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ASC-2, a multifunctional coactivator, forms a steady-state complex,
named ASCOM (for ASC-2 COMplex), that contains the histone
H3-lysine-4 (H3K4)-methyltransferase MLL3 or its paralogue MLL4.
Somewhat surprisingly, given prior indications of redundancy
between MLL3 and MLL4, targeted inactivation of the MLL3 H3K4-
methylation activity in mice is found to result in ureter epithelial
tumors. Interestingly, this phenotype is exacerbated in a p53�/�

background and the tumorigenic cells are heavily immunostained
for �H2AX, indicating a contribution of MLL3 to the DNA damage
response pathway through p53. Consistent with the in vivo ob-
servations, and the demonstration of a direct interaction between
p53 and ASCOM, cell-based assays have revealed that ASCOM,
through ASC-2 and MLL3/4, acts as a p53 coactivator and is required
for H3K4-trimethyation and expression of endogenous p53-target
genes in response to the DNA damaging agent doxorubicin. In
support of redundant functions for MLL3 and MLL4 for some
events, siRNA-mediated down-regulation of both MLL3 and MLL4
is required to suppress doxorubicin-inducible expression of several
p53-target genes. Importantly, this study identifies a specific H3K4
methytransferase complex, ASCOM, as a physiologically relevant
coactivator for p53 and implicates ASCOM in the p53 tumor
suppression pathway in vivo.

Activating signal cointegrator-2 (ASC-2; also named AIB3,
TRBP, TRAP250, NRC, NCOA6, and PRIP) is a coactivator

of numerous nuclear receptors, and other transcription factors (1).
Its physiological importance as a key coactivator, most notably for
several nuclear receptors, has been demonstrated in studies with
various ASC-2 mouse models (1, 2). Mechanistically, ASC-2 has
been shown to interact directly with DNA-binding transcription
factors and to be associated with cofactors involved in histone H3K4
methylation. H3K4 methylation is an evolutionarily conserved
mark for transcriptionally active chromatin that counters the gen-
erally repressive chromatin environment imposed by H3K9 or
H3K27 methylation in higher eukaryotes (3). Notably, H3K4
trimethylation is associated with promoters and early transcribed
regions of active genes (4, 5).

Enzymes that carry out H3K4 methylation include yeast Set1
(ySet1) and mammalian Set1, MLL1, MLL2, MLL3/HALR,
MLL4/ALR, Ash1, and Set7/9 (6). These proteins contain a
conserved SET domain that is associated with an intrinsic histone
lysine-specific methyltransferase activity (3, 6), and the Set1 and
MLL enzymes form a family of evolutionarily conserved complexes
that are collectively named Set1-like complexes (6). ASC-2 is an
integral component of the first-described mammalian Set1-like
complex that we named ASCOM (for ASC-2 complex) and that
contains MLL3 or MLL4 (7, 8). We and others have shown that
ASCOM is indeed an H3K4 methyltransferase complex (7–10).
More recent studies identified additional ASCOM-specific compo-
nents that include PTIP, PTIP-associated 1 (PA1), and UTX (9,
10). UTX has been found to be an H3K27 demethyase (11–14).
Thus, ASCOM contains 2 distinct histone modifiers that are linked
to transcriptional activation.

To elucidate the physiological role of ASCOM, we recently
established a homozygous mouse line designated MLL3�/� (8).
In these mice, wild-type MLL3 is replaced by a mutant MLL3
that contains an in-frame deletion of a 61-aa catalytic core
region in the MLL3 SET domain and that is expressed and
incorporated into ASCOM (8). Unlike ASC-2-null mice, which
die at approximately E9.5-E13.5 (1), MLL3�/� mice show only a
partial embryonic lethality (8). Interestingly, genetic data are
also indicative of interactions between MLL3 and ASC-2, be-
cause MLL3�/� and isogenic ASC-2�/� (15) mice share at least
3 phenotypes that include stunted growth, decreased cellular
doubling rate, and lower fertility (8).

Importantly, ASC-2 was originally identified on the basis of its
gene-amplification and overexpression in human breast and
other cancers (16–18). However, it has been unclear whether
ASC-2 is involved in any aspect of pro- or antitumorigenesis,
particularly with the multitude of target transcription factors for
ASC-2 (1). In this report, we find redundant but crucial roles for
ASCOM-MLL3 and ASCOM-MLL4 in transactivation by the
tumor suppressor p53. Moreover, we show that targeted inacti-
vation of MLL3 H3K4-methylation activity in the mouse results
in ureter epithelial tumors accompanied by an increased level of
DNA damage and that ASCOM appears to be important for
DNA damage-induced expression of p53-target genes. Thus, our
results show that ASCOM serves as a tumor suppressive coac-
tivator complex in vivo, at least in part through its ability to
function as a coactivator of the tumor suppressor p53.

Results
Targeted Inactivation of MLL3 H3K4 Methyltransferase Activity in the
Mouse Causes Ureter Epithelial Tumors. Our recently established
MLL3�/� mice showed not only the aforementioned 3 pheno-
types (stunted growth, decreased cellular doubling rate, and
lower fertility) shared by isogenic ASC-2�/� mice (15), but also
2 additional phenotypes. First, all MLL3�/� mice had very little
white fat, which led us to identify crucial roles for ASCOM in
adipogenesis (19). Second, within 4 months after birth, �50% of
MLL3�/� mice displayed unusual hyperproliferation and tumors
in the innermost layer of ureter cells (i.e., urothelial cells)
located close to the renal pelvis (Fig. 1A and Fig. S1 A). In this
layer of cells, MLL3 is highly enriched together with ASC-2 and
MLL4 (Fig. 1B). Remarkably, in a p53�/� background, 100% of
the MLL3�/� mice developed this tumorigenic phenotype within
1–2 months after birth (Fig. 1 C and D). The affected kidneys of
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MLL3�/� mice also displayed features associated with primary
vesicoureteral reflux, a hereditary disease affecting �1% of
pregnancies and representing a leading cause of renal failure in
infants (20). These include hydronephrosis and kidney abnor-
malities such as expanded renal pelvic space, and effacement of
medullary structure and thinning of cortex with expanded
interstitial compartment and dilated and atrophied tubules (Fig.
1D and Fig. S1B). In addition, an Indian Ink solution instilled
into the bladders of anesthetized mice back-flowed into the
ureters (Fig. S2 A). Similar phenotypes have also been observed
in mice lacking uroplakin protein UPII or UPIII (21, 22).
Uroplakins form 2-dimensional crystals (urothelial plaques) that
cover �90% of the apical urothelial surface and contribute to its
stabilization and to the permeability barrier function of the
urothelium (20–22). Although intense staining of the apical
urothelial surface by antibodies against uroplakin III and other
uroplakins was evident in wild-type mice, only diffuse cytoplas-
mic and basal-lateral cell periphery staining without apical

enrichment was observed in MLL3�/� mice (Fig. 1E, Fig. S2B).
This suggests that the apical urothelial surface is severely
disturbed in MLL3�/� mice. More studies are needed to deter-
mine whether hyperproliferative urothelial cells lead to the
primary vesicoureteral reflux-like phenotypes in MLL3�/� mice
as a result of perturbed apical urothelial surfaces. Nonetheless,
because the p53 haploinsufficiency exacerbates the mutant
phenotype, these results raise the interesting possibility that the
ASCOM-MLL3 complex may serve as a coactivator for the
tumor suppressor p53.

ASCOM as a Key Player in DNA Damage Response. Based on the
importance of p53 in DNA damage repair (23), an earlier
demonstration of DNA damage-induced H3K4 methylation on
a p53 target gene (24), and the potential role of ASCOM-MLL3
as a coactivator complex for p53, we examined the level of
proliferation and DNA damage in tumorigenic urothelial cells of
MLL3�/� mice. The terminally differentiated wild-type urothe-
lial cells are expected to cease proliferation. However, tumori-
genic urothelial cells of MLL3�/� mice showed strong immuno-
staining for PCNA, a mark for cellular proliferation (Fig. 2A),
consistent with an impaired function of p53 in blocking cell cycle
progression. Relative to urothelial cells in wild-type mice, the
tumorigenic urothelial cells of MLL3�/� mice also showed more

Fig. 1. Inactivation of MLL3 H3K4 methyltransferase activity results in urothe-
lial tumors. (A) Analysis of 3- to 3.5-month-old wild-type and MLL3�/� mouse
ureters, using hematoxylin and eosin-stained paraffin sections revealed hyper-
proliferation and tumors of urothelial cells. (B and E) Paraffin-sections of 3- to
3.5-month-old wild-type and MLL3�/� mouse urothelia were deparaffinized and
stained immunohistochemically, using antibodies to ASC-2, MLL3, and MLL4 (B)
and uroplakin III (E). (Scale bars: 10 �m.) (C) The kidney abnormality appears to
involve p53, as evident from the comparative analysis of 1- to 4-month-old
MLL3�/� mice with wild-type and p53�/� background. (D) Kidney abnormalities
such as hydronephrosis are evident in MLL3�/� mice. MLL3�/�:p53�/� compound
mice with defects in both kidneys are shown.

Fig. 2. ASCOM is involved in DNA repair. (A) Paraffin-sections of 3- to
3.5-month-old wild-type and MLL3�/� mouse urothelia were deparaffinized
and immunostained using antibodies to PCNA and �H2AX. All scale bars
represent 10 �m. (B) 3- to 3.5-month-old wild-type and MLL3�/� ureters were
tested for p21 transcript levels by Q-PCR. (C) E9.5 wild-type and ASC-2�/� MEFs
were immunoblotted with H3 and �H2AX antibodies. (D) Wild-type, ASC-2�/�

or MLL3�/� MEF cell lines were immunostained with DAPI and �H2AX anti-
bodies and the number of �H2AX-positive cells were counted compared with
DAPI-positive cells. (E and F) HeLa cells with control si or si-ASC-2 (E) or E9.5
wild-type or MLL3�/� MEFs (F) were seeded in 48-well plates, treated with an
increasing amount of doxorubicin, harvested, and counted. Shown is a rep-
resentative experiment.
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intense immunostaining for �H2AX (Fig. 2 A), a mark for
damaged DNA. This is suggestive of a role for MLL3 in repairing
damaged DNA through the ASCOM complex, presumably
through coactivation of p53 target genes whose products are
involved in DNA repair (23). Although these genes have not yet
been examined, a Q-PCR analysis of ureter mRNAs revealed
that expression of p21, a prominent p53 target gene, was
significantly lower in MLL3�/� mice relative to wild-type mice
(Fig. 2B). Two additional observations related to the ASC-2
subunit of ASCOM are further suggestive of a p53 coactivator
function for this complex. First, E.9.5 ASC-2�/� MEFs displayed
an increased level of �H2AX relative to wild-type cells (Fig. 2C).
In addition, when cells were challenged with 0.1 �M doxorubicin
for 24 h and allowed to recover for 3 h, ASC-2�/� cells showed
a significantly increased number of �H2AX-positive cells com-
pared with wild-type cells (Fig. 2D), clearly demonstrating a
reduced ability of ASC-2�/� cells to repair damaged DNA. These
results raise the interesting possibility that ASC-2 may directly
regulate expression of p53 target genes needed for DNA repair,
although it also is possible that ASC-2 may act through other
transcription factors involved in DNA repair. Second, HeLa cells
expressing siRNA against ASC-2 showed a markedly increased
sensitivity to increasing amounts of doxorubicin (Fig. 2E).
Under these conditions, MLL3�/� cells showed more �H2AX-
positive cells than did wild-type cells but significantly less than
did ASC-2-null cells (Fig. 2D). Correspondingly, E9.5 MLL3�/�

MEF cells were slightly, albeit reproducibly, more sensitive to
doxorubicin than were wild-type cells (Fig. 2F). Overall, these
results suggest that both ASCOM-MLL3 and ASCOM-MLL4
may play crucial roles in the DNA repair pathway by p53.

ASCOM as a Key Coactivator of p53. In support of the role for
ASC-2, through ASCOM, as a p53 coactivator, p53-mediated
transactivation of p21:LUC, a reporter directed by p53-response
elements (p53REs) in the p21 promoter, was impaired by siRNA
against ASC-2 (8) in HeLa cells (Fig. 3A Left), whereas it was
enhanced by ectopically expressed ASC-2 (Fig. 3A Right). Cor-
respondingly, doxorubicin-induced expression of endogenous
p21 and Mdm2, 2 p53 target genes, was severely impaired in
primary E9.5 ASC-2�/� MEFs compared with E9.5 wild-type
MEFs (Fig. 3B). Moreover, chromatin immunoprecipitation
(ChIP) experiments revealed doxorubicin-dependent recruit-
ment of ASC-2 and MLL3 to endogenous p21-p53REs in a
wild-type MEF cell line but not in an ASC-2�/� MEF cell line
(Fig. 3C). Recruitment of ASC-2 and MLL3 to p21-p53REs was
correlated with enhanced H3K4 trimethylation, but this meth-
ylation was also abolished in an ASC-2�/� MEF cell line (Fig.
3C). Interestingly, in an ASC-2�/� MEF cell line, phosphoryla-
tion of p53 at Ser-15, a mark for p53 activation by ataxia
telangiectasia mutated (ATM) (23), was observed even before
doxorubicin treatment and further enhanced by doxorubicin
treatment (Fig. 3D). These results suggest that ASC-2�/� cells
have an intact ATM signaling pathway for p53 activation and that
p53 is constitutively activated, likely ref lecting the DNA-
damaged state of the cells. In addition, p53 appeared to be
considerably more stabilized in the ASC-2�/� MEF cell line than
in the wild-type MEF cell line (Fig. 3D), consistent with the
down-regulated expression of Mdm2 in ASC-2�/� cells.

In further support of the coactivator role of ASCOM for p53, we
found that an affinity purified ASCOM (19, Fig. S3A) directly
interacts with immobilized p53. As shown in Fig. 4A, this complex
bound equally well to M2-agarose-immobilized p53 purified from
Sf9 cells or from Escherichia coli but not to M2-agarose. Apart from
binding of subunits (ASH2L, RBBP5 and WDR5) common to the
various Set1-like complexes, MLL3 and other subunits (ASC-2 and
PTIP) unique to the MLL3/MLL4 complexes also showed specific
binding. The molecular basis underlying this association does not
involve ASC-2, because it failed to interact with p53. Interestingly,

our purified complex contains 53BP1 (Fig. S3A), a protein origi-
nally identified as a p53-interacting coactivator (25–27) and subse-
quently found to be a major DNA repair effector (for a review, see
ref 28). Consistent with the recent finding by Cho et al. (9), our
chromatographic purification revealed that at least a fraction of
nuclear 53BP1 copurifies with ASCOM (Fig. S3B). We also found
that 53BP1 is readily coimmunoprecipitated with ASC-2 and vice
versa (Fig. 4B) and that a C-terminal region of 53BP1 directly
interacts with the N-terminal region of ASC-2 (Fig. S3 C–E).
Moreover, 53BP1 was recruited, along with ASC-2, to p21-p53REs
in response to doxorubicin (Fig. 4C). These results support the
previous finding that 53BP1 also functions as a coactivator of p53
(26, 27), and suggest an interesting adaptor role for 53BP1 in linking
p53 and ASCOM. Indeed, doxorubicin-induced recruitment of
ASC-2 and MLL3 to p21-p53REs (Fig. 4D), H3K4-trimethylation
of p21-p53REs (Fig. 4E) and expression of p21 (Fig. 4F) were
significantly reduced in a 53BP1�/� MEF cell line relative to a
wild-type MEF cell line. In contrast, H3K4-trimethylation and
expression of Hoxa9, a target gene of the MLL1 complex (29), were
indistinguishable between the 2 cell types (Fig. 4 E and F).
Importantly, recruitment of ASC-2/MLL3 to p21-p53REs was
reduced but not abolished in the 53BP1�/� MEF cell line (Fig. 4D),
suggesting the existence of yet other redundant pathways for
ASCOM recruitment by p53. These results suggest that 53BP1 is at
least in part responsible for tethering ASCOM to p53.

Finally, in further support of at least partially redundant
functions for MLL3 and MLL4 in p53 transactivation, the
doxorubicin-induced expression level of p21 and Mdm2 was

Fig. 3. ASCOM as a coactivator of p53. (A) p21:LUC reporter, either without or
with a p53 expression vector, was transfected into HEK293 cells along with
control siRNA or ASC-2-siRNA and into HeLa cells along with an increasing
amount of ASC-2. Cells were then incubated for 12 h and tested for luciferase
activity. Down-regulation of ASC-2 is as shown in immunoblotting compared
with �-actin as control. (B) E9.5 MEFs from wild-type and ASC-2�/� mice were
treatedwithvehicleor0.1 �Mdoxorubicin for24handallowedtorecover for1h,
after which they were then tested for p21 and Mdm2 transcript levels by Q-PCR.
(C) Wild-type and ASC-2�/� MEF cell lines were subjected to ChIP assays for H3K4
trimethylation and MLL3/ASC-2 recruitment during treatment with vehicle or 0.4
�M doxorubicin for 8 h. (D) Wild-type and ASC-2�/� MEF cell lines treated with 5
�M doxorubicin for 2 h and allowed to recover for 0–6 h were immunoblotted
with antibodies against p53 phosphorylated at Ser-15 and p53.
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minimally affected by each siRNA alone but more significantly
impaired by joint expression of both siRNAs (Fig. 5A). Doxo-
rubicin-induced H3K4-trimethylation of p21-p53REs was also
impaired by inclusion of both siRNAs but not by either individual
siRNA alone (Fig. 5B).

Collectively, these results demonstrate that ASCOM-MLL3
and ASCOM-MLL4 function as redundant but crucial H3K4-
trimethylating coactivator complexes for p53.

Discussion
ASC-2, a coactivator with potential links to cancer (16–18),
resides in a steady-state complex, ASCOM, that contains the
H3K4 methyltransferase MLL3 or its paralogue MLL4 (7, 8). To
establish potentially interrelated functions of ASC2 and
MLL3/4, we have used a variety of in vitro and in vivo assays (8,
19, 30). Interestingly, our recent analysis of a homozygous mouse
line that expresses an enzymatically inactivated mutant form of
MLL3 demonstrated genetic interactions between ASC-2 and
MLL3 (8, 15). Therefore, and because these animals show only
a partial embryonic lethality (8) as opposed to the early embry-
onic lethality of ASC-2-null mice (1), they serve as an excellent
model system to study the physiological function of ASCOM.
Surprisingly, our current study has revealed that the MLL3

mutant mice spontaneously develop ureter epithelial tumors
and, further, that ASCOM-MLL3 and ASCOM-MLL4 act as
redundant but crucial p53 coactivators and are required for
H3K4 trimethyation and expression of endogenous p53 target
genes in response to the DNA damaging agent doxorubicin. This
study provides documentation of a physiologically relevant
H3K4 methyltransferase coactivator complex for p53. Impor-
tantly, our results also implicate ASCOM in the p53 tumor
suppression pathway in vivo.

Multiple lines of evidence further support the tumor suppressor
function for ASCOM. First, in an interesting study carried out in
mouse models (31), haploid inactivation of ASC-2 was found to
accelerate polyoma middle-T antigen-induced mammary tumori-
genesis. Second, PTIP, which has been proposed to play important
roles in cellular responses to DNA damage (32, 33), recently was
identified as an additional component of ASCOM (9, 10). In this
regard, it is important to note that the tumor suppressor p53 plays
a key role in countering the adverse effects of DNA damage (23),
which otherwise can be lethal or lead to oncogenic transformation,
and that DNA damage induces the transcriptional activity of p53 via
damage sensors such as ATM (23). It thus is interesting that PTIP
appears to be required for ATM-mediated phosphorylation of p53
at Ser-15 and for DNA damage-induced up-regulation of the
cyclin-dependent kinase inhibitor p21 (34). Correspondingly, loss-
of-function studies in mice indicate that PTIP is essential for the
maintenance of genomic stability (32). One intriguing future chal-
lenge is to test whether this function of PTIP occurs in the context
of ASCOM, particularly because ASC-2 null cells show increased
phosphorylation of p53 at Ser-15. Regardless, and as our results
suggest that ASCOM acts as a tumor suppressive coactivator
complex for p53, ASCOM, like PTIP, may also play crucial roles in
the maintenance of genomic stability. Indeed, ASC-2 and MLL3/4
appear to be important for DNA damage-induced expression of
p53-target genes, and ureter epithelial tumors of the MLL3 mutant
mice are accompanied by an increased level of DNA damage.
Third, a number of recent reports also suggest a tumor suppressive
role for MLL3. Thus, MLL3 was identified as a gene displaying
somatic mutations in breast and colorectal cancers (35); and
subsequent evaluations also identified somatic mutations of MLL3

Fig. 4. Interactions of ASCOM with p53 and identification of 53BP1 as an
adaptor between ASCOM and p53. (A) Direct binding of ASCOM to p53. The
purified complex (ref. 19 and Fig. S3A) was incubated with M2-agarose or
M2-agarose-immobilized Flag-p53 fusion proteins expressed in and purified
either from Sf9 cells or from E. coli. Bound proteins were scored by immunoblot
with the indicated antibodies. (B) 53BP1 is coimmunoprecipitated by ASC-2
antibody from HEK293 cells and vice versa. (C–E) HepG2 cells (C) or wild-type and
53BP1�/� MEF cell lines (D and E) were subjected to ChIP assays for MLL3/ASC-2
recruitment and H3K4 trimethylation after treatment with vehicle or 0.4 �M
doxorubicin for 8 h. (F) RT-PCR analyses of 53BP1, p21, Hoxa9, and GAPDH
expression were carried out for wild-type and 53BP1�/� MEF cell lines.

Fig. 5. Redundant functions for MLL3 and MLL4 in p53-mediated activation.
(A) HepG2 cells were transfected with control siRNA, siRNA against MLL3 or
MLL4s, or siRNAs for both MLL3 and MLL4. Two days after transfection, cells
were treated with vehicle or 0.5 �M doxorubicin for 24 h, and they were then
tested for p21 and Mdm2 transcript levels by Q-PCR. (B) HepG2 cells expressing
control siRNA or siRNAs for both MLL3 and MLL4 were subjected to ChIP assays
for H3K4 trimethylation during treatment with vehicle or 0.5 �M doxorubicin
for 24 h. (C) Working model. ASCOM-MLL3 and ASCOM-MLL4 are recruited to
p53RE-bound p53, at least in part, through 53BP1 and thereby carry out H3K4
trimethylation of p53 target genes.
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in glioblastoma, melanoma, and pancreatic carcinoma (36). Nota-
bly, MLL3 is located on 7q36, a region for common chromosomal
aberrations in myeloid leukemic patients (37, 38).

Because a majority of tumors are associated with a loss of p53
function, and in view of the role of ASCOM as a p53 coactivator,
the seeming propensity of MLL3�/� mice to selectively develop
urothelial tumors may appear paradoxical. However, a more careful
examination may also uncover other types of tumors. In fact,
ASCOM may guard against a broad range of epithelial tumors, as
noted above, and, for instance, acceleration of polyoma middle-T
antigen-induced mammary tumorigenesis by haploid inactivation of
ASC-2 (31) may similarly involve genomic instability caused by the
impaired ability of ASCOM to support p53 transactivation. None-
theless, it also is possible that, along with a general redundancy
between ASCOM-MLL3 and ASCOM-MLL4, there may be a
more specific (and as yet unknown) function of MLL3 in the
urothelium that selectively leads to urothelial tumors in MLL3�/�

mice. It should also be noted that the mutant form of MLL3 in
MLL3�/� mice lacks H3K4 methyltransferase activity but is incor-
porated into the ASCOM complex (8) and thus has the potential to
act in a dominant negative fashion against functional MLL4-
containing ASCOM complexes by competing for binding to p53 or
other transcription factors. In such a case, if ASCOM-MLL3 were
the only critical Set1-like coactivator complex for p53 in urothelial
cells, genetic removal of p53 would not be expected to enhance the
ureteral tumor phenotype of MLL3�/� mice. Therefore, on the
assumption that MLL3�/�/ASCOM has a significant dominant
negative effect, our results raise the possibility that p53 also uses
other Set1-like complexes, most likely ASCOM-MLL4, at least in
urothelial tumor suppressor function. With the newly established MLL4
mutant mice in the laboratory, along with mice with the floxed allele of
ASC-2 (39), we are poised to clarify these issues in the future.

The notion of an ASCOM coactivator function for p53 is strongly
supported by our demonstration of a direct interaction of ASCOM
(containing ASC-2, MLL3/4, 53BP1, PTIP, and other ASCOM
subunits) with p53. Interestingly, ASC-2 appears to play a crucial
role in effecting MLL3/4 function on p53 target genes, because our
results reveal that doxorubicin-induced ASCOM-MLL3 and AS-
COM-MLL4 recruitment, corresponding H3K4 trimethylation,
and activation of p53 target genes depends on ASC-2 (Fig. 5C).
However, the precise role of ASC-2 in p53 transactivation is not
clear. Our search for the mechanistic basis underlying the associ-
ation of ASCOM with p53 led to the surprising finding that 53BP1
is recruited to p21-p53REs. Moreover, the timing of this recruit-
ment precisely overlaps that of ASC-2 recruitment, suggesting
corecruitment of these 2 proteins. These results support the pre-
viously proposed role for 53BP1 as a coactivator of p53 (26, 27). Our
proposal for an adaptor role for 53BP1 between p53 and ASCOM
(Fig. 5C) is further supported by our finding that 53BP1 and ASC-2
are readily coimmunopurified from cellular extracts and that 53BP1
appears to directly interact not only with p53 (25) but also with
ASC-2. These results suggest that ASC-2 may play a critical role in
linking the core MLL3/4 H3K4-methyltransferase unit to 53BP1,
which in turn may facilitate ASCOM binding to p53 (Fig. 5C).
However, because a significant level of ASC-2/MLL3 is still re-
cruited to p21-p53REs in 53BP1 null cells, there are likely addi-
tional mechanisms for ASCOM recruitment. Thus, the detailed
molecular basis underlying the recruitment of ASCOM to p53
remains to be further delineated.

Finally, mammals have additional, related H3K4 trimethyl-
transferase complexes. Interestingly, an MLL1 complex with
common core subunits that are also present in the ASCOM
MLL3 and MLL4 complexes was shown to exhibit modest p53

coactivator function in vitro (29). This may appear to be
inconsistent not only with our in vivo ChIP results, which suggest
that ASCOM is a critical player in H3K4 methylation at p21-
p53REs, but also with the doxorubicin sensitivity of ASC-2 and
MLL3 mutant cells, which suggests that ASCOM is a major
H3K4 methyltransferase complex for, at least, the p53-mediated
DNA repair program. However, because the spectrum of p53
target genes is much more complex, we cannot exclude possible
roles for other H3K4 methyltransferase complexes, perhaps even
in conjunction with an MLL3/4 complex, on a select subset of
p53-target genes. Similarly, ASCOM-MLL3 and ASCOM-
MLL4, in addition to their shared p53-target genes, might also
control a select sets of p53 target genes, respectively.

In summary, this study implicates ASC-2 and MLL3 in the p53
tumor suppression pathway, and identifies ASCOM as a major
H3K4 methyltransferase coactivator complex for the tumor
suppressor p53. Our results present this complex as a possible
new therapeutic target for development of anticancer drugs. For
instance, by delivering antagonists of MLL3/4 H3K4 methyl-
transferase activity to cancer cells with wild-type MLL3/4, it may
be possible to make them more sensitive to irradiation therapy.
In addition, by delivering agonists to normal or early tumorigenic
cells with intact MLL3/4, it may be possible to help them resist
tumorigenic insults such as DNA damaging agents.

Materials and Methods
Plasmids and Transfections. The reporter p21:LUC, the transfection indicator
pRSV-ß-gal, the mammalian ASC-2 expression vector and plasmids encoding
siRNAs against ASC-2, MLL3 and MLL4 were as described (7, 8, 40). Transfection
and luciferase assays were performed in triplicate as described in ref. 41, and
the results were normalized to the LacZ expression. Similar results were
obtained in 2 independent experiments.

Q-PCR. Total RNA was isolated from cells after lysis in TRIzol reagent according to
the manufacturer’s protocol (Invitrogen), and SYBR Green Q-PCRs were per-
formed as described in refs. 41 and 42. The primer sequences are available on
request.

ChIPs. Soluble chromatin was prepared and immunoprecipitated with the
indicated antibodies as described in ref. 43. The final DNA extractions were
amplified by using pairs of primers that encompass the p53-responsive ele-
ment in the p21 promoter and the early transcribed region of p21. The primer
sequences are available on request.

RNA Interference. Three days after transfection of cells with the previously
described siRNA constructs (8), ASC-2, MLL4, and MLL3 expression levels were
determined by Q-PCR and by immunostaining with anti-ASC-2 antibody (Fig.
3A). The siRNA sequences are available on request.

ASCOM Binding to p53. FLAG-tagged full length p53 fusion proteins that were
expressed either in Sf9 cells or in E. coli were coupled to M2-agarose beads (20
�L) and incubated with the purified ASCOM (1.0 �g) for 5 h at 4 °C in BC200
[40 mM Tris (pH 7.9), 200 mM KCl, 20% glycerol, 0.05% Tween 20, 0.5 mM
PMSF, 1.0 �M leupeptin, 1.0 �M pepstatin, and 2.0 �M MG132]. After exten-
sive washing of the beads in BC200, bound proteins were eluted by boiling the
beads in 2% SDS and analyzed by SDS/PAGE and immunoblotting.

Histology. Mouse ureters and kidneys were excised, embedded in paraffin,
sectioned in 5-�m-thick slices, and immunostained with indicated antibodies
or stained with hematoxylin and eosin, as described in refs. 22 and 41.
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