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Human UTX, a member of the Jumonji C family of proteins, associates with mixed-lineage leukemia 3/4 complexes. Stimulation
with retinoic acid leads to the recruitment of UTX-containing complexes to HOX genes, which results in demethylation of his-
tone H3 lysine 27 and concomitant methylation of histone H3 lysine 4. Here, we show that UTX interacts with the retinoic acid
receptor & (RARa) and that this interaction is essential for proper differentiation of leukemic U937 cells in response to retinoic
acid. UTX occupies the promoters of several RAR target genes and regulates their transcriptional output by modulating ASH2L
complex recruitment. Overexpression of UTX in promyelocytic NB4 cells results in enhanced cellular differentiation upon reti-
noic acid treatment. Our results show that UTX is important for RAR-mediated transcription and provide insight into the criti-

cal role of cross talk between histone H3 lysine 4 methylation and histone H3 lysine 27 demethylation during cellular

differentiation.

TX, aJmjC domain-containing histone demethylase, can spe-

cifically demethylate di- and trimethylated histone 3 lysine 27
(H3K27) (1-3). The posttranslational methylation of H3K27 is
highly correlated with genomic silencing, and H3K27me3 de-
methylation, which is regulated by the UTX protein, is essential
for proper development, differentiation, and proliferation (4-6).
It has been reported that UTX has a role in establishing and main-
taining differentiation programs during stem and progenitor cell
commitment to differentiated lineages (7). Aberrant methylation
of core histone tails and deregulation of the corresponding en-
zymes have been implicated in leukemia as well as other types of
cancers (8). Together, these observations suggest that UTX might
contribute to epigenetic mechanisms of initiation or progression
of leukemia. Acute promyelocytic leukemia (APL) is phenotypi-
cally characterized by the accumulation of clonal hematopoietic
precursors blocked at the stage of promyelocytic cells, and it rep-
resents a paradigm for cell transformations that are caused by an
aberrant epigenetic status that leads to gene silencing (9). The
oncogenic PML-retinoic acid receptor a (PML-RARa) fusion
protein generated by chromosomal translocation t(15;17) be-
haves as a constitutive and potent transcriptional repressor by
recruiting different chromatin-modifying enzymes, including his-
tone deacetylases, Polycomb complexes, and DNA methyltrans-
ferases (10—12). In contrast to the wild-type RARa,, PML-RARa is
insensitive to physiological concentrations of retinoic acid (RA)
that would usually trigger transcriptional activation. However,
pharmacological doses of RA, which are used for patients in early
phases of the disease, can lead to partial derepression of PML-RAR
target genes (13).

Interestingly, UTX was identified as a component of known
histone H3 lysine 4 (H3K4)-specific MLL/SET methyltransferase
complexes (14). ASH2L protein is considered one of the integral
members of these complexes (15) and is required for trimethyla-
tion of global H3K4 as well as of specific MLL target genes in
human cells (16). During RA signaling events, the coordinated
removal of repressive marks, Polycomb group displacement, and
concomitant deposition of activating marks are important for the
stringent regulation of transcription during cellular differentia-
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tion. In human embryonic teratocarcinoma NT2/D1 cells, RA-
induced differentiation results in a concerted mechanism for the
recruitment and/or activation of a complex containing trimethyl
H3K27 demethylase activity and trimethyl H3K4 methyltrans-
ferase activity that mediates transcriptional activation of HOX
genes (1).

To better understand the molecular mechanisms underlying
UTX involvement in RA-mediated gene regulation in leukemia,
we studied the effects of UTX silencing in a human myeloid pre-
cursor leukemic cell line (U937) and of its overexpression in a
human APL cell line expressing PML-RAR (NB4). Here, we show
that UTX interacts with RARa and is necessary for proper cellular
differentiation. UTX contributes to the activation of different tar-
get genes during RA-induced differentiation of U937 cells. More-
over, we demonstrated that UTX protein mediates ASH2L associ-
ation with RARa. Strikingly, UTX overexpression facilitates
cellular differentiation of APL cells. Together these results identify
UTX as a critical mediator of gene activation during RA-induced
differentiation in leukemic cells.

MATERIALS AND METHODS

Plasmids and antibodies. pRS-derived vectors (shRandom, shUTX,
shASH2L, and shNCoA6) were generated by ligating synthetic oligonu-
cleotides against the target sequence into pRetro-Super (17). The retrovi-
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ral expression vector was generated by subcloning the cDNA of UTX into
pBabe, and the RAR« expression vector was previously described (12).

Antibodies were obtained from the following suppliers: anti-tri-
methyl H3K4 (07473) and anti-trimethyl H3K27 (05851), Upstate/
Millipore; anti-RARa (sc-551), Santa Cruz; anti-ASH2L (A300-107A)
and anti-NCoA6 (A300-411A), Bethyl Laboratories; antitubulin, Abcam;
and anti-Flag (F3165), Sigma-Aldrich. Anti-UTX was previously de-
scribed (1). For fluorescence-activated cell sorting (FACS) analysis, we
used antibodies that recognize cell surface myeloid-specific antigens
CDll1c and CD11b (Becton Dickinson).

Cell lines, transfection, and retroviral infection. U937 and NB4 cells
were cultured at 37°C with 5% CO, in RPMI medium supplemented with
10% fetal bovine serum (FBS). HEK 293T cells were cultured at 37°C with
5% of CO, in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and transfected with standard
techniques. Cell extracts were prepared as described previously (12). HEK
293T cells were transfected using the calcium phosphate coprecipitation
method (10). The pRS-based retrovirus was produced by transfecting
GP2-293 packaging cells (Clontech). The collected retrovirus was subse-
quently used to transduce U937 or NB4 cells by spinoculation (900 X g, 90
min, 32°C) in the presence of protamine sulfate followed by an additional
overnight incubation at 37°C in 5% CO,. The protocol was repeated for
two consecutive days. U937 and NB4 cells were treated with RA (100 nM
and 10 nM, respectively) to induce differentiation and were harvested at 5,
24, and 48 h.

Differentiation assays. U937 and NB4 cells were treated with RA (100
nM and 10 nM, respectively), rinsed twice with PBS, and incubated 30
min with specific antibodies. After a washing, the percentage of differen-
tiated antigen-positive cells and the fluorescence levels were analyzed by
flow cytometry on a Becton Dickinson FACSCanto analyzer. The ni-
troblue tetrazolium (NBT) assay was performed using commercially
available NBT (Sigma-Aldrich). Two hundred microliters of cell suspen-
sion at a density of 2 X 10° cells in RPMI-5% FBS was mixed with 0.2 .l
of filtered 0.2% NBT solution and 3 pl of TPA (1 wM) and then further
incubated for 30 min at 37°C. Cytocentrifuge slides were then prepared
(200 rpm, 4 min). NBT-positive cells were determined by scoring 400 cells
under a light microscope.

Immunoprecipitation and ChIP. For coimmunoprecipitation assays,
cells that had been treated with RA (1 uM for 30 min) or not treated were
washed in PBS and lysed in lysis buffer (10). Cell extracts were incubated
overnight with specific antibodies at 4°C in the presence or absence of RA.
Protein A-Sepharose beads (GE Life Sciences) saturated with bovine se-
rum albumin (BSA) were added to the lysates for 2 h, and the immuno-
precipitates were then washed and loaded on SDS-PAGE gels.

For chromatin immunoprecipitation, cells were cross-linked with
0.8% HCHO at room temperature for 6 min. ChIP assays were performed
and analyzed as described previously (11). Equal amounts of unrelated
antibody (IgG) were included as controls for the ChIP assays. Chromatin
immunoprecipitates for proteins and methyl marks were amplified by
real-time quantitative PCR (Roche LightCycler), normalized to input,
and calculated as percentage of input. PCR primer sequences are available
upon request.

RNA purification and RT-PCR analysis. For quantitative RT-PCR,
total RNA was isolated using the Qiagen RNeasy kit and reverse tran-
scribed using Invitrogen’s first-strand synthesis kit. Samples were ampli-
fied by real-time quantitative PCR (Roche LightCycler), and mRNA levels
were normalized to PUMI levels. The relative mRNA level represents the
fold change over the control.

RESULTS

UTX interacts with RAR« in vivo. We have recently demon-
strated that components of the MLL complex and UTX can be
recruited to RA-responsive genes after RA stimulation, thereby
promoting H3K4 methylation, H3K27 demethylation, and conse-
quently, transcription activation (1). Based on these results, we
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explored the possibility that UTX interacts with RARa by treating
293T cells transiently transfected with a Flag-tagged RAR« with
RA. After immunoprecipitation with anti-Flag antibody, we
found that RARa was specifically associated with UTX in the pres-
ence of RA (Fig. 1A).

We then performed endogenous coimmunoprecipitation ex-
periments using lysates from promyelocytic leukemia U937 cells.
Immunoblot analysis of anti-RARa immunoprecipitates revealed
a stable, endogenous complex between RARa and UTX that was
present in the absence of stimulus and was stimulated by RA ad-
ministration (Fig. 1B).

UTX is necessary for proper cellular differentiation. Given
the endogenous interaction between UTX and RARa in U937
cells, we wondered whether UTX could participate directly in RA-
mediated gene regulation. We generated a stable UTX knockdown
U937 cell line (shUTX) using a retroviral vector-based short hair-
pin RNA (shRNA) approach (17). A reduction of >75% of UTX
protein was achieved under these conditions (using the shUTX.4
vectors), compared to the mock knockdown cells (shRandom)
(Fig. 1C).

To investigate whether the UTX knockdown could affect
global cell differentiation, we quantified the levels of CD11b dif-
ferentiation marker by flow cytometry as an indicator of matura-
tion of hematopoietic cells (18). The percentage of CD11b-posi-
tive cells was increased to 13.6% and 27.9% after 24 h and 48 h of
RA administration, respectively, in shRandom control U937 cells.
In contrast, shUTX cells showed a delayed onset of differentiation
after RA stimulus, with 5.6% and 12.8% CD11b-positive cells at
24 h and 48 h of treatment, respectively (Fig. 1D). We also moni-
tored U937 maturation by measuring the capacity of differenti-
ated cells to reduce nitroblue tetrazolium (NBT). We found no
evidence of spontaneous differentiation in untreated shRandom
control and shUTX cells, while we observed a significantly re-
duced number of NBT-positive cells in response to RA in shUTX
U937 cells compared to shRandom control cells (Fig. 1E).

UTX activates different target genes during RA-induced dif-
ferentiation of U937 cells. We next tested by quantitative reverse
transcription-PCR (RT-qPCR) how UTX knockdown affects pro-
moter activity of essential genes for RA-induced differentiation of
leukemic cells (19-25). Quantitative analysis of mRNA levels in-
dicated that genes reported to be key regulators of myeloid pre-
cursor differentiation are RA-dependent UTX targets (Fig. 2A,
white bars). Specifically, the expression of HOXA3, HOXC4,
PSCD4, E2F2, ¢/EBPe, PECAM1, CD93, and BATF2 was compro-
mised upon UTX depletion in RA-treated cells (Fig. 2A, black
bars).

To demonstrate that UTX mediates such transcriptional effects
on all these genes directly, we examined UTX occupancy on their
promoters by quantitative chromatin immunoprecipitation
(qChIP) assay. UTX was associated at those promoters, and its
occupancy increased after control U937 cells were treated with RA
(Fig. 2B). As expected, this increase was paralleled by a decrease in
trimethyl H3K27 (Fig. 2C, white bars). The RA-induced tran-
scriptional activation of these promoters was accompanied by in-
creased levels of trimethyl H3K4 (Fig. 3A, white bars) and the
recruitment of ASH2L, a critical component of the mixed-lineage
leukemia (MLL)-containing complex (Fig. 3B, white bars). Im-
portantly, the levels of these epigenetic marks were significantly
affected in shUTX cells (Fig. 2C and 3A and B, black bars).
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FIG 1 UTX specifically interacts with RAR« and is important for cellular differentiation. (A) Interaction between UTX and RARa. 293T cells were transfected
with a Flag-RARa expression vector, and extracts from cells that were untreated (— ) or treated with RA (+) were immunoprecipitated with an anti-Flag antibody
(IP: FLAG). Western blots with input lysate or immunoprecipitates were analyzed using antisera against UTX or RAR«, as indicated. (B) Endogenous interaction
between UTX and RARa. Extracts from U937 cells that were untreated (—) or treated with RA (+) were immunoprecipitated with IgG antibody (IP: CTRL) or
with the anti-RARa antibody (IP: RAR«a). Western blots with input lysate or immunoprecipitates were analyzed using antisera against UTX or RARa. (C)
Knockdown of UTX in the U937 cell line. Equal amounts of extracts from cells infected with a retroviral construct generating the scrambled control sequence
(shRandom) or two UTX-specific small hairpin RNAs (shUTX.1 and shUTX.4) were analyzed by Western blotting with the indicated antibodies. (D and E)
Downregulation of UTX affects U937 differentiation after treatment with RA. shRandom or shUTX U937 cells were treated with RA for 24 or 48 h or not treated.
Cell differentiation was evaluated by quantitative expression of CD11b antigen (D) and NBT reduction (E). Error bars represent standard deviations from the

means for triplicate experiments.

ASH2L knockdown confirms the interplay between the MLL
complex and the UTX protein. We next wanted to assess the in-
teraction of UTX with the MLL complex (2, 14) and to investigate
whether ASH2L is involved in cellular differentiation in response
to RA, using a stable ASH2L knockdown U937 cell line (shASH2L)
(Fig. 4A). To study the contribution of ASH2L to cell differentia-
tion, we analyzed the CD11b differentiation marker by flow cy-
tometry. Interestingly, shASH2L cells showed a delayed onset of
differentiation upon RA treatment, with 9.3% and 16.4% of
CD11b-positive cells at 24 h and 48 h of treatment, respectively
(Fig. 4B, gray bars), which was, however, not as pronounced as for
shUTX U937 cells (Fig. 4B, black bars); shRandom control U937
had 13.6% and 27.9% CD11b-positive cells, respectively, under
the same conditions (Fig. 4B, white bars).

To study how ASH2L knockdown affects the expression of the
UTX target genes, we analyzed RA-treated shASH2L cells by RT-
qPCR and found that they elicited a gene expression profile similar
to that of UTX knockdown cells. The UTX target genes we studied
(e.g., HOXA3, HOXC4, PSCD4, E2F2, ¢/EBPe, PECAM1I, CD93,
and BATF2) were poorly induced upon RA stimulus (Fig. 4C).
Importantly, control ChIP experiments indicated that inhibition
of ASH2L expression correlates with decreased levels of trimethyl
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H3K4 (data not shown). However, no significant changes in tri-
methyl H3K27 levels were observed upon inhibition of ASH2L
expression (Fig. 4D).

We next investigated the possibility of a functional interplay
between RARa, UTX, and ASH2L, speculating that a trimeric
complex should assemble upon RA administration. We per-
formed endogenous coimmunoprecipitation experiments using
lysates from either shRandom control, shUTX, or shASH2L U937
cells that had been treated with RA or not treated. Immunoblot
analysis of anti-RARa immunoprecipitates revealed endogenous
complexes of RARa with UTX, as previously shown (Fig. 5A, top),
and with ASH2L after RA treatment (Fig. 5A, middle, shRandom
lanes). Interestingly, the RARa-UTX interaction was not affected
after ASH2L depletion (Fig. 5A, top, shASH2L lanes). Only a weak
interaction was observed in the absence of RA (Fig. 5B, top). To
further support these findings, we examined the occupancy of
UTX in ASH2L-depleted cells. Following RA treatment of U937
cells, UTX is recruited to its target genes (e.g., HOXA3, HOXC4,
PSCD4, E2F2, ¢/EBPe, PECAM1, CD93, and BATF2) even in the
absence of ASH2L (Fig. 5C), and this was paralleled by a decrease
in trimethyl H3K27 similar to that observed in control cells (Fig.
4D). Additionally, coimmunoprecipitation experiments be-
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FIG 2 UTX is required for transcriptional activation of RAR target genes. (A) Knockdown of UTX affects RAR-target gene expression. Total RNA from
shRandom or shUTX U937 cells that were untreated (—RA) or treated with RA (+RA) was prepared. mRNA levels of the indicated genes were analyzed relative
to that in the PUMI control by RT-qPCR. Results are presented as the means and standard errors of the means (SEM) from three independent experiments. (B
and C) RA treatment results in recruitment of UTX concomitant with reduced levels of trimethyl H3K27 in control U937 cells. UTX occupancy in shRandom cells
(B) and trimethyl H3K27 (3meH3K27) levels in shRandom and shUTX cells (C) at the RAR target gene promoters were analyzed by a qChIP assay. IgG was
included as a control. Error bars indicate standard deviations obtained from three independent experiments.
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FIG 3 UTX knockdown affects the MLL complex activity at RAR target genes. Downregulation of UTX impaired trimethyl H3K4 (3meH3K4) levels (A) and
ASH2L occupancy (B) at RAR target genes. shRandom or shUTX U937 cells that were untreated (—RA) or treated with RA (+RA) were subjected to ChIP
analysis, using the indicated antibodies. IgG was included as a control. Error bars indicate standard deviations obtained from three independent experiments.

tween RARa and ASH2L in both control and UTX-depleted
cells indicate that this interaction was lost in UTX knockdown
cells (Fig. 5A). No interactions were observed in the absence of
RA (Fig. 5B). Thus, the association between ASH2L and RARa
depends on the presence of UTX. This is in agreement with the
ChIP analysis performed in UTX knockdown cells, indicating
that UTX depletion resulted in a decreased recruitment of
ASH2L (Fig. 3B). Together, these data suggest that UTX is a
strong mediator of the RARa-ASH2L interaction and that it
promotes their recruitment to target promoters through a RA-
mediated mechanism.

NCo0A6/ASC-2 mediates UTX and ASH2L interaction with
RARa. The nuclear factor NCoA®6, also known as ASC-2, stimu-
lates transactivation activity of nuclear receptors, including RAR,
and of numerous other transcription factors (26). We recently
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demonstrated that UTX associates with a 2-MDa, MLL3/4-con-
taining complex that displayed H3K27 demethylase and H3K4
methyltransferase activities (1). Moreover, we showed that NCoA6
indeed belongs to this complex (1).

To assess whether NCoA6 plays a role in RA-mediated gene
transcription, we developed a stable NCoA6 knockdown U937 cell
line (shNCoA6), which has a reduction of >90% of NCoA6 pro-
tein compared to the mock knockdown cells (shRandom) (Fig.
6A). Coimmunoprecipitation experiments with an anti-RARa
antibody on lysates from U937 control cells treated with RA con-
firmed that RARa formed an endogenous complex with NCoA®6,
UTX, and ASH2L (Fig. 6B), as previously reported (1). These in-
teractions were lost in U937 NCoA6-depleted cells, suggesting
that the coactivator NCoA®6 is an important mediator of the asso-
ciation of UTX and ASH2L with RARa. These observations
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FIG 4 Effects of ASH2L depletion in U937 leukemic cells. (A) Knockdown of ASH2L in U937 cells. Human U937 leukemic cells were infected and selected as
indicated in the legend to Fig. 1C. Equal amounts of cell extracts from mock knockdown (shRandom) and interfering-RNA cells (shUTX or shASH2L) were
analyzed by Western blotting with the indicated antibodies. Knockdown in shUTX U937 cells is shown as a control. (B) Downregulation of ASH2L affects U937
differentiation after treatment with RA. shRandom or shASH2L U937 cells were treated with RA for 24 and 48 h or untreated, and cell differentiation was
evaluated as percent CD11b-positive cells, as indicated for Fig. 1D. Error bars represent standard deviations from the mean for triplicate experiments. Differ-
entiation in shUTX U937 cells is shown for comparison. (C) Knockdown of ASH2L affects RAR target gene expression. Total RNA from shRandom or shASH2L
U937 cells that were untreated (—RA) or treated with RA (+RA) was prepared. mRNA levels of the genes indicated were analyzed relative to a PUM1 control by
RT-qPCR. Results are presented as the means and SEM from three independent experiments. (D) Downregulation of ASH2L did not impair trimethyl H3K27
(3meH3K27) levels at RAR target genes. shRandom or shASH2L U937 cells that were untreated (—RA) or treated with RA (+RA) were subjected to ChIP analysis
using the indicated antibodies. IgG was included as a control. Error bars indicate standard deviations obtained from three independent experiments.

prompted us to investigate the interplay between NCoA6 and  affected after NCoA6 depletion (Fig. 6D, compare white and black
UTX protein at the promoter of the previously described target  bars). These results indicate that NCoA6 confers RAR target gene
genes. UTX depletion had no significant effect on NCoA6 pro-  specificity for the recruitment of UTX and ASH2L, promoting
moter occupancy, as measured by qChIP (Fig. 6C). Nevertheless, H3K4 methylation, H3K27 demethylation, and, consequently,
UTX occupancy at these genes in response to RA was severely transcription activation, in leukemic U937 cells.
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FIG 5 RA induces UTX bridging of RARa and ASH2L. (A and B) Endogenous interaction between RAR«, UTX, and ASH2L. Extracts from shRandom, shUTX,
and shASH2L U937 cells that were treated with RA (+RA) (A) or untreated (—RA) (B) were immunoprecipitated with the RARa antibody (IP: RAR«a) or with
IgG antibody (IP: CTRL). Western blots with input lysate or immunoprecipitates were analyzed using antisera against UTX, ASH2L, or RARa. (C) Downregu-
lation of ASH2L did not impair UTX recruitment to RAR target genes. shRandom or shASH2L U937 cells that were untreated (—RA) or treated with RA (+RA)
were subjected to ChIP analysis. IgG was included as a control. Error bars indicate standard deviations obtained from three independent experiments.

Overexpression of UTX facilitates cellular differentiation in
acute promyelocytic leukemia. We expanded our analysis to fully
established, patient-derived NB4 leukemic cells in order to further
characterize the role of UTX on the epigenetic silencing imposed
by the oncogenic transcription factor PML/RARa. We initially
tested whether PML/RARa and UTX associate endogenously with
coimmunoprecipitation experiments using anti-PML/RARa an-
tibody (PGM3). Indeed, we observed an endogenous stable com-
plex of PML/RARa with UTX in the presence of RA (Fig. 7A). We
next transiently transfected 293T cells with a Flag-tagged PML/
RARa and treated them with RA. After immunoprecipitation
with anti-Flag antibody, we found that PML/RARa was specifi-
cally associated with UTX in the presence of RA (Fig. 7B).

Since the PML/RARa-induced differentiation block of NB4
cells is known to be reversed with high doses of RA (1 uM), we
next tested whether UTX overexpression could affect global cell
differentiation in the presence of lower concentrations of the
stimulus (10 nM). For this purpose, we generated a stable UTX
overexpressed NB4 cell line (pBabe-UTX) using a retroviral-vec-
tor-based approach. An increase of >60% of UTX protein was
achieved under these conditions, compared to control transfected
cells (pBabe) (Fig. 7C). As expected, PML/RAR«a blocked differ-
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entiation of control cells by 70% after 24 h of RA administration
(Fig. 7D, white bars). Interestingly, under these conditions, over-
expression of UTX induced cell differentiation by 60% as mea-
sured by flow cytometry analysis of surface differentiation marker
CD11c (Fig. 7D, black bars). We also monitored NB4 maturation
by the NBT assay and observed a significantly increased number of
NBT-positive cells in UTX overexpressed NB4 cells (Fig. 7E). In
summary, these studies reveal that UTX overexpressed NB4 cells
are sensitized and thus more prone to differentiation upon RA
administration.

DISCUSSION

Here, we show that UTX interacts endogenously with RARa and
PML/RARa and is required for differentiation of leukemic cells
(specifically, of U937 and NB4 cells) in response to RA. Our in vivo
studies demonstrated critical roles for UTX in regulating tran-
scription as well as the levels of H3K27 methylation at RAR target
genes. We provide evidence that UTX regulates transcription of
important genes for the differentiation process, such as HOXA3,
HOXC4, PSCD4, E2F2, ¢/EBPe, PECAM1, CD93, and BATF2, by
modulating the recruitment of ASH2L and the deposition of the
trimethylation of H3K4. Moreover, recruitment of the RAR co-
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FIG 6 NCoA6 regulates UTX recruitment to RAR target genes. (A) Knockdown of NCoA6 in the human U937 cell line. U937 leukemic cells were infected and
selected as described for Fig. 1C. Equal amounts of cell extracts from mock (shRandom) and interfering-RNA (shNCoA®6) cells were analyzed by Western blotting
with the indicated antibodies. (B) NCoA6 mediates UTX and ASH2L endogenous association to RARa. Extracts from shRandom or shNCoA6 U937 cells treated
with RA (+RA) were immunoprecipitated with the anti-RARa antibody (IP: RARa) or with IgG antibody (IP: CTRL). Western blots with input lysate and blots
of immunoprecipitates were analyzed using antisera against NCoA6, UTX, ASH2L, or RARa. (C) NCoA6 occupancy at RAR target genes is not affected upon
UTX knockdown. shRandom or shUTX U937 cells that were untreated (—RA) or treated with RA (+RA) were subjected to ChIP analysis. IgG was included as
a control. Error bars indicate standard deviations obtained from three independent experiments. (D) NCoA6 downregulation impairs UTX occupancy at RAR
target genes. shRandom or shNCoA6 U937 cells, untreated (—RA) or treated with RA (+RA), were subjected to ChIP analysis. IgG was included as a control.
Error bars indicate standard deviations obtained from three independent experiments.
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Administration of RA promotes gene activation by modulating NCoA6 recruitment, which in turn allows occupancy of UTX and ASH2L, concomitant
with demethylation of H3K27 and trimethylation of H3K4.
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activator NCoAG6 after RA treatment regulates the occupancy of
the UTX and ASH2L complexes, thereby modulating the tran-
scriptional output. Our results suggest a mechanism of RA-medi-
ated gene activation that involves NCoA6 recruitment, H3K4
trimethylation brought about by ASH2L, and H3K27 demethyla-
tion mediated by UTX in U937 cells (Fig. 7F). Taken together,
these findings reveal that UTX plays a key role during RA-induced
differentiation of leukemic cells. On the basis of our studies, we
could further support H3K27 demethylation and H3K4 methyl-
ation are interdependent processes in leukemia. We predict that
NCoAG6 is a central component of the complex and is required for
UTX and ASH2L recruitment to RAR target genes. We cannot
discard the possibility of a recruitment hierarchy for a sequential
NCoA6, UTX, and ASH2L binding to chromatin. Furthermore, it
is tempting to speculate that a NCoA6-UTX-ASH2L preformed
complex, as previously described (1, 14), is involved in this sce-
nario. Interestingly, an ordered cycle of H3K4 trimethylation fol-
lowed by demethylation of H3K27 mediated by UTX has already
been described during RA-induced transcriptional activation of
HOX cluster genes in human embryonic teratocarcinoma
NT2/D1 and ES cells (1, 7). Our data unveil an elegant mechanism
in leukemia cells for cell differentiation in response to RA. Impor-
tantly, we demonstrated a novel endogenous interaction between
UTX and RAR and determined that this confers target gene spec-
ificity and gives a physiological significance to the physical associ-
ation between the H3K27 demethylase UTX and the MLL3/4-
containing H3K4 methyltransferase complexes in the regulation
of gene expression, as previously reported (1, 2). In particular, the
trithorax protein ASH2L is considered one of the core subunits of
all known H3K4-specific MLL/SET methyltransferase complexes
(15), functions as an oncoprotein that is overexpressed in human
tumors (27), and is essential for pluripotency in ES cells (28).
NCoAG6, which is essential for nuclear receptor function in vivo, is
amplified and overexpressed in various human cancers (29). It has
been reported that transactivation by RAR could involve ligand-
dependent recruitment of NCoA6 complex to target DNA re-
sponse elements (RAREs) and subsequent transient H3K4 meth-
ylation of the promoter region in vivo (26, 30). In this work, we
found that NCoA6 bridges UTX and RARa and mediates UTX
recruitment to RAR target genes during differentiation. These
findings are of particular interest based on the presence of RAREs
in the regulatory region of all the genes analyzed here, as we spec-
ulate that RARa can influence epigenetic regulation and conse-
quently the expression of RA-responsive genes during differenti-
ation of leukemic cells. Moreover, our findings that NCoA6
interacts with the UTX protein may shed light onto how RA-
responsive genes are regulated upon cell differentiation, as
NCoA6 is known to functionally associate with other classes of
transcription factors, including AP-1, NF-kB, CBP/p300, c/EBPa,
and ATF2 (31). Further characterization of the RARa-UTX com-
plex could thus be instrumental in defining a general epigenetic
mechanism for cell differentiation.

A major impediment to successfully treating APL patients is
RA resistance, which is associated with a consequent relapse of the
disease. Therefore, identifying protein complexes that can effec-
tively synergize with or provide an alternative to RA is of para-
mount relevance (11). Our finding that UTX overexpression fa-
cilitates cellular differentiation of NB4 cells in the presence of
physiological concentrations of RA suggests that specific HMT
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inhibitors for H3K27 methylation can be used in cancer therapy,
making these attractive targets for therapeutic strategies.
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