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The family of Ap2 transcription factors comprises five members
with highly conserved DNA-binding domains. Among the family
members, Ap2§ is the most divergent, because it lacks highly
conserved residues within the transactivation domain (TAD) and
has weak affinity for known Ap2 binding sites. To identify specific
Ap24§ coactivators/regulators during development, we performed
a yeast two-hybrid screen, using Ap2§'s TAD. We identified the
trithorax superfamily member, Ash2l, as a binding partner that
interacts exclusively with Ap25. We showed that Ash2l positively
mediates Ap24 transactivation in a dose-dependent manner. Given
the known role of Ash2l in histone modification, we determined
whether Ap2§ was able to form a complex with that activity. Our
results showed that Ap24 associates with endogenous ASH2L and
a member of the MLL family of histone lysine methyltransferases
(HKMTs), MLL2 (ALR), forming a complex that methylates lysine 4
of histone H3 (H3K4). Additionally, we showed that Ap25 is
necessary for recruitment of Ash2l and Alr to the Hoxc8 locus and
that recruitment of this complex leads to H3K4 trimethylation
(H3K4me3) and subsequent gene activation. Altogether, we pro-
vide evidence of an association between a highly restricted gene-
specific transcription factor and a Su(var), Enhancer of Zeste,
Trithorax (SET)1/trithorax-like complex with H3K4 methyltrans-
ferase activity. Our studies also document a functional role for
Ap25 in recruiting histone methyltransferases (HMTs) to specific
gene targets, such as Hoxc8. This role provides a mechanism
through which these transcription factors can have diverse effects
despite nearly identical DNA-binding motifs.

development | methylation

ctivating protein 2 (Ap2) transcription factors constitute a

family of sequence-specific DNA-binding proteins with dis-
tinct roles in vertebrate development. Tcfap2a-e encodes five family
members, Ap2a, -B, -, -6, and -e. Ap2 family members share a
highly conserved basic DNA-binding domain and helix-span-helix
dimerization motif at the C terminus (1). The N terminus is not as
well conserved as the C terminus with the exception of a proline-
rich region, the PY motif, in the TAD that is present in nearly all
Ap2 proteins (2). Ap2 proteins bind a palindromic core sequence
5'-GCCN3,4GGC-3’ that has been identified in numerous cellular
and viral enhancers (3). Tcfap2 genes are generally highly expressed
in developing neural crest and its major derivatives (4, 5).

Ap26 is considered the most divergent Ap2 family member
because of its amino acid sequence and expression pattern. Phylo-
genetic analysis of vertebrate and cephalochordate Tcfap2 genes
suggests that Tcfap2d diverged from the vertebrate lineage before
the cooption of the Ap2 family by the neural crest (6). In support
of this hypothesis, Tcfap2d is not expressed in the neural crest.
Rather, its expression is restricted to the developing myocardium,
central nervous system, and retina (7). Within its TAD, Ap28 lacks
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the aforementioned PY motif and other highly conserved residues
that are essential for transcriptional activation (8). It was suggested
that Ap26 has an alternative mechanism for transactivation or
might act as a repressor (9).

Along with DNA-binding factors, histone modifiers create active
or repressive states within euchromatin to regulate transcription.
These modifiers include the Polycomb and trithorax superfamilies
(PcG and trxG, respectively) that are important for maintaining
steady states of repression and activation, respectively (10). Mixed-
lineage leukemia 1 or MLL1 (ALL-1) is a trxG member and
displays intrinsic histone lysine methyltransferase (HKMT) activity.
Specifically, MLL1 methylates H3K4, an epigenetic mark associ-
ated with gene activation (11-13). MLL1 and its related proteins
ALR (MLL2), HALR (MLL3), and MLL4 possess H3K4 histone
methyltransferase (HMT) activity through a conserved SET do-
main and form a complex with conserved subunits ASH2L, WDRS,
and RbBP5 (14-18).

Here, we report the identification of Ash2l as a binding partner
of Ap28. We demonstrate that the interaction is specific by showing
that, among Ap2 transcription factors, Ash2l binds exclusively with
Ap26 through the latter’s TAD. Functionally, Ash2l synergistically
activates Ap28-mediated gene activation in a dose-dependent man-
ner. Ap28, in turn, is able to associate with endogenous ASH2L and
ALR forming a complex that methylates H3K4. Finally, we show
that Ap26 plays an essential role in recruiting Ash2l and Alr to the
Hoxc8 locus and that formation of this complex leads to H3K4me3
and gene activation.

Results

Identification of a trxG Member, Ash2l, as a Binding Partner of Ap24.
To identify uncharacterized regulators of Ap25, we used its TAD as
bait in a yeast two-hybrid screen with a mouse embryonic cDNA
library. Among 500 clones selected with high stringency, the 20 with
the highest B-gal activity were isolated and sequenced. This set
comprised 10 unique genes, among which three encoded proteins
involved in proteasome degradation that were deemed false posi-
tives. The seven remaining candidates were FkbpS, Sfrs2, Kifc5a,
Fiplll, Cdh1l, Pom121, and Ash2l. Based on a predicted nuclear

Author contributions: M.J.W. and B.D.G. contributed equally to this work; C.C.T., M.J.W.,
and B.D.G. designed research; C.C.T., K.V.S,, S.L,, H.N,, S.P., T.J.L,, and M.J.W. performed
research; C.C.T.,, K.V.S,, J.ZS,, K.O., J.A.E., and M.J.W. contributed new reagents/analytic
tools; C.C.T., M.J.W., and B.D.G. analyzed data; and C.C.T. and B.D.G. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission. D.R. is a guest editor invited by the Editorial Board.

**To whom correspondence may be addressed. E-mail: bruce.gelb@mssm.edu or
martin.walsh@mssm.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0711896105/DCSupplemental.

© 2008 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0711896105


http://www.pnas.org/cgi/content/full/0711896105/DCSupplemental
http://www.pnas.org/cgi/content/full/0711896105/DCSupplemental

Lo L

P

1\

BN AS DN AS P

A DDO QDO B
GAL4 DBD »
clone 210 (Ash2l) 1 Ap28
TAD
GAL4 AD Ap28 TAD
N-terminus Ap23 N-terminus
GAL4 AD
TAD Ash2|
clone 210 (Ash2l)
Ash2| (clone 210)
N-terminus
clone 210 (Ash2l)
p53
T-antigen

C

INPUT IP: anti-
Ap25 * + + © \S\O ®o ©
Ash2l * +
IB: anti-VS *
(Ap23)
IB: anti-Myc
(Ashz) - o *

Fig. 1.

40 89 208 304 452

TAD | [BASC | HELIX-SPAN-HELX |/

[caLaoeo |- TAD |

208
GAL4D8D [| TAD
- 413 577 623
] PHD SPRY
[caLaad ][ [ pHD | [ sery |

' H c-Myc I HA

D IP: anti-V5
& R 0\ \ o 3
qu’ VQ’\/ 42 42 YQ‘L Y&

&

IB: anti-Myc © = 2 el
(Ash2l) 2

1B: anti-V5
(Ap2) 2
A v

INPUT .
o niiryc D e« @D
(Ash2l) - .

Ap23 interacts specifically with Ash2l in eukaryotic cells. (A) The transactivation domain (TAD) and N terminus of Ap235 fused to a GAL4 DBD interact

with clone 210 containing Ash2l fused to a GAL4 AD. Yeast were spread onto double dropout (DDO) and quadruple dropout (QDO) plates to check for the
presence of plasmids and protein—protein interaction, respectively. (B) Schematic representation showing full-length and truncated Ap2§ and Ash2| used for the
yeast two-hybrid and coimmunoprecipitation (co-IP) experiments. (C) Reciprocal co-IP of full-length Ap25 and Ash2l from nuclear extracts from transiently
transfected 293T cells. Immunoprecipitations were performed with the indicated antibodies, and complexes were analyzed by Western blot using HRP-
conjugated anti-Myc or -V5 antibodies. (D) Ash2l coimmunoprecipitates with Ap23, but not -«, -8, -y, and -e. Methods were identical to those described in C.

localization and involvement in transcriptional regulation, we se-
lected Ash2l as the most probable true binding partner of Ap28
(19, 20).

To confirm the interaction in yeast, the Ash2l clone encoding the
GALA4 activation domain (AD) fused to Ash2l (amino acids 56—
623) was transformed in the yeast along with constructs expressing
the GAL4 DNA-binding domain (DBD) alone or GAL4 DBD
fused to either the TAD or N-terminal half of Ap2é (Fig. 1B).
Under high stringency conditions, growth was observed when Ash?l
was coexpressed with Ap28’s TAD or N terminus but not with
GAL4 DBD alone (Fig. 1A4). Reciprocally, growth was not ob-
served when those portions of Ap28 were coexpressed with the
GAL4 AD alone. These results demonstrated that Ash2l interacts
with Ap26 in yeast and that the TAD of Ap26 is sufficient for the
interaction.

We next mapped the interaction domain of Ash2l by expressing
the TAD of Ap26 fused to the GAL4 DBD with various Ash2l
derivatives fused to the GAL4 AD in yeast. Ash2l contains a PHD
finger and a SPRY domain at the N terminus and C terminus,
respectively (Fig. 1B). The PHD finger is a known methyl-lysine
binding domain found in numerous chromatin remodeling proteins,
whereas the SPRY domain is a known protein—protein interaction
domain (21, 22). Growth in QDO plates was observed in yeast
expressing full-length Ash2] and Ash2l fragments containing amino
acids 141-412 and 280-412 (Fig. 2). Yeast expressing full-length
Ash2l or Ap26 TAD with GAL4 DBD or -AD, respectively, did not
survive on QDO plates similar to Fig. 14. This indicates that the
TAD of Ap256 interacts through amino acids 280-412 of Ash2l, a
peptide containing no known motif. Additionally, growth was
absent in yeast expressing Ash2l fragments without the 280-412
span but containing the PHD finger or SPRY domain, excluding
binding mediated through those motifs. Thus, we defined an
interaction domain in Ash2l.

Ap25 Coimmunoprecipitates with Ash2l in Mammalian Cells. To
establish that Ap26 and Ash2l interact in mammalian cells, full-
length tagged Ap26 and Ash2l proteins were expressed transiently
in 293T cells. After immunoprecipitating Ap2é or Ash2l from
nuclear lysates, using the appropriate anti-tag antibodies, immuno-
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blot analyses were performed to detect the two proteins. Immu-
nocomplexes obtained reciprocally contained Ap28 and Ash2l (Fig.
1C), confirming the interaction observed in yeast. To exclude the
possibility that Ash2l is prone to diffuse nonspecific interactions, we
transiently expressed it with an unrelated nuclear protein, NOPS,
but failed to coimmunoprecipitate these proteins [supporting in-
formation (SI) Fig. S1]. To confirm the biological relevance of this
interaction, we determined the expression pattern of Ash2! during
mid embryogenesis, which was unknown. We found that Ash2/ is
ubiquitously expressed at embryonic day (E)10.5 and E13.5, indi-
cating that Ash2l and Tcfap2d have overlapping expression during
embryogenesis (Fig. S2).

Ash2l Does Not Interact with Ap2e, -8, -y, or -&. Although the Ap2
coactivator CBP/p300 interacts with several family members, we
hypothesized that Ash2l interacts exclusively with Ap26 because of
the latter’s poorly conserved TAD sequence (23). To test this, we
transiently expressed Ash2l and V5-tagged, full-length Ap2«, -3, -,
-8, or -¢ in 293T cells, immunoprecipitated complexes from nuclear
lysates and then detected the proteins on immunoblots. As before,
Ap26-containing immunocomplexes included Ash2l (Fig. 1D). In
contrast, Ash2l was not detected in immunocomplexes containing
the other Ap2 proteins. These results provided further confirmation
that the Ap28-Ash?2l interaction was specific and were consistent

Ash2l Ap25
FL (T ] sz e R
1-140 -
141-412 — +
141-280 1" -
280-412 (- +
413-623 iz s RS

Fig. 2. Ash2l interacts with Ap25 through an interaction domain. A yeast
two-hybrid assay was used to test the ability of full-length Ash2l or partial
Ash2| proteins to bind the TAD of Ap28. Yeast with both plasmids that survived
on QDO plates indicated a positive interaction (+), whereas those that failed
to survive represented an inability to interact (—).
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Fig. 3. Ash2l increases Ap2§ transactivation in a dose-dependent manner.
293T cells were transfected with a luciferase reporter under the control of
GAL4 UAS and a minimal promoter and varying concentrations of GAL4 DBD
or Ap28 N terminus fused to a GAL4 DBD; amounts of those constructs
transfected are indicated below the graph. In addition, varying amounts of an
expression construct for Ash2l were cotransfected; the shading of the bars
corresponds to the dose (indicated in the key to the right of the graph). The
heights of the bars represent means of ratios of the reporter luciferase activity
to the control Renilla luciferase [relative light units (RLU)] for each condition.
Results are expressed as means = SEM and compared statistically, using
Student’s t tests. **, P < 0.005; ***, P < 0.0001.

with the hypothesis that their interaction is unique among Ap2
transcription factors.

Ash2l Increases Transcriptional Activity of Ap25 in a Dose-Dependent
Manner. Because Ash?2l is associated with transcriptional activation
through its interaction with MLL complexes, we hypothesized that
Ash2l would function as a coactivator of Ap28-mediated transac-
tivation. To test this, GAL4 DBD fused to the Ap26 N terminus,
Ash?], and a GAL4-driven firefly luciferase reporter were ex-
pressed transiently in 293T cells. Transfection of varying amounts
of the GAL4 DBD-Ap28 expression construct without Ash2l
induced a dose-dependent increase in transactivation (Fig. 3). This
was attributable to the Ap28 fragment because transfection of
comparable amounts of the GAL4 DBD-only construct did not
increase transactivation above the basal level. Next, we cotrans-
fected varying amounts of the Ash2l expression construct with the
GAL4 DBD-Ap26 and luciferase reporter constructs. We observed
significant increases in transactivation in a dose-responsive manner
across the range of Ap28 expression levels. Comparable coexpres-
sion of Ash2l with GAL4 DBD only did not significantly alter
transactivation. These results showed that Ash2l is a coactivator of
Ap26 transactivation.

Ap235 Associates with Endogenous ASH2L and ALR to Form a Complex
with H3K4 Methyltransferase Activity. Ash2l is a common subunit of
MLL complexes and regulates the H3K4me3 that is conferred by
the SET domain of the MLL protein (24). Although this is the only
functional role previously assigned to Ash2l, our results suggested
that it might also recruit transcription factors such as Ap26 to MLL
complexes. To determine whether this was the case, we tested the
ability of Ap26 to bind complexes containing ASH2L and ALR/
MLL2,#* focusing on the latter over other SET1 proteins because
of its known role in cardiac muscle. We transiently expressed
V5-Ap26 in K562 erythroleukemia cells, immunoprecipitated com-

*A human cell line was used, so standard nomenclature with protein symbols entirely in
capital letters is used here.
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plexes, using anti-V5 antibodies, and then detected endogenous
ASH2L and ALR, using specific antibodies. As shown, ASH2L and
ALR were present in immunocomplexes that contained Ap28, but
not those obtained with nonspecific IgG or an unrelated antibody
(Fig. 44).

The ALR complex exhibits H3K4 methyltransferase activity
through the SET domain of ALR (15, 25). To determine whether
Ap28/ASH2L included this activity, HMT assays were performed
in vitro with purified proteins and immunoprecipitated samples,
using recombinant (Fig. 4B) and native (Fig. 4C) histone H3. HMT
activity was determined by using the presence of radiolabeled
histone H3 as an indicator of activity. We obtained complexes
containing Ap28, ASH2L, and ALR as described above. Several
positive controls were used, including immunocomplexes precipi-
tated with anti-ALR, -ASH2L, and -Su(z)12 antibodies from K562
cells. Su(z)12 is associated with H3K27 methylation through the
activity of the EZH?2 lysine methyltransferase (26). Like the positive
controls, the Ap28-containing complexes showed methylation ac-
tivity (Fig. 4B). Immunocomplexes precipitated with an unrelated
V5-tagged protein had no HMT activity, excluding nonspecific
effects of the anti-V5 antibody (Fig. 4D). Additionally, we incu-
bated Ap28-containing complexes with recombinant histone H3
proteins with a mutation at K4, K9, or K27 and found diminished
HMT activity only toward the H3K4 mutant (Fig. 4D). These data
show that Ap28 associates with ASH2I. and ALR/MLL?2 and that,
in vitro, these complexes exhibit H3K4 HMT activity. To confirm
that Ap2é-containing complexes are functional despite modest in
vitro activity, we next investigated their ability to regulate down-
stream targets in vivo.

Ap26 Recruits Ash2l and Alr to the Hoxc8 Locus Promoting H3K4me3
and Gene Activation. Because Ap24 is a known gene-specific DNA-
binding factor, we hypothesized that Ap2é is necessary for the
recruitment of Ash2l and Alr to specific gene loci. To identify
common targets of Ap26 and Ash2l, we treated mouse neuroblas-
toma (Neuro2a) cells, which express Tcfap2d and Ash2l endoge-
nously, with siRNA against those genes and performed real-time
PCR analysis on a set of candidate genes known to be regulated by
MLL family members (18, 25). Hoxc8 was significantly down-
regulated, with 28% and 51% of wild-type steady-state mRNA
levels in cells after treatment with Tcfap2d- or Ash2l-specific
siRNA, respectively (Fig. 5E).

To determine whether the down-regulation of Hoxc8 was a direct
effect, we performed ChIP analysis, using anti-V5, -Ash2l, or -Alr
antibodies and chromatin fragments obtained from Neuro2a cells,
some transfected with V5-Ap28é. Similar regions of the Hoxc8
promoter were amplified in complexes containing V5-Ap28, Ash2l,
and Alr by real-time PCR, indicating that these proteins are
tethered to the same gene loci (Fig. 5 4 and C). Ap28, Ash2l, and
Alrwere found to cooccupy specific regions of the promoter located
27 bp (—27 bp) and 3 kb (—3.0 kb) upstream of the transcriptional
start site (Fig. 54). These regions had evolutionarily conserved
Ap2-binding sites that were predicted by rVista and GALA. In
contrast, the region 1.6 kb (+1.6 kb) downstream of the start site
did not associate with Ash2l and Alr and was not predicted to have
an Ap2-binding site.

To test the hypothesis that Ash2l and Alr are tethered to the
promoter through Ap28, we performed ChIP analysis with anti-
Ash2l or -Alr antibodies and Neuro2a cells treated with Tcfap2d-
specific sSiRNA. Down-regulation of Ap28 significantly decreased
the association of Ash2l and Alr with the —3 kb and —27 bp, but
not the +1.6 kb, Hoxc8 regions (Fig. 5B). It should be noted that
down-regulation of Ap28 did not alter Alr and Ash2l protein levels
(Fig. 5D and Fig. S3). These results indicate that Ap28 plays a
critical role in the recruitment of Ash2l and Alr to the Hoxc8
promoter. Because Ap28 is a sequence-specific transcription factor,
we hypothesized that Ap26 would associate with some but not all
Alr targets. To test this hypothesis, we performed additional ChIP
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Fig. 4. Ap26 forms a complex with endogenous ASH2L and ALR that methylates histone H3K4. (A) Endogenous ASH2L and ALR coimmunoprecipitate with
transfected V5-Ap25in K562 cells. The V5-Ap28 construct was transiently expressed in K562 cells. Levels of expression were documented as comparable in nuclear
lysates, using anti-V5 antibodies (Upper). Immunoprecipitations were performed with those lysates using antibodies as indicated, and complexes were analyzed
by Western blot, using anti-ASH2L or -ALR antibodies. (B) Complexes containing Ap25, ASH2L, ALR, and Su(z)12 methylate recombinant histone H3 in vitro.
Nuclear lysates from K562 cells expressing V5-Ap28 were immunoprecipitated with the indicated antibodies. Immunoprecipitates and GST fusion proteins
containing G9a or ALR SET domain were assayed for HMT activity, using histone H3 (Upper). The Coomassie blue staining shows the histone H3 input (Lower).
(C) Complexes containing Ap23, ASH2L, ALR, and Su(z)12 methylate native histone H3 in vitro. Immunocomplexes and GST fusion proteins as described in Bwere
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in vitro. HMT activity is diminished upon incubation with an H3K4 (K4R) mutant but not with H3K9 (K9R) and H3K27 (K27R) mutants.

experiments to analyze the Lamb3 locus, a known Alr target (25).
Because this gene was significantly down-regulated upon treatment
with Ash2l- but not Tcfap2d-specific siRNA, we predicted that
Ash2l and Alr, but not Ap28, would be present at the promoter
(data not shown). Indeed, we found Ash2l and Alr but not Ap25
associated with the Lamb3 locus, indicating that Ap28 associates
with only a subset of Alr targets (Fig. S4).

Having demonstrated an Ap28-dependent recruitment of the Alr
complex to the HoxcS8 locus, we determined whether this recruit-
ment altered H3K4me3 at the Hoxc§ locus, because this epigenetic
status marks transcriptional initiation (27, 28). We performed ChIP
experiments, using anti-trimethylated H3K4 antibodies with chro-
matin fragments obtained from Neuro2a cells, some treated with
Tcfap2d-specific siRNA. We found significantly reduced levels of
H3K4me3 at the Hoxc8 locus when Ap28 was down-regulated (Fig.
5B). These data indicate that Ap28 recruits a complex that induces
H3K4me3, leading to increased gene activation. Alr contributes to
that HKMT activity, although we did not examine the possibility
that other proteins with H3K4me3 function also contribute to this
gene activation.

Discussion

In this study, we identified the trxG member Ash?2l as a coactivator
of Ap26 and showed that Ash2l interacts exclusively with the TAD
of Ap2é8. It had been suggested that the TAD of Ap2 proteins
interact with specific coactivator complexes, resulting in divergent
functions (9). We confirmed that this mechanism is operative by
demonstrating that Ash2l binds Ap2é uniquely among the Ap2
family members. Further, we showed that Ap24 is able to function
as an activator despite the lack of the PY motif and other highly
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conserved residues critical for transactivation for other Ap2
proteins.

Functionally, we showed that Ash2l is able to synergistically
activate Ap28 transactivation in a dose-dependent manner. We
hypothesize that this is due to Ash2I’s ability to associate with the
basal transcriptional machinery through interactions with the MLL
complex, because this complex includes active RNA polymerase 11
(18). In addition, we showed that Ap28 forms a complex with
ASHZ2L and ALR that methylates histone H3 at K4 in vitro. Studies
have shown that Ash2l is a conserved subunit of MLL complexes
and functions to regulate H3K4me3 (24, 29). Because it binds both
Ap26 and members of MLL complexes, our studies suggest that
Ash2l also functions as an intermediary between sequence-specific
DNA-binding factors and chromatin remodeling.

The role of the Ap2 family in chromatin remodeling has not been
fully elucidated. Despite evidence that Ap2«, -8 and -y interact with
the histone acetyltransferase (HAT) CBP/p300 to mediate Cited2-
dependent coactivation, it has not been shown that complexes
containing a member of the Ap2 family, CITED2, and CBP/p300
possess HAT activity (23). Additionally, CBP/p300 is a global
coactivator that interacts with a host of transcription factors and
components of the general transcriptional machinery (30). It was
also reported that the HAT activity of CBP/p300 is dispensable,
because a HAT-defective CBP is still able to coactivate through
interaction with other HATs (31). Thus, Ap28 s the first Ap2 family
member to be associated with a chromatin remodeling activity
per se.

Given that Ap28 has a dual role in binding DNA in a gene-
specific manner and associating with chromatin remodeling factors,
we hypothesized that Ap26 is necessary for the recruitment of
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Fig. 5. Ap28 recruits Ash2l and Alr to the Hoxc8 locus. (A) Ap28, Ash2l, and
Alr cooccupy specific regions of the Hoxc8 promoter located 27 bp (—27 bp)
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fragments from Neuro2a cells expressing V5-Ap28 were immunoprecipitated
with anti-V5, -Ash2l, and -Alr antibodies. DNA association was analyzed by
real-time PCR, using loci-specific primers. The heights of the bars represent
means of fold increases for cells expressing V5-Ap28 compared with wild-type
control. The whiskers represent standard error of the mean. (B) (Top and
Middle) Ap25 down-regulation results in a significant decrease of Ash2l and
Alr at the Hoxc8 promoter. Chromatin fragments from Neuro2a cells treated
with either Tcfap2d-specific siRNA or scrambled control were immunoprecipi-
tated with anti-Ash2l and -Alr antibodies. DNA association was determined by
real-time PCR, and quantities are represented as ratios of signals relative to
signals obtained from a nonspecific histone H3 control. The heights of the bars
represent means of ratios for each condition performed in triplicate. The
whiskers represent standard error of the mean. Statistical comparisons were
made between conditions, using Student’s t tests. *, P < 0.05. (Bottom) Ap25
down-regulation results in a significant decrease of H3K4me3 at the Hoxc8
promoter. Chromatin fragments from Neuro2a cells treated with either
Tcfap2d-specific siRNA or scrambled control were immunoprecipitated with
antibodies against H3K4me3. DNA analysis was performed in a similar manner
as described for Top. (C) Alrand Ash2l colocalize at the —27/+161region of the
Hoxc8 promoter when Ap23 is present. Chromatin fragments from NIH 3T3
cells, wild-type Neuro2a cells and Neuro2a cells expressing V5-Ap25 were
immunoprecipitated with anti-V5, -Alr, and -Ash2| antibodies. The immuno-
precipitated DNA was analyzed by PCR, using locus-specific primers. NIH 3T3
cells, which do not express Ap2§, were used as negative controls for the ChIP
experiments. (D) Alr protein levels are unchanged when Ap23§ is down-
regulated in Neuro2a cells. Total cell extracts were obtained from wild-type
Neuro2a cells or Neuro2a cells treated with Tcfap2d-specific siRNA or scram-
bled control and analyzed by Western blot, using anti-Alr antibodies. (E)
(Upper) Ap25and Ash2l regulate Hoxc8 expression in Neuro2a cells. Total RNA
was extracted 72 h after transfection from Neuro2a cells treated with Tcfap2d-
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Mll/Setl-like family members to specific gene loci. Indeed, we
found that Ap24 recruits both Ash2l and Alr to the Hoxc8 locus to
activate gene transcription. This suggests that Ap2é plays an
essential role in the activity of these complexes. In particular, Ap28
recruits these factors to specific targets to activate (or repress) gene
expression. Because Ap246 is a highly restricted, sequence-specific
transcription factor, its ability to associate with Mll/Set1-like family
members implies that it has a critical role in bringing these family
members to specific gene loci in a spatiotemporal manner during
development. As discussed below, this finding has implications for
understanding how MlIl/Setl-like proteins achieve specificity de-
spite their global expression patterns.

Despite many recent advances in our understanding of HKMTs,
the role of histone lysine methylation in dynamic gene regulation
remains unclear. This role is further complicated by the capacity of
such lysine residues to occupy multiple methylation states from
mono- to trimethylation. The degree of H3K4 methylation in-
creases the complexity of the histone code as it is recognized by
proteins binding to methyl-lysines on histones and is regulated
across actively transcribed genes (32). In fact, histone methylation
was thought to be irreversible until the discovery in 2004 of the
histone demethylase LSD1 (33). Histone methylation/demethyl-
ation provides a reversible dynamic state that mediates interactions
with methyl-lysine-specific chromatin binding proteins, thereby
effecting transcription. There are several transcription factors that
associate with H3K9 HKMT activities that result in transcriptional
repression within euchromatin. These include, among others,
REST, CUTLI1, E2F6, and PRDF1/Blimpl (34-37). Although
there are numerous examples of transcription factors that couple
with arginine methyltransferases to activate transcription, there are
few previous examples of that with HKMTs. Our work here links
Ap26 to gene transcriptional activation through ALR, and provides
an example related to the H3K4 methylation activity of a mam-
malian MLL SET1-like complex.

Aside from their oncogenic properties, little is known about MLL
complexes and their roles in cell differentiation and proliferation
(11, 12). Mil genes are widely expressed in adult and embryonic
tissues, suggesting roles as global gene regulators (16, 17, 38—40). Of
note, the phenotype of Mll1-deficient mice comprises only skeletal,
hematopoietic, and neural abnormalities (41). Although the ab-
sence of broader developmental defects might reflect redundant
functions among the Ml proteins, the specificity is compatible with
unique roles arising through interactions with highly restricted
sequence-specific transcription factors. Indeed, our studies dem-
onstrate that MLL complexes bind Ap28, which exhibits precisely
those characteristics. This suggests that the activity of MLL com-
plexes is context-dependent and that transcription factors with
highly restricted expression patterns play an important role in their
recruitment to specific targets.

Materials and Methods

Plasmid Construction. cDNAs encoding full-length, TAD (amino acid 38-98), and
N-terminal (amino acid 1-208) fragments of murine Ap2§ were PCR amplified
from an EST clone containing Tcfap2d (9) and subcloned into pGBKT7 (Clontech),
pcDNA6V5His (Invitrogen), and pBXG1. cDNAs encoding full-length murine
Ap2aq, -B, -y, and -& were PCR amplified from full-length Tcfap2 cDNAs and
subcloned into pcDNA6V5His. Full-length human NOP5 cDNA (clone ID 5527148)
and mouse Ash2l cDNA (clone ID 4211433) were obtained from the IMAGE
consortium (image.lInl.gov). PCR amplification of cDNAs encoding Ash2I-FL (full-
length) was performed, followed by subcloning into pCMV Myc (Clontech).
Partial Ash2l cDNAs encoding the residues 1-140, 141-412, 141-280, 280-412,

or Ash2l-specific siRNA or scrambled control. Gapdh and Hoxc8 transcript
levels were quantified by real-time PCR. Normalized values were calculated as
percentages of transcript levels detected in cells treated with the scrambled
control. *, P < 0.001. (Lower) Knock down of either Ap28§ or Ash2l resulted in
asignificant decrease of their respective transcripts. Experiments were similar
to those described in Upper.
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and 413-623 were cloned into pGADT7 (Clontech). Cloned fragments were
sequenced to confirm the absence of inadvertent mutagenesis.

Yeast Two-Hybrid Screen. The TAD of Ap2§ fused to a GAL4 DBD was used to
screen a mouse embryonic cDNA library (Stratagene). Briefly, the AH109 haploid
strain was transformed with the bait plasmid and mated with the Y187 haploid
strain containing the library. Diploid clones were screened by nutritional selec-
tion, using Ade and His reporters, and by p-gal activities. Library plasmids were
extracted with the Yeast DNA Isolation System (Stratagene). To verify the results
of the screen and identify the Ash2l interaction domain, the AH109 haploid strain
was transformed with constructs expressing the Ap28 TAD or N-terminal frag-
ment fused to the GAL4 DBD and mated with the Y187 haploid strain expressing
the Ash2l library clone or various Ash2| derivatives fused to the GAL4 AD.

Cell Culture and Immunoprecipitation. 293T, K562, NIH 3T3, and Neuro2a cells
[American Type Culture Collection] were maintained in DMEM supplemented
with 10% FBS and antibiotics at 37°C with 5% CO;. Cells were transfected with
constructs expressing Ap2 family members and/or Ash2l, using Lipofectamine
2000 (Invitrogen). Cells were harvested 48 h after transfection and incubated in
hypotoniclysis buffer [20 mM Hepes (pH 7.9), 10 mM NaCl, and 0.1% Triton X-100]
containing protease inhibitors (Roche Applied Science). Nuclei were pelleted and
resuspended in high salt buffer [20 mM Hepes (pH 7.9), 420 mM NaCl, and 0.1%
Triton X-100]. Nuclear lysates were incubated with 2.5 pg of anti-V5 or -Myc
antibodies (Invitrogen) and protein G agarose beads (Roche Applied Science).
Immunoprecipitates were analyzed by Western blot with anti-V5 and -Myc
HRP-conjugated antibodies (Invitrogen) and anti-Ash2| antibodies (Bethyl Labo-
ratories) and anti-ALR antibodies (a kind gift from E. Canaani, Weizmann Insti-
tute of Science, Rehovot, Israel).

Transactivation Assays. 293T cells were transfected with a firefly luciferase
reporter containing several GAL4 upstream activating sequences, pBXG1 or
pPBXG1-AP25, and/or Myc-Ash2I-FL, using Lipofectamine 2000 (Invitrogen). Re-
nilla luciferase reporter was used as an internal transfection control (Promega).
The total amount of DNA in each transfection was held constant, using pGEM-7Zf
(+/-). After 48 h, lysates were assayed for firefly and Renilla luciferase activities
with the dual-luciferase reporter assay system (Promega), using a DYNEX Model
MLX luminometer (Thermo Lab-Systems). Relative luminescence was measured
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as a ratio of the amount of firefly to Renilla luciferase activity. Results were
expressed as means = SEM and compared statistically, using a Student’s t test with
a significance threshold of P < 0.05.

In Vitro HKMT Assays. HKMT assays were performed essentially as described in
ref. 35. A construct for expressing a GST fusion protein with the C-terminal SET
domain (amino acids 5112-5262) of ALR was accomplished by generating a
PCR-amplified product with adapter sequences for fusion with the GST tag within
PGEX-6P1 (GE Healthcare). Fragments were cloned, sequenced, and verified for
expression. GST fusion proteins of GST-mG9a and GST-ALR-SET were purified by
using standard affinity purification with glutathionine Sepharose (GE Health-
care) according to manufacturer’s instructions. Equivalent amounts of purified
GST proteins were used for the HKMT assays. Similar amounts of anti-Su(z)12
(Abcam), -ALR, -Ash2l, and -V5 antibodies were used for immunoprecipitation
reactions to obtain native immunoaffinity purified proteins from nuclear extracts
derived from K562 cells expressing V5-Ap28 or -SHP2 or Neuro2a cells expressing
V5-Ap25.

Chromatin Immunoprecipitation (ChIP). ChIP assays were performed as described
in ref. 42. Briefly, sonicated chromatin from 20 x 10° transfected, siRNA-treated,
or untreated Neuro2a or NIH 3T3 cells was immunoprecipitated by using anti-V5,
-Ash2l, -Alr, -trimethylated H3K4 (Millipore) or IgG antibodies. Associated DNA
was analyzed by real-time PCR, using loci-specific primers (Table S1).

RNA Analysis. Total RNA was extracted by using TRIzol reagent according to the
manufacturer’s protocol (Invitrogen) and reverse transcribed by using Super-
Script Ill reverse transcriptase and oligo(dT) primers (Invitrogen). Transcript levels
were determined by real-time PCR, using Gapdh as an internal control. For siRNA
experiments, Neuro2a cells were transfected with Ap25- or Ash2l-specific SiRNA
or a scrambled control, using Dharmafect (Dharmacon), and total RNA was
isolated 72 h after transfection.
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