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The abundant and chromatin-associated protein HCF-1 is a critical player in mammalian cell proliferation as
well as herpes simplex virus (HSV) transcription. We show here that separate regions of HCF-1 critical for its
role in cell proliferation associate with the Sin3 histone deacetylase (HDAC) and a previously uncharacterized
human trithorax-related Set1/Ash2 histone methyltransferase (HMT). The Set1/Ash2 HMT methylates histone
H3 at Lys 4 (K4), but not if the neighboring K9 residue is already methylated. HCF-1 tethers the Sin3 and
Set1/Ash2 transcriptional regulatory complexes together even though they are generally associated with
opposite transcriptional outcomes: repression and activation of transcription, respectively. Nevertheless, this
tethering is context-dependent because the transcriptional activator VP16 selectively binds HCF-1 associated
with the Set1/Ash2 HMT complex in the absence of the Sin3 HDAC complex. These results suggest that
HCF-1 can broadly regulate transcription, both positively and negatively, through selective modulation of
chromatin structure.
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Cells proliferate via a process of cell growth culminating
in cell division. Both elements of this process are orches-
trated by coordinated patterns of gene transcription. In
eukaryotes, transcriptional regulation results from the
ability of transcriptional activators and repressors to
change chromatin structure and recruit RNA polymer-
ase to specific promoters. Many of the changes in chro-
matin structure induced by transcriptional regulators
involve complex patterns of histone modification by en-
zymes such as acetyltransferases (HATs), methyltrans-
ferases (HMTs), and kinases, and these modifications can
often be removed by opposing activities such as deacety-
lases (HDACs) and phosphatases. These varying patterns
of histone modification are often referred to as the his-
tone code and lead to differing patterns of activated or
repressed gene transcription (Jenuwein and Allis 2001).

Here, we describe an analysis of HCF-1, an important
but poorly understood regulator of cell proliferation.
HCF-1 (also referred to as C1, CFF, and VCAF) is a highly

conserved protein in metazoans that was originally dis-
covered as a host-cell factor required for herpes simplex
virus (HSV) transcription (Herr 1998). It is an abundant
chromatin-bound protein that plays a critical role in
both cell growth and division. In humans, HCF-1 is un-
usual in that it is initially synthesized as a single large
precursor molecule of 2035 amino acids that is subse-
quently cleaved at six centrally located HCF-1PRO re-
peats (Wilson et al. 1993a, 1995; Kristie et al. 1995).
These cleavages result in stable N- (HCF-1N) and C-
(HCF-1C) terminal subunits that remain noncovalently
associated (Wilson et al. 1995).

In HSV infection, HCF-1 binds the virion protein
VP16, a prototypical transcriptional activator, and stabi-
lizes a complex with the cellular transcription factor
Oct-1 on VP16-responsive elements found in HSV im-
mediate-early (IE) promoters (for review, see O’Hare
1993; Herr 1998). To recruit HCF-1 to the VP16-induced
complex, VP16 binds to an N-terminal region of HCF-
1—called the Kelch domain owing to its similarity to the
Drosophila protein Kelch—the same region that, in an
uninfected cell, is responsible for tethering HCF-1 to
chromatin (LaBoissière et al. 1997; Wilson et al. 1997;
Wysocka et al. 2001). Although HCF-1 is known to sta-
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bilize the VP16-induced complex, what function it plays
when bound to chromatin in an uninfected cell is poorly
understood.

HCF-1 involvement in both cell growth and division is
known because a single proline-to-serine substitution in
the HCF-1 Kelch domain (P134S) causes a temperature-
induced cell-growth arrest (Goto et al. 1997) and cytoki-
nesis defect (Reilly and Herr 2002) in the hamster-cell
line tsBN67, although the arrest only occurs 36 to 48 h
after transfer to the nonpermissive temperature. This
mutation also disrupts HCF-1 association with VP16
(Wilson et al. 1997) and with chromatin at the nonper-
missive temperature (Wysocka et al. 2001). The disrup-
tion of chromatin association at nonpermissive tempera-
ture occurs prior to the tsBN67-cell proliferation arrest,
suggesting that loss of HCF-1 chromatin association is a
primary cause of the tsBN67-cell proliferation defect
(Wysocka et al. 2001).

A transcriptional regulatory role of HCF-1 in cell pro-
liferation has been emphasized by the finding that the
SV40 large T antigen and adenoviral E1A oncoproteins
can rescue tsBN67-cell proliferation at the nonpermis-
sive temperature by inactivating the pRb family of pro-
teins (Reilly et al. 2002). This regulatory role of HCF-1
involves at least two separate functional regions of the
HCF-1N subunit: the Kelch domain, which is both nec-
essary and sufficient to direct HCF-1 to chromatin
(Wysocka et al. 2001), and a neighboring “Basic” region
(Wilson et al. 1997), which is hypothesized to recruit
important regulatory proteins to the sites targeted by the
Kelch domain (Wysocka et al. 2001).

We show here that HCF-1 naturally associates with
both HDAC and HMT chromatin-modifying activities:
the Sin3 HDAC complex commonly involved in repres-
sion of gene transcription and a heretofore uncharacter-
ized human histone H3 Lys 4 (K4) HMT complex that is
related to the Saccharomyces cerevisiae Set1/Ash2 tri-
thorax-group-related HMT complex—an important acti-
vator of protein-encoding gene transcription in yeast.
These results suggest that, as an abundant chromatin-
associated factor, HCF-1 accomplishes at least some of
its key roles in cell proliferation by broadly activating
and repressing transcription, at least in part, through the
control of chromatin states.

Results

Figure 1A shows a schematic of human HCF-1 in which
structural and functional features of this protein are
highlighted. To identify effector molecules responsible
for HCF-1’s ability to promote cell proliferation, we used
a previously described HeLa-cell line stably expressing a
Flag-epitope-tagged HCF-1N subunit (f-HCF-1N; Fig. 1A)
at levels similar to the endogenous HCF-1 protein
(Wysocka et al. 2001). Purification of f-HCF-1N subunit-
associated proteins presented several advantages: (1) it
identifies proteins that associate with the HCF-1N sub-
unit, which is sufficient to promote proper tsBN67-cell
proliferation (Wilson et al. 1997; Reilly and Herr 2002);
(2) the f-HCF-1N subunit obviates the complicated pat-

tern of endogenous HCF-1N and HCF-1C subunits, which
could obscure associated polypeptides; and (3) the Flag-
epitope tag provides a very efficient purification step.

Purification of the HCF-1N subunit and associated
polypeptides

To purify HCF-1N-associated proteins, we used a two-
step purification procedure of salt-extracted nuclear pro-
teins as shown in Figure 1B. For the first step, we estab-
lished that, like endogenous HCF-1 (Wilson et al. 1993a),
the f-HCF-1N subunit binds quantitatively to wheat-
germ agglutinin (WGA) and can be efficiently eluted
with N-acetyl glucosamine, providing a simple, efficient,
and gentle first purification step. For the second step, we
purified the f-HCF-1N subunit and its associated proteins
by Flag-epitope-specific immunoprecipitation followed
by Flag-peptide elution. To monitor the specificity of
this two-step procedure, extracts from a matched cell
line directing the synthesis of the Flag epitope alone
were used in parallel mock purifications. Figure 1C in-
dicates why the first step of the purification is probably
so efficient: Purified material was probed by immuno-
blot with an O-linked N-acetyl-glucosamine antibody,
and the major glycosylated species is the f-HCF-1N poly-
peptide. Our purification procedure was very reproduc-
ible, as evidenced by numerous independent purifica-
tions used in the studies described below.

Identity of the HCF-1N-interacting proteins (HIPs)

Following HCF-1N-complex purification, the resulting
polypeptides were separated by SDS-PAGE and visual-
ized by staining with Coomassie blue as shown in Figure
1D. In addition to the f-HCF-1N subunit, we identified 25
other bands (labeled 1–25; Fig. 1D, lane 1). These bands
were not present in the parallel mock purification (Fig.
1D, cf. lanes 1 and 2) demonstrating that they represent
specific protein association with the f-HCF-1N polypep-
tide. We refer to these HCF-1-interacting proteins as
HIPs.

To identify the HIPs, we excised the stained bands
from the polyacrylamide gel, subjected the entrapped
polypeptides to in-gel digestion with trypsin, and ana-
lyzed the resulting peptides by MALDI-TOF and liquid
chromatography tandem mass spectrometry (LC-MS/
MS). We identified a total of 33 unique polypeptides, of
which five are presently uncharacterized hypothetical
proteins in the databases. Of the remaining 28 proteins,
16 are listed alongside the polyacrylamide gel in Figure
1E and are described here. The others will be described
elsewhere. For each of the proteins listed in Figure 1E,
we identified multiple peptides. These proteins fall into
six categories: (1) endogenous HCF-1C subunits, (2) heat-
shock proteins, (3) the transcription factor Sp1, (4) O-
linked N-acetyl-glucosamine transferase (OGT), (5) hu-
man homologs of the Saccharomyces cerevisiae Set1/
Ash2 HMT complex, and (6) members of the Sin3 HDAC
complex.

Except for the heat-shock proteins, we confirmed the
mass spectrometry results by immunoblot analysis for
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representatives of each category of associated protein us-
ing material purified separately. In all cases tested, pro-
teins identified by mass spectrometry were present in
the f-HCF-1N purification and absent in the mock-puri-
fied sample, demonstrating the robust HCF-1N-subunit
specificity of each association. For example, Figure 2A
shows that all of the different HCF-1C subunits, but not
the HCF-1300 precursor, were present in the f-HCF-1N,
but not the mock sample (Fig. 2A, panel a, cf. lanes 1 and
2), suggesting a low level of binding of processed HCF-1C

subunits with the f-HCF-1N protein.

Two well-characterized transcription factors have
been shown to associate with the Basic region of HCF-1N

in yeast two-hybrid assays: Sp1 (Gunther et al. 2000)
and GABP� (Vogel and Kristie 2000). We identified
Sp1 in the HIP mass spectrometry analysis but not
GABP�. Consistent with these results, we detect Sp1
but not GABP� by immunoblot analysis (Fig. 2A, lane 2,
panels b,c). Thus, in contrast to Spl, the association
of GABP� with HCF-1, if it occurs in HeLa cells, appar-
ently does not survive our high-salt purification condi-
tions.

Figure 1. Identification of the HCF-1-in-
teracting proteins (HIPs). (A) Overall struc-
tures of HCF-1 and f-HCF-1N. (Upper dia-
gram) Human (Hs) HCF-1. Above are shown
structural or sequence elements and func-
tional regions. Below, the position of the
tsBN67-cell P134S missense mutation is in-
dicated. (Lower diagram) The Flag-epitope-
tagged HCF-1N subunit used in this study.
VIC, VP16-induced complex; HCF-1PRO,
HCF-1 proteolytic processing repeats; HCF-
1Fn3 Rep., HCF-1 fibronectin type 3 repeats.
(B) Two-step purification scheme for f-HCF-
1N-associated polypeptides. (C) f-HCF-1N is
modified by O-linked N-acetyl-glucos-
amine residues and is a major glycoprotein
in the HIPs purification. Two-step purified
f-HCF-1N or mock samples were analyzed
by immunoblotting with an anti-O-linked
N-acetyl-glucosamine antibody. The posi-
tion of the f-HCF-1N subunit is indicated by
the arrowhead. A weak doublet, displaying
the correct migration for Sp1 polypeptides,
is indicated by the two dots. NE, HeLa
nuclear extract. (D) f-HCF-1N-associated
proteins were purified from 2.4 × 1010

f-HCF-1N or mock HeLa cells by the two-
step procedure outlined. Polypeptides were
resolved by SDS-PAGE and stained with
Coomassie blue. The positions of the mo-
lecular weight markers and f-HCF-1N spe-
cies are indicated on the left. The 25 addi-
tional bands present in the f-HCF-1N-puri-
fied material are labeled 1–25 and were
analyzed by mass spectrometry. Only two
polypeptides could be visualized in the
mock-purified sample, and they were sub-
sequently identified as Hsp70 (minor spe-
cies) and nuclear lamin (major species). (E)
Identity of a subset of HIPs. Sixteen out of
33 unique polypeptides identified by HIP
mass spectrometry analysis are grouped
into six categories: members of the Sin3
HDAC complex (blue), human homologs of
the Saccharomyces cerevisiae Set1/Ash2
HMT complex (red), O-linked N-acetyl-glu-
cosamine transferase (OGT; green), tran-
scription factor Sp1 (purple), heat-shock
proteins (gray), and endogenous HCF-1C

subunits (black). The number to the left of
each species represents the stained band
from which each protein originates.
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Association of O-linked N-acetyl-glucosamine
transferase with the HCF-1N subunit

The regulatory role of nuclear protein glycosylation is
poorly understood (Wells et al. 2001). Interestingly, al-
though the f-HCF-1N protein had to be already glyco-
sylated to have been purified during the first step of our
two-step purification procedure (Fig. 1B), the OGT en-
zyme remains associated with the HCF-1N subunit (Fig.
2B, panel a, lane 2). Thus, OGT may play roles in the
function of HCF-1 in addition to its glycosylation. Re-
cently, OGT has been shown to associate with the Sin3
HDAC complex (Yang et al. 2002), which also associates
with HCF-1. Perhaps HCF-1, OGT, and the Sin3 HDAC
complex cooperate to effect specific regulatory out-
comes.

HCF-1N-subunit association with the Sin3 HDAC
complex and histone deacetylase activity

The HIP analysis identified six members of the Sin3
HDAC complex (Fig. 1E; for review, see Knoepfler and
Eisenman 1999; Ng and Bird 2000): Sin3A, the HDAC
catalytic subunits HDAC1 and HDAC2, the scaffolding
proteins RbAp46 and RbAp48, and the recently described
regulatory protein Sds3 (Alland et al. 2002). Figure 2B
(panels b,d–f, lanes 2,3) confirms the specificity of the
HCF-1N interaction with four of these members: Sin3A,
HDAC1, HDAC2, and Sds3. Although not detected in
the mass spectrometry analysis, immunoblot analyses
showed that the Sin3-complex-associated protein SAP30
(data not shown) and the Sin3A-related protein Sin3B
(Fig. 2B, panel c, lane 2) also associate with the HCF-1N

subunit. Thus, it is likely that the entire core Sin3A and
Sin3B HDAC complexes, referred to here generally as the
Sin3 complex, are associated with the HCF-1N subunit.
In contrast, other related HDAC class I complexes, in
particular the NuRD complex represented here by the
Mi2 subunit (Fig. 2B, panel g, lane 2) or the HDAC3
deacetylase (Fig. 2B, panel h, lane 2) are not associated
with the HCF-1N subunit. Indeed, no other histone
deacetylase-related or -associated protein was identified
in the HIP analysis (data not shown), indicating that
HCF-1 is specifically associated with the Sin3 HDAC
complex.

To determine whether the HCF-1N-associated Sin3
HDAC complex possesses HDAC activity, we assayed
deacetylation of an acetylated histone H4 peptide by the
purified HCF-1N complex as shown in Figure 2C. Con-
sistent with associated HDAC activity, the f-HCF-1N-
purified material displayed significant sodium butyrate-
sensitive deacetylase activity in comparison to the
mock-purified material. Thus, when HCF-1 is associated
with the Sin3 HDAC complex, it is probably able to di-
rect histone deacetylation.

HCF-1N-Basic region interaction with the Sin3A
PAH1 domain

The two mammalian Sin3 proteins, Sin3A and Sin3B, are
modular proteins containing four paired amphipathic
�-helices (named PAH 1–4) that mediate specific sets of
protein–protein interactions as shown in Figure 3C (for
review, see Knoepfler and Eisenman 1999; Ng and Bird
2000). To identify Sin3A-interacting proteins, a yeast

Figure 2. Association of the f-HCF-1N sub-
unit with endogenous HCF-1C subunits,
Sp1, OGT, and the Sin3 HDAC complex,
and histone deacetylase activity. (A) Two-
step f-HCF-1N (lane 2) and mock (lane 3)
purified samples were analyzed by immu-
noblotting with the antibodies against the
HCF-1C subunit (panel a), Sp1 (panel b), and
GABP� (panel c). Labeled arrowheads iden-
tify polypeptides of interest. NE, HeLa
nuclear extract (lane 1) used as a positive
control. (B) The f-HCF-1N subunit specifi-
cally associates with the Sin3 HDAC com-
plex. Samples as in A were analyzed by im-
munoblotting with antibodies against OGT
(panel a), Sin3A, Sin3B, HDAC1, HDAC2,
and Sds3 components of the Sin3 HDAC
complex (panels b–f), a component of the
NuRD complex Mi-2 (panel g), and the
HDAC1/2-related class I histone deacety-
lase HDAC3 (panel h). Labeled arrowheads
identify polypeptides of interest. NE, HeLa
nuclear extract (lane 1) corresponding to
5% of the samples in lanes 2 and 3was used
as a positive control. (C) HCF-1 associates

with HDAC activity. Two-step purified f-HCF-1N and mock-purified samples were added to reactions with [3H]-acetylated histone H4
peptide in the presence or absence of deacetylase inhibitor. Counts above the background CPM released from the acetylated peptide
incubated alone are shown. The average of three experiments is shown.
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two-hybrid screen was performed. In this screen, an ac-
tivation domain–mouse embryonic cDNA fusion library
was probed using mouse Sin3A encompassing all four
PAH domains fused to the lexA DNA-binding domain as
bait (Laherty et al. 1998; see Materials and Methods).
From this screen, four identical cDNA clones encoding

mouse HCF-1 residues 610–722 were isolated (Fig. 3A).
These residues, with one exception (Kristie 1997), are
identical in human HCF-1 and lie in the center of the
HCF-1 Basic region separate from the two-hybrid Sp1-
interacting sequences (Gunther et al. 2000; Fig. 3C). As
shown in Figure 3B, directed two-hybrid assays against
the different Sin3A PAH1–4 domains demonstrated that
this HCF-1 Basic region interacts selectively with the
PAH1 domain. Thus, like the nuclear-hormone-receptor
corepressors N-CoR and SMRT (Heinzel et al. 1997;
Nagy et al. 1997), HCF-1 associates, probably directly,
with the Sin3A PAH1 domain (Fig. 3C).

The HCF-1N subunit binds human homologs of the
yeast Set1/Ash2 HMT complex

In addition to the Sin3 HDAC complex, we discovered
f-HCF-1N-associated proteins that share sequence simi-
larity to a recently described S. cerevisiae trithorax-
group-related Set1/Ash2 HMT complex (Miller et al.
2001; Roguev et al. 2001; Nagy et al. 2002). Components
of the yeast Set1/Ash2 complex are shown in Figure 4A.
Although related protein sequences can be found in the
human protein databases or have been molecularly char-
acterized to a limited extent on an individual basis
(Ikegawa et al. 1999; Gori et al. 2001; Wang et al. 2001;
Zhang and Reinberg 2001; Kouzarides 2002), no human
Set1/Ash2 HMT activity has been reported.

Significantly, sequence similarity analysis revealed
that three of the identified HIPs are the closest human
sequence homologs of the Set1, Bre2/Ash2, and Swd3
components of the yeast Set1/Ash2 HMT complex, re-
ferred to here as Set1, Ash2, and WDR5 (Fig. 4A). Like its
yeast homolog, the human Set1 protein contains highly
conserved SET and postSET domains at its C terminus
that are related to those of the human and Drosophila
trithorax protein. Additionally, both of the yeast and hu-
man proteins contain an N-terminal region with simi-
larity to the RRM RNA-recognition motif found in many
RNA-binding proteins (Perez-Canadillas and Varani
2001), indicating an important conserved role in Set1/
Ash2 HMT function. Consistent with the presence of
HCF-1 in animals but not yeast (Kristie and Sharp 1990;
Wilson et al. 1993b), the human and Caenorhabditis el-
egans, but not the yeast, Set1 proteins also contain the
sequence EHNY (EHCY in C. elegans; data not shown),
which matches the HCF-1-binding motif (labeled HBM
in Fig. 4A) found in HCF-1 Kelch-domain-binding pro-
teins such as VP16 and the cellular leucine-zipper pro-
tein LZIP/Luman (Freiman and Herr 1997; Lu et al.
1998).

The human Ash2 homolog, which is related to the
Drosophila trithorax-group protein Ash2, contains the
SPRY domain present in the yeast Ash2 homolog Bre2
(Fig. 4A). In contrast to the Bre2 protein, however, hu-
man Ash2 additionally contains a PHD-related zinc-fin-
ger motif. Although not present in the Bre2 protein, a
PHD finger-related motif is contained within the Spp1
component of the yeast Set1/Ash2 HMT. Perhaps the

Figure 3. Association of Sin3A PAH1 with the HCF-1 Basic
region in a yeast two-hybrid assay. (A) The LexA DNA-binding
domain fused to mouse Sin3A amino acids 119–1219 (PAH1-E)
was used as a bait to screen a library of mouse embryo cDNAs
fused to the VP16 transactivation domain. Four identical posi-
tive clones encoding a portion of the HCF-1 Basic region were
identified. (B) Directed two-hybrid assays were performed to
map the Sin3A-interaction domain of HCF-1 Basic region using
LexA fusions containing different regions of Sin3A: PAH1,
PAH2, PAH3, PAH4, and PAH3-E (see Materials and Methods).
(C) Schematic representations of HCF-1 and Sin3A are shown.
The HCF-1 Sp1-interaction region is indicated above the dia-
gram. Four paired amphipatic PAH1–4 helices of Sin3A are de-
picted. Regions of Sin3A involved in association with various
protein partners are shown below the Sin3A diagram. Regions of
HCF-1 and Sin3A that interact in the yeast two-hybrid assay are
indicated.
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Figure 4. Association of HCF-1 with the human homologs of components of the
Saccharomyces cerevisiae Set1/Ash2 HMT complex and HMT activity. (A) Simi-
larity between components of the S. cerevisiae Set1/Ash2 complex and human
proteins identified among the HIPs. Schematic representations of yeast Set1/Ash2
complex proteins, and related HIPs (hSet1, accession no. gi 6683126; hAsh2, acces-
sion no. gi 4757790; and WDR5, accession no. gi 16554627) are shown on the left
and right, respectively. Structural domains and motifs are shown in each protein
and defined by the key on the bottom right. RRM, RNA recognition motif; SET, Set
domain; postSET, Set domain-associated cysteine-rich motif; HBM, HCF-1-binding
motif; PHD, PHD zinc-finger motif; SPRY, domain in SPla and the RYanodine
receptor; WD40, WD40 repeats; RIIa, protein kinase A regulatory subunit dimer-
ization domain motif. (B) Two-step purified f-HCF-1N (lane 2) and mock (lane 3)
samples were analyzed by immunoblot with anti-human Set1 (panel a), Ash2 (panel
b), WDR5 (panel c), and SUV39H1 (panel d) antibodies. Labeled arrowheads indicate
polypeptides of interest; NE, HeLa nuclear extract (lane 1) corresponding to 5% of
the samples in lanes 1 and 2 was used as a positive control. (C) HCF-1 associates
with HMT activity. Two-step f-HCF-1N and mock HeLa-cell purified samples were

incubated with core histones or recombinant histone H3 in the presence of [3H]AdoMet. Proteins were resolved by 15% SDS-PAGE
and examined by Coomassie blue staining (lower panel) or fluorography (upper panel). The positions of histones are indicated on the
right. NE, HeLa nuclear extract used as a positive control. (D) Histone H3-K4 specificity of human Set1/Ash2 HMT. Recombinant
histone H3 was in vitro methylated using f-HCF-1N two-step purified material and subjected to 16 Edman degradation cycles. The
radioactivity released in each cycle is indicated. (E) Interplay between K9 methylation and K4 methylation by Set1/Ash2 HMT.
Two-step f-HCF-1N and mock-purified samples were incubated with a histone H3 peptide corresponding to amino acids 1–15, or the
corresponding peptide trimethylated at K4 or K9. 3H incorporation for each substrate peptide was defined as the difference in 3H CPM
obtained with the f-HCF-1N and mock samples. The average of five experiments is shown.
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human Ash2 homolog functionally corresponds to both
of the Bre2 and Spp1 yeast proteins.

Of the three WD40-repeat-containing proteins, Swd1–
3, only Swd3 is evidently represented among the HIPs by
the WDR5 protein (Fig. 4A), the likely human homolog
of the mouse osteoblastic differentiation protein BIG-3
(Gori et al. 2001). A human homolog of the DPY30-re-
lated yeast protein Sdc1 was probably not identified as a
HIP because the two closest human homologs of Sdc1
are too small to have been captured in our electropho-
retic separation (Fig. 1D). The reason for the absence of
homologs of the Swd1 and Swd2 WD40-repeat proteins is
not known. Perhaps, in the human Set1/Ash2 HMT
complex, these two yeast WD40-repeat proteins have
been replaced by the RpAp46 and RpAp48 WD40-repeat
proteins found associated with the HCF-1N subunit; con-
sistent with this idea, the human Enhancer of Zeste
HMT has been recently shown to contain RpAp46 and
RpAp48 (Kuzmichev et al. 2002).

To verify the Set1/Ash2 HMT mass spectroscopy re-
sults, we raised antibodies against the human Set1,
Ash2, and WDR5 proteins and performed immunoblot
analyses of the two-step purified f-HCF-1N complexes as
shown in Figure 4B. Consistent with the mass spectros-
copy analysis, the human Set1, Ash2, and WDR5 pro-
teins could be detected in the f-HCF-1N-containing ma-
terial but not in the mock-purified material (Fig. 4B, pan-
els a–c, cf. lanes 2 and 3), whereas the pRb-associated K9
HMT SUV39H1 protein was not detected (Fig. 4B, panel
d). The absence of the SUV39H1 protein is consistent
with the absence of any other SET-domain-containing
proteins or other proteins with HMT similarity in our
HIP analysis (data not shown).

HCF-1N subunit association with histone H3-K4
methyltransferase activity

Although in some rare instances it is associated with
repression of transcription (e.g., the rDNA genes; Briggs
et al. 2001; Bryk et al. 2002; Krogan et al. 2002), in yeast,
the Set1/Ash2 HMT complex is generally associated
with transcriptional activation of protein-encoding
genes via methylation of histone H3 at K4 (Roguev et al.
2001; Bernstein et al. 2002; Nagy et al. 2002; Noma and
Grewal 2002; Santos-Rosa et al. 2002), a mark associated
with actively transcribed genes in a wide array of eukary-
otic species (Strahl et al. 1999; Litt et al. 2001; Noma et
al. 2001; Bernstein et al. 2002; Santos-Rosa et al. 2002).
We therefore tested whether the two-step purified
f-HCF-1N complexes containing human Set1 and Ash2
possess HMT activity as shown in Figure 4C with both
purified core histones (lanes 1–4) and recombinant his-
tone H3 (lanes 5,6; see Materials and Methods). With
both substrates, the f-HCF-1N material displayed selec-
tive histone H3 HMT activity (Fig. 4C, lanes 3,5),
whereas the control mock-purified material did not ex-
hibit any activity (Fig. 4C, lanes 4,6). Because we found
no other HMT-related proteins associated with the HCF-
1N subunit, we conclude that the histone H3 methyl-

ation activity described here is due to the activity of the
HCF-1N-associated human Set1/Ash2 HMT.

To map the site of histone H3 methylation, we in vitro
methylated purified recombinant histone H3 by incuba-
tion with the f-HCF-1N two-step purified material in the
presence of [H3]-S-adenosyl methionine and then sub-
jected the radiolabeled histone H3 to Edman degrada-
tion. The analysis revealed that K4 is the only methyl-
ation target of human Set1/Ash2 HMT within the first
16 amino acids of histone H3 (Fig. 4D). Furthermore, the
radioactivity remaining on the PVDF membrane after 16
cycles of Edman degradation indicates that K4 is the ma-
jor, if not only, histone H3 methylation target for this
HMT (Fig. 4D). Thus, similarly to its yeast counterpart,
these results indicate that the human Set1/Ash2 is a his-
tone H3-K4 HMT.

K9 methylation inhibits K4 methylation by the
HCF-1N-associated Set1/Ash2 HMT

Histone modification can be regulated by prior modifi-
cation of nearby residues as evidenced by the inhibition
of histone H3-K9 methylation by Ser 10 phosphorylation
(Rea et al. 2000), thus providing a mechanism for regu-
latory interplay by different histone “codes.” Histone H3
methylation of residues K4 and K9 is known to be asso-
ciated with different transcriptional outcomes: tran-
scriptional activation by K4 methylation and transcrip-
tional repression by K9 methylation (Jenuwein and Allis
2001). To determine whether K4 methylation by the
HCF-1N-associated Set1/Ash2 complex might be influ-
enced by prior methylation of K9, we compared the abil-
ity of the f-HCF-1N- andmock-purified material to meth-
ylate either an unmodified peptide corresponding to the
first 15 amino acids of histone H3 or a peptide premeth-
ylated (trimethylated) at K9; as a control, we included a
corresponding peptide premethylated at K4, which
should directly block Set1/Ash2 HMT activity. As
shown in Figure 4E, consistent with Set1/Ash2 K4 meth-
ylation specificity, the unmodified peptide was an effec-
tive substrate for the f-HCF-1N-associated HMT activity,
whereas the K4 trimethylated peptide was not. Interest-
ingly, however, K9 premethylation blocked peptide
methylation by the f-HCF-1N-associated HMT activity
(Fig. 4E), indicating that there is a cross-talk between K9
methylation and K4 methylation by the Set1/Ash2 com-
plex.

The Set1/Ash2 HMT and Sin3 HDAC complexes
associate with separate functional regions of the
HCF-1N subunit

The HCF-1N subunit contains two functional regions re-
quired to promote cell proliferation (Wilson et al. 1997):
the Kelch domain, which tethers HCF-1 to chromatin,
and the Basic region, which we have hypothesized is in-
volved in recruitment of coregulatory activities to chro-
matin (Wysocka et al. 2001). The yeast two-hybrid data
presented in Figure 3 suggest that the Sin3 HDAC com-
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plex binds to the HCF-1 Basic region via the Sin3 PAH1
domain, but no other elements of the Sin3 complex or
HCF-1N subunit were directly assayed for interaction in
these experiments. To map sites of Sin3 HDAC and
Set1/Ash2 HMT association with functional regions of
HCF-1 in vivo, we immunopurified HCF-1-associated
proteins from the f-HCF-1N HeLa-cell line and the pre-
viously described f-HCF-1Kelch HeLa-cell line, which ex-
presses the HCF-1 Kelch domain alone (residues 2–380;
Wysocka et al. 2001), as illustrated in Figure 5A. As a
control, we performed parallel immunopurification from
the cell line directing synthesis of the Flag epitope alone.

The anti-Flag-immunopurified complexes were first
analyzed by immunoblot with an N-terminal anti-HCF-
1N antibody (�N18) that recognizes both endogenous
HCF-1N and the recombinant f-HCF-1N molecules as
shown in Figure 5B (panel a). Only the Flag-tagged HCF-1
molecules were anti-Flag-immunopurified, as evidenced
by the recovery of the f-HCF-1N (Fig. 5B, panel a, lane 1)
and f-HCF-1Kelch (Fig. 5B, panel a, lane 2) proteins but not
the endogenous HCF-1N proteins (Fig. 5B, panel a, lanes
1–3). In addition to demonstrating the efficacy of the
purification procedure, we note that the lack of endog-
enous HCF-1N subunit copurification indicates that
HCF-1N molecules do not associate with one another
stably in the cell forming dimeric or multimeric HCF-1
complexes.

As monitored by anti-Sin3A immunoblotting, the Sin3
complex was specifically recovered with the f-HCF-1N

but not the f-HCF-1Kelch protein (Fig. 5B, panel b, cf.
lanes 1–3). Together with the yeast two-hybrid data,
these results indicate that the Sin3 complex associates
independently and exclusively with the HCF-1N Basic
region. In contrast, as monitored by anti-Ash2 immuno-
blotting, the Set1/Ash2 complex was specifically recov-
ered with both the f-HCF-1N and f-HCF-1Kelch proteins
(Fig. 5B, panel c, cf. lanes 1–3), indicating that the Set1/
Ash2 HMT complex associates independently with the
HCF-1 Kelch domain. Thus, the two HCF-1-associated
chromatin-modifying activities associate independently
with two separate functional HCF-1N regions that are
required for promoting cell proliferation: the Kelch do-
main and the Basic region.

As shown in Figure 5C, these Sin3 and Set1/Ash2 in-
teractions are also independent of DNA or chromatin
association because they are not sensitive to the DNA-
binding inhibitor ethidium bromide (Fig. 5C, panels a,b,
cf. lanes 1 and 3; Lai and Herr 1992). Consistent with
these results, we note that these associations are not
sensitive to high salt because the first WGA purification
step of the HCF-1N complexes (Fig. 1B) is performed in
buffer containing 420 mM KCl (see Materials and Meth-
ods). Thus, the association of HCF-1 with these two
chromatin-modifying complexes can occur indepen-
dently of the DNA-bound/chromatin-associated state of
HCF-1 in the cell, but whether they naturally occur off
the chromatin is not known.

Cosedimentation of HCF-1, Sin3A, and Ash2
in high-molecular-weight complexes

The ability of the generally activating Set1/Ash2 HMT
and repressive Sin3 HDAC complexes to bind to differ-
ent functional regions of HCF-1 independent of DNA
suggests that they could bind HCF-1 simultaneously to
create one or more “super” complexes with diverse regu-
latory activities. To test this hypothesis, we asked
whether HCF-1 and the Sin3 HDAC and Set1/Ash2
HMT complexes cosediment during glycerol-gradient
sedimentation. For this purpose, as shown in Figure 6A,
we analyzed the glycerol-gradient sedimentation pat-
terns of endogenous HCF-1 (as assayed with an HCF-1C

Figure 5. Independent Sin3 HDAC and Set1/Ash2 HMT asso-
ciation with separate functional regions of the HCF-1N subunit.
(A) A schematic of f-HCF-1N and f-HCF-1Kelch is shown with
Set1/Ash2- and Sin3-interaction regions depicted above the
f-HCF-1N diagram. (B) Anti-Flag immunoprecipitations were
performed from cells expressing f-HCF-1N, f-HCF-1Kelch, or
transduced with the empty vector, and analyzed by immunob-
lotting with anti-HCF-1N (panel a), anti-Sin3 (panel b), and anti-
Ash2 (panel c) antibodies. Samples were normalized to the cell
equivalents. *, nonspecific anti-Ash2 cross-reacting species. (C)
HCF-1N association with Sin3 and Ash2 is DNA-independent.
Two-step purification was performed in parallel from f-HCF-1N

and empty vector-transduced cells either in the presence (lanes
1,2) or in the absence (lanes 3,4) of 100 µg/mL ethidium bromide
(see Materials and Methods). Purified material was analyzed by
immunoblotting with anti-Sin3A (panel a) and anti-Ash2 (panel
b) antibodies.
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subunit-specific antibody; Fig. 6A, panel a), f-HCF-1N

(Fig. 6A, panel b), Sin3A (Fig. 6A, panel c), Ash2 (Fig. 6A,
panel d), and Sp1 (Fig. 6A, panel e) proteins isolated from
f-HCF-1N HeLa-nuclear extract enriched in HCF-1 mol-
ecules by the WGA purification step (Fig. 1B). To pre-
serve high-molecular-weight complexes within the gra-
dient, the samples were centrifuged in a dense gradient
(25%–50% glycerol) for a relatively short period (see Ma-
terials and Methods). Under such conditions, protein
complexes with an apparent molecular weight of 0.5 MD
and less were present in the first five fractions (Fig. 6A,
see markers at top).

In contrast to highly purified HCF-1300 and HCF-1N–
HCF-1C heterodimeric complexes, which sediment at
<100 kD (Wilson et al. 1993a), the majority of the WGA-
purified endogenous HCF-1 protein and f-HCF-1N sub-
unit sedimented with a much higher apparent molecular
weight (Fig. 6A, panels a,b). Remarkably, the patterns of
the endogenous HCF-1 and f-HCF-1N subunits are very
similar (Fig. 6A, cf. panels a and b). This similarity can-
not be explained by association of the recombinant

f-HCF-1N subunit with the endogenous HCF-1C sub-
units because only very substoichiometric amounts of
the HCF-1C subunit are purified with the f-HCF-1N sub-
unit (Fig. 1D). Instead, these HCF-1 and HCF-1N-subunit
cosedimentation results indicate that the HCF-1N sub-
unit, and not the HCF-1C subunit, is primarily respon-
sible for the mobility of endogenous HCF-1 during sedi-
mentation, suggesting that the HCF-1N subunit has the
major role in HCF-1 association with other cellular pro-
teins. Importantly, these results additionally indicate
that the recombinant f-HCF-1N subunit faithfully repro-
duces endogenous HCF-1 complexes in both nature and
quantity, further validating the veracity of the HIP iden-
tification described in Figure 1.

To test whether the HCF-1 proteins cosediment with
the Sin3 HDAC and Set1/Ash2 HMT complexes, we ana-
lyzed the same glycerol gradient by immunoblot analysis
with the anti-Sin3A and anti-Ash2 antibodies. Although
the Sin3A and Ash2 sedimentation patterns differ from
the HCF-1 sedimentation pattern (e.g., Fig. 6A, cf. panels
a–d, lane 7, which is relatively low for HCF-1 proteins

Figure 6. Sin3 HDAC and Set1/Ash2
HMT complex components coexist with
HCF-1 in high-molecular-weight com-
plexes. (A) Cosedimentation of HCF-1N,
Sin3A, and Ash2 on glycerol gradients.
HCF-1-enriched samples were prepared
from cells synthesizing f-HCF-1N by the
WGA purification step and applied to a
25%–50% glycerol gradient (see Materials
and Methods). Fractions were analyzed by
immunoblotting with antibodies recog-
nizing endogenous HCF-1C (panel a), ecto-
pic f-HCF-1N (panel b), Sin3A (panel c),
Ash2 (panel d), and Sp1 (panel e). The po-
sition of molecular weight markers ap-
plied to a parallel gradient is indicated at
the top. (B) Sin3A, endogenous HCF-1, and
Ash2 copurify in nontranduced cells.
Anti-Sin3A immunoprecipitation (lane 1)
and control immunoprecipitation (lane 2)
with a corresponding amount of the irrel-
evant antibody of the same isotype
(12CA5) were performed from nontrans-
duced HeLa cells. Immunoprecipitates
were analyzed by immunoblotting with
anti-Sin3A (panel a), anti-HCF-1 (panel b),
and anti-Ash2 (panel c) antibodies. (C)
Sin3A and Ash2 can associate with
HCF-1 simultaneously. (Top) Purification
scheme for f-HCF-1N/Sin3A complexes
from f-HCF-1N/HA-VP16�C HeLa cells.
Corresponding amounts of the two-step-
purified samples from f-HCF-1N/HA-
VP16�C and HA-VP16�C only HeLa cells
fractionated by anti-Sin3A immunopre-
cipitation were analyzed by immunoblot-
ting with Sin3A (lower panel, lanes 1,2),
anti f-HCF-1N (lanes 3,4), Ash2 (lanes 5,6),
and VP16 (lanes 7,8) antibodies.
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but still high for Sin3A and Ash2 molecules), there is a
remarkable cosedimentation of HCF-1, Sin3A, and Ash2
molecules among very-high-molecular-weight com-
plexes (>1 MD; Fig. 6A, cf. panels a–d, fractions 13 and
17). This cosedimentation pattern is unlikely to be for-
tuitous because Sp1, revealed by immunoblot analysis
(Fig. 6A, panel e), and other polypeptides, revealed by
silver-stain analysis of the gradient fractions (data not
shown), display very different sedimentation patterns.
Together, these data indicate that both endogenous
HCF-1 and the f-HCF-1N subunit cosediment with
Sin3A and Ash2 in high-molecular-weight complexes,
consistent with the presence of HCF-1-containing Sin3
HDAC and Set1/Ash2 HMT supercomplexes.

These cosedimentation analyses were performed with
extracts from the stably expressing f-HCF-1N-subunit
HeLa-cell line, which permitted the parallel analysis of
endogenous and f-HCF-1N-subunit complexes. To dem-
onstrate that HCF-1 naturally associates with the Sin3
HDAC complex in nontransduced HeLa cells, we pre-
pared a WGA-purified fraction from a normal HeLa-cell
nuclear extract and performed an anti-Sin3A immuno-
precipitation from the HCF-1-enriched nuclear extract.
As shown in Figure 6B, the Sin3A immunoprecipitation
recovered endogenous HCF-1 polypeptides more effec-
tively than a control immunoprecipitation with an un-
related antibody of the same isotype (Fig. 6B, panels a,b,
cf. lanes 1 and 2). Thus, endogenous HCF-1 naturally
associates with Sin3A. Ash2 was also specifically recov-
ered in this Sin3A immunoprecipitation, suggesting that
in native HeLa-cell extracts, HCF-1, Sin3 HDAC, and
Set1/Ash2 HMT associate with one another.

The HCF-1N subunit tethers the Sin3 HDAC and
Set1/Ash2 HMT components together

To extend the cosedimentation analyses described
above, which do not directly address protein–protein as-
sociation, we asked, by HCF-1N-subunit purification fol-
lowed by Sin3A immunoprecipitation, whether the Sin3
HDAC and Set1/Ash2 HMT complexes associate with
HCF-1 simultaneously. For this experiment, we took ad-
vantage of a HeLa-cell line coexpressing the f-HCF-1N

subunit and VP16; as described further below, the VP16
protein provided a negative control for this experiment.
We first purified the f-HCF-1N-containing complexes
from these cells by the two-step protocol (Fig. 1B) and
then isolated those f-HCF-1N-containing complexes con-
taining Sin3A by anti-Sin3A immunoprecipitation as de-
scribed in Figure 6C (top). A standard mock purification
from matched cells lacking the f-HCF-1N subunit was
performed in parallel and in all instances was negative
for the proteins assayed (Fig. 6C, even-numbered lanes).
The three-step f-HCF-1N/Sin3A-purified material con-
tained Sin3A, f-HCF-1N, and Ash2 molecules [Fig. 6C,
lanes 1,3,5; but not VP16 (Fig. 6C, lane 7), consistent
with mutually exclusive Sin3 and VP16 association with
HCF-1; see below]. Thus, at least Sin3A and Ash2—and
probably their respective HDAC and HMT complexes—
can associate with the HCF-1N subunit simultaneously.

Given the independent Set1/Ash2 association with the
HCF-1 Kelch domain and Sin3 association with the Basic
region (Figs. 3, 5), these results strongly suggest that
HCF-1 tethers the Set1/Ash2 HMT and Sin3 HDAC
complexes together.

Preferential VP16 association with the HCF-1-Set1/
Ash2 HMT complex

The simultaneous association of HCF-1 with chromatin-
modifying complexes apparently involved in both acti-
vation (the Set1/Ash2 HMT) and repression (the Sin3
HDAC) of transcription is curious because, in the con-
text of the VP16-induced complex, HCF-1 is only known
to be involved in activation of transcription. We there-
fore asked which, if any, of these histone-modifying
complexes is associated with HCF-1 when it is bound to
VP16. To answer this question, we first prepared the cell
lines briefly mentioned above: these are derivatives of
wild-type and f-HCF-1N-containing HeLa cells that also
contain a hemagglutinin-epitope (HA)-tagged VP16-core
molecule called HA-VP16�C lacking the C-terminal
transcriptional activation domain but containing all the
necessary elements for VP16-induced complex forma-
tion as shown in Figure 7A (top; Greaves and O’Hare
1990). Chromatin fractionation of the f-HCF-1N/HA-
VP16�C cells showed that nearly all of the f-HCF-1N

molecules were present in the chromatin fraction (Fig.
7A, upper panel, cf. lanes 1 and 2). Even though these
HSV uninfected cells do not contain HSV VP16-response
elements, about half of the VP16 protein is recovered in
the chromatin fraction, whereas the other half is present
in the cytosolic fraction (Fig. 7A, lower panel, lanes 1,2).
Thus, although the specific sites of chromatin binding
are unknown, many of the VP16 molecules are in a
proper location to associate with chromatin-bound
f-HCF-1N and its associated factors.

To identify VP16 association with the f-HCF-1N sub-
unit and its associated factors, we first isolated f-HCF-
1N-containing complexes from the f-HCF-1N/HA-
VP16�C cell line by the two-step protocol (Fig. 1B), per-
forming a mock purification with HA-VP16�C-only
HeLa cells in parallel, and then separated VP16-bound
from VP16-free f-HCF-1N complexes by HA-epitope-spe-
cific HA-VP16�C immunoprecipitation as illustrated in
Figure 7B. We then analyzed corresponding amounts of
the VP16-bound and VP16-free f-HCF-1N fractions by
immunoblot as shown in Figure 7C.

Consistent with VP16 association with the f-HCF-1N

subunit and its effective recovery in the VP16 immuno-
precipitation, all of the detectable VP16 was present in
the VP16-bound and not in the VP16-free fraction (Fig.
7C, panel a, cf. lanes 2 and 4). This VP16 immunopre-
cipitation step resulted in recovery of ∼25% of the
f-HCF-1N molecules (Fig. 7C, panel b, cf. lanes 2 and 4),
indicating that a significant portion of the f-HCF-1N

molecules in the coexpressing cells is associated with
VP16. Of this portion, however, there is little, if any,
coassociated Sin3A molecules or Sds3 molecules (Fig.
7C, panels c,d, cf. lanes 2 and 4). These results suggest
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that VP16 binds preferentially to f-HCF-1N molecules
that are not bound to the repressive Sin3 HDAC com-
plex.

In contrast, a significant portion of the Set1/Ash2
HMT complex members Ash2 and WDR5 cofractionate
with the VP16-bound fraction (Fig. 7C, panels e,f, cf.
lanes 2 and 4). Additionally, as shown in Figure 7D, the
VP16-bound f-HCF-1N fraction contained histone H3
HMT activity as does the VP16-free fraction (Fig. 7D, cf.
lanes 3 and 5), indicating that the Set1/Ash2 complex is
not only present in the VP16-bound fraction but also
active. Thus, the prototypical transcriptional activator
VP16 distinguishes between coregulatory complexes
bound to HCF-1, favoring association with the histone-
modifying complex implicated in activation of transcrip-
tion.

Discussion

We have defined a series of molecular activities associ-
ated with the N-terminal subunit of HCF-1 in HSV un-

infected cells. Two of these activities are associated with
opposing roles in the regulation of transcription through
the modulation of chromatin structure: Sin3 HDAC and
a novel human Set1/Ash2 HMT. HCF-1 tethers these
two histone-modifying complexes together in a super-
complex by their independent association with separate
regions of HCF-1 that cooperate in promoting cell pro-
liferation. Although HCF-1 can bind the Sin3 HDAC and
Set1/Ash2 HMT complexes simultaneously, VP16 does
not stably associate with this supercomplex; instead, it
is found selectively bound to HCF-1 with the activating
Set1/Ash2 HMT complex. Thus, as a transcriptional ac-
tivator, VP16 distinguishes between chromatin-modify-
ing activities bound to a coregulator.

A human Set1/Ash2 HMT complex

Our analysis of HCF-1-associated proteins suggests that
a K4 histone H3 HMT complex has been conserved from
yeast to humans in both structure and activity: the Set1/
Ash2 HMT. Although we have not analyzed the Set1/

Figure 7. Preferential VP16 association
with f-HCF-1N–Set1/Ash2 HMT over f-HCF-
1N–Sin3 HDAC complexes. (A) A signifi-
cant portion of HA-VP16�C is bound to
chromatin in the f-HCF-1N/VP16�C cells.
A schematic of HA-VP16�C and f-HCF-1N

is shown. f-HCF-1N/HA-VP16�C HeLa
cells were fractionated into cytosolic/
soluble nuclear and chromatin-associated
protein fractions and probed with anti-Flag
(upper panel) and anti-HA (lower panel) epi-
tope antibodies. (B) Schematic of the VP16-
bound and VP16-free f-HCF-1N complexes
fractionation. (C) Two-step f-HCF-1N and
mock-purified samples from f-HCF-1N/HA-
VP16�C and HA-VP16�C only cells, were
fractionated by anti-HA coimmunoprecipi-
tation into a VP16-bound f-HCF-1N fraction
(pellet) and VP16-free f-HCF-1N fraction
(supernatant). Samples were analyzed by
immunoblotting with VP16 (panel a),
HCF-1 (�N18; panel b), Sin3A (panel c),
Sds3 (panel d), Ash2 (panel e), and WDR5
(panel f) antibodies. (D) VP16-bound HCF-1
complexes contain HMT activity. VP16-
bound and VP16-free f-HCF-1N complexes
were isolated as for C, except that VP16-
bound complexes were eluted from the
beads with excess of HA peptide. Fractions
were then normalized to the amount of
Ash2 present (threefold more of VP16-
bound than VP16-free fraction was used, in-
dicated by 3×) and assayed for the HMT ac-
tivity using core histones as a substrate.
Proteins were resolved by 15% SDS-PAGE
and examined by Coomassie blue staining
(lower panel) or fluorography (upper panel).
The positions of the histones are indicated
on the left. NE, HeLa nuclear extract (10-
fold less than used in Fig. 4C) was used as a
positive control.
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Ash2 complex independently of HCF-1, the structural
and functional similarity of the HCF-1-associated Set1/
Ash2 HMT activities with the yeast counterparts
strongly suggest that a bona fide Set1/Ash2 HMT com-
plex exists in human cells. The results presented here
show that this Set1/Ash2 HMT complex, in mutually
exclusive interactions, can associate with HCF-1 bound
to the repressive Sin3 HDAC or the transcriptional acti-
vator VP16, indicating a diversity of transcriptional regu-
latory roles.

Simultaneous association of VP16 with the HCF-1-
Set1/Ash2 complex was unexpected because the only
known mechanism for binding the HCF-1 Kelch domain
is via the (D/E)HXY tetrapeptide motif, for which there
is only one binding site in the HCF-1 Kelch domain (Lu
et al. 1997). Both VP16 and Set1 possess the (D/E)HXY
tetrapeptide motif-binding sequence, readily explaining
how these two proteins bind the HCF-1 Kelch domain
independently. But how do they associate together? Per-
haps, when the Set1/Ash2 HMT complex binds the
HCF-1 Kelch domain it can contact two different sur-
faces—the (D/E)HXY-binding site and a second indepen-
dent site—and adopts different configurations on the
HCF-1 Kelch domain when bound alone or with an ac-
tivator such as VP16.

The conserved nature of the Set1/Ash2 complex be-
tween yeast and humans suggests that it plays important
roles in different species. The Ash2 component of the
Set1/Ash2 HMT was originally identified as a trithorax-
group protein in Drosophila (LaJeunesse and Shearn
1995), where this class of proteins plays an important
role in maintaining expression of homeotic regulators of
developmental differentiation and pattern formation
(Kennison 1995). Furthermore, Set1 is related to another
trithorax-group protein, Trx (HRX, MLL, or ALL in hu-
mans). The presence of the two trithorax-group-related
proteins in human Set1/Ash2 HMT suggests that it plays
a role in the regulation of human homeotic gene expres-
sion.

Here, we show that Set1/Ash2 histone H3-K4 HMT
activity is blocked by prior methylation of the histone
H3-K9 residue (Fig. 4). In S. cerevisiae, histone H3-K9
methylation has not been detected, and therefore it is
unlikely that the mode of methyl K9 to K4 interplay
described here plays a role in Set1/Ash2 function in S.
cerevisiae. Thus, the Set1/Ash2 HMT may play more
intricate regulatory activities in animals (and Schizosac-
charomyces pombe, where K9 methylation is also pre-
sent) than in budding yeasts.

Role of HCF-1 in VP16 transcriptional activation

HCF-1 may play a more active role in transcriptional
activation of the HSV IE genes by VP16 than previously
appreciated: Luciano and Wilson (2002) have shown that
the HCF-1C subunit contains a transcriptional activation
domain that cooperates with VP16 to activate transcrip-
tion, and the studies described here show that HCF-1 can
provide a chromatin-modifying activity associated with
transcriptional activation. The preferential association

of the Set1/Ash2-HCF-1 complex with VP16 suggests
that chromatin structure plays a role in transcriptional
regulation of the HSV IE genes during lytic infection.
This suggestion is surprising, because it is generally
thought that chromatin structure does not play an im-
portant role in HSV gene transcription, largely because,
unlike other viruses (e.g., SV40), newly replicated HSV
genomes are not packaged into chromatin (Leinbach and
Summers 1980). But little, if anything, is known about
the nucleosome-bound status of the newly deposited ge-
nome(s) of the infecting HSV prior to activation of IE-
gene transcription by the VP16-induced complex during
lytic infection. Perhaps newly deposited genomes are,
indeed, assembled into chromatin by the host cell. Al-
ternatively, nucleosomes may not be the sole target of
the Set1/Ash2 HMT—for example, the VP16-induced
complex itself or other site-specific activators might be
methylation targets.

Involvement of varied chromatin-modifying activities
in HCF-1’s role in cell proliferation

By isolating proteins that associate with the HCF-1N

subunit in nuclear extracts, that is, HIPs, our analysis
has been biased toward major HCF-1-interaction part-
ners. Thus, chromatin-modifying activities appear to be
major HCF-1 effectors. Interestingly, the two complexes
identified bind to separate regions of the HCF-1N subunit
that cooperate to support cell proliferation. It is likely
that HCF-1 is able to promote cell proliferation by regu-
lating chromatin structure. Previous estimates have in-
dicated that a typical HeLa cell contains about a half
million molecules of chromatin-bound HCF-1 or about
one molecule of HCF-1 for every 10 kb of genomic DNA
(Wysocka et al. 2001). Additionally, we estimate that
∼5%–10% of endogenous HCF-1 molecules are bound to
the Sin3 HDAC complex in HeLa cells (J. Wysocka and
W. Herr, unpubl.). Thus, we suggest that HCF-1 is a
widespread regulator of chromatin structure.

A regulatory oscillator?

One of the unexpected findings described here is that
HCF-1 tethers two chromatin-modifying activities asso-
ciated with opposing transcriptional regulatory activities
together. Although generally associated with opposite
transcriptional activities, they may cooperate in tran-
scriptional regulation. Indeed, in S. cerevisiae, Rpd3, the
homolog of human Sin3-complex HDACs 1 and 2, and
the Set1 HMT are both found associated with common
transcriptional targets, and the levels of their chromatin-
modifying activities inversely correlate (Bernstein et al.
2002; Kurdistani et al. 2002). How these different activi-
ties are corecruited to genes in yeast is not known. Per-
haps in animals, HCF-1 can provide such a function by
tethering the HDAC and HMT activities simultaneously
to genes that it regulates, thus providing a platform that
can lead to oscillating on and off states of transcription.
A similar view is emerging from studies of inducible
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transcription in S. cerevisiae (Papamichos-Chronakis et
al. 2002; Proft and Struhl 2002), suggesting that such
coordinated dual modes of regulation may be common in
eukaryotes.

Materials and methods

Cell lines

HeLa cells stably synthesizing N-terminally Flag-epitope-
tagged HCF-1 residues 2–1011 (f-HCF-1N) or 2–380 (f-HCF-
1Kelch) or transduced with the empty pBabeFlag-Puro vector
were described previously (Wysocka et al. 2001). Sequences en-
coding HA-VP16�C (residues 5–411) were cloned into the
pBabe-Hygro retroviral vector after PCR amplification. Popula-
tions of HeLa cells stably synthesizing both HA-VP16�C and
f-HCF-1N or HA-VP16�C alone were obtained by retroviral gene
transfer with the Phoenix amphotropic virus packaging line
(Serrano et al. 1997) and the HA-VP16�C vector into HeLa cells
already directing synthesis of f-HCF-1N or the Flag epitope
alone. Appropriate cells were selected by culturing in 10% fetal
bovine serum (FBS) in Dulbecco’s modified Eagle’s medium
(DMEM) containing 1 mg/mL hygromycin and 2 µg/mL puro-
mycin for 10 d.

Purification of the f-HCF-1N complexes

For the two-step f-HCF-1N purification protocol, nuclear ex-
tracts (Dignam et al. 1983) were prepared from ∼2.4 × 1010 HeLa
cells directing synthesis of the f-HCF-1N subunit or the Flag
epitope alone and immediately incubated at 4°C for 1 h with
WGA agarose beads (Vector Laboratories). The WGA agarose
beads were equilibrated with buffer D (20 mM HEPES at pH 7.9,
20% glycerol, 0.2 mM EDTA, 0.1% NP-40, and freshly added
protease inhibitors, Pefabloc and Complete; Roche) containing
420 mM KCl (buffer D/420 mM KCl); 1 mL of beads was used
per 4.3 × 109 cell equivalents (Wilson et al. 1993a). After incu-
bation, the WGA beads were washed three times in buffer
D/420 mM KCl and 4 times in buffer D/100 mM KCl. WGA-
bound proteins were eluted at room temperature three times for
20 min each time with buffer D/100 mM KCl saturated with
N-acetylglucosamine (∼400 mM). Eluates were combined and
immediately incubated at 4°C with Flag M2 agarose beads
(Sigma) for 3 to 12 h. About 1 mL of anti-Flag epitope beads was
used per 7 × 109 cells. After incubation, the beads were washed
five times with buffer D/100 mM KCl and three times with
buffer D/100 mM NaCl and 10% glycerol. Immunoprecipitates
were eluted at room temperature three times for 20 min each
time with buffer D/100 mM NaCl, 10% glycerol, and 0.5 mg/
mL Flag peptide. Eluates were combined, concentrated with Mi-
crocon columns, and fractionated by SDS-PAGE. Proteins were
visualized by colloidal Coomassie blue staining (Invitrogen). For
the ethidium bromide control, WGA eluates were preincubated
for 30 min with 100 µg/mL ethidium bromide, and anti-Flag
immunoprecipitation followed by Flag peptide elution was per-
formed as described above, except that all the buffers contained
in addition ethidium bromide at a final concentration of 100
µg/mL.

Purification of f-HCF-1N/VP16�C, f-HCF-1N/Sin3A, and
endogenous HCF-1/Sin3A complexes

Chromatin fractionation was performed as previously described
(Wysocka et al. 2001). f-HCF-1N complexes were purified by the
two-step purification protocol, from each of the HeLa-cell lines

stably expressing HA-VP16�C and f-HCF-1N or HA-VP16�C
alone. Combined Flag peptide eluates were immediately incu-
bated at 4°C with 12CA5 anti-HA monoclonal antibody cova-
lently cross-linked to the Protein G agarose (Roche). After in-
cubation, the supernatant was collected for further analysis, and
the 12CA5 anti-HA beads were washed six times with buffer
D/100 mM NaCl; immunoprecipitates were recovered from the
beads by boiling in SDS-Laemmli buffer. Corresponding
amounts of supernatant and immunoprecipitates were subse-
quently analyzed by immunoblotting. Alternatively, immuno-
precipitates were eluted from the 12CA5 anti-HA beads with
buffer D/100 mM NaCl and 0.5 mg/mL HA peptide and eluates
analyzed in the HMT assay.

To purify the f-HCF-1N/Sin3A complexes, f-HCF-1N com-
plexes purified by the two-step purification protocol were incu-
bated at 4°C with anti-Sin3A mouse monoclonal antibody. Im-
munoprecipitates were collected after addition of protein-G aga-
rose beads, washed six times with buffer D/100 mM NaCl,
recovered from the beads by boiling in SDS-Laemmli buffer, and
analyzed by immunoblotting. To purify the endogenous HCF-
1/Sin3A complexes, nuclear extract was prepared from non-
transduced HeLa cells, enriched for HCF-1 by the WGA purifi-
cation step, and incubated with the anti-Sin3A monoclonal an-
tibody. Immunoprecipitates were collected and washed as
described above.

Protein identification by mass spectrometry

Stained f-HCF-1N complex components after SDS-PAGE frac-
tionation were excised and processed for in-gel trypsin digestion
following standard protocols. The resulting peptides were ex-
tracted and purified on C18-Ziptips (Millipore) according to the
manufacturer’s protocol and resuspended in 10 µL of 30%
methanol, 0.5% acetic acid. A fraction of the purified peptides
was analyzed by MALDI-TOF mass spectrometry, and the data
were analyzed using the software programs m/z (Proteometrics)
and the PROFOUND search engine (Zhang and Chait 2000).
The remaining sample was analyzed by LC-MS/MS using an
LCQDeca mass spectrometer (Thermo-Finnigan). Samples
judged by MALDI-TOF spectrometry to contain relatively large
amounts of peptide were separated using a 0.3 mm × 50 mm
C18 column (VYDAC) developed at 8 µL/min. Samples judged
to be of low abundance were analyzed using a 0.075 mm × 50
mm Aquasil-C18 picofrit column (Newobjective) developed
at 0.5 µL/min. The resulting spectra were analyzed with the
SONARS software package (Proteometrics).

HDAC and HMT assays

The HDAC assay was performed with the HDAC Assay Kit
(Upstate Biotechnology) according to the manufacturer’s in-
structions using chemically [3H]-acetylated histone H4 peptide
(amino acids 1–20) as a substrate. The HMT assay was per-
formed as described previously (Strahl et al. 1999). One of the
following substrates: 10 µg of purified core histones (Upstate
Biotechnology), 2 µg of recombinant histone H3 purified from
Escherichia coli (Upstate Biotechnology), or 1 µg of a histone H3
peptide corresponding to amino acids 1–15, either unmodified
or trimethylated on residue K4 or K9 (kind gifts of C.D. Allis,
University of Virginia, Charlottesville, VA), was used for meth-
yltransferase reactions. Reactions were analyzed by SDS-PAGE
followed by Coomassie blue staining and fluorography or by
spotting on P-81 paper and scintillation counting.

Edman degradation

f-HCF-1N purified material containing ∼1 ng of Set1 was used to
in vitro methylate recombinant histone H3 as described above.
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Proteins were separated by SDS-PAGE, transferred to the PVDF
membrane, and stained with Coomassie blue. The band corre-
sponding to histone H3 was excised from the membrane and
subjected to 16 cycles of Edman degradation reaction. Radioac-
tivity released in each cycle and remaining on the membrane
after 16 cycles was measured by scintillation counting.

Glycerol gradients

HCF-1-enriched nuclear extract was prepared from cells synthe-
sizing endogenous HCF-1 and f-HCF-1N by the WGA purifica-
tion step as described above and applied to a 5-mL 25%–50%
buffer D/100 mM KCl glycerol gradient and centrifuged in a
Vti65 rotor at 32,500 rpm for 10 h. Fractions (∼200 µL) were
collected and analyzed by immunoblotting. Molecular markers
were applied to a parallel gradient, and their migration was ana-
lyzed by Coomassie blue staining.

Two-hybrid assay

A yeast two-hybrid screen was performed using a bait contain-
ing the lexA DNA-binding domain fused to mouse Sin3A cDNA
encoding amino acids 119–1219 (PAH1-E) to screen a library of
mouse embryo cDNAs fused to the VP16 transactivation do-
main (Vojtek et al. 1993; Hollenberg et al. 1995). Transformants
expressing both HIS3 and lacZ were cured of bait plasmids and
tested for binding specificity by mating assays with AMR70
strains containing the original bait or a control plasmid. Of the
150 HIS3- and lacZ-positive transformants tested for binding
specificity, 33 clones were subsequently sequenced. Of these
sequenced clones, 4 were identified as containing identical
cDNA inserts corresponding to mouse HCF-1. Directed two-
hybrid assays were performed to map the Sin3A-interaction do-
mains of positive clones using lexA fusions containing different
regions of Sin3A: PAH1 (residues 119–196), PAH2 (residues
297–385), PAH3 (residues 459–526), PAH4 (residues 885–955),
and PAH3-E (residues 459–1219).

Immunoblot analysis

Polyclonal anti-HCF-1N subunit (�N18; Goto et al. 1997) and
anti-HCF-1C subunit (�H12; Wilson et al. 1993a) antisera have
been described previously. The anti-Flag (mouse monoclonal
M2), anti-Flag (rabbit polyclonal), and anti-HA (rabbit poly-
clonal) antibodies were obtained from Sigma; anti-Sin3A (rabbit
polyclonal K-20), anti-HDAC1 (H-11, mouse monoclonal), anti-
HDAC2 (C-8, mouse monoclonal), and anti-Sp1 (1C6, mouse
monoclonal) antibodies were obtained from Santa Cruz Biotech-
nology; anti-Mi2 (rabbit polyclonal), and anti-HDAC3 (rabbit
polyclonal) antibodies were obtained from Upstate Biotechnol-
ogy; and anti-O-linked N-acetylglucosamine (mouse monoclo-
nal) antibody from Affinity Bioreagents. The rabbit polyclonal
anti-GABP� antibody was a kind gift of H. Handa (Tokyo Insti-
tute of Technology, Yokohama, Japan); rabbit polyclonal anti-
OGT antibody was a kind gift of R.S. Haltiwanger (State Uni-
versity of New York at Stony Brook); rabbit polyclonal anti-
mSds3 antibody was a kind gift of G. David (Dana-Farber Cancer
Institute, Harvard Medical School, Boston, MA) and R.A. De-
Pinho (Dana-Farber Cancer Institute, Harvard Medical School,
Boston, MA); and anti-SUV39H1 mouse monoclonal antibody
was a kind gift of M.L. Cleary (Stanford University School of
Medicine, CA). Rabbit polyclonal antisera were raised against
peptides corresponding to the C-terminal sequences of the re-
spective proteins: TESCRGSLN (�Set1C), Ash2 CHVET
EVDGRRSPPWEP (�Ash2C), and WDR5 LENDKTIKLWKSDC
(�WDR5C), using the ResGen antibody production facility. Im-

munoblots were prepared by liquid transfer and developed by
the chemiluminescence reaction (SuperSignal; Pierce).

Coimmunoprecipitation

Nuclear extracts were prepared from cells expressing f-HCF-1N,
f-HCF-1Kelch, or as a control, from cells transduced with the
empty vector. Extracts were diluted to the concentration of 100
mM KCl and directly incubated with Flag M2 agarose beads
(Sigma). Immunoprecipitates were washed and eluted from the
beads with the specific peptide as described above and analyzed
by immunoblotting.
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