using the WST-1 assay system. Values
are the mean ± SD. Asterisks represent significant
differences (P < 0.05). Representative results from
three independent experiments with similar
results are shown.

Fig. 7. Effects of overexpression of the
unphosphorylated or phosphorylated mutants of
retinoid X receptor (RXR) α on cell growth and
anchorage-dependent colony-forming ability in
HuH7 cells. (a) Wild-type (WT) or mutant RXRα
(T82A/S260A or T82D/S260D)-transfected HuH7
cells were treated with 1.0 μM 9-cis-retinoic acid
for 6 days and the cell growth in replica plates was
examined using the trypan blue dye exclusion
method. (b) The WT and T82A/S260A mutant
RXRα-transfected HuH7 cells were plated in soft
agar and the number of macroscopic colonies per
plate was counted after 3 weeks. Values are the
mean ± SD. Asterisks represent significant
differences (P < 0.05). The results presented are
the average of triplicate findings from three
independent experiments.
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Discussion

Using FRET and immunoprecipitation assays, the present study
found that the overexpression of phosphomimic mutant RXRα
causes it to lose its ability to form heterodimers with RARβ
(Figs 2,3; Table 1). This is the first evidence that post-translational
modification by phosphorylation directly interferes with the
dimerization of RXRα in living cells. These results also showed
that the downregulation of heterodimeric activity of RXRα due
to phosphorylation inhibits the transcriptional activity of the
RARE promoters (Fig. 4) and the induction of apoptosis (Fig. 5a),
resulting in uncontrolled cell growth and resistance to retinoids
(Figs 5b,7a). These findings may explain our previous observations
that RXRα is phosphorylated in human hepatoma tissues as
well as in human hepatoma cell lines, and that the accumulation
of p-RXRα interferes with the function of the remaining normal
RXRα in a dominant-negative manner, thereby promoting the
growth of hepatoma cells.(5,6)

Although the precise mechanisms regarding how p-RXRα loses
its dimeric activity with other nuclear receptors remain unclear,
recent studies indicate that the phosphorylation of RXRα can
regulate the function of its heterodimeric binding partners. For
instance, Solomon et al. reported that phosphorylation of RXRα
at serine 260 results in the attenuation of ligand-dependent
transactivation by the vitamin D3 receptor–RXR complex in
human keratinocytes, thus resulting in the induction of malignant
transformation.(8) In addition, the phosphorylation of RXRα at
serine 265(23) and at tyrosine 249(24) also inhibits the transcription
of retinoid target genes. These reports and our findings using the
T82D/S260D mutant (Figs 2–5) share certain similarities in that
RXRα phosphorylation, which occurs at specific residues (tyro-
sine 249, serine 260, and serine 265) located in the omega loop
of the LBD, is apparently associated with a malfunction in the
retinoid-dependent signaling pathway. The omega loop, located
between helices H1 and H3, is a very flexible and dynamic
region that moves substantially during the conformational
rearrangement that accompanies ligand binding to the LBD.(25)

Therefore, it has been proposed that phosphorylation of the
residues in this loop might alter the dynamics of this region and
create conformational changes within the LBD, thus disrupting
the interactions with co-regulators and therefore inhibiting the
activation of retinoic acid-responsive genes.(23,26)

The present study also demonstrates that transfection with
unphosphorylated mutant RXRα (T82A/S260A) restores its
heterodimeric activity with RARβ (Figs 2,3) and abolishes the
resistance to retinoid in 293T cells (Figs 4,5). We also found
that the overexpression of T82A/S260A mutant RXRα in human
hepatoma HuH7 cells causes an increase in both the RARE and
RXRE promoter activities (Fig. 6), but causes a decrease in
cellular proliferation and the anchorage-dependent colony for-
mation of these cancer cells (Fig. 7). These findings suggest that
the inhibition of abnormal phosphorylation for RXRα can restore
its multidimeric activity with other nuclear receptors, including
RXRα itself, because RXRE is a specific responsive element for
the RXR homodimer.(4) In HCC cells, but not in normal hepato-
cytes, the Ras–MAPK signaling pathway is highly activated,
and therefore phosphorylating RXRα impairs the functions of
this receptor.(6) In addition, aberrant phosphorylation of RXRα
is also observed in cell lines of other human adenocarcinomas,
such as colorectal cancer(27) and pancreatic cancer (data not shown).
We recently reported that the RXRα protein was highly pho-
sphorylated in colorectal cancer tissues as well as in colon cancer
cell lines in comparison to their corresponding normal colon
epithelial tissue and cell lines.(27) Therefore, the inhibition of
RXRα phosphorylation and the restoration of its dimeric activity
with other nuclear receptors might be an effective and critical
strategy for inhibiting the growth of cancer cells showing aberrant
phosphorylation of this protein. Indeed, combining retinoids with
vitamin K2, which targets the Ras–MAPK signaling pathway,
synergistically inhibits the growth of HCC cells by inhibiting
the phosphorylation of RXRα.(28) When phosphorylation of RXRα
was inhibited by MEK inhibitor or by transfection with the
T82A/S260A mutant, the combination of 9cRA and the PPARγ
ligand ciglitazone also synergistically inhibited cell growth and
induced apoptosis in colon cancer cells.(27) In conclusion, pho-
sphorylation of RXRα might be a useful molecular target for the
prevention and treatment of human malignancies that express
anomalous phosphorylation of this protein, including HCC.
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