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Trimethylated histone H3 lysine 4 (H3K4) and H3K27 generally mark transcriptionally active and repressive chromatins, respec-
tively. In most cell types, these two modifications are mutually exclusive, and this segregation is crucial for the regulation of gene
expression. However, how this anticorrelation is achieved has not been fully understood. Here, we show that removal of the
H3K27 trimethyl mark facilitates recruitment of SET1-like H3K4 methyltransferase complexes to their target genes by eliciting a
novel interaction between histone H3 and two common subunits, WDR5 and RBBPS5, of SET1-like complexes. Consistent with
this result, H3K27 trimethylation destabilizes interactions of H3 with SET1-like complexes and antagonizes their ability to carry
out H3K4 trimethylation of peptide (H3 residues 1 to 36), histone octamer, and mononucleosome substrates. Altogether, our
studies reveal that H3K27 trimethylation of histone H3 represses a previously unrecognized interaction between H3 and SET1-
like complexes. This provides an important mechanism that directs the anticorrelation between H3K4 and H3K27

trimethylation.

rimethylation of histone H3 at lysine 4 (H3K4me3) is a mark

for active chromatin that counters the repressive chromatin
milieu imposed by H3K9 and H3K27 methylation in higher eu-
karyotes (1). H3K4 trimethylation is primarily carried out by the
vertebrate H3K4 methyltransferases SET1A/SET1B (SET1A/B)
and MLL1 to MLL4, which form a family of related SET1-like
complexes (2, 3). Each complex contains a unique H3K4 methyl-
transferase enzyme, complex-specific subunits, and a common
subcomplex, consisting of RBBP5, ASH2L, WDR5, and DPY-30,
that facilitates the H3K4 methyltransferase activity of SET1-like
complexes (2, 3). We previously identified the first mammalian
SET1-like complexes containing MLL3 and MLL4 (MLL3/4),
which play essential roles in transactivation by retinoic acid recep-
tor (RAR) and multiple other transcription factors (3-5). Unique
subunits in these two complexes include PA1, PTIP, the H3K27
demethylase UTX, and the transcriptional coactivator ASC-2 (3,
4, 6-9). These complexes were originally named ASCOM (for
ASC-2 complex)-MLL3 and ASCOM-MLLA4 (4, 5).

WDRS5 was earlier reported to bind to K4-dimethylated H3
(10) and, in subsequent structural studies, to interact not only
with dimethylated H3K4, by virtue of both water-mediated hy-
drogen bonding and the altered hydrophilicity of the modified K4,
but also with the second arginine residue (H3R2) of H3 (11-14).
The arginine methyltransferase PRMT6 catalyzes H3R2 dimethyl-
ation in vitro and controls global levels of H3R2 dimethylation in
vivo (15, 16). Of note, and as a paradigm for the present study,
H3R2 methylation by PRMT6 is blocked by the presence of the
H3K4 trimethyl mark, whereas the H3R2 methyl mark interferes
with binding of WDR5 to the H3 tail and thus prevents H3K4
trimethylation by SET1-like complexes (15, 16).

It is well established that, in general, H3K4 trimethylation is
inversely correlated with H3K27 trimethylation throughout the
genome in most vertebrate cell types (1), although these marks
may also coexist in discrete or overlapping regions of individual

4936 mcb.asm.org

Molecular and Cellular Biology p. 4936-4946

genes (17-21). Our findings in this report reveal that H3K27
trimethylation of histone H3 inhibits a strong, but previously un-
recognized, interaction between H3 and SET1-like complexes,
thus making H3K27 demethylation a prerequisite for efficient
H3K4 trimethylation by SET1-like complexes. In addition, H3K4
trimethylation has been shown to inhibit H3K27 trimethylation
by the PRC2 complex (22). Taken together, these results reveal the
molecular basis underlying the important anticorrelation between
H3K4 and H3K27 trimethylation.

MATERIALS AND METHODS

Plasmids, H3 peptides, and methylated H3. pGEX4T-1 vectors express-
ing the following were generated by PCR and verified by sequencing:
histone H3 residues 1 to 25 [H3(1-25)], 1 to 36 [H3(1-36)], 1 to 57
[H3(1-57)], 5 to 36 [H3(5-36)], 5 to 57 [H3(5-57)], 10 to 31 [H3(10—
31)], and 10 to 36 [H3(10-36)]; H3 residues 10 to 36 with the point
mutations R26A and K27F, respectively; H3 residues 1 to 57 bearing
the point mutations R2F [H3(1-57)(R2F)], K4F, and K27F [H3(1-
57)(K27F)], respectively; and pcDNA3 expressing WDR5 with the point
mutation S91F. The cDNA sequences of UTX in pCS2 hUTX (where
hUTX is human UTX) or its mutant H1146A (UTX-H1146A) (23) were
mutated to be resistant to small interfering RNA targeting UTX (si-UTX)
(24). Histone H3 peptides corresponding to residues 1 to 20 or 1 to 36
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were chemically synthesized. Semisynthetic full-length H3 with trimethyl-
ated K27 (K27me3) was prepared via expressed protein ligation as described
previously (25). Briefly a synthetic peptide a-thioester corresponding to res-
idues 1 to 28 of H3 and containing the K27me3 modification was ligated to
the remainder of H3 (containing an Ala29Cys mutation) prepared
through recombinant means. Following ligation, the ligation product was
desulfurized to convert the Cys29 ligation back to the native alanine.

RT/QRT-PCR analysis. Reverse transcription/quantitative reverse
transcription-PCRs (RT/qRT-PCRs) were performed as described previ-
ously (5). For retinoic acid (RA) treatment, cells were incubated with 0.1
M RA for 12 h before harvest. The primers for human p21 were 5'-ACT
TCCTCCTCC CCACTT GT-3" and 5'-AGG TGA GGG GAC TCC AAA
GT-3'. The primers for cyclophilin A (control) were 5'-GTC TCC TTC
GAG CTG TTT GC-3' and 5'-GAT GCC AGG ACC TGT ATG CT-3'".
The primers for RAR-B2 were 5'-GGT CCT CTG ACT GAC CTT GT-3'
and 5'-GGA AAC ATG TGA GGC TTG CT-3". The primers for PDCD4
(for programmed cell death 4) were 5'-ATG ATG TGG AGG AGG TGG
ATG TG-3" and 5'-CCA ATG CTA AGG ATA CTG CCA AC-3'. The
primers for IGFBP2 (for insulin-like growth factor binding protein 2)
were 5'-CAG AGA CTC GAG CAC AGC AC-3' and 5'-GAT GAC CGG
GGT TTA AAG GT-3'. The primers for BTG2 (for B-cell translocation
gene 2) were 5'-CCT GGG CAG AGA GTG AAA AG-3" and 5'-CCT TCC
ATC CTA ACC CCA AT-3".

ChIP analysis. Chromatin immunoprecipitation (ChIP) assays were
performed as described previously (5). For RA treatment in nonkinetic
ChIP analyses, cells were incubated with 0.1 wM RA for 2 h before cross-
linking. The antibodies included anti-H3K27me3 antibody (ab6002; Ab-
cam), anti-H3K4me3 antibody (ab8580; Abcam), anti-H3 antibody
(ab1791; Abcam), anti-UTX antibody (a gift from K. Helin), and anti-Flag
antibody (F-3165; Sigma). The antibodies against ASC-2, MLL3, and
RBBP5 were as described previously (5). The ChIP primers for the p21 RA
response element (RARE) were 5'-TGT TTC AGG CAC AGA AAG GAG
GCA-3" and 5'-TCC GCT CCC ATC TAC CTC ACA C-3'. The primers
for +1 region of p21 were 5'-GGT GTG AGC AGC TGC CGA AGT-3'
and 5'-TCG GTG CCT CGG CGA ATC C-3'. The primers for RAR-32
were 5'-CTG CTG GGA GTT TTT AAG C-3' and 5 -GGC AAA GAA
TAG ACC CTC C-3'. The primers for +1 region of PDCD4 were 5'-CTG
GTT CCCTCT TTC TGA GC-3" and 5'-GCG AAT CTT CCT CACAGG
AT-3'.

Purification of the human ASCOM, SET1, and MLL1 complexes.
ASCOM was immunopurified from HeLa that stably express Flag-PA1
using anti-Flag M2 affinity resin and eluted in buffer containing 100
pg/ml of 3XFLAG peptide (Sigma) as described previously (26). Human
SET1 and reconstituted MLL1 complexes were purified as described pre-
viously (26, 27).

Histone methyltransferase assay. One microgram of H3(1-20) or
H3(1-36) peptide was mixed with 10 to 20 ng of the human SET1 complex
or 100 ng of reconstituted MLL1 complex in reaction buffer (10 mM
HEPES, pH 7.8, 30 mM KCI, 2.5 mM dithiothreitol [DTT], 2.5 mM
EDTA) along with 1 wCi of S-adenosyl-L-[methyl->H] (*H-SAM) (GE
Healthcare) and 50 wM cold SAM (BioLab). After incubation at 30 °C for
60 min, the samples were resolved in 15% SDS-PAGE followed by either
autoradiography or immunoblotting. The Quantity One program (Bio-
Rad) was used for quantitative analysis of H3K4 methylation levels.

Peptide pulldown assays. C-terminal biotinylated histone H3 pep-
tides were immobilized on Dynabeads MyOne Streptavidin C1 (Invitro-
gen) and subsequently incubated either with in vitro-translated mouse
WDRS5 or human RBBP5 or with a purified ASCOM or SET1 complex in
binding buffer (150 mM NaCl, 50 mM Tris [pH 8.0], 1 mM DTT, 0.1%
NP-40, protease inhibitors) for 30 min at 4°C in a rotator. Interacting
proteins were pulled down with Dynabeads using a DynaMag-Spin mag-
net (Invitrogen) and washed four times with 1 ml of binding buffer and
once with 1 ml of binding buffer containing 300 mM NaCl. Bound pro-
teins were analyzed on 15% SDS-PAGE gels for Coomassie staining or
immunoblotting with anti-Flag and other indicated antibodies.
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Mononucleosome binding and methylation assays. Mononucleo-
somes were assembled on a biotinylated 601 sequence fragment (197 bp)
(28) by salt dialysis (29) with either an unmodified histone-containing
octamer or an H3K27me3-containing octamer (29). The quality and
quantity of mononucleosomes were determined by gel electrophoresis.
Mononucleosomes were mixed with Streptavidin M280 beads (Invitro-
gen) in 10 mM HEPES-KOH (pH 7.9), 0.2 mM EDTA, 10% glycerol, 300
mM KCl, and 0.2% NP-40 buffer. After samples were washed, the immo-
bilized mononucleosomes were incubated with the purified ASCOM
complex for 3 h at 4°C in a rotator. The binding of ASCOM with mono-
nucleosomes was analyzed by immunoblotting with WDR5 and RBBP5
antibodies (Bethyl Laboratories, Inc.). For the histone methyltransferase
assays, 30-pl reaction mixtures contained mononucleosomes, SET1C,
ASCOM or reconstituted MLL1 complex, and 50 wM SAM in reaction
buffer (50 uM MgCl,, 10 mM HEPES [pH 7.8], 50 mM KCl, 2.5 mM
DTT, 0.25 mM EDTA). After an overnight incubation at 30°C, reactions
were terminated by addition of 10 ul of 5X SDS sample buffer and ana-
lyzed by immunoblotting.

MTT assays. For in vitro cytotoxicity assays, HEK293 cells transfected
with a short hairpin RNA (shRNA) vector for scrambled UTX or si-UTX
were treated with an increasing concentration of RA for 48 h and sub-
jected to a standard MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide] assay (30).

Statistical analysis. All values are presented as means = standard er-
rors of the means (SEM). Differences between groups were analyzed by a
two-tailed Student’s ¢ test.

RESULTS

Identification of a novel SET1-like complex binding site in H3
thatis sensitive to K27 trimethylation. In searching for the mech-
anistic basis underlying the general anticorrelation between H3K4
and H3K27 trimethylation, we considered the possibility that the
SET1-like complexes make an additional histone H3 contact that
is blocked by a trimethyl mark at H3K27. In this regard, glutathi-
one S-transferase (GST)-H3(1-57) and GST-H3(1-36) fusion
proteins bound an independently expressed WDR5 with a much
higher affinity than GST-H3(1-25) (Fig. 1A). Consistent with
these results, an affinity-purified ASCOM, isolated from HEK293
cells that stably express Flag-tagged PAl, also showed stronger
binding to GST-H3(1-57) and GST-H3(1-36) than to GST-
H3(1-25) (Fig. 1A). Importantly, GST-H3(5-57), which is devoid
of the R2 and K4 residues that constitute the reported interaction
interface for WDRS5 (11-14), still showed a strong interaction with
WDRS (Fig. 1B). Further deletional analysis revealed that these
secondary interactions with WDR5 were still conserved with H3
residues 10 to 31 (Fig. 1B). Together, these results suggest that an
additional, independent WDR5-interacting domain is contained
in histone H3 residues 10 to 31. Consistent with the results of the
GST pulldown assays, WDR5 showed much stronger binding to
an unmodified H3(1-36) peptide than to an unmodified H3(1-
20) peptide (Fig. 1C). As reported earlier (10), the H3(1-20) pep-
tide interacted with WDR5 most strongly when K4 was dimethyl-
ated but failed to bind the “control” RBBP5 subunit that, like
WDRS5, contains WD40 repeats (Fig. 1C). Unexpectedly, however,
RBBP5 did bind the H3(1-36) peptide, and this interaction was
markedly enhanced by K4 trimethylation (Fig. 1C). Related to and
consistent with these results, RBBP5 did not interact with GST-
H3(1-25) but showed very weak interactions with GST-H3(1-36)
and much stronger interactions with GST-H3(1-57) (Fig. 1A and
B). Overall, these results demonstrate that H3 interacts with both
WDR5 and RBBP5 not only through the previously reported
WDRS5 interface consisting of H3R2 and dimethylated H3K4
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FIG 1 Histone H3 contains dual interaction interfaces for WDR5 and RBBP5.
(A and B) GST pulldown assay with the indicated GST fusions and either in
vitro translated Flag-tagged WDR5, Flag-RBBP5, or purified ASCOM complex
with Flag-PA1. WDRS5, RBBP5, and ASCOM were detected by immunoblot-
ting with anti-Flag antibody. Coomassie blue staining of GST fusions is shown
as a loading control. (C) Immobilized peptide pulldown assay using the indi-
cated H3 peptides with either in vitro translated Flag-WDRS5 or Flag-RBBP5.
WDR5 and RBBP5 were detected by immunoblotting with anti-Flag antibody.
All inputs are 5%. K4-me2, K4-dimethylated H3.

(11-14) but also through a second interaction domain present
within the H3 tail region containing residues 10 to 31.

Next, we tested whether the newly identified WDR5- and
RBBP5-interacting domain in H3 is sensitive to H3K27 trimethyl-
ation. GST-H3(1-57) readily bound the WDR5 and RBBPS5 sub-
units of SET1-like complexes, as shown above, whereas it showed
no interactions with either the isolated PA1 or the isolated ASH2L
subunit (Fig. 2A). GST-H3(1-57) also interacted with the affinity-
purified ASCOM from HEK293 cells (Fig. 2A). As an initial step to
further analyze effects of H3 methylation on binding, we sought to
mimic the bulky trimethylated state by introducing phenylalanine
substitutions for R2, K4, and K27 into GST-H3(1-57) as described
previously (31). The R2F mutation, which is thought to mimic the
dimethylation of H3R2 by PRMT6 (15, 16), resulted in moder-
ately decreased binding of GST-H3(1-57) to WDR5, RBBP5, and
ASCOM (Fig. 2A). In contrast, the K4F mutation resulted in no
significant changes in binding affinity. This is likely because the
increase in the binding affinity of dimethylated H3K4 for WDR5
(10) and of trimethylated H3K4 for RBBP5 (Fig. 1C) cannot be
recapitulated by the phenylalanine substitution. Strikingly, GST-
H3(1-57)(K27F) was as inefficient as GST-H3(1-57)(R2F) in
binding WDR5, RBBP5, and ASCOM (Fig. 2A). In addition, the
strong binding of GST-H3(10-36) to WDR5 was abolished by the
K27F mutation (Fig. 2B). Together, these results raised the possi-
bility that H3K27 trimethylation inhibits the interactions of the
second H3 domain that interacts with WDR5 and RBBP5. To
directly test this, we used H3(1-36) peptides that were either un-
modified or trimethylated at K4 or K27 or at both K4 and K27.
K27 trimethylation of the H3(1-36) peptide significantly reduced
its interaction with the isolated WDR5 and RBBP5 proteins and
with the affinity-purified ASCOM (monitored by the presence of
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FIG 2 H3K27 trimethylation impairs the interaction of H3 and WDR5/
RBBP5. (A, B, E, and F) GST pulldown assay with GST fusions to indicated H3
fragments and either in vitro translated Flag-PA1, Flag-ASH2L, Flag-WDR5,
Flag-WDR5/S91F, or Flag-RBBP5 or purified ASCOM complex with Flag-
tagged PA1. PA1, ASH2L, WDRS5, RBBP5, and ASCOM were detected by im-
munoblotting with anti-Flag antibody. Coomassie blue staining of GST fu-
sions is shown as a loading control. (C) Immobilized peptide pulldown assay
using indicated H3 peptides either with in vitro translated Flag-WDR5 or Flag-
RBBPS5 or with purified ASCOM (via Flag-PA1 or RBBP5) or purified SET1
complex (via Flag-CFP1 or RBBP5). WDR5, RBBP5, PA1, and CFP1 were
detected by immunoblotting with anti-Flag or RBBP5 antibody. Coomassie
blue staining of H3 peptides is shown as a loading control. (D) Binding
assays of ASCOM (monitored by anti-WDR5 and anti-RBBP5 immuno-
blotting) to immobilized reconstituted mononucleosomes containing ei-
ther unmodified or K27 trimethylated H3. Coomassie blue staining of octam-
ers in mononucleosomes is shown as a loading control. Similar results were
also obtained with the SET1 complex (data not shown). Input in panel D is
10%, and all other inputs are 5%. wt, wild type.
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Flag-tagged PA1 and RBBP5) and SET1 (monitored by the pres-
ence of Flag-tagged CFP1, a SET1 complex-specific subunit, and
RBBP5) complexes, whereas K4 trimethylation of the H3(1-36)
peptide modestly enhanced these interactions (Fig. 2C). Interest-
ingly, concomitant trimethylation at H3K4 and H3K27, which
may mimic the bivalent chromatin in embryonic stem cells
(17-19), also strongly blocked these interactions (Fig. 2C). To
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further test these interactions using more physiologically relevant
substrates, we reconstituted mononucleosomes with either un-
modified H3 or a semisynthetic K27-trimethylated H3. Interest-
ingly, the ASCOM complex (which behaved similarly to the SET1
complex in binding to H3 peptides) clearly distinguished between
these mononucleosomes, showing reduced binding (based on
analysis of its WDR5 and RBBP5 subunits) to mononucleosomes
containing trimethylated K27 (Fig. 2D). Similar results were also
obtained with the SET1 complex (data not shown). Altogether,
these results reveal that interactions of histone H3 with WDR5
and RBBP5 and with the parental MLL3/4 (ASCOM) and SET1
complexes are enhanced by H3K4 trimethylation but weakened by
H3K27 trimethylation. As WDR5 and RBBP5 are common com-
ponents of all SET1-like complexes, the MLL1 and MLL2 com-
plexes are expected to respond similarly to H3K4 and H3K27
trimethylation.

Given that WDRS5 has been shown to directly interact with the
Al (weakly) and R2 (strongly) residues of H3 (reviewed in refer-
ences 32 and 33) and that H3K27 is also preceded by A25 and R26,
we postulated that WDR5 might utilize a similar strategy to rec-
ognize both the H3R2 interface and the second interface located
within H3 residues 10 to 31. In favor of this possibility, mutation
of WDR5 S91 to phenylalanine, which has been shown to impair
the interaction of WDR5 with H3R2 (14), also disrupted the in-
teractions of WDR5 with GST fusions containing H3(1-36),
H3(5-36), and H3(10-36) (Fig. 2E; also data not shown). More-
over, and importantly, the mutation of H3R26 to alanine dis-
rupted the interaction of GST-H3(10-36) with WDR5 (Fig. 2F).
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Opverall, these results suggest that the second WDRS5 interaction
domain located within H3 residues 10 to 31 is potentially similar
to the WDR5 interaction interface in the extreme N terminus of
H3 involving H3R2.

H3K27 trimethylation interferes with H3K4 trimethylation
by SET1-like complexes. The above results suggested that the an-
ticorrelation between H3K4 and H3K27 trimethylation is estab-
lished, at least in part, by an “active” mechanism in which the
H3K27 trimethyl mark blocks the interaction between SET1-like
complexes and histone H3, leading to inhibition of SET1-like
complex-mediated H3K4 trimethylation. To test this, we moni-
tored H3K4 methylation of the H3(1-36) peptide by the affinity-
purified human SET1 complex. Interestingly, and consistent with
the binding results, the K27 trimethylated H3(1-36) peptide was a
much poorer substrate for the SET1 complex than the unmodified
H3(1-36) peptide, especially at shorter incubation periods (Fig.
3A and B). Also consistent with the binding results shown in Fig.
1C, the H3(1-36) peptide was a much better substrate than the
H3(1-20) peptide (Fig. 3A). Similar to what was observed for the
SET1 complex, H3K27 trimethylation also inhibited H3K4 meth-
ylation of the H3(1-36) peptide by both a reconstituted MLL1
complex (Fig. 3C) and the affinity-purified ASCOM (data not
shown). Interestingly, immunoblot analysis with mono-, di-, and
trimethylated H3K4-specific antibodies revealed that H3K27
trimethylation severely impaired H3K4 trimethylation of the
H3(1-36) peptide by the human SET1 complex, while it affected
the levels of H3K4 dimethylation relatively less significantly
(Fig. 3D). Similar results were observed when corresponding his-
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FIG 4 The catalytic activity of UTX is required for RA-induced transactivation. QRT-PCR analysis of RA-dependent transcription of p21 (A), RAR-B2 (B),
PDCD4 (C), IGFBP2 (D), and BTG2 (E) in HEK293 cells transfected with scrambled siRNA (NC) or siRNA against UTX (si-UTX) and either wild-type (UTX-wt)
or catalytically inactive (UTX-m) forms of si-UTX-resistant UTX. ¥, P < 0.05; ***, P < 0.001.

tone octamers, which are thought to be dissociated into H2A:H2B
dimers and (H3:H4), tetramers under low-salt conditions, were
employed as substrates (Fig. 3E). In contrast, and most impor-
tantly, H3K27 trimethylation resulted in both a dramatic reduc-
tion in H3K4 trimethylation and significant reductions in H3K4
monomethylation and dimethylation by the SET1 complex on the
more physiological mononucleosome substrate (Fig. 3F). Simi-
larly, when histone octamers and ASCOM were employed, we
observed a dramatic reduction in both H3K4 monomethylation
and trimethylation (Fig. 3G). Overall, our results demonstrate
that the H3K27 trimethyl mark, through its effect on WDR5/
RBBP5-mediated binding and function of SET1/MLL complexes,
is a crucial player in achieving the anticorrelation between H3K4
and H3K27 trimethylation.

UTX is required for H3K4 trimethylation by ASCOM. Our
results suggest that removal of the H3K27 trimethyl mark is a
prerequisite for efficient H3K4 trimethylation by SET1-like com-
plexes. This leads to the prediction that H3K27 demethylases co-
operate with SET1-like complexes to activate transcription of tar-
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get genes by triggering the formation of transcriptionally active
chromatin marked by H3K4 trimethylation. It is notable that
whereas other SET1-like complexes have not been found to con-
tain any H3K27 demethylases as integral subunits, with the iden-
tity of the H3K27 demethylases required for their functions being
unknown, ASCOM does contain the H3K27 demethylase UTX as
an integral subunit (7, 8). Thus, we examined the role of UTX in
transactivation of five direct RAR target genes that included p21,
RAR-B2, PDCD4 (for programmed cell death 4), IGFBP2 (for in-
sulin-like growth factor binding protein 2), and BTG2 (for B-cell
translocation gene 2) (5, 34-36). Notably, the knockdown of UTX
by si-UTX RNA (24) profoundly compromised RA-mediated up-
regulation of expression of all five genes (Fig. 4A to E). Expression
of these genes was rescued by reexpression of an si-UTX-resistant,
wild-type UTX but not by an enzymatically inactive mutant form
(UTX-H1146A) of si-UTX-resistant UTX (Fig. 4A to E). These
results suggest that the H3K27 demethylase activity of UTX is
required for the transcriptional activation of RAR target genes by
ASCOM. In further support of the physiological functionality of
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FIG 5 MTT assays with HEK293 cells. Treatment of cells with an increasing
amount of RA for 40 h resulted in a reduction in cell proliferation, but knock-
down of UTX by si-UTX interfered with this antiproliferative action of RA. ¥,
P < 0.05.

our findings, we assessed the antiproliferative activity of RA in the
presence of si-UTX, and in MTT assays RA-dependent antiprolif-
eration of HEK293 cells was significantly impaired in the presence
of si-UTX (Fig. 5).

To monitor a possible effect of UTX loss on the assembly of
ASCOM per se, ASCOM was immunopurified from HEK293 cells
that stably express Flag-PA1 using an anti-Flag antibody. The for-
mation of ASCOM, as determined by coimmunoprecipitation of
ASC-2 and RBBP5 with Flag-PA1, was not affected by downregu-
lation of UTX (Fig. 6A). These results suggest that UTX is dispens-
able for the assembly of ASCOM. In a further analysis of the basis

Interplay between H3K4 and K27 Trimethylation

of the UTX requirement, RA treatment resulted in a significant
reduction of H3K27 trimethylation and a strong induction of
H3K4 trimethylation on both the RARE and the transcription
start site (+ 1) regions of the p21 gene in cells expressing a scram-
bled control siRNA (Fig. 6B and C). Intriguingly, the knockdown
of UTX increased the basal level of H3K27 trimethylation on
the +1 and the RARE regions of the p21 gene and attenuated the
RA-dependent suppression of H3K27 trimethylation (Fig. 6B).
Moreover, the UTX knockdown markedly blunted the induction
of H3K4 trimethylation by RA on both the +1 and RARE regions
of the p21 gene (Fig. 6C). These results suggest that UTX is re-
quired not only for removal of H3K27 trimethyl marks but also for
efficient H3K4 trimethylation by ASCOM and raise the interesting
possibility that the UTX-mediated H3K27 demethylation is
needed for the stable recruitment of ASCOM to its target genes. In
support of this idea, the knockdown of UTX markedly reduced the
RA-dependent recruitment of the RBBP5 component of ASCOM
to the +1 region of the p21 gene (Fig. 6D), indicating that UTX is
important for recruiting ASCOM to the p21 initiation site. Con-
trol (rescue) experiments with wild-type UTX and the catalytically
inactive UTX-H1146A mutant (23) showed, first, that both exhib-
ited robust intracellular associations with RBBP5 (Fig. 6E) indic-
ative of incorporation into ASCOM and, second, that wild-type
UTX restored efficient recruitment of RBBP5 to the +1 region of
p21 upon RA treatment while mutant UTX-H1146A was not as
effective as wild-type UTX (Fig. 6F). Similar results were also ob-
tained with the +1 regions of two RA target genes, RAR-B2 and
PDCD4 (Fig. 7). Interestingly, the knockdown of UTX did not
affect recruitment of RBBP5 to the p21 RARE region (Fig. 6D),
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FIG 6 Removal of H3K27 trimethylation is required for RA-induced transactivation. (A) Coimmunoprecipitation assays with the indicated antibodies using
HEK293 cells transfected with scrambled siRNA (NC) or si-UTX. (B to D) ChIP showing levels of H3K27 trimethylation (B), H3K4 trimethylation (C), and
RBBP5 occupancy (D) of the transcription start site (+1) and RARE regions of p21 in HEK293 cells transfected with scrambled siRNA (NC) or si-UTX. (E)
Coimmunoprecipitation assays with the indicated antibodies using HEK293/Flag-PA1 cells transfected with si-UTX and either the wild-type (UTX-wt) or
catalytically inactive (UTX-m) form of si-UTX-resistant UTX. (F) ChIP showing that RA-dependent recruitment of RBBP5 to the +1 region of p21 in HEK293
cells transfected with si-UTX is restored more readily by the wild-type UTX (UTX-wt) form than by the catalytically inactive (UTX-m) form of si-UTX-resistant
UTX. In contrast, both forms of UTX were readily recruited to the +1 region of p21. WB, Western blotting. *, P < 0.05; **, P < 0.01.
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consistent with our results showing that UTX is dispensable for
the assembly of ASCOM (Fig. 6A) and, especially, that ASCOM
(and UTX) is recruited to RAR target genes via interactions be-
tween ASC-2 and RAR (5). Indeed, UTX, together with other sub-
units of ASCOM, was recruited to p21, RAR-B2, and PDCD4 in an
RA-dependent manner in HEK293 cells (Figs. 6, 7, and 8). To-
gether, these results clearly demonstrate that the UTX H3K27 de-
methylase activity (i.e., removal of H3K27 trimethyl marks) is
required for RAR-mediated transactivation by facilitating recruit-
ment of ASCOM to the +1 region of RAR target genes upon RA
treatment.

H3K27 demethylation precedes H3K4 trimethylation by
ASCOM. To further test our model that H3K27 demethylation is a
prerequisite for H3K4 trimethylation by SET1-like complexes, we
focused on the p21 gene. In contrast to the RAR-2 gene in which
the RARE is located only 93 bp upstream of the transcription start
site, the p21 gene contains an RARE that is well separated (located
1,186 bp upstream) from the transcription start site. This has al-
lowed us to independently monitor (by ChIP) the initial RA-in-
duced recruitment of ASCOM to the RARE and the subsequent
roles of ASCOM in modifying nucleosomes situated closer to the
+1 region. Our results revealed the following: (i) that ASC-2,
MLL3/4, UTX, and RBBP5 are enriched in the RARE region by 30
min post-RA treatment (Fig. 8B to F); (ii) that the induced level of
ASC-2 at the RARE region decreases after 30 min and, interest-
ingly, that it is not enriched in the +1 region (Fig. 8B), indicating
that ASC-2 is needed only for initial recruitment of ASCOM to the
RARE, likely via the previously defined RA-dependent interac-
tions between ASC-2 and RAR (5); (iii) that MLL3/4, UTX, and
RBBP5 show significant enrichment at the +1 region only after 1
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to 2 h of RA treatment (Fig. 8C to F), thus lagging by at least 30
min their recruitment to the RARE region and suggesting that
initial recruitment of ASCOM to the RARE region is followed by
subsequent enrichment of ASCOM at the +1 region; (iv) that
trimethylated H3K27 levels at the RARE region begin to decrease
at 30 min after RA treatment, whereas trimethylated H3K27 levels
at the + 1 region decrease only later at 1 h after RA treatment (Fig.
8G); and (v) that, in contrast, trimethylated H3K4 levels at the
RARE region begin to increase 1 h after RA treatment, whereas
trimethylated H3K4 levels at the +1 region begin to increase 2 h
after RA treatment (Fig. 8H). Taken together, these results
strongly suggest that H3K27 demethylation by UTX precedes
H3K4 trimethylation by ASCOM at both the RARE and +1 re-
gions of the p21 gene and that these changes occur first in the
RARE region and subsequently in the +1 region. Of note, an ear-
lier analysis of RA-induced Hox genes indicated that UTX recruit-
ment and the resulting H3K27 demethylation were concomitant
with H3K4 methylation (37). However, the use in that study of
much longer time points (0, 18, and 24 h) than those used here (0,
0.5, 1, 2, and 4 h) precluded a clear determination, in contrast to
the current analysis, of the exact order of ASCOM-UTX recruit-
ment, H3K27 demethylation, and H3K4 methylation events.

DISCUSSION

Our study has identified a novel SET1-like complex-interacting
domain in the H3 tail that involves both WDR5 and RBBP5 sub-
units. This strong interaction domain within H3 residues 10 to 31
has remained undetected to date, most likely because all of the
previous studies employed shorter H3 peptides that lack this re-
gion. Although the precise nature of this new interface awaits fur-
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FIG 8 Removal of H3K27 trimethyl marks precedes H3K4 trimethylation. (A) ChIP showing RA-dependent recruitment of UTX along with other subunits of
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ther investigation, our results indicate that it involves H3R26 and
is disrupted by H3K27 trimethylation and thereby may play a
critical role in establishing the anticorrelation between H3K4 and
H3K27 trimethylation (Fig. 9). This interface might serve as an
important interaction surface that facilitates binding of SET1-like
complexes to H3, at least prior to the H3K4 dimethylation that
further stabilizes the interaction between WDR5 and H3R2 (10—
14) (Fig. 1C). In this regard, our findings have significant impli-
cations for the interpretation of recent results indicating the pres-
ence in MLL/SET1 polypeptides of an H3R2-like WDR5
interaction (WIN) motif that interacts with WDR5 in a manner
competitive with H3K4 monomethylated and dimethylated H3
(38-40). Thus, the second H3-WDR5/RBBPS5 interface may facil-
itate H3—SET1-like complex interactions that allow more flexibil-
ity in the potentially dynamic interactions of WDR5 with MLL/
SETI.

The H3K27 methylation-sensitive nature of this second inter-
face, along with the stabilizing effect of H3K4 dimethylation on
H3R2-WDRS5 interactions (10-14), provides critical new insights
into the molecular basis of recruitment of SET1-like complexes to
their target genes. We along with others have shown that the initial
tethering of SET1-like complexes to their target genes involves
direct interactions between subunits of SET1-like complexes and
transcription factors (3, 5, 41, 42), which are often signal depen-
dent. This is exemplified by the RA-induced recruitment of
ASCOM-MLL3 and ASCOM-MLL4 to RAREs through the RA-
dependent interaction between RAR and ASC-2 (5) (Fig. 9, step ).
Importantly, this initial recruitment event brings the H3K27 de-
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methylase UTX to RAREs. The removal of the H3K27 trimethyl
mark by UTX may in turn elicit strong interactions between
ASCOM and the newly defined WDR5- and RBBP5-interacting
interface in H3 (Fig. 9, step ii), which subsequently leads to effi-
cient H3K4 trimethylation and transcriptional activation of the
RAR target genes (Fig. 9, step iii).

Interestingly, on H3 peptide and histone octamer substrates,
SET1 complex-mediated H3K4 monomethylation and dimethyl-
ation are less affected than H3K4 trimethylation by the H3K27
trimethyl mark (Fig. 3D and E). Although the molecular basis for
this is not understood, it may simply be that trimethylation
uniquely requires stronger (stabilizing) interactions, mediated by
the newly defined interface, between the H3 tail and the catalytic
core of SET1-like complexes. Thus, it is possible that the initial
tethering of ASCOM to its target genes through transcription fac-
tors (e.g., RAR for the RAR target genes) could be sufficient for
ASCOM to carry out H3K4 monomethylation and dimethylation,
while further stabilization through interactions of WDR5 and
RBBP5 with dimethylated H3K4 (10) and the second interface
might be required for H3K4 trimethylation (Fig. 9). On the other
hand, we note that these considerations apply mainly to effects of
H3K27 trimethyl marks on H3K4 methylation of nonphysiologi-
cal (nonnucleosomal) histone substrates and that with nucleo-
somal substrates there are pronounced effects of the H3K27 tri-
methyl mark not only on H3K4 trimethylation but also on
monomethylation and dimethylation (Fig. 3F). Thus, the com-
bined H3 peptide and mononucleosome substrate analyses indi-
cate that additional constraints to H3K4 methylation are imposed
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FIG 9 Model for the interplay between H3K4 and H3K27 trimethylation. WDR5/RBBP5 subcomplex binds to either R2 or R26, and the R26 binding is inhibited
by methylation of adjacent K27. It remains to be determined whether R2 and R26 are selectively or randomly recognized by WDR5 and RBBP5. It is also unclear
whether the WDR5/RBBP5 complex recognizes R2 and R26 on the same H3 tail or on two different H3 tails. It also remains to be tested whether H3K4
trimethylation occurs in cis (i.e., on the same histone H3 molecule that interacts with WDR5/RBBP5 through H3R26) or in trans (on the other H3 molecule that
lacks the interaction of WDR5/RBBP5 with H3R26). Recruitment of SET1-like complexes occurs through interactions between specific subunits of SET1-like
complexes and their target transcription factors (step i). For ASCOM-MLL3/MLL4, this provides UTX and results in removal of H3K27 trimethyl marks, while
JMJD3 or an unidentified H3K27 demethylase may work for other SET1-like complexes (step ii). The loss of H3K27 trimethyl marks then allows H3K4
trimethylation, which further stabilizes the interaction between SET1-like complexes and their target genes and may also provide a means to propagate SET1-like

complexes and H3K4 methylation through adjacent regions of activated genes (step iii).

by the nucleosomal structure and thereby elicit requirements
for the second H3-WDR5/SET1C interaction not only for
H3K4 trimethylation but also for efficient monomethylation and
dimethylation. These results also have important implications for
current studies, mostly using short peptide substrates, on the
mechanism of action of H3K4 methyltransferases (reviewed in
references 32 and 33). Interestingly, even with an octamer sub-
strate, both H3K4 monomethylation and trimethylation by
ASCOM are affected by H3K27me3 (Fig. 3G).

WDRS5 likely utilizes a similar mode of interaction toward
H3R2 and H3R26 (and possibly toward H3R8 as well). First, all
three arginine residues are preceded by alanine, similar to the
AR-containing WIN motif in MLL/SET proteins (38—40). Second,
mutation of WDR5 S91 to phenylalanine disrupts the interaction
of WDR5 not only with H3R2 (14) but also with the newly de-
fined, second WDR5 interaction domain in H3 (Fig. 2E). The
second interface is also disrupted by the mutation of H3R26 to
alanine (Fig. 2F). Third, similar to demethylation of H3R2 (15,
16), demethylation of H3K9 (43) and H3K27 (this study) facili-
tates H3K4 trimethylation. However, it remains to be determined
whether WDR5 and RBBP5 bind nonselectively to either H3R2 or
H3R26 or whether they preferentially bind one site. We favor the
latter possibility, given our in vitro results showing that RBBP5
may require additional H3 residues between amino acids 36 and
57 for stronger interactions (Fig. 1A and B). However, it is also
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possible that the weak interaction of RBBP5 with GST-H3(1-36)
relative to the strong interaction with GST-H3(1-57) results from
an arbitrary structural impact of fusion. Thus, the GST fusion in
GST-H3(1-36) may interfere with the second WDR5/RBBPS5 in-
teraction domain in H3, restricting its interaction with RBBP5,
while this interference is structurally relieved in GST-H3(1-57).
This notion is supported by the strong interaction of H3(1-36)
peptide with RBBP5 (Fig. 1C). Intriguingly, the newly described
interactions of RBBP5 with the H3(1-36) peptide were signifi-
cantly enhanced by the H3K4 trimethyl group (Fig. 1C). However,
it remains to be determined whether RBBP5, like WDR5 (10),
binds the H3K4 dimethylated H3 tail more strongly than the
H3K4 trimethylated H3 tail. It is also possible that the stabilization
of ASCOM-H3 interactions through di- or trimethylated H3K4
facilitates propagation of H3K4 trimethylation to downstream re-
gions of genes (e.g., by elongating SET1-like complexes) or trans-
mission of the identical H3K4 methylation pattern to the cognate
H3 locus on the opposite DNA strand during DNA replication.
Future studies should also delineate whether H3K4 trimethylation
occurs in cis (i.e., on the same histone H3 molecule that interacts
with WDR5/RBBP5 through H3R26) or in trans (on the other H3
molecule that lacks the interaction of WDR5/RBBP5 with
H3R26), as recently described (20, 21, 44-47). Importantly, our
results are compatible with both possibilities (Fig. 9).

Because H3K4 trimethylation is a hallmark of the transcrip-
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tional activation function of SET1-like complexes (1, 2), our re-
sults suggest that removal of H3K27 trimethyl marks is a critical
step for optimal H3K4 trimethylation and transcriptional activa-
tion by SET1-like complexes in vivo. Our demonstration of the
effects of UTX loss on RAR target gene induction in HEK293 cells
clearly supports this notion. Thus, the knockdown of UTX dis-
rupts the transition between the two H3 methylation states on
RAR target genes by preventing not only the efficient removal of
the H3K27me3 mark but also the deposition of the H3K4me3
mark (Fig. 6 and 7). As a consequence, RA-dependent induction
of RAR target genes is significantly impaired (Fig. 4). Importantly,
removal of the H3K27me3 marks could be a general feature that
precedes the stable recruitment of all SET1-like complexes to their
target genes and subsequent H3K4 trimethylation. Therefore, it is
possible that while UTX functions as an intrinsic partner of
ASCOM-MLL3 and ASCOM-MLL4, the JMJD3 H3K27 demeth-
ylase (6) or other yet-to-be revealed H3K27 demethylases are re-
quired for the H3K4 trimethylation activity of the SET1A/B-,
MLLI-, or MLL2-containing SET1-like complexes that lack UTX.
In support of this idea, JMJD3 was shown to be associated with the
core subcomplex of SET1-like complexes (48).

Our demonstration of an inhibitory role of H3K27 trimethyl-
ation on H3K4 trimethylation by SET1-like complexes is also rel-
evant to the formation and/or maintenance of the bivalent chro-
matin domains in embryonic stem cells (17-21). The lack of
H3K4me3 and H3K27me3 on individual histones in HeLa cells
(49) and the inhibition by dual H3K4me3 marks of nucleosomal
H3K27 methylation by PRC2 (22) had suggested that H3K27me3
and H3K4me3 may not coexist on individual nucleosomes. How-
ever, a recent elegant study has documented the joint presence of
asymmetrically positioned (different H3 tails) H3K4me3 and
H3K27me3 marks on individual nucleosomes (20). Using recon-
stituted nucleosomes, this study further showed that nucleosomes
with one H3K4me3 mark, but not nucleosomes with two
H3K4me3 marks, could be H3K27 methylated by PRC2. Whereas
these studies (20, 22) indicated cis inhibition of H3K37 methyl-
ation by H3K4me3, our results indicate reciprocal cis inhibition of
H4K3 methylation by H3K27me3 as well as an underlying mech-
anism involving H3K27me3-mediated inhibition of H3-WDR5/
RBBP5 interactions and corresponding SET1-like complex bind-
ing (Fig. 9). Although the regulatory factors leading to the
generation of the bivalent marks are less clear (reviewed in refer-
ence 21), these complementary cis-inhibitory mechanisms may
thus contribute to the formation and/or maintenance of the asym-
metric bivalent H3K4-H3K27 methylation state by restricting
symmetric H3K4-H3K27 methylation events. However, if SET1-
like complexes are able to methylate nucleosomes with a single
H3K27me3 mark, just as PRC2 can methylate nucleosomes with a
single H3K4me3 mark (20), these fundamental reactions can then
be regulated by other factors that may act primarily at the level of
recruitment (21).

Interestingly, the H3K9 demethylase JMJD2B recently was re-
ported to be associated with the MLL3/4 complex, at least in
MCF?7 cells, and H3K9 demethylation has also been shown to be a
prerequisite for H3K4 methylation (43). Therefore, MLL3/4 com-
plexes appear to be capable of containing or associating with two
distinct demethylases, UTX and JMJD2B, although it remains to
be determined if this is a general feature in different cell types. In
addition, H3K4 methylation has been shown to stimulate H3K27
demethylase activity through binding to the plant homeodomain
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(PHD) of JHDMI1D (50). Overall, these results suggest a highly
dynamic interplay among H3K4, H3K9, and H3K27 methylation
events.

In summary, we have shown that interactions between H3 and
SET1-like complexes involve an additional interface that is di-
rectly inhibited by H3K27 trimethylation, providing a critical mo-
lecular basis for the anticorrelation between H3K4 and H3K27
trimethylation. Moreover, this second interface and the previ-
ously described interface involving H3R2 and dimethylated H3K4
(10-14) appear to be coregulated through a dynamic interplay
involving methylation of both H3K4 and H3K27, which sets the
stage for future investigations.
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