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Activating signal cointegrator-2 (ASC-2), a transcriptional coacti-
vator of multiple transcription factors that include the adipogenic
factors peroxisome proliferator-activated receptor y (PPARy) and
C/EBPq, is associated with histone H3-Lys-4-methyltransferase
(H3K4MT) MLL3 or its paralogue MLL4 in a complex named ASCOM
(ASC-2 complex). Indeed, ASC-2-null mouse embryonic fibroblasts
(MEFs) have been demonstrated to be refractory to PPARy-stimu-
lated adipogenesis and fail to express the PPARy-responsive adi-
pogenic marker gene aP2. However, the specific roles for MLL3 and
MLL4 in adipogenesis remain undefined. Here, we provide evi-
dence that MLL3 plays crucial roles in adipogenesis. First, MLL3A/A
mice expressing a H3K4MT-inactivated mutant of MLL3 have sig-
nificantly less white fat. Second, MLL34/A MEFs are mildly but
consistently less responsive to inducers of adipogenesis than WT
MEFs. Third, ASC-2, MLL3, and MLL4 are recruited to the PPARy-
activated aP2 gene during adipogenesis, and PPARYy is shown to
interact directly with the purified ASCOM. Moreover, although
H3K4 methylation of aP2 is readily induced in WT MEFs, it is not
induced in ASC-2-/~ MEFs and only partially induced in MLL34/A
MEFs. These results suggest that ASCOM-MLL3 and ASCOM-MLL4
likely function as crucial but redundant H3K4MT complexes for
PPARy-dependent adipogenesis.
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I n higher eukaryotes, histone H3-Lys-4 (H3K4) trimethylation,
an evolutionarily conserved mark for transcriptionally active
chromatin, is closely associated with promoters and early tran-
scribed regions of active genes (1, 2) and counters the generally
repressive chromatin environment imposed by H3-K9/K27-
methylation (3). H3K4-methyltransferases (H3K4MTs) include
yeast and human Setl, MLL1, MLL2, MLL3/HALR, MLL4/
ALR, Ashl, and Set7/9 (4). These proteins contain a SET
domain, which is associated with an intrinsic histone lysine-
specific methyltransferase activity (3). Mammalian Setl and
MLL complexes belong to a highly conserved family of Set1-like
complexes (4), which also contain complex-specific subunits and
a common core subcomplex consisting of RbBP5, ASH2L and
WDRS (5-7). In particular, WDRS mediates interactions of the
H3K4MT unit with the histone substrate and also plays crucial
roles in maintaining the integrity of the complex (6-8).
Activating signal cointegrator-2 (ASC-2; also named NCOAG,
AIB3, TRBP, TRAP250, NRC, and PRIP) is a coactivator of
numerous nuclear receptors and transcription factors (9). Im-
portantly, ASC-2 is an integral and unique component of a
Setl-like complex named ASCOM (for ASC-2 complex), which
contains MLL3 or MLL4 (5, 10). ASCOM indeed possesses
H3K4MT activity (5, 10-12). More recent studies identified
additional components of ASCOM, including UTX (11, 12), a
protein subsequently shown to be a H3K27-demethyase enzyme
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(13-16). Thus, ASCOM, unlike other Setl-like complexes, con-
tains 2 distinct histone-modifying enzymes linked to transcrip-
tional activation.

The importance of ASC-2 as a key coactivator of multiple
nuclear receptors has been reported from studies with various
ASC-2 mouse models (9, 17). In particular, ASC-2-null mice
display at least 2 major phenotypes comparable with those
described for mice with targeted inactivation of the peroxisome
proliferator-activated receptor y (PPARY) and its dimerization
partner retinoid X receptor (18, 19). First, the labyrinthine layer
is less vascularized in placentas from ASC-2-null embryos than
in those from their WT littermates (20-22). Second, ASC-2-null
embryo hearts have unusually thin cardiac ventricular walls and
trabecular hypoplasia (20-22). In further support for ASC-2 as
a physiological coactivator of PPARy is the observation that the
transcriptional activity of PPARy is impaired in ASC-2-null
mouse embryonic fibroblasts (MEFs) (20-22). In addition,
ASC-2 plays essential roles for the adipogenic program directed
by PPARY, a master regulator of adipogenesis (23), as demon-
strated by the finding that ASC-2-null MEFs are refractory to
PPARy-stimulated adipogenesis and fail to express the PPARy-
responsive, adipogenic marker gene aP2 (24). Interestingly,
ASC-2 has been reported to play crucial roles in granulocyte
differentiation as a coactivator of C/EBPa (25), which also
functions as a key adipogenic factor through its ability to trigger
expression of PPARy during adipogenesis (23). Taken together,
these results suggest that ASC-2 may exert its adipogenic func-
tion as a coactivator of at least 2 key adipogenic transcription
factors, PPAR+y and C/EBPa.

To elucidate the physiological role of ASCOM, we have
established a homozygous mouse line MLL3** (10). In these
mice, WT MLL3 is replaced by a mutant MLL3 that bears an
in-frame deletion of a 61-aa catalytic core region in the MLL3
SET domain and is expressed and incorporated into ASCOM
(10). Unlike ASC-2-null mice, which die at approximately em-
bryonic day (E) 9.5-E13.5 (19-21, 25), MLL3*'* mice in C57BL/
6-129S6 background show only a partial embryonic lethality
(10). Interestingly, MLL3** mice provide genetic evidence for
complex formation between MLL3 and ASC-2, as these animals
display at least 3 phenotypes that are shared with isogenic 129S6
ASC-2*/~ mice (26), i.e., stunted growth, decreased cellular
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Fig.1. Decreased WATin MLL3*2 mice. (A) Even after high-fat diet, MLL3%2 mice maintain lower weight and WAT than control WT mice and, unlike WT animals,
MLL3%A mice do not appear to develop hepatic steatosis (arrows). Six-month-old male mice fed 4 months of high-fat diet are shown as representative images.
(B) BAT and WAT weights of 4-month-old WT and MLL3%2 male mice. (C and D) Histology of WAT (C) and BAT (D) of 4-month-old WT and MLL3** male mice
fed chow diet (ND) or high-fat diet (HD) for 2 months. Female mice show identical phenotypes (data not shown). (Scale bars: 50 micrometer.)

doubling rate, and lower fertility (10). MLL3** mice also show
decreased white adipose tissue (WAT), as described here, and
kidney ureter urothelium tumors (unpublished results) and
resistance to high-fat diet-induced fatty liver formation (27). The
early embryonic lethality of ASC-2-null mice (20-22, 26) versus
the milder phenotypes of MLL3* mice, along with the dem-
onstrated association of ASC-2 with MLL3 or MLL4 in ASCOM
(5, 10) and the overlapping phenotypes of isogenic ASC-2+/~
mice (26) and MLL3** mice (10), suggest that many ASC-2-
target genes are likely to be regulated by MLL3 and MLL4 in a
redundant manner. Indeed, our recent results have shown that
ASCOM-MLL3 and ASCOM-MLL4 appear to be redundant
coactivators both for the tumor suppressor p53 (unpublished
results) and the liver X receptor (LXR) and retinoic acid
receptor (RAR) (10, 27).

Despite the critical role for H3K4 trimethylation in transcrip-
tional activation (3), the potential role for H3K4MTs in adipo-
genesis has been poorly understood. In this article, we present
evidence that MLL3 and MLL4 function as important, but
redundant, H3K4MTs for PPAR y-dependent adipogenesis. Our
results also reveal that MLL3** mice display not only decreased
WAT content but also enhanced insulin sensitivity, although the
underlying target tissues and mechanisms for the insulin sensi-
tivity need further investigation. Importantly, our results provide
a potentially novel therapeutic venue to control obesity and
insulin resistance, given the fact that MLL3 and MLL4 are
enzymes amenable to chemical modulation.

Results

Decreased WAT in MLL3/2 Mice. MLL3"/* mice showed no appar-
ent phenotype but MLL3%/* mice weighed ~30-40% less at birth
and remained ~20% smaller through adulthood (10). This
difference in body weight, which persisted even after 4 months
of high-fat diet (Fig. 14), was correlated with a significantly
decreased amount of WAT in MLL3** mice (Fig. 1 A and B).
Interestingly, this WAT phenotype, observed with 100% of
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MLL3%* mice, was evident from birth and became progressively
worse with age (data not shown). In contrast, MLL3** mice had
a relatively normal amount of brown adipose tissue (BAT) (Fig.
1B). From our histological analysis, WAT cells of MLL3*'* mice
were found to be smaller than those of WT mice both before and
after 2 months on a high-fat diet (Fig. 1C). In addition, despite
the unaltered overall level of BAT in MLL3** mice (Fig. 1B),
these animals accumulated less lipid in their BAT than did WT
controls after 2 months on a high-fat diet (Fig. 1D). Compared
with WT mice, MLL3** mice also appeared to have lower
fasting blood glucose and insulin levels (=55-78% of WT) and
displayed improvement in both glucose and insulin tolerance
tests on either normal chow or high-fat diets (Fig. 2 A-C).
Interestingly, insulin tolerance tests with 4 h of fasting carried out
for WT and MLL3%* mice fed 2 months of high-fat diet resulted
in the death of MLL3** mice from hypoglycemia [supporting
information (SI) Fig. S1]. Thus, we carried out subsequent
insulin tolerance tests without fasting. Even under this mild
condition, at 120 min, all MLL3%2 mice on normal chow diet
died because of hypoglycemia (Fig. 2C). In contrast, MLL3*/A
mice showed normal blood triglyceride levels and unaltered
circulating levels of leptin, adiponectin, and resistin (data not
shown). Importantly, and despite their lower body weight,
MLL3** mice consumed similar amounts of food as did WT
controls on a normal chow diet or more food than WT on a
high-fat diet (Fig. 2D). As an explanation for the improved
insulin sensitivity (Fig. 2 4 and C) despite increased food
consumption per body weight (Fig. 2D), compared with control
animals, MLL3** mice showed significantly greater energy
expenditure and appeared to have higher overall activity (Fig.
2FE). Overall, these results suggest that MLL3* mice eat more
per body weight but are hyperactive and more efficient in energy
expenditure, which may contribute to their improved sensitivity
to insulin.

Importantly, these phenotypes are much more complex than
those observed in mice with adipose-specific inactivation of
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Fig.2. Improved insulin sensitivity and increased energy expenditure in MLL3*2 mice. (A) Results are shown for glucose tolerance tests (GTTs) after 4 h of fasting
for WT and MLL3*/2 mice upon 2 months of normal chow (ND) or high-fat diet (HD) (n = 3~5). (B) Blood glucose level was independently measured after 16 h
fasting for WT (n = 19) and MLL3~2 (n = 17) mice fed ND. (C) Because MLL3~2 mice fed 2 months of HD developed hypogylcemia in insulin tolerance tests (ITTs)
with 0.75 units of insulin after 4 h fasting (Fig. S1), ITTs for WT and MLL3%2 mice upon 2 months of ND or HD (n = ~3-5) were carried out with 0.75 units of insulin
and no fasting. Even under this mild condition, at 120 min, all MLL3*2 mice fed ND (#) died because of hypoglycemia. (D) Food intake of mice fed ND or HD was
measured for 3 days, and the average daily food intake was as shown. (E) For WT and MLL3%2 mice fed 2 months of ND or HD (n = 3~5), mean oxygen

consumption, carbon dioxide production, and spontaneous locomotor activity were measured through a 12-h light/dark cycle as described (40).

PPARYy (28, 29). For instance, the latter animals are known to
have a decreased amount of both WAT and BAT and to
accumulate more lipids in the liver than WT mice (28, 29). In
contrast, the livers of MLL3** mice hardly accumulated lipid
even after 2-4 months on a high-fat diet (arrows in Fig. 1A4; ref.
27). These results are consistent with the notion that, because
ASCOM is a multifunctional coactivator, inactivation of
MLL3*% is expected to result in impaired transactivation not
only by PPARY but also by other transcription factors targeted
by ASCOM.

and examined the potential role for MLL3 in adipogenesis. In
WT mice, the expression level of MLL3 and MLL4 was ~75%
and ~60% of aP2 in WAT and not significantly different from
that of aP2 in BAT (Fig. 3B). NIH3T3-L1 cells efficiently carry
out an adipogenic program in response to the PPARYy ligand
rosiglitazone. In our hands, 80-90% of these cells efficiently
underwent adipogenesis over 8 days (data not shown). MLL3
and MLL4 were also expressed through adipogenesis of NIH

Partially Impaired Adipogenic Potential of MLL32/2 Cells. To gain Aguremum B g:“%ﬁ WL
insight into the molecular basis underlying the complex meta- = 12 T1L -

bolic phenotypes observed with MLL3** mice, we isolated total 3'2 03

RNA from WAT and BAT of WT and MLL3** mice and carried 0z %29

out DNA microarray analyses. These experiments identified a & O WAT  BAT

total of 72 and 563 genes whose expression is significantly altered

between WT and MLL3*A mice (P < 0.0005), from WAT and i3 CRTTEZN
BAT, respectively (Tables S1 and S2). Strikingly, >46% of the ool-gm 30

563 affected BAT genes are involved with diverse aspects of
metabolism, strongly suggesting selective roles for MLL3 in
regulating metabolic genes. In further support of this idea, our
DNA microarray analyses also identified 353 genes that are
differentially expressed between the ureters of WT and MLL3%/A
mice, and ~40% of these genes are involved in metabolism
(unpublished results). Similarly, among the 72 affected WAT
genes, we identified a number of metabolic genes whose altered
expression results in phenotypes with significant similarities to
the metabolic phenotypes observed with MLL3** mice. These
genes include down-regulated Rbp4, Lipinl, Ctsl, and VidIr and
up-regulated IgfIr and Apocl in MLL3*» WAT (Table S1). For
instance, insulin resistance is ameliorated by overexpressed
ApoCl1 (30) but facilitated by Rbp4 (31). Our quantitative PCR
(Q-PCR) analysis appeared to support the DNA microarray
results for ApoC1, Rbp4, and other genes (Fig. 34 and data not
shown). Further analyses of these identified ureter and BAT/
WAT genes may provide crucial insights into metabolic func-
tions of MLL3. Overall, these results reinforce the idea that
MLL3** mice are likely perturbed in signaling for multiple
transcription factors and suggest that ASCOM (at least AS-
COM-MLL3) is an important regulator of metabolic genes.
Among the complex metabolic phenotypes of MLL3** mice,
we decided to further focus on the prominent decrease in WAT
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Fig. 3. Decreased expression of adipogenic genes in MLL3Y mice and
partially impaired adipogenic potential of E13.5 MLL3~A MEFs. (A-C) Expres-
sion of ApoC1 and RBP4 (A) and MLL3/4 (B) and aP2, adiponectin, C/EBP« and
PPARY (C) in E13.5 WT and MLL3%A WAT or BAT was measured by Q-PCR (n =
~3-5). We also measured expression of aP2 as positive controls for WAT and
BAT (B). (D) E13.5 WT and MLL3%* MEFs were induced to differentiate to
adipocytes. Experiments were repeated 3 times, and MLL3%A MEFs reproduc-
ibly showed ~80% efficiency of WT MEFs in adipogenesis. (Magnification:
x4.)
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3T3-L1 cells (data not shown). Interestingly, expression of aP2
and adiponectin, 2 target genes of PPARYy, was significantly
down-regulated in WAT of MLL3** mice (Fig. 3C), although
the circulating level of adiponectin was not altered in these
animals (data not shown). These results are consistent with the
coactivator function of ASC-2 for the key adipogenic factors
PPARYy and C/EBPa (23). In addition, as in ASC-2-null cells
(24), PPARYy was up-regulated in MLL3** mice, despite the fact
that expression of C/EBPa, which induces PPARYy expression
(23), was significantly down-regulated (Fig. 3C). These results
further emphasize the complexity in the metabolic phenotypes
of MLL3** mice. Nonetheless, it is important to note that
expression of aP2 was completely ablated in ASC-2-null cells
(24). Consistent with the significant down-regulation of aP2 and
adiponectin expression, E13.5 MEFs isolated from MLL3%*
mice were ~20% less efficient than the E13.5 WT MEFs in
adipogenesis (Fig. 3D). These results are in sharp contrast to the
complete inability of ASC-2-null MEFs to undergo adipogenesis
under the same condition (24). Taken together, these results
raise the interesting possibility that ASCOM-MLL3 and AS-
COM-MLLA4 have redundant functions in adipogenesis and that
ASC-2 plays crucial roles for the adipogenic function of these 2
related complexes, likely as a key adaptor to recruit ASCOM to
PPARYy and C/EBP« during adipogenesis (20-22, 25). Notably,
we have recently shown that ASC-2 functions in this manner to
tether LXRs and RARs to both ASCOM-MLL3 and ASCOM-
MLLA4 (10, 27).

Redundant Functions for ASCOM-MLL3 and ASCOM-MLL4 in H3K
Trimethylation on aP2. To directly test a role for ASCOM in
regulating aP2 expression during adipogenesis and to assess a
potential redundancy between ASCOM-MLL3 and ASCOM-
MLL4, we carried out ChIP assays with NIH 3T3-L1 cells.
Adipogenesis of these cells was accompanied by a timely re-
cruitment of PPARy to aP2 (Fig. 44). In strong support of
redundant roles for ASCOM-MLL3 and ASCOM-MLLA4 in
adipogenesis, both MLL3 and MLL4, along with ASC-2, were
recruited to aP2 in a time-dependent manner, with peak recruit-
ment at 4 days after treatment with rosiglitazone (Fig. 4A4).
Consistent with these results, H3K4 trimethylation was induced
with similar kinetics (Fig. 4B). In addition, H3 and H4 acetyla-
tion were concomitantly induced (Fig. 4B and data not shown),
as expected from the reported cross-talk between these 2
modifications (32, 33) and between ASCOM and histone acetyl-
transferases CBP and p300 (34-36).

Next, we wanted to test the involvement of ASC-2 in these
histone modifications on aP2. Because the early embryonic
lethality of ASC-2-null mice (9) makes it difficult to carry out
ChIP experiments with primary ASC-2-null MEFs, we used the
previously described MEF cell lines established from E9.5
ASC-2-null embryos and their WT littermates (10). We ex-
pressed PPARy in these cell lines and examined the induction of
H3K4 trimethylation on aP2 in response to the PPARY ligand
rosiglitazone. In direct support of crucial roles for ASC-2 in
triggering H3K4 trimethylation on aP2, the robust rosiglitazone-
induced H3K4 trimethylation observed in WT cells was abol-
ished in ASC-2-null cells (Fig. 4C). Remarkably, H3K4 trim-
ethylation of aP2 was significantly attenuated but not ablated in
E13.5 MEFs isolated from MLL3** mice (Fig. 4D), suggesting
that another H3K4MT, most likely MLL4, still functions in these
cells. Importantly, these results parallel the partially impaired
adipogenic potential of E13.5 MLL3*'* MEFs (Fig. 3D) and the
completely ablated adipogenic potential of ASC-2-null MEFs
(24). In control experiments, both ASC-2-null cells and E13.5
MLIL3%* MEFs fully supported H3K4 trimethylation of Hoxa9
(data not shown), which is a known target for the Setl-like
complex containing MLL1 (37). Although the participation of
MLL4 in adipogenesis remains to be directly tested, through
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Fig.4. Crucialrolesfor ASC-2and MLL3in H3K4 trimethylation of aP2. (A and
B) ChiPs for the PPAR-responsive element in the aP2 promoter, using antibod-
ies against ASC-2, MLL3, MLL4, and PPARYy (A) or trimethylated H3K4 and
acetylated H4 (B), were carried out for NIH 3T3-L1 cells, which were induced
to differentiate to adipocytes. (C and D) ChlIPs using antibody against
trimethylated H3K4 were also carried out for cells derived from E9.5 WT
and ASC-27/~ MEFs transfected with PPARy (C) and E13.5 WT and MLL3%/A
MEFs induced to differentiate to adipocytes (D). All ChIP experiments,
repeated >3 times, produced similar results. IgG was used as negative
control.

establishment of either MLL4 mutant mice or preadipogenic
cells expressing siRNAs against MLL3 and MLLA4, our results
suggest that ASCOM-MLL3 and ASCOM-MLLA4 likely play
crucial, but redundant, roles in adipogenesis.

To further investigate the basis for ASCOM recruitment to
PPARY target genes, the complex was immuno-affinity-purified
by using an ASC-2-specific mAb (5). Consistent with previous
studies (5, 11, 12), the complex contained ASC-2, MLL3, MLL4,
PTIP, and UTX and components (WDRS, RbBP5/RBQ-3,
ASH2L and DPY30) common to other Set1-like complexes (Fig.
5A). This purified complex showed a strong interaction with M2
agarose-immobilized PPARy-RXRe, but not with M2 agarose
alone (Fig. 5B). Intriguingly, the common core subunits
(ASH2L, RbBP5, and WDRS) showed ligand-independent in-
teractions, whereas ASC-2 showed a strong ligand-enhanced
interaction. In an immobilized template assay with bound
PPARyRXRa, the purified complex also showed a strong
PPARy‘RXRa-dependent recruitment (Fig. 5C). Again, core
subunits showed ligand-independent binding, whereas ASC-2
showed ligand-enhanced binding. These results argue strongly
for recruitment of ASCOM-MLL3 and ASCOM-MLL4 com-
plexes based on direct interactions with PPARyRXRa, al-
though we do not yet understand the basis for the ligand-
dependent versus ligand-independent interactions of different
components of the ASCOM complex (see Discussion).

Discussion

H3K4 trimethylation is an evolutionarily conserved mark for
transcriptionally active chromatin (1, 2). Interestingly, whereas
yeast has a single enzyme responsible for this modification
(H3K4MT), higher eukaryotes carry a number of H3K4MTs (4),
which raises the possibility that individual H3K4MTs in higher
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Fig. 5. Direct interaction of ASCOM with promoter-free and promoter-
bound PPARy-RXRa. (A) Purified ASCOM complex. The immuno-affinity puri-
fied complexwas analyzed by SDS/PAGE (4-20% gradient) with silver staining.
Polypeptides identified by mass spectrometry are indicated. (B) ASCOM bind-
ing to promoter-free PPARy-RXRa. The purified complex was incubated with
M2 agarose (lane 2) or M2 agarose-bound FLAG-PPARy-RXRea in the absence
(lane 3) or presence (lane 4) of 5.0 uM 15d-deoxy-A'2"4-Prostagladin J,. (C)
ASCOM binding to promoter-bound PPARy-RXRa. The purified complex was
incubated with a Streptavidin agarose-immobilized biotinylated DNA frag-
ment (containing 3 DR1 sites) in the absence (lane 2) or presence (lanes 3-5) of
PPARy and RXRa and either with no ligand (lanes 2 and 3) or with 5.0 uM
15d-deoxy-A'214-prostagladin J; (lane 4) or 5.0 uM rosiglitazone (lane 5).
Bound proteinsin Band Cwere detected by immunoblot (ASC-2, ASH2, RbBP5,
and WDR5) or staining (PPARy and RXRa). Lanes 1 in B and C contained 10%
of the input samples.

eukaryotes may have distinct target genes. However, the phys-
iological roles for higher eukaryotic H3K4MTs and their target
genes remain poorly understood. The results presented here
indicate that MLL3, and possibly MLL4, may be specialized for
regulating genes involved in metabolic homeostasis, thus reveal-
ing key roles for specific H3K4MTs in metabolism. We have
found that MLL3** mice have a significantly decreased amount
of WAT with a favorable overall metabolic profile, including
improved insulin sensitivity and increased energy expenditure,
although these animals also develop ureter urothelium tumors
that likely result from an ASCOM coactivator function for the
tumor suppressor p53 (unpublished results). These animals are
also resistant to high-fat diet-induced fatty liver formation (27).
These results raise the interesting possibility that novel antidi-
abetic and/or antisteatohepatitis therapeutics might result from
modulating the MLL3/4-H3K4MT activity in proper target
tissues.

Setl-like complexes contain not only a shared core subcom-
plex of ASH2L, RbBP5/RBQ-3 and WDRS but also proteins
unique to each complex. ASC-2, a distinct subunit in ASCOM,
has been proposed as a key adaptor used by many members of
the nuclear receptor superfamily to recruit ASCOM (9). Indeed,
we have shown that ASC-2 is an essential adaptor for recruitment
of ASCOM by RARs and LXRs (10, 27). Consistent with earlier
demonstrations that ASC-2 binds directly to PPARYy and
C/EBPa, 2 factors important for adipogenesis (10, 25), we show
here a direct interaction of ASCOM with both free and pro-
moter-bound PPARy-RXRa heterodimers. Thus, it is possible
that ASC-2 plays a similar role in facilitating ASCOM function
through PPARYy and C/EBP« during adipogenesis, which may
explain the functional redundancy for ASCOM-MLL3 and AS-
COM-MLLA4 in adipogenesis. These results are also consistent
with our earlier proposal that unique subunits of Setl-like
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complexes determine the target specificity of these H3K4MTs
through direct protein—protein interactions with target tran-
scription factors (10). Finally, as we observe some distinct
phenotypes in MLL3** mice, we expect that ASCOM-MLL3
and ASCOM-MLLA4 are not completely redundant and that each
complex may have its own specialized targets. To fully under-
stand the physiological roles for ASCOM, it will be important to
elucidate not only common targets for both complexes but also
distinct targets for each complex.

Our observation of both ligand-dependent and ligand-
independent interactions of different components of the AS-
COM complex uncovers a previously unappreciated complexity
in recruiting ASCOM to nuclear receptors. This could reflect,
for example, the presence of a dynamic equilibrium distribution
of ASC-2-containing and ASC-2 free (38) complexes and an
associated ligand-independent recruitment of the core complex,
possibly through interactions with a PPAR+y domain other than
AF2, followed by a ligand- and AF2-dependent recruitment or
stabilization of ASC-2. As this implies that ASC-2-PPARYy
interactions could require a preassembled PPARy-ASCOM
complex, the availability of ASCOM may serve as a switch that
selects whether PPARYy acts via ASC-2 or other ASCOM-
independent coactivators. Another possibility is the presence in
our purified PPARYy of an active AF2 conformation, caused
either by an endogenous ligand or a natural equilibrium between
active and inactive AF2 states (39), and an AF2-dependent
recruitment of ASCOM through LXXLL motifs in MLL3/4 (27,
38) or ASC-2 with further stabilization of MLL3/4 or ASC-2 by
the potent ectopic ligands. Whereas these and other possibilities
remain to be further examined, the present observations are
clearly indicative of ASCOM recruitment, possibly after other
PPARYy-dependent chromatin remodeling events, by direct in-
teractions with PPARYy.

In summary, we have presented evidence that MLL3 and
MLLA4 function as crucial, but redundant, H3K4MTs for adipo-
genesis, uncovering an interesting connection between H3K4
trimethylation and adipogenesis. Our results also reveal that
targeted removal of MLL3 H3K4MT activity results in complex
metabolic phenotypes in the mouse and, consistently, altered
expression of many metabolic genes. Thus, our results raise an
interesting possibility that specific agonists/antagonists of
MLL3/4 H3K4MT activity could be useful for treating diverse
metabolic disorders.

Materials and Methods

Mice, Histochemistry, and Metabolic Profiling. As we found that 100% of
MLL3%2 animals are embryonic lethal in pure C57BL/6 background, we main-
tained them in C57BL/6-12956 background. BAT and WAT were isolated, fixed
in 4% paraformaldehyde, and paraffin-embedded. Sections were subjected to
standard hematoxylin/eosin staining. Two-month-old male or female MLL3%/2
mice in C57BL/6-12956 background were fed a standard rodent chow (Purina)
or a high-fat diet (40% calories from fat; Bioserv) for 2 months on a 12-h
light/dark cycle before being killed for glucose and insulin tolerance tests and
energy expenditure and activity measurements, as described (40). Blood sam-
ples were drawn at 15, 30, 60, and 120 min after the injection. No difference
between males and females was observed.

RT-/Q-PCR. Total RNA was isolated from cells after lysis in TRIzol reagent
according to the manufacturer’s protocol (Invitrogen), and RT- and SYBR
Green Q-PCRs were performed as described (10). The primer sequences are
available on request.

Adipogenesis of MEFs. Primary MEFs isolated from E13.5 WT and MLL3%A
embryos were induced to differentiate to adipocytes by Preadipocyte Growth
Medium and Adipocyte Differentiation Medium according to the manufac-
turer’s protocol (Cell Applications). These cells were subjected to standard oil
red O staining.

ChIP Assays. Soluble chromatin was prepared and immunoprecipitated with
the indicated antibodies, as described (10). The final DNA extractions were
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amplified by using primers that encompass the PPAR-responsive element in
the aP2 promoter. The primer sequences are available on request.

Statistical Analysis. All results are expressed as mean =+ SE. Statistical signifi-
cance was determined by using Student’s t test; *, P < 0.05; **, P < 0.01.

Antibodies. Polyclonal ASC-2, ASH2L, and RbBP5 antibodies were from Bethyl
Laboratories, and polyclonal WDR5 antibody was from David Allis (Rock-
efeller, New York). MLL3 and MLL4 antibodies were as described (5, 10).

Purification of ASCOM. Affinity-purified anti-ASC-2 mAb from cultured A3C1
hybridoma cells (provided by Paul S. Meltzer, National Institutes of Health,
Bethesda, MD; ref. 5) was covalently cross-linked to agarose beads. Clarified
nuclear extract (400 mg) from U-937 cells then was incubated with anti-ASC-2
agarose beads (300 uL) for 7 h at 4 °C in BC300 [40 mM Tris (pH 7.9), 300 mM
KCl, 20% glycerol, 0.05% Tween 20, 0.05% CHAPS, 0.5 mM PMSF, 1.0 uM
leupeptin, 1.0 uM pepstatin, and 2.0 uM MG132]. After extensive washing
with BC300, anti-ASC-2 agarose beads were transferred to a mini-column, and
bound proteins were eluted with 300 ug/ml of ASC-2 epitope peptide. As a
control, an identical amount of nuclear extract was incubated with normal
mouse IgG agarose beads and processed in a similar manner. Eluted ASC-2 and
its associated proteins (ASCOM) were resolved by SDS/PAGE and visualized by
Coomassie blue staining. All visible bands were subjected to MALDI mass
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wnL), and incubated with the purified ASCOM (1.0 ng) for 5 h at 4 °C in BC200
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