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We have previously published that 2 proven treatments for acute promyelocytic leukemia, As2O3 and reti-
noic acid, can be antagonistic in vitro. We now report that As2O3 inhibits ligand-induced transcription of the 
retinoic acid receptor, as well as other nuclear receptors that heterodimerize with the retinoid X receptor α 
(RXRα). As2O3 did not inhibit transactivation of the estrogen receptor or the glucocorticoid receptor, which 
do not heterodimerize with RXRα. We further show that As2O3 inhibits expression of several target genes of 
RXRα partners. Phosphorylation of RXRα has been reported to inhibit nuclear receptor signaling, and we 
show by in vivo labeling and phosphoamino acid detection that As2O3 phosphorylated RXRα in the N-ter-
minal ABC region exclusively on serine residues. Consistent with our previous data implying a role for JNK 
in As2O3-induced apoptosis, we show that pharmacologic or genetic inhibition of JNK activation decreased 
As2O3-induced RXRα phosphorylation and blocked the effects of As2O3 on RXRα-mediated transcription. A 
mutational analysis indicated that phosphorylation of a specific serine residue, S32, was primarily responsible 
for inhibition of RXRα-mediated transcription. These data may provide some insight into the rational devel-
opment of chemotherapeutic combinations involving As2O3 as well as into molecular mechanisms of arsenic-
induced carcinogenesis resulting from environmental exposure.

Introduction
Although arsenic is often associated with environmental con-
tamination, As2O3 is used clinically to treat cancer. Therapeutic 
As2O3 induces differentiation and apoptosis of all-trans retinoic 
acid–resistant (RA-resistant) acute promyelocytic leukemia (APL) 
cells in vitro and in patients (1–3). APL cells are characterized by 
the expression of a unique promyelocytic leukemia/RA receptor α  
(PML/RARα) fusion protein (4, 5), which blocks cells at the 
promyelocytic stage of differentiation by inhibiting retinoid-
induced transcription (6, 7). Paradoxically, high doses of RA, a 
physiologic ligand for RARα, allow APL cells to differentiate in 
vitro and in vivo (8–11). Administration of RA to patients with 
APL induces clinical complete remission and, when combined 
with conventional cytotoxic therapy, provides clear improve-
ments in survival (11–15).

Despite the success of RA in the treatment of APL, many 
patients relapse with RA-resistant disease. Initially, we investi-
gated in vitro the possibility of using RA and As2O3 in a combina-
tion therapy. However, we found that As2O3 and RA do not act 
synergistically when used in combination in sensitive APL cells, 
including NB4 cells and fresh leukemic blasts from patients (1). 

Rather, As2O3 antagonizes RA signaling pathways, inhibiting 
both RAR-dependent transcription and cell differentiation (1). In 
SCID mice bearing NB4 cells, combined As2O3 and RA treatment 
reduced survival, while a sequential treatment increased survival 
(16). In contrast, there are reports of synergistic or additive dif-
ferentiation of APL cells in vitro and in animal models (16–19). 
One study of combination treatment in newly diagnosed patients 
reported an excellent response rate (20), while in another trial of 
patients with relapsed APL, the combination of As2O3 and RA was 
not better than As2O3 alone (21).

RARα is a member of the nuclear receptor superfamily 
(reviewed in ref. 22), which is composed of 3 groups: (a) hor-
mone receptors that homodimerize, such as estrogen receptor 
(ER); (b) receptors that heterodimerize with retinoid X recep-
tor α (RXRα), including RA and vitamin D3 receptors (VDRs); 
and (c) orphan receptors whose ligands are unknown. In gen-
eral, these receptors are similar in structure and contain similar 
functional domains: the A and B domains, containing the first 
transactivation domain; the C domain, responsible for DNA 
binding and dimerization; the D domain, linking the DNA-
binding and ligand-binding domains; and the ligand-binding 
E domain, containing the second transactivation domain and 
mediating dimerization and nuclear localization. Some nuclear 
receptors have an additional F domain of unknown function. All 
the nuclear receptors function as ligand-inducible transcription 
factors via binding to specific DNA response elements, release of 
corepressors, and recruitment of coactivators (22).

Nuclear receptors are known phosphoproteins, where phos-
phorylation events may result in either enhanced or inhibited 
transcriptional activity. EGF activates ER in a ligand-independent 
manner via MAPK phosphorylation of the activation function 1 
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(AF-1) domain (23). Phosphorylation of PPARγ by activated MEK 
significantly inhibits pioglitazone-induced reporter activity (24). 
RARα is phosphorylated in the AF-1 domain by CDK7 following 
binding of transcription factor II H, and this enhances transactiva-
tion (25). Phosphorylation of RARα and -γ in both transactivation 
domains is required for RA- and cAMP-dependent endodermal dif-
ferentiation (26). RXRα is also a target for phosphorylation, which 
can regulate the function of heterodimeric binding partners. 
Phosphorylation of the A domain of RXRα is necessary for RA-
induced RAR function in F9 cells (27). Phosphorylation by MAPK 
and stress-activated protein kinase/extracellular signal-regulated 
kinase 1 (SEK1) inhibits transactivation by vitamin D3 and RA, 
respectively (28, 29). RXRα is phosphorylated by JNK in the N-ter-
minal, AF-1 domain and by SEK1 in the C-terminal, AF-2 domain 
(27). In addition, UV irradiation–induced JNK activity is associated 
with an increase in RXRα phosphorylation, although this may not 
be linked to altered RA-induced transactivation (30).

Based on the clinical importance of understanding interactions 
among pathways induced by As2O3 and RA in APL cells, we have 
focused investigation on the mechanism by which As2O3 affects 
transactivation of nuclear receptors. As2O3 inhibits the function 
of several nuclear receptors, specifically those that heterodimer-
ize with RXRα. We examined the effects of cotreatment with 
As2O3 on induction of several target genes of RXRα partners. 
We determined that inhibition of RXRα-heterodimer transacti-
vation is associated with phosphorylation of the RXRα protein 

that requires the SEK1/JNK cascade. We also investigated wheth-
er mutation of specific amino acids could inhibit the effects of 
As2O3 on ligand-induced transactivation by RXRα partners.

Results
To develop an in vitro model, we transiently transfected NB4 cells 
(a patient-derived APL cell line) with a reporter plasmid contain-
ing the RARE from the RARβ promoter and subsequently treated 
the cells with 10–6–10–8 M RA alone or in combination with 1 µM 
As2O3. As2O3 inhibited the ability of RA to induce transcription of 
the reporter plasmid at each dose of RA tested (Figure 1A). These 
data are consistent with our previous results showing that As2O3 
inhibited RA-induced differentiation markers, including CD11b/c  
cell surface protein expression, NBT expression, and transgluta-
minase type II activity (1). In order to show that this phenomenon 
was not specific to APL cells, we transiently transfected Cos-1 cells 
with the same reporter plasmid and treated the cells with 10–6 M 
RA and 1–5 µM As2O3, both alone and in combination (Figure 1B).  
Again, As2O3 inhibited retinoid-induced transcription in a dose-
dependent fashion. We then tested the ability of As2O3 to inhibit 
other RARE-containing reporter plasmids. As2O3 cotreatment 
also inhibited RA-induced transactivation of a direct repeat with 
a 5 base pair spacer (DR5) as well as a full-length RARβ promoter 
construct (data not shown).

Next we tested whether As2O3 inhibition of transcription was 
specific to RA response elements. To this end, we examined the 
ability of As2O3 to inhibit transcriptional activation from response 
elements of VDR, thyroid hormone (T3) receptor (T3R), liver X 
receptor (LXR), PPARγ, RXRα, steroid and xenobiotic receptor 
(SXR), ER, and glucocorticoid receptor (GR) (Figure 2). Cos-1 cells 
were transfected with a corresponding receptor and reporter plas-
mid pair and subsequently treated with the appropriate ligand 
alone or in combination with As2O3. LS180 lung cancer cells were 
used in the SXR transfections, because the SXRE plasmid was not 
inducible in Cos-1 cells. As2O3 cotreatment inhibited reporter 
construct activation of all type II nuclear receptors, but not the 
type 1 hormone receptors. ER and GR activation was unchanged 
even at the highest dose of As2O3. Of note, As2O3 alone decreased 
basal levels of RXRα heterodimer reporter activity. This suggests 
that As2O3 acts to inhibit transcription from only those receptors 
that heterodimerize with RXRα.

We next determined whether As2O3 decreased protein levels of 
RXRα or its heterodimeric binding partner, which might result 
in a loss of transactivation. Cos-1 cells were treated for 24 hours, 
and total cellular protein was isolated. Immunoblotting for 
total RAR, RXR, VDR, and SXR protein expression revealed no 
significant decrease in any of the nuclear receptors (Figure 3A).  
We also investigated the possibility that As2O3 treatment affects 
degradation of RXRα caused by 9-cis RA. Immunoblotting 
experiments for RXRα showed that 9-cis RA decreased RXRα 
expression, and this decrease persisted after arsenic treatment 
(data not shown).

Previous studies have linked inhibition of RXRα heterodi-
mer transactivation to phosphorylation of the RXRα. There-
fore, we investigated the possibility that As2O3 also induces 
RXRα phosphorylation. Cos-1 cells were transfected with a 
FLAG-RXRα construct, labeled with [32P]-orthophosphate, 
and treated with either 5 µg/ml anisomycin as a positive con-
trol or varying concentrations of As2O3 for 3 hours. RXRα was 
immunoprecipitated with anti-FLAG antibodies and visualized by 

Figure 1
As2O3 inhibits RA-induced transactivation in both NB4 and Cos-1 cells. 
NB4 (A) and Cos-1 (B) cells were transiently transfected with reporter 
plasmid βRE-tk-CAT, which contains the retinoid response element 
from the RARβ promoter and the CMV–β-gal plasmid, to control for 
transfection efficiency. Cells were subsequently treated with varying 
combinations of As2O3 and RA for 48 hours (NB4) or 24 hours (Cos-1). 
Cells were harvested, and reporter plasmid activity was assessed using 
CAT and β-gal assays. Data are representative of 4 separate experi-
ments performed in triplicate and are presented as mean ± SEM.
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SDS-PAGE and autoradiography. As previously reported (29, 30),  
RXRα was phosphorylated at a constitutive level and was fur-
ther phosphorylated by anisomycin (Figure 3B). As2O3 treat-
ment also increased the levels of phosphorylated RXRα in Cos-1  
cells in a dose-dependent manner. The levels of transfection 
were controlled by immunoblotting with anti-FLAG antibody. 
Densitometry of phosphorylated bands compared with that of 
anti-FLAG control revealed that As2O3 treatment causes a 1.74- 
to 2.2-fold increase in phosphorylation when compared with 
media-treated cells. Of interest, 2 phosphoproteins were coim-
munoprecipitated with FLAG-RXRα (Figure 3B). A time course 
analysis revealed As2O3-induced phosphorylation of RXRα as 
early as 2 hours after treatment (data not shown).

We also determined whether endogenous RXRα  was 
phosphorylated following As2O3 treatment. Cos-1 cells were 
treated for 3 hours with media or 5 µM As2O3 in the presence of 
[32P]-orthophosphate. RXRα was immunoprecipitated, and the 
immunoprecipitates were separated by SDS-PAGE and visual-
ized by autoradiography. As2O3 treatment resulted in increased 
phosphorylation of RXRα compared with media-treated cells 

(Figure 3C), while the levels of total RXRα remained unchanged. 
Rabbit Ig was used as a negative control to indicate nonspecific 
bands. These data are consistent with previous data showing 
that As2O3 treatment results in a slower-migrating band in 
immunoblotting experiments (31).

We used RXRα deletion mutants to investigate which domain 
of the RXRα protein was phosphorylated after As2O3 treat-
ment. Cos-1 cells were transfected with wild-type RXRα, the 
ABC regions of RXRα, or the CDE regions of RXRα. In vivo 
labeling was performed, and the proteins were isolated by 
immunoprecipitation with anti-FLAG antibodies. Wild-type 
RXRα phosphorylation as well as phosphorylation of the ABC 
region was enhanced after treatment with 5 µM As2O3 (Figure 4A).  
However, the CDE region had a high constitutive level of phos-
phorylation that remained unchanged after As2O3 treatment. 
Densitometry measurements showed a 2.2-fold induction of 
phosphorylation in the ABC region compared with a 0.96-fold 
change in the CDE region. The phosphorylation pattern of dele-
tion mutants of the AB region was similar to that in the ABC 
region, and DE was similar to CDE (data not shown). Mem-

Figure 2
As2O3 inhibits RXR-binding partner transactivation, but 
not ER or GR. Cos-1 (A–E, G, and H) or LS180 (F) cells 
were transiently transfected with receptors and reporter 
plasmids; pairs are described in Methods. Cells were 
treated for 24 hours with 10–9 M vitamin D3 (A), 2 µM 
22(R)-hydroxycholesterol [22(R)-OHC] (B), 20 µM cigli-
tazone (CG) (C), 10–7 M T3 (D),10–6 M LGD-1305 (1305) 
(E), 5 µM rifampicin (Rif) (F), 10–7 M estradiol (E2) (G), 
or 10–7 M dexamethasone (Dex) (H) in the absence or 
presence of 1, 2.5, or 5 µM As2O3. Cells were harvested, 
and the appropriate reporter assays were performed and 
normalized to β-gal or protein concentrations. Data are 
mean ± SEM of experiments performed in triplicate.
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branes were immunoblotted with anti-FLAG antibodies in order 
to control for equal immunoprecipitation (Figure 4B). In order 
to define which residues were being phosphorylated, phospho-
amino acid analysis was performed on bands corresponding to 
FLAG-RXRα that were excised from in vivo labeling membranes. 
Only serine phosphorylation was detected in the bands, even 
those representing As2O3-treated samples (Figure 4C). Again, an 
As2O3-induced increase was only seen in the construct containing 
the ABC region. Together, these data show that As2O3 increases 
the serine phosphorylation of RXRα within the ABC region.

Several MAPKs phosphorylate RXR. Our previous studies as well 
as those from other laboratories have shown that As2O3 activates 
MAPK (28, 32, 33). Specifically, we have previously shown that 
As2O3 induces JNK activation in a SEK1-dependent manner (32). 
Therefore, we postulated that As2O3-induced phosphorylation of 
RXRα and decreased function of RXR-containing heterodimers 
may be a result of these kinases. We used pharmacologic inhibi-

tors of JNK, p38, and MEK/ERK to begin to determine which of 
these kinases could be involved in the inhibition of nuclear recep-
tor transactivation by As2O3. Cos-1 cells were transfected with 
VDR and the VDRE reporter plasmid and treated with vitamin 
D3 plus As2O3 in the presence of kinase inhibitors. As shown in 
Figure 5A, only the JNK inhibitor SP600125 abrogated the As2O3-
induced decrease in vitamin D3 function. We extended these 
studies to include RARα transactivation of the βRE-tk-chloram-
phenicol acetyltransferase (βRE-tk-CAT) reporter plasmid. Our 
results show that, like vitamin D3 transactivation, inhibition of 
RA transactivation by As2O3 can be reversed by the JNK inhibitor, 
but not the MEK or p38 inhibitors (Figure 5A). We also utilized 
mouse embryo fibroblasts (MEFs) deficient in SEK1, an upstream 
regulator of JNK, to determine whether As2O3-induced effects on 

Figure 3
As2O3 does not alter total nuclear receptor expression, but does induce 
phosphorylation of RXRα. (A) Cos-1 cells were treated for 24 hours 
with media or 1, 2.5, or 5 µM As2O3. Total cellular protein extracts were 
then used in immunoblotting experiments with antibodies recognizing 
RAR, RXR, VDR, SXR, or β-actin. (B) In in vivo labeling experiments, 
Cos-1 cells were transfected with 5 µg of FLAG-RXRα plasmid, serum-
starved overnight, phosphate-starved for 1 hour, and then treated with 
media, 5 µg/ml anisomycin, or 1, 5, or 15 µM As2O3 for 3 hours in the 
presence of [32P]-orthophosphate. Cell lysates were used to immu-
noprecipitate FLAG-tagged proteins, and the immunoprecipitates 
were separated by 10% SDS-PAGE. Immunoblotting for anti-FLAG is 
shown as a control in lower blot. (C) Cos-1 cells were serum-starved 
overnight, phosphate-starved for 1 hour, then treated with media or 
5 µM As2O3 for 3 hours in the presence of [32P]-orthophosphate. Cell 
lysates were used to immunoprecipitate endogenous RXR, and the 
immunoprecipitates were separated by 10% SDS-PAGE (top). Immu-
noblotting of Cos-1 whole-cell lysates treated with media or 5 µM As2O3 
for 3 hours are shown as a control for changes in total RXR (bottom).

Figure 4
As2O3 induces phosphorylation of the RXRα ABC domain. (A) Cos-1  
cells were transfected with FLAG-RXRα (WT), FLAG-RXRα ABC 
(ABC), or FLAG-RXRα CDE (CDE) plasmids. After serum starva-
tion and phosphate starvation, cells were treated with media or 5 µM  
As2O3 for 3 hours in the presence of [32P]-orthophosphate. Cell 
lysates were used to immunoprecipitate FLAG-tagged proteins, 
and the immunoprecipitates were separated by 10% SDS-PAGE. 
Phosphorylated RXRα constructs are indicated by asterisks. (B) The 
radioactive label on the in vivo labeling blot was allowed to decay and 
the blot was used in immunoblotting experiments using the anti-FLAG 
antibody to confirm equal immunoprecipitation of proteins. FLAG-
RXRα constructs are indicated by asterisks. (C) Phosphoamino acid 
analysis was performed on bands from in vivo labeling experiments 
in Cos-1 cells. After acid hydrolysis and lyophilization, samples were 
separated on thin-layer chromatography plates along with standards of 
phosphoamino acids. Plates were exposed to film and followed by nin-
hydrin staining to visualize the phosphoamino acid positive controls.
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transactivation were altered. We have shown previously that 
the cytotoxicity of As2O3 is significantly inhibited in SEK1–/–  
MEFs (32). Here we transfected both wild-type and knock-
out MEFs with VDR and the VDRE reporter plasmid and 
treated them with vitamin D3 in the presence or absence 
of As2O3. Inhibition of VDR activity by As2O3 was signifi-
cantly less in knockout MEFs compared with wild-type 
MEFs (Figure 5B), providing further evidence for a role of 
SEK/JNK in the antagonism of nuclear receptor transcrip-
tional activation by As2O3. These results were confirmed 
using SEK1/2–/– MEFs (Figure 5C). Furthermore, As2O3 did 
not inhibit vitamin D3 transactivation in JNK1/2–/– MEFs 
that had SEK1/2 activity (34). This suggests that JNK1 and/
or JNK2 may be the kinase that phosphorylates RXRα in a 
SEK1-dependent fashion.

In an effort to connect As2O3-induced phosphorylation 
of RXRα with JNK activity and antagonism of receptor 
signaling, we examined whether inhibition of JNK activity 
decreased As2O3-induced phosphorylation. Cos-1 cells were 
transfected with either wild-type or the RXRα ABC region, 
labeled with [32P]-orthophosphate, and treated with As2O3 
alone or in combination with the JNK inhibitor SP600125. 
As previously demonstrated, As2O3 increased phosphoryla-
tion of both wild-type RXRα and RXRα ABC (Figure 5D). 
SP600125 treatment decreased both the constitutive and 
As2O3-induced levels of phosphorylation. This reduced 
level of phosphorylation of the RXRα ABC region suggests 
that phosphorylation is mediated by both JNK and another 
kinase not inhibited by SP600125.

To further define the site(s) of phosphorylation in RXRα 
required to mediate inhibition by As2O3 of nuclear receptor 
signaling, we performed site-directed mutagenesis on all 11 
proline-directed serines within the ABC region (Figure 6A). We 
chose these amino acids based on the induction of serine phos-
phorylation in the phosphoamino acid analysis and the known 
consensus sequence for targets of JNK phosphorylation. Each 

mutated plasmid was then tested to determine whether a specific 
serine-to-alanine mutation could abrogate inhibition of nuclear 
receptor function by As2O3. Cos-1 cells transfected with wild-type 
or mutated RXRα, βRE-tk-CAT, and CMV–β-gal plasmids were 
treated with RA alone or in combination with As2O3. We found 
that only the S32A mutation abrogated the ability of As2O3 to 
inhibit RA-induced transactivation as well as vitamin D3 trans-

Figure 5
JNK is involved in inhibition of nuclear receptor transactivation 
by As2O3. (A) Cos-1 cells were transfected with either VDR and 
VDR-tk-LacZ reporter plasmids (left panels) or βRE-tk-CAT and 
CMV–β-gal reporter plasmids (right panels). Cells were then 
treated with the appropriate ligand, either 10–9 M vitamin D3 (left 
panels) or 10–6 M RA (right panels), 5 µM As2O3, or ligand plus 
As2O3, in the absence or presence of JNK inhibitor SP600125 
(SP; 10 µM), p38 inhibitor SB203580 (SB; 20 µM), or MEK 
inhibitor PD98059 (PD; 50 µM). (B and C) SEK1+/+ (B; left), 
SEK1–/– (B; right), wild-type (C; top left), JNK1/2–/– (C; top right), 
and SEK1/2–/– (C; bottom) MEFs were transiently transfected 
with VDR and VDR-tk-LacZ plasmids and treated with media, 
10–9 M vitamin D3, the indicated concentrations of As2O3, or 
vitamin D3 in combination with As2O3. In A–C, cells were har-
vested after 24 hours and cell lysates used in β-gal assays to 
determine reporter activity. Values are normalized to protein 
concentrations. (D) Cos-1 cells were transfected with FLAG-
RXRα (top 2 blots) or FLAG-RXRα ABC plasmids (bottom 2 
blots). After serum starvation and phosphate starvation, cells 
were treated with media, 5 µM As2O3, 10 µM SP600125, or 
the combination for 3 hours in the presence of [32P]-orthophos-
phate. Cell lysates were prepared as described in Methods, and 
immunoblotting was performed using the anti-FLAG antibody to 
confirm equal immunoprecipitation of proteins.
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activation (Figure 6B and data not shown). S21A was added as a 
control mutation of an amino acid known to be phosphorylated 
by JNK (30). We also tested whether As2O3-induced phosphoryla-
tion of total RXRα or the ABC region of RXRα could be inhib-
ited by mutation of S32A in in vivo labeling experiments. We did 
not see a difference between S32A-mutated RXRα and wild-type 
RXRα phosphorylation following arsenic treatment, but consid-
ering the number of amino acids known to be phosphorylated 
on RXRα (26–29), this assay may not detect a single amino acid 
change (data not shown).

Although we did not see an increase in DE-region phosphory-
lation, the high constitutive level of phosphorylation could 
mask a change in a single phosphorylation site. Therefore, 
we also tested mutations in several amino acids in this region 

known to cause inhibition of nuclear receptor transactivation. 
Y249 is the target of SEK1 phosphorylation, which is responsi-
ble for the inhibition of RA-induced transactivation by anisomy-
cin (29). S260 is a target for MAPK phosphorylation that causes 
inhibition of vitamin D3 transcription (28). Neither of these 
mutations changed the ability of As2O3 to inhibit RA-induced 
transactivation (Figure 6B and data not shown).

Our previous work showed that As2O3 could inhibit down-
stream targets of RA (1), so we wanted to extend this to down-
stream targets of other nuclear receptors. ABCA1 is a transporter 
induced by LXR/RXR heterodimers (35). We treated NB4 cells 
with 22(R)-hydroxycholesterol and 9-cis RA for 8 hours and 
immunoblotted cytoplasmic proteins for 2 hours and used total 
RNA in Northern blots to determine the induction of ABCA1. 
ABCA1 protein was strongly induced by the combination of LXR 
and RXR ligands, but not with As2O3 alone, and the induction 
by the LXR/RXR combination was decreased by cotreatment 
with As2O3 (Figure 7A, top 2 blots). ABCA1 mRNA induction 
by LXR/RXR ligands mirrored the induction of the protein as 
did the inhibition by As2O3 (Figure 7A, bottom 2 blots). In addi-
tion, we investigated the effect of As2O3 on SXR ligand–induced 
CYP3A4 in HepG2 hepatoma cells. HepG2 cells were treated for 
24 hours with media, 50 µM rifampicin, 5 µM As2O3, or rifampi-
cin and As2O3 combined. Microsomes were isolated from the cells 
and used in Western blots for CYP3A4 expression (Figure 7B).  
As expected, rifampicin alone increased CYP3A4 expression; 
however, the combination of As2O3 with rifampicin blocked 
this increase. A Ponceau-stained band was included as a load-
ing control for microsomal proteins. Vitamin D3 24-hydroxylase 
was studied as a VDR target gene. We determined the level of  

Figure 7
Endogenous nuclear receptor target induction is inhibited by 
As2O3 cotreatment. (A) NB4 cells were treated for 8 hours with 
media, 10–5 M 9-cis RA plus 4 µg/ml 22(R)-hydroxycholesterol, 
5 µM As2O3, or the combination of all 3 treatments. Cytoplasmic 
extracts (top 2 blots) were used in immunoblotting with anti-
ABCA1 antibody or anti–β-actin antibody. Total RNA (bottom 2 
blots) was used in Northern blotting for either ABCA1 or β-actin  
mRNA. (B) HepG2 cells were treated with media, 50 µM  
rifampicin, 5 µM As2O3, or the combination for 24 hours. 
Microsomes were isolated and used in immunoblotting experi-
ments with anti-CYP3A4 antibody. Ponceau-stained band 
of microsomal extracts is presented as a loading control. (C) 
MCF-7 cells were treated with media, 10–9 M vitamin D3, 5 µM  
As2O3, or the combination for 24 hours. RNA was isolated and 
used in Northern blotting experiments with probes for vitamin 
D3 24-hydroxylase (top) and β-actin (bottom). (D) NB4 cells 
were treated for 24 hours with 10–6 M RA, 5 µM As2O3, or the 
combination. Total RNA was used in either RPAs (RARβ) or 
Northern blotting experiments (C/EBPε). β-Actin was used as a 
control in both RPA and Northern blot experiments.

Figure 6
Only mutation of S32A in RXRα abrogates inhibition of nuclear receptor 
transactivation by As2O3. (A) Diagram of RXRα showing mutated serine 
residues. (B) Cos-1 cells were transiently transfected with βRE-tk-CAT 
reporter plasmid and wild-type or mutated RXRα and treated with media, 
10–6 M RA, 2.5 µM As2O3, or the combination. Cells were harvested 
after 24 hours, and cell lysates were used in CAT assays to determine 
reporter activity. Values are normalized to protein concentrations.
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24-hydroxylase mRNA in MCF-7 breast cancer cells after 24 
hours’ treatment with media, 10–9 M vitamin D3, 5 µM As2O3, or 
the combination. As with the other target genes, As2O3 cotreat-
ment decreased the induction of 24-hydroxylase mRNA levels by 
vitamin D3 (Figure 7C). The expression of the classic RARα tar-
get gene, RARβ, was assessed in RNase protection assays (RPAs). 
NB4 cells were treated for 24 hours with media, 10–6 M RA, 5 µM  
As2O3, or the combination. Total RNA was incubated with 
probes for RARβ and β-actin. In addition, total RNA from iden-
tical treatments was used in Northern blots for C/EBPε, an RAR 
target gene closely associated with differentiation. RA induced  
C/EBPε mRNA expression, and this expression was decreased 
when RA was used in combination with As2O3. These data indi-
cate that As2O3 exposure could have a significant impact on sig-
naling of several nuclear receptors in a variety of cell types and 
that the inhibition of nuclear receptor target gene induction by 
As2O3 was not an artifact of transient transfection assays.

Discussion
Our previous data showing that As2O3 decreased RA-induced dif-
ferentiation markers in APL cells prompted us to investigate how 
As2O3 might alter RA signaling on the molecular level. We found 
that As2O3 inhibited transactivation and gene expression by RARs 
as well as other nuclear receptors. Only nuclear receptors that 
heterodimerize with RXR were inhibited by As2O3. Therefore, we 
focused our investigations on how As2O3 might modify RXRα to 
inhibit transcription from its binding partner. Previous work sug-
gested that inhibition of RA signaling involved phosphorylation 
of RXRα. Indeed, we found RXRα was phosphorylated in response 
to As2O3 treatment within the ABC domains. A role for JNK in 
the nuclear receptor inhibition and RXRα phosphorylation by 
As2O3 was implicated by the use of a JNK inhibitor and cells with 
a deletion in SEK1, the upstream activator of JNK. Therefore, we 
mutated serine residues within JNK consensus phosphorylation 
sites in the ABC region of RXRα. Only the mutated S32A inhibited 
the decrease of nuclear receptor transcriptional activity. This sug-
gests that a novel serine target of JNK is involved in the inhibition 
of nuclear receptor function.

These data are reminiscent of anisomycin inhibition of RA-
induced transactivation, which likely involves phosphorylation 
of RXRα on Y249 by SEK1. Here, we find that the DE domains of 
RXRα are highly constitutively phosphorylated, but this level of 
phosphorylation is not induced upon As2O3 treatment. It is possi-
ble that the high level of phosphorylation within the DE domain 
masks a single induced phosphorylated amino acid, but we have 
excluded 2 serine sites suggested by previous reports. Adam-Sti-
tah et al. reported that UV activation, as well as overexpression of 
JNK, leads to phosphorylation of murine RXRα in the AB region 
(30). They defined 3 residues in the AB region and 1 residue in 
the E region as targets for this inducible phosphorylation. How-
ever, they found that mutation of these amino acids did not alter 
the ability of 9-cis RA to induce transactivation of either a DR1 
reporter or the murine RARβ2 reporter constructs. When we 
mutated the corresponding serines in the human RXRα (S56A, 
S70A, and S260), we also saw no impact on the ability of RA to 
induce transactivation nor on the inhibition of nuclear receptor 
function by As2O3. This is further supported by a recent report 
showing the mutation of 3 amino acids in the AB region of RXRα 
— S61, S75, and T87 — could not inhibit RA-induced transactiva-
tion of the RARβ promoter (31).

Both biochemical and genetic means of inhibition were used 
to provide evidence that RXRα phosphorylation by As2O3 is JNK 
dependent. The use of kinase inhibitors alone could not com-
pletely rule out SEK1 as the kinase involved, since the JNK antago-
nist SP600125 has some activity against SEK1, albeit at a 10-fold 
higher IC50 than against JNK (36). Therefore, we have used MEFs 
deficient in both JNK1 and JNK2 to confirm the involvement of 
JNK in the response to As2O3. Here we show that As2O3 cannot 
inhibit VDR transactivation in JNK1/2–/– MEFs, suggesting that 
JNK1 or JNK2 can phosphorylate RXRα.

We show that As2O3 induces phosphorylation of RXRα, but the 
mechanism by which this posttranslational modification facili-
tates nuclear receptor inhibition remains unknown. Phosphoryla-
tion may inhibit receptor signaling on several levels. The hypoth-
esis that phosphorylation may induce a conformational change 
rendering RXRα unable to form heterodimers or bind DNA is not 
supported by evidence in mammalian 2-hybrid assays. In these 
experiments, up to 20 µM As2O3 did not affect the ability of RXRα 
to bind T3R (37). Phosphorylation of several nuclear receptors, 
such as PPAR, enhances ubiquitin-dependent degradation (38), so 
one might propose that RXRα is susceptible to degradation after 
phosphorylation. However, we did not see a change in total cel-
lular RXRα or other nuclear receptors, as shown in Figure 3A. It 
is possible that RXRα phosphorylation affects interactions with 
coregulatory molecules. Hong et al. report that As2O3 (20 µM  
dose) inhibits the interaction of silencing mediator for retinoid 
and thyroid hormone receptors (SMRT) with T3R and RAR, 
although the authors postulate that it is the phosphorylation of 
SMRT that interrupts the association with nuclear receptors (37). 
Recently, data was published associating cell death induced by a 
6-[3′-(1-adamantyl)-4′-hydroxyphenyl]-2-naphthalenecarboxylic 
acid analog with RXR/Nurr77 translocation from the nucleus 
to the cytosol (39). One might hypothesize that As2O3-induced 
phosphorylation of RXRα may trigger export from the nucleus, 
decreasing nuclear receptor transactivation, and perhaps partici-
pating in the mechanism by which As2O3 induces apoptosis. We 
are currently investigating this model.

Both As2O3 and RA are standard therapies for APL, and their 
combination has been suggested to increase success of achieving 
complete remission. The data presented here and in our previous 
report (1) suggest that concurrent treatment with both agents 
might be less effective than sequential treatment. Indeed, in SCID 
mice bearing NB4 cells, treatment of 8 mg/kg As2O3 concurrently 
with 10 mg/kg RA injected i.p. every second day did not impact 
survival time of the mice, while sequential treatment of RA fol-
lowed by As2O3 — or As2O3 followed by RA — increased survival of 
the mice by 70–80% (16). However, several studies have shown that 
treatment of PML/RARα transgenic mice or syngenic mice bearing 
leukemias from PML/RARα transgenic mice with RA and As2O3 
increases survival over treatment with either drug alone (18, 19). 
Recently, 2 reports in APL patients have shown that concurrent 
treatment may be more beneficial than either drug given alone (40, 
41). Whether concurrent or sequential treatment is preferable is 
difficult to determine and requires further investigation.

Our data also suggest that patients treated with As2O3 should 
be carefully monitored for several parameters affected by nuclear 
receptor signaling. If arsenic inhibits T3 signaling, one might 
expect an increase in thyroid-stimulating hormone as a compen-
satory mechanism. Inhibition of SXR might lead to decreased 
induction of CYP3A4 enzyme and decreased metabolism of 
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drugs, such as coumadin or cytotoxic chemotherapeutic agents 
that might be combined with As2O3. Several nuclear receptors are 
involved in the control of glucose levels (PPAR, LXR), lipid levels 
(LXR), and calcium homeostasis (VDR). We have shown that the 
antagonism between As2O3 and nuclear receptors is not limited to 
APL cells, but occurs in HepG2 liver hepatoma cells, LS180 colon 
adenocarcinoma cells, and MCF-7 breast cancer cells as well as 
nonmalignant MEFs.

In addition to patients with APL, a significant human popula-
tion is exposed to arsenic in the environment. As2O3 is clearly a 
carcinogen associated with skin, bladder, liver, lung, and kidney 
tumors (42). Exposure to As2O3 has been linked to atherosclerosis 
and diabetes (43, 44). The proinflammatory properties of arsenic 
have been proposed to play a role in the generation of atheroscle-
rotic plaques (43). The data presented here suggest additional 
hypotheses. Hypercholesterolemia is also responsible for a major 
portion of the pathogenesis of atherosclerosis. LXR target genes 
are involved in cholesterol metabolism (45). Therefore, a decrease 
in LXR signaling by arsenic could increase serum cholesterol lev-
els and the formation of atherosclerotic plaques. PPARγ agonists 
increase a cell’s sensitivity to insulin, and many PPARγ target genes 
are involved in glucose and lipid metabolism (46). One could spec-
ulate that an As2O3-mediated decrease in PPARγ signaling would 
decrease insulin sensitivity. Clearly, the effects of arsenic on nucle-
ar receptors are not limited to cancer, but in fact may have broader 
implications for human health.

Methods
Cells and chemicals. The NB4 APL cell line and Cos-1 cell line were grown in 
RPMI 1640 (Invitrogen Corp.) supplemented with 10% FBS (Wisent Inc.). 
SEK1+/+ and SEK1–/– MEFs were a gift from J. Woodgett (University of 
Toronto, Toronto, Ontario, Canada) and were grown in DMEM (Invitrogen 
Corp.) supplemented with 10% FBS. Wild-type, SEK1/2–/– (MKK4/7–/–), 
and JNK1/2–/– MEFs were a gift from R. Davis (University of Massachu-
setts Medical Center, Worcester, Massachusetts, USA) (47). MCF-7 breast 
cancer cells and LS180 colon cancer cells were grown in MEMα (Invitrogen 
Corp.) supplemented with 10% FBS. The JNK inhibitor SP600125, the p38 
inhibitor SB203580, the MEK inhibitor PD98059, and vitamin D3 were 
purchased from Calbiochem. As2O3 was purchased from Sigma-Aldrich 
and used to make a 0.1 M stock in 0.1 N NaOH with subsequent dilutions 
in PBS. Ciglitazone, T3 (3,3′,5-triiodo-l-thyronine), 22(R)-hydroxycholes-
terol, anisomycin, estradiol, RA, 9-cis RA, and dexamethasone were also 
purchased from Sigma-Aldrich. The RXR-specific agonist LGD-1305 was 
a kind gift from Ligand Pharmaceuticals Inc.

Transient transfection assay. APL cells (5 × 106 cells/transfection) were 
rinsed in serum-free OPTI-MEM (Invitrogen Corp.) and transfected by 
electroporation with 10 µg/transfection of the reporter plasmid βRE-tk-
CAT (48) and 5 µg/transfection of phosphorylated CMV–β-gal (pCMV– 
β-gal) as an internal control for transfection efficiency. Electroporated cells 
were replenished with media and grown for 48 hours in the absence or 
presence of drugs. CAT activity was measured using a modified protocol of 
the organic diffusion method as described previously (49). The CAT counts 
were normalized with β-gal activity to obtain the relative CAT activity.

Cos-1 cells, LS180 cells, and MEFs were transfected using OPTI-MEM 
media and fugene-6 reagent (Roche Diagnostics Corp.) at a 3:1 ratio of 
fugene/DNA according to the manufacturer’s instructions. Cells were 
transfected with 2 µg of receptor expression plasmid and the correspond-
ing reporter plasmid. If the reporter plasmid was CAT or luciferase, an 
additional CMV–β-gal reporter plasmid was using to normalize trans-
fection efficiency. Receptor and reporter plasmid pairs were as follows: 

VDR-tk-LacZ and pSG5-VDR (gifts from J. White, McGill University), ERα 
wild-type (pSG5-HEGO) and ERE-tk-CAT (gifts from S. Mader, Université 
de Montréal, Montréal, Québec, Canada), pSG5-T3Rβ1 and pBLTK80 con-
taining 80 bp from the UCP-1 gene promoter (gifts from E. Silva, McGill 
University), pRC-CMV-LXRα and TK-LXRE(3)-Luc (gifts from J.P. Capone, 
McMaster University, Hamilton, Ontario, Canada), pSG5-RXRα and CRB-
PII-tk-Luc (provided by W.W. Lamph, Ligand Pharmaceuticals Inc., San 
Diego, California, USA), pCMX-SXR (provided by W.W. Lamph) and TK-
LXRE(3)-Luc (gift of R. Evans, The Salk Institute for Biological Studies, 
San Diego, California, USA), and pCMX-mPPARγ and TK-PPRE(3)-Luc 
(gifts from R. Evans). After 4 hours of transfection, cells were treated with 
the appropriate ligand. Twenty-four hours after transfection, cells were 
harvested and the appropriate assays performed. CAT and β-gal assays 
were performed as described above. Luciferase assays were performed per 
manufacturer’s instructions using a Luciferase Assay System (Promega).

In vivo labeling. Cos-1 cells were transfected as described above with 5 µg 
of pCMX-FLAG-RXRα or mutated plasmids. Eight hours after transfec-
tion, cells were switched to serum-free media overnight. After 1 hour in 
phosphate-free media, the media was supplemented with 50 mCi [32P]-
orthophosphate and test compounds. Three hours later, cell lysates were 
collected and the FLAG-tagged proteins were immunoprecipitated using 
M2 anti-FLAG antibody–conjugated sepharose beads (Sigma-Aldrich) 
overnight. After washing, immunoprecipitates were separated by 10% SDS-
PAGE, transferred to nitrocellulose or PVDF membrane, and exposed to 
film. Following detection of radiolabelled bands, membranes were used for 
immunoblotting with anti-FLAG antibody (Sigma-Aldrich) to control for 
equal immunoprecipitation and loading.

Phosphoamino acid analysis. Phosphoamino acid analysis was performed as 
described previously by Yang et al. (50). Briefly, 32P-labeled protein bands 
were excised from PVDF membranes resulting from in vivo labeling experi-
ments and hydrolyzed by incubation in 6 N HCl for 2 hours at 110°C. The 
material was lyophilized and separated by electrophoresis in pH 1.9–3.5 
buffer (1:1 ratio; see ref. 51). 32P-labeled amino acids were detected by auto-
radiography and identified by comigration with standard phosphoamino 
acids that were added to each sample and detected by ninhydrin staining.

Site-directed mutagenesis. Site-directed mutagenesis was performed using a 
kit from Stratagene. pCMX-FLAG-RXRα was mutated in single amino acids 
using the following primers: S21A, 5′-AACTCCTCCCTCACCGCCCCGAC-
GGGGCG-3′; S32A, 5′-ATGGCTGCCCCCGCGCTGCACCCGTCCC-3′; 
S36A, 5′-CCCTCGCTGCACCCGGCCCTGGGGCCTGGC-3′; S43A, 5′-
CCTGGCATCGGCGCCCCGGGACAGCTG-3′; S49A, 5′-GGACAGCTG-
CATGCTCCCATCAGCACC-3′; S56A, 5′-AGCACCCTGAGCGCCCCCAT-
CAACGGC-3′; S70A, 5′-TCGGTCATCAGCGCCCCCCATGGGCCCCC-3′; 
S76A, 5′-ATGGGCCCCCACGCCATGTCGGTGCCC-3′; S91A, 5′-TTCAG-
CACTGGCGCCCCCCAGCTCAGC-3′; S96A, 5′-CCCCAGCTCAGC-
GCACCTATGAACCCC-3′; and S124A, 5′-CCCGCCCACCCCGCAG-
GAAACATGGC-3′. Mutagenesis was performed using the following PCR 
protocol: an initial denaturing step at 95°C for 30 seconds followed by 16 
cycles of 95°C for 30 seconds, 55°C for 1 minute, and 68°C for 6 minutes. 
Original template DNA was digested with Dpn1 restriction enzyme. Muta-
tions were confirmed by sequencing.

Microsome isolation. HepG2 cells were harvested following treatment, 
washed with cold PBS, resuspended in cold 0.1 M KPO4 buffer (pH 7.4), 
and homogenized using a Dounce homogenizer (KIMBLE/KONTES) 
for 30 strokes on ice. Lysates were centrifuged for 10 minutes at 6,000 g  
at 4°C. Supertants were removed and centrifuged at 100,000 g for 90 
minutes at 4–10°C. The pellet was resuspended in Tris-HCl/NaCl lysis 
buffer containing 150 mM NaCl; 25 mM Tris-HCl, pH 8.0; 1% triton 
X-100; 1 µM EDTA; 1 µM orthovanadate; 1 µg/ml aprotinin; 10 µg/ml 
leupeptin; and 1 mM PMSF.
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Immunoblotting. Whole-cell extracts or microsomal preparations were 
made in the Tris-HCl/NaCl buffer described above. Cytoplasmic extracts 
were isolated from nuclear fractions using a buffer containing 10 mM Tris, 
pH 7.8; 5 mM MgCl2; 10 mM KCl; 0.1 mM EDTA; 0.3 M sucrose; 0.5 mM 
DTT; 0.5 mM PMSF; 5 mM β-glycerophosphate; and 1 µg/ml each of apro-
tinin, leupeptin, and sodium orthovanadate. Cells were incubated with this 
buffer for 10 minutes on ice, after which 5 µl of 10% NP-40 was added 
and the tube vortexed for 10 seconds. Nuclei were pelleted by centrifuga-
tion at 5,000 g for 1 minute, and the supernatant was saved as cytoplasmic 
extracts. Proteins were separated on SDS–polyacrylamide gel and trans-
ferred to nitrocellulose membrane. ABCA1 antibody (Novus Biologicals 
Inc.) was used at 1:500. CYP3A4 antibody (Gentest; BD Biosciences) was 
used at 1:3,000. The M2 anti-FLAG antibody (Sigma-Aldrich) was used at 
1:1,000. RAR (sc-551; 1:500), RXR (sc-774; 1:2,000), VDR (sc-1008; 1:500), 
and SXR (sc-7737; 1:100) antibodies were purchased from Santa Cruz Bio-
technology Inc. Primary antibodies were detected with HRP-labeled goat 
anti-rabbit or anti-mouse antibodies (Amersham Biosciences). Bands were 
detected with enhanced chemiluminescence and autoradiography.

Northern blotting. Total RNA was isolated using guanidinium thiocyanate 
extraction as described previously (52). Ten micrograms of total RNA were 
electrophoresed and transferred to Zeta-Probe membrane (Bio-Rad Labo-
ratories). Blots were probed with 32P-labeled probes derived from restric-
tion digests of plasmid DNA. Vitamin D3 24-hydroxylase plasmid was a 
kind gift from H. DeLuca (University of Wisconsin, Madison, Wisconsin, 
USA). ABCA1 probe was made by RT-PCR using the primers 5′-AGCA-
GATGGCCCTGGATGT-3′ and 5′-AGGTCAGCTCATGCCCTATGTC-
3′. C/EBPε probe containing plasmid was a gift from D. Tenen (Harvard 
Medical School, Boston, Massachusetts, USA).

RPA. Total RNA was isolated as described above. RPA was performed as 
previously described (53). The human RARβ riboprobe containing bases 
1545–1721 cloned into pGEM4Z (Promega) and the control GAPDH ribo-

probe were a kind gift from W.W. Lamph. The probes were linearized with 
EcoRI and radiolabeled using T7 polymerase and [32P]-CTP (Amersham 
Biosciences). Hybridization of riboprobes was carried out at 50°C over-
night, and RNase digestion was performed at 30°C for 1 hour with ribo-
nuclease T1. The RNase-resistant fragments were resolved by gel electro-
phoresis on a 6% urea-polyacrylamide sequencing gel. Gels were dried and 
exposed to film.

Statistics. Results were analyzed using GraphPad Prism 4 software. Sig-
nificance was determined using an analysis of variance and Bonferroni’s 
Multiple Comparison test.
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