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Abstract
Tri-methylation of histone H3 on lysine 4 (H3K4me3) localizes near the 5′ region of genes and is
tightly associated with active loci. Several proteins, such as CHD1, BPTF, JMJD2A, and the ING
tumor suppressor family, directly recognize this lysine methyl mark. However, how H3K4me3
recognition participates in active transcription remains poorly characterized. Here we identify
specific CHD1-interacting proteins via H3K4me3 affinity purification, including numerous factors
mediating post-initiation events. Conventional biochemical purification revealed a stable complex
between CHD1 and components of the spliceosome. Depletion of CHD1 in extracts dramatically
reduced splicing efficiency in vitro, indicating a functional link between CHD1 and the spliceosome.
Knockdown of CHD1 and H3K4me3 levels by siRNA reduced association of U2 snRNP components
with chromatin, and more importantly, altered the efficiency of pre-mRNA splicing on active genes
in vivo. These findings suggest that methylated H3K4 serves to facilitate the competency of pre-
mRNA maturation through the bridging of spliceosomal components to H3K4me3 via CHD1.

Introduction
Gene expression is greatly impacted by non-covalent and post-translational, covalent
modification of chromatin. In particular, histone lysine methyltransferases (HKMTases) have
received a great deal of attention, although how histone lysine methylation mechanistically
contributes to gene expression remains poorly understood. Global changes in histone
methylation and acetylation are associated with cancer, and may serve as a predictive indicator
of clinical outcome (Seligson et al., 2005). Several human enzymes that catalyze methylation
on histone H3 lysine 4 (H3K4me), including MLL and SMYD3, are altered in a variety of
cancer types (Ayton and Cleary, 2001; Hamamoto et al., 2004). More recently, enzymes that
counteract the effects of H3K4me through demethylation have been found associated with
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various disease states (Iwase et al., 2007; Tahiliani et al., 2007). To understand how these
enzymes contribute to disease, it is essential to identify how H3K4me functionally relates to
events pertinent to transcriptional activation.

H3K4 tri-methylation (H3K4me3) is tightly associated with the transcription start site at the
5′ end of active genes (Bernstein et al., 2005; Schneider et al., 2004). Histone methylation is
thought to serve as a “mark” that can be recognized by specific proteins resulting in the
recruitment of downstream effectors. For instance, the PHD finger of Yng1 was recently found
to promote the histone acetyltransferase activity of NuA3 to facilitate H3K14 acetylation in
yeast (Taverna et al., 2006). It was demonstrated using a functional transcription assay that the
establishment of H3K4me3 requires the process of active transcription (Pavri et al., 2006);
therefore, the functional implication of this modification must act downstream of transcription
initiation, or perhaps during re-initiation. In vitro analyses also established that the H3K4 tri-
methyl mark itself has no direct effect on transcription (Pavri et al., 2006), suggesting that
H3K4me3 requires ancillary factors to carry out its effect on transcription. We and others
previously demonstrated that the human CHD1 protein specifically interacts with methylated
H3K4 via its tandem chromodomains (Flanagan et al., 2005; Sims et al., 2005). Studies in
yeast, Drosophila, and mammalian systems implicate a role for CHD1 in transcript elongation
and termination (Sims et al., 2004). However, whether CHD1 recruits downstream effectors
in the context of H3K4me3 remains to be determined.

Transcript elongation is a highly regulated and dynamic stage of the transcription cycle (Sims
et al., 2004). A current view of mRNA biogenesis incorporates multiple events simultaneously,
including transcript elongation, CAP addition, pre-mRNA splicing and polyadenylation, in
addition to mRNA surveillance and export (Hirose and Manley, 2000; Maniatis and Reed,
2002; Orphanides and Reinberg, 2002; Proudfoot et al., 2002). The involvement of chromatin
dynamics in transcript elongation has been well documented, although how chromatin relates
to pre-mRNA processing is far less understood. Chromatin immunoprecipitation experiments
revealed that splicing factor recruitment in mammalian cells occurs co-transcriptionally, which
differs from yeast (Listerman et al., 2006).

Our current findings demonstrate that human CHD1 recognition of H3K4me3 functions to
recruit factors involved in the coordinated events of mRNA maturation, namely transcript
elongation and pre-mRNA processing. CHD1 was found to bridge core spliceosomal
components to H3K4me3 via specific interactions with the SF3a sub-complex of U2 snRNP.
The recruitment of SF3a and the efficiency of pre-mRNA splicing were perturbed upon
reduction of CHD1 and H3K4me3. Collectively, our results provide a mechanistic explanation
for the H3K4me3 mark during active transcription: to facilitate the efficiency of post-initiation
processes, such as pre-mRNA splicing.

Results
Identification of H3K4me3-associated polypeptides

To better understand the function of H3K4me3 during transcription, we sought to identify
proteins that selectively recognize this methyl mark. We affinity-purified H3K4me3-binding
factors from HeLa nuclear extracts using a histone H3 peptide (first eight residues) tri-
methylated on lysine 4. The yeast protein Isw1p, and its human homologue SNF2h, selectively
binds H3K4me2 and H3K4me3 indirectly through an unidentified protein (Santos-Rosa et al.,
2003); thus, we scored initially for SNF2h binding. We observed clear specificity for SNF2h
binding to H3K4me2/3 peptide columns (Supplementary Figure 1A and 1B). The ATP-
dependent chromatin remodeling protein SNF2h is a component of numerous distinct
complexes, including RSF and ACF among others (Eberharter and Becker, 2004).
Interestingly, the Rsf-1 subunit of RSF did not bind to a column containing either the H3K4me0
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or H3K4me3 peptides, while SNF2h bound only to H3K4me3 (Figure 1A). This result indicates
that SNF2h binds to H3K4me3 within a distinct complex(es). Thus, our affinity-based
purification method displays a clear specificity in its discrimination between the H3K4me0
and H3K4me3 peptides.

Next, we focused on identifying additional H3K4me3-bound proteins. Silver staining revealed
a number of distinct polypeptides (Supplementary Figure 1C). A combination of mass
spectrometry and western blot analyses of the H3K4me3 affinity purified material identified
numerous proteins implicated in transcriptional post-initiation events, including transcript
elongation, pre-mRNA splicing, mRNA surveillance, and mRNA export, among other
activities (Supplementary Table 1). Our approach did not identify proteins involved in initiation
of transcription by RNA polymerase (RNAP) II, or factors associated with RNAP I or III (data
not shown). The ATP-dependent chromatin remodeling protein and histone chaperone CHD1
was observed to bind to the H3K4me3 affinity column (Supplementary Table 1, Figure 1B).
The related chromodomain containing ATPase CHD3 did not associate with H3K4me3
peptides, a finding supported by previous studies (Figure 1B) (Nishioka et al., 2002; Zegerman
et al., 2002). Mass spectroscopy of the H3K4me3 eluate identified components of PAF, a
protein complex consisting of hPaf1, hCtr9, hLeo1, hCdc73, and hSki8 (Supplementary Table
1, Figure 1B) (Rozenblatt-Rosen et al., 2005; Zhu et al., 2005). PAF modulates covalent histone
modifications involved in elongation such as methylation of H3 (K4 and K36) and
monoubiquitination of H2B (Rozenblatt-Rosen et al., 2005; Sims et al., 2004; Zhu et al.,
2005). PAF displayed specific binding to H3K4me3 when directly compared with unmodified
peptides, a property also shared by CHD1 and SNF2h (Figure 1C). Aside from SNF2h and the
PAF complex, the chromatin modulator FACT was present in the H3K4me3 elution (Figure
1B). FACT is a heterodimeric complex that allows RNAP II to traverse nucleosomes (Reinberg
and Sims, 2006), and physically interacts with CHD1 (Kelley et al., 1999). Importantly, FACT
demonstrated a selective specificity for H3K4me3, as compared to H3K4me0 (Figure 1D).

Insight into how SNF2h, PAF, and FACT were binding to H3K4me3 was provided by our
partial conventional purification of SNF2h-containing complexes. We separated SNF2h
derived from nuclear pellets into at least two different complexes, including one that co-eluted
with CHD1. The SNF2h fraction containing CHD1 retained H3K4me3 binding, whereas the
complex devoid of CHD1 did not (Supplementary Figure 2A). These results suggest that CHD1
functions to bridge SNF2h to H3K4me3. We further purified a native SNF2h/CHD1 complex
by gel filtration, which revealed that SNF2h, CHD1, and PAF co-elute as a large (~2 MDa)
complex (data not shown), perhaps signifying that these proteins directly interact with one
another. We next analyzed whether CHD1, PAF, and SNF2h derived from the H3K4me3
affinity eluate co-fractionate as a large complex, similar to that seen during conventional
purification. Analysis of the sizing fractions revealed that CHD1, PAF1, and SNF2h co-elute
as a large molecular weight complex of nearly 2 MDa (Figure 1E). Co-immunoprecipitation
experiments using the H3K4me3 eluate confirmed that CHD1 interacts with SNF2h and PAF
(Figure 1F). Similarly, FACT co-precipitated CHD1 derived from the H3K4me3 eluate (Figure
1F). Gel filtration analysis of the H3K4me3 eluate revealed that CHD1 and FACT co-elute,
corroborating that CHD1 and FACT interact when bound to H3K4me3 (data not shown).
However, FACT did not co-elute together with SNF2h and PAF, indicating that the H3K4me3
eluate contains a mixture of protein complexes (data not shown). The latter results indicate that
CHD1 functions to bridge FACT to H3K4me3 in addition to SNF2h and PAF.

Components of the spliceosome interact with H3K4me3 via CHD1
Consistent with the notion that H3K4me3 facilitates events operating downstream of
transcription initiation, mass spectrometry of the H3K4me3 eluate identified the U2 snRNP
subunit SF3A1 (Supplementary Table 1). Intron excision of most pre-mRNAs is carried out
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by the spliceosome, a large complex consisting of five small nuclear ribonucleoprotein
(snRNP) particles (U1, U2, U4, U5, U6) and numerous non-snRNP proteins (Jurica and Moore,
2003). These include members of the SR (serine/arginine-rich) family of proteins that assist in
early spliceosome assembly (Huang and Steitz, 2005). As the U2 snRNP is a component of
the pre-spliceosome (Complex A, (Jurica and Moore, 2003)), we tested the H3K4me3 eluate
for additional proteins involved in pre-spliceosome formation, including SR proteins, the U1
snRNP-specific protein U1-70K, and U2 snRNP-specific proteins. Neither U1-70K nor any of
the canonical SR proteins were detected in the H3K4me3 elution (Figure 2A and 2B). In
contrast, every U2 snRNP-specific protein analyzed was observed in the H3K4me3 eluate, as
well as the splicing factor U2AF65 (Supplementary Table 1 and Figure 2A). Importantly,
specificity of U2 snRNP binding to H3K4me3 compared to the unmodified H3 tail was
observed (Figure 2C). Further analyses of the H3K4me3-bound proteins by mass spectrometry
corroborate that H3K4me3 recruits factors associated with the pre-spliceosome
(Supplementary Table 1). To further characterize the spliceosomal components associated with
H3K4me3, we tested for the presence of snRNAs in the H3K4me3 elution using 32P-[pCp]
labeling of RNAs (Michaud and Reed, 1991). We detected the 5 major spliceosomal snRNAs
in the H3K4me3 eluate (Figure 2D). Importantly, a substantial increase in RNA purity was
observed with the H3K4me3 elution material in the case of snRNAs compared to non-snRNAs,
such as tRNA or 5S ribosomal RNAs. Closer inspection revealed that purification of snRNPs
by H3K4me3 was most evident for U2 snRNA (11-fold), while U1 was only modestly enhanced
(3 fold), consistent with the apparent absence of U1-70K. These collective findings
demonstrate that H3K4me3 specifically enriches a subset of essential splicing factors that
operate early in spliceosome assembly.

A microarray approach that monitored alterations in mRNA and pre-mRNA levels in yeast
was used to decipher functional connections between factors involved in the coordinated
processes of mRNA biogenesis (Burckin et al., 2005). Interestingly, the splicing defects most
closely related to mutations affecting spliceosome components corresponded to numerous
factors identified in the H3K4me3 eluate, including PAF subunits and the Spt16 subunit of
FACT. Given that CHD1 bridges FACT, SNF2h, and PAF to H3K4me3, we tested for physical
interactions between the U2 snRNP and CHD1. The U2 snRNP includes U2-A′, U2-B″, p14,
the SF3a sub-complex composed of SF3A1, SF3A2, and SF3A3, and the SF3b sub-complex
that includes SF3B1, SF3B2, SF3B3, and SF3B4 (Jurica and Moore, 2003). Co-
immunoprecipitation experiments indicate that CHD1 exhibits a robust interaction with SF3a
subunits, as well as associations with U2-B″ and SF3b subunits (Figure 2E). A weak but
specific interaction between CHD1 and a U5 snRNP subunit was also observed, and no
associations were seen between CHD1 and U1 snRNP nor the canonical SR proteins (Figure
2E, data not shown). Therefore two independent methods, H3K4me3 affinity chromatography
and anti-CHD1 co-precipitation, yielded comparable results suggesting that CHD1 specifically
associates with distinct spliceosomal components, with a preference for the SF3a sub-complex
of the U2 snRNP.

Components of the SF3a sub-complex are associated with CHD1
Based on the above results, we thought that CHD1 may bridge larger spliceosomal complexes
via SF3a. To test this contention, we sought to characterize these interactions more rigorously.
To further characterize the CHD1-U2 snRNP association, we performed conventional
chromatography. CHD1 and U2 snRNP protein complexes were fractionated from HeLa
nuclear extracts using a series of ion-exchange, size exclusion, and affinity chromatography
as outlined in Figure 3A. CHD1 and subunits of the SF3a and SF3b sub-complexes bound
tightly to phosphocellulose, eluting with 1M KCl (Figure 3A, and data not shown). Additional
fractionation identified that CHD1, SF3a, and SF3b bound to DEAE-cellulose and co-eluted
in several peaks when an HPLC DEAE-5PW column was eluted with a 0.1 to 0.8M KCl linear
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gradient (Figure 3A, and data not shown). Interestingly, when fractions from the DEAE-5PW
column containing CHD1, SF3a, and SF3b were immunoaffinity purified using anti-CHD1
antibodies, SF3a but not to SF3b subunits were bound to the CHD1 affinity column (Figure
3B). When these fractions were analyzed by gel filtration (Superose 6), CHD1 appeared to
peak at a molecular mass of approximately 500–600 kDa, while the SF3a and SF3b complexes
co-eluted at a molecular mass of greater than 700 kDa (data not shown). These results indicate
that the majority of SF3a and SF3b associate together in a larger complex lacking CHD1,
perhaps representing U2 snRNP. However, subunits of the SF3a sub-complex did overlap with
the peak fraction of CHD1 (data not shown).

Based on the tight association observed between CHD1 and SF3a subunits in this input fraction,
we concluded that the SF3a that overlapped with CHD1 represents a smaller fraction of SF3a
that directly interacts with CHD1. To test this, we pooled the CHD1 peak containing the
overlapping SF3a sub-complex and further fractionated this material using a SMART Superose
6 gel filtration column. Analysis of these fractions confirmed that SF3a is indeed present in
two complexes, a larger complex containing SF3b devoid of CHD1, and a smaller complex
containing CHD1, but lacking SF3b subunits (Figure 3C). Experiments using recombinant
CHD1 and in vitro translated SF3a subunits revealed that CHD1 interacts with SF3A1, but not
SF3A2 or SF3A3, likely indicating a direct association between CHD1 and SF3A1 (Figure
3D). Consistently, DNase and RNase treatment had no effect on the interactions between CHD1
and SF3a, either from a partially purified source or from nuclear extracts (Supplementary
Figure 2B).

CHD1 is functionally linked to splicing in vitro
Given that CHD1 physically associates with spliceosomal components, primarily through the
SF3a sub-complex of U2 snRNP, we next assessed whether this association has functional
relevance with respect to splicing. To test this, HeLa nuclear extracts depleted of CHD1 using
specific anti-CHD1 antibodies were used in splicing assays in vitro. Western blotting indicated
that specific U2 snRNP subunits were indeed depleted along with CHD1 (Figure 4A), but the
U5 snRNP subunit PRPF8 or the SWI/SNF subunit BAF170 were not. Importantly, splicing
reactions performed in vitro using the depleted CHD1 extracts displayed significantly reduced
activity compared to the control antibody depleted extracts (Figure 4B, 4C). Generation of the
mature mRNA (indicated by an asterisk in Figure 4B) was reduced by 70–80% when analyzing
within a time course (Figure 4B, compare lanes 3 and 6) or when titrating the control or CHD1-
depleted extracts (Figure 4C). Addition of 200 ng of purified U2 snRNP to the CHD1-depleted
extracts resulted in a 20–30% restoration of splicing activity (Figure 4D); in comparison, a
similar amount of purified U2 snRNP results in roughly 50% restoration of splicing activity
in extracts depleted for the 17S U2 snRNP-associated protein hPrp5p (Will et al., 2002). While
significant, the restoration of splicing activity observed in Figure 4D is noticeably not up to
the levels observed for depleting the U2 snRNP itself. Therefore, it is apparent that additional
factors are also diminished upon immunodepleting with anti-CHD1 antibodies. Nevertheless,
the partial restoration of splicing activity by addition of purified U2 snRNP corroborates the
link between CHD1 and U2 snRNP established above and demonstrates that the subset of
spliceosomal proteins associated with CHD1 is functional for pre-mRNA splicing.

Reduction of CHD1 or H3K4me3 levels alters the chromatin association of SF3a in vivo
Both H3K4me3-affinity purification and conventional chromatography have identified U2
snRNP components as CHD1/H3K4me3 associated proteins. We therefore next sought to
determine if these interactions have significance in vivo. Toward this end, we monitored the
chromatin-binding properties of SF3a subunits upon depletion of both CHD1 and H3K4me3
in HeLa cells by small interfering RNA-mediated (siRNA) knockdown (Figure 5A). H3K4me3
was specifically targeted using siRNA against ASH2, a subunit of H3K4 methyltransferase
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complexes that has been shown to specifically eliminate global levels of H3K4me3, but not
H3K4me1 and H3K4me2 (Steward et al., 2006)(see Sup. Figure 3A). Sub-cellular fractionation
of siRNA-treated HeLa cells revealed that depletion of H3K4me3 resulted in the partial loss
of CHD1 from chromatin and a release of CHD1 into the soluble nuclear fraction (Figure 5B).
These results are consistent with recent studies in Drosophila, which reported that changes of
global H3K4me3 patterns induced altered localization of Chd1 (Eissenberg et al., 2007). A
less dramatic effect was observed when examining the fractionation pattern of SF3a subunits
upon H3K4me3 reduction, although depletion of CHD1 resulted in an increased release of
SF3a components into the soluble nuclear fraction (Figure 5B).

To examine if similar effects were evident on specific genes, we performed chromatin
immunoprecipitation (ChIP) experiments following depletion of CHD1 by siRNA treatment.
The SF3a subunits SF3A1 and SF3A2 were readily detectable at the 5′ region of the active
cyclin D1 gene in HeLa cells (Figure 5C). Unfortunately, the two different antisera against
CHD1 tested were unsuitable for ChIP analyses. H3K4me3 was undetectable using primers
spanning the 3′ splice site of exon 3 (located 2200 bp downstream of the transcription initiation
site), and consistent with the absence of H3K4me3, the SF3A1 or SF3A2 splicing factors were
also absent, although RNAPII and acetyl-H4 were present at this region (Figure 5C). These
results are consistent with the idea that components of U2 snRNP are enriched on H3K4me3.
It is likely that U2 snRNP present downstream of H3K4me3 is either associated with the pre-
mRNA at this stage, and/or our assay is not sensitive enough to allow its detection on chromatin.
Next, we performed ChIP analyses for SF3a components on the cyclin D1 gene upon CHD1
depletion. Significantly, recruitment of SF3A1 and SF3A2 to the cyclin D1 gene was
significantly impaired upon depletion of CHD1 in vivo (Figure 5D and 5E). Similar results
were observed on the GAPDH gene (Supplementary Figure 3B). Taken together, these results
provide evidence that CHD1 facilitates recruitment and/or placement of U2 snRNP
components to active chromatin in vivo.

The rate of pre-mRNA splicing in vivo is compromised by perturbing CHD1 or H3K4me3
A reasonable prediction from the above results is that reducing the levels of the SF3a sub-
complex on chromatin via CHD1 knockdown would alter the splicing efficiency of target
transcripts. However, when we monitored the ratio of un-spliced to spliced mRNA transcripts
by RT-PCR upon knockdown of CHD1, we did not detect any observable changes in splicing
of cyclin D1 or GAPDH pre-mRNAs, or the total transcript levels (data not shown).
Consistently, RNA immunoprecipitation experiments (Gilbert et al., 2004) revealed that
comparable amounts of SF3A1 are associated with cyclin D1 and GAPDH transcripts derived
from either control or HeLa cells targeted with CHD1 siRNA (Supplementary Figure 3C).
Taking this into account, we hypothesized that CHD1/H3K4me3 is not necessary to determine
the extent of splicing, which would be measured by analysis of steady-state RNA, but is
required instead to enhance the rate of the reaction. To test this, we monitored pre-mRNA
splicing of the rapidly inducible gene IRF1. Upon treatment of HeLa cells with IFN-γ, we
observed induction of IRF1 transcription by real-time, quantitative PCR (qPCR). Primer sets
were designed to detect the intron-containing pre-mRNA (un-spliced primer set), as well as
the total mRNA (spliced primer set) that is produced upon IRF1 induction (Figure 6A). Both
transcripts were detected when using the spliced primer set (Figure 6B). IRF1 mRNA levels
were monitored at 0, 15, 30, and 60 minutes after the addition of IFN-γ (Supplementary Figure
4A). To monitor pre-mRNA splicing, we considered the ratio of un-spliced to total mRNA
(splicing efficiency). Under normal conditions, the ratio of un-spliced to total mRNA was
highest at the earliest time points after IRF1 induction (Supplementary Figure 4B), indicating
that splicing is a slow step relative to transcription and increases over time during the generation
of an mRNA. Next, we monitored the relative splicing efficiency of IRF1 in cells treated with
CHD1 siRNA as compared to the control siRNA. Strikingly, at 15 minutes after the induction
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of IRF1, we observed an eight fold increase in the ratio of un-spliced to total mRNA in the
cells treated with CHD1-targeted siRNA as compared to the control siRNA (Figure 6C).
Transcription also appeared to be affected, as the total transcript level was reduced under these
conditions (Figure 6B and data not shown). The effect on splicing was diminished by 30
minutes after induction of IRF1, and no effect was observed after 60 minutes of induction
(Figure 6C).

To determine the contribution of H3K4me3 to pre-mRNA splicing, we performed similar
experiments following depletion of ASH2 (Dou et al., 2006; Steward et al., 2006). A reduction
in the efficiency of pre-mRNA splicing of IRF1 transcripts was also observed in the H3K4me3
knockdown cells when compared to the control siRNA treated cells (Figure 6C), although the
decrease in splicing efficiency (~3-fold at 15 mins) was less when compared to cells that were
targeted with CHD1 siRNA. As in the CHD1-depleted cells, the decrease in pre-mRNA
splicing efficiency mediated by H3K4me3 appeared to diminish as the induction of IRF1 was
allowed to proceed with time (Figure 6C). Importantly, similar effects mediated by CHD1 and
ASH2 knockdown were observed on the IFN-γ inducible gene FRA1 (Supplementary Figure
5A).

To confirm that the in vivo alterations of splicing efficiency upon CHD1/H3K4me3
knockdown correlated with a reduction of SF3a subunits on the IRF1 gene, we monitored the
occupancy of SF3a components early during IRF1 gene induction. The relative levels of
SF3A1, SF3A2, and SF3A3 on the 5′ region of IRF1 were determined by quantitative ChIP
upon knockdown of CHD1 and H3K4me3. As shown in Figure 6C, levels of the SF3a sub-
complex were reduced on the IRF1 gene upon diminishing the levels of CHD1 and H3K4me3,
as compared to the control siRNA-treated cells. Similar results were obtained when analyzing
the FRA1 gene (Supplementary Figure 5B). Consistent with previously published reports,
knockdown of ASH2 reduced the level of H3K4me3 present on the IRF1 and FRA1 genes
(Figure 6C and Supplementary Figure 5B). Notably, no effect on RNAP II levels was observed.
Thus, we observe a consistent correlation between reduced pre-mRNA splicing efficiency and
a reduction of SF3a on active genes brought about by depletion of CHD1 or reduction of
H3K4me3 levels.

Discussion
Despite considerable effort, our understanding of the mechanistic contribution of histone
modifications during active transcription remains poor. Here, we provide biochemical and
functional evidence that CHD1 functions to modulate the efficiency of pre-mRNA splicing in
part through physical bridging of spliceosomal components to H3K4me3. Of the many steps
involved in pre-mRNA processing, the recruitment of factors required for pre-mRNA splicing
to nascent transcripts is perhaps the most poorly understood. In crude extracts, H3K4me3 has
the ability to enrich components of the spliceosome, notably U2 snRNP and associated factors.
Moreover, CHD1 can physically associate with multiple subunits of U2 snRNP in addition to
the SF3a sub-complex. Considering that conventional chromatography identified a stable
complex between CHD1 and SF3a, SF3a is likely required for U2 snRNP binding to H3K4me3.
Currently, we are unaware what triggers the association of additional U2 snRNP components,
besides the SF3a sub-complex, to CHD1. Perhaps CHD1 binding to the H3K4me3 mark itself
facilitates the nucleation of larger spliceosomal complexes to the 5′ end of active genes. Overall,
the observed effect on U2 snRNP chromatin association and the efficiency of pre-mRNA
splicing is most dramatic when reducing the level of CHD1 protein, as compared to H3K4me3
levels. This could simply be due to the remaining H3K4me2 that is present in the absence of
H3K4me3, as CHD1 binds both H3K4me2 and H3K4me3. CHD1 was also observed to affect
the amount of H3K4me3 on active genes as well, perhaps indicating a combinatorial action of
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reducing both CHD1 and H3K4me3 levels at the same time. We are currently exploring these
differing scenarios.

It is notable that the U1 snRNP and SR proteins, which act very early in spliceosome assembly,
were largely absent from the H3K4me3 affinity and anti-CHD1 co-immunoprecipitation
fractions. Thus alternative mechanisms for recruitment of spliceosomal components must exist.
This is especially true given that pre-mRNA splicing in vivo fully recovers with time, even
under reduced levels of CHD1 and H3K4me3 on active genes. As such, U1 snRNP and SR
proteins associate, albeit perhaps indirectly, with the carboxy terminal domain of the largest
subunit of RNAP II (for review see (Hirose and Manley, 2000)), indicating that splicing factors
can be recruited in multiple fashions. It is also possible that the restored ratio of un-spliced to
total transcripts observed in Figure 6C is a consequence of post-transcriptional splicing, or
alternatively, via degradation of un-spliced pre-mRNAs by the mRNA surveillance pathway.

Mass spectrometry and western blot analyses of the H3K4me3 affinity purified material
identified numerous proteins implicated in transcription post-initiation events, in addition to
pre-mRNA splicing. Among the mixture of complexes affinity purified through H3K4me3,
we identified a large protein complex consisting of CHD1, SNF2h, and the PAF complex.
CHD1 was also demonstrated to bridge the FACT heterodimer to H3K4me3. The interactions
between CHD1, SNF2h, PAF, and FACT described above are also supported by numerous
previous findings, primarily in yeast (Alen et al., 2002; Gavin et al., 2002; Kelley et al.,
1999; Krogan et al., 2002; Simic et al., 2003; Tsukiyama et al., 1999). Consistent with our
results, human SNF2h precisely overlaps with H3K4me2/3 at active genes in vivo, as
determined by quantitative chromatin immunoprecipitation analyses (Kouskouti and
Talianidis, 2005). Knockdown of CHD1 by siRNA treatment resulted in the altered association
of SNF2h, FACT and PAF on chromatin as determined by sub-cellular fractionation and ChIP
(Supplementary Figure 3B and 3D). These collective results suggest that H3K4me3 may serve
to position FACT, PAF, and SNF2h via their interactions with CHD1 near the 5′ region of
active genes.

Of particular interest is FACT enrichment on H3K4me3. The functional role of FACT in
transcript elongation on chromatin templates is well established (Sims et al., 2004). However,
how FACT is properly placed near the first nucleosome after transcription initiation remained
unclear. Our findings provide a possible mechanism for FACT recruitment and/or placement
upon gene activation in human cells. The localization of H3K4me3 near the transcription start
site is consistent with the required positioning of FACT to allow passage of the first
nucleosomal barrier. Furthermore, ChIP studies in human and Drosophila cells identified the
H3K4 tri-methyl mark co-localizing with FACT on active genes (Kouskouti and Talianidis,
2005; Saunders et al., 2003). Consistent with our findings, reduction of H3K4me3 on active
genes via knock down of PAF subunits results in reduced recruitment of both FACT and the
chromatin modulator Spt6, although RNAPII levels remained unaffected (Adelman et al.,
2006). Interestingly, Spt6 was also identified by mass spectrometry in the H3K4me3 eluted
material (Supplementary Table 1), although its relationship to CHD1 remains unknown at
present.

In a fully reconstituted transcription system, the generation of H3K4me3 was observed to be
coupled to transcription, but also dependent on H2B monoubiquitination, as previously
described in yeast (Dover et al., 2002; Pavri et al., 2006; Sun and Allis, 2002). These results
suggest that H3K4me3 must occur subsequent to transcription initiation and after FACT and
the H2B monoubiquitination machinery has located the first nucleosome during the initial
round of transcription. Thus, H3K4me3 may function to expedite FACT/PAF localization
during subsequent rounds of transcription, similar to re-initiation, a process that is much faster
than initial PIC formation (Orphanides and Reinberg, 2000). Given that H2B
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monoubiquitination is reversed during transcription (Henry et al., 2003), the more stable
H3K4me3 mark would serve as a permanent recruitment platform for facilitating RNAPII
passage through nucleosomes.

An interesting question is whether the function of histone methylation (and perhaps other
histone modifications) during active transcription is to facilitate the timing, but not the absolute
levels of gene expression. In this context, histone methylation on active genes would be critical
during embryonic development of multi-cellular organisms as well as on genes that respond
to stimuli. Perhaps this is why histone methyl “writers” and “readers” are so instrumental during
mammalian development (Margueron et al., 2005). Moreover, tightly regulated gene
regulatory networks may be particularly sensitive to the altered timing of gene expression,
which may explain why histone methylation appears to play a prominent role in pleuripotency
and oncogenesis.

H3K4me3, a histone tail modification associated with transcription activity, has now been
shown to facilitate pre-mRNA maturation (Figure 7). This adds credence to the general belief
that modifications within the histone tails are not passive, but function to recruit factors that
regulate different steps of gene expression, some to maintain genes in a silent state, and others,
like H3K4me3, to facilitate the production of a mature mRNA.

Experimental Procedures
Peptide affinity purification and protein identification

Peptide-affinity columns were generated using SulfoLink coupling gel (Pierce). The histone
peptides were synthesized by Global Peptide Services. Bound proteins were washed
extensively (60 column volumes of 25 mM Tris, pH 8, 150 mM NaCl, 2 mM EDTA, and 0.5%
NP40) and eluted with either 0.5 mg/ml peptide or low pH buffer (100mM glycine, pH 3.0)
from nuclear extracts or pellets. See Supplementary methods for details of protein identification
by mass spectrometry and Supplementary Table 1 for specific details of the peptides identified.

Co-immunoprecipitation, western blotting, and antibodies
Co-immunoprecipitation assays were conducted using 0.5–2 ug IgG per reaction in RIPA
buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 50 mM Tris, pH 8, 0.1% SDS)
using nuclear extracts, the H3K4me3 elution material, or recombinant CHD1 mixed with in
vitro translated SF3a subunits. Western blotting was performed using standard methods.
Recombinant CHD1 was purified from insect cells using NTA resin (Qiagen). SF3A1, SF3A2,
and SF3A3 were in vitro translated using the 35S-TNT Quick Coupled Transcription/
Translation System from Promega. Antibodies used for western and ChIP analyses are listed
in the Supplementary methods. Silver staining and autoradiography were performed using
standard molecular biology techniques.

Conventional chromatography of CHD1/SF3a complexes
CHD1, SF3a, and SF3b complexes were purified by Western blotting from 3 grams of HeLa
nuclear extracts, initially by fractionation over P11 resin (Whatman). The P11 resin was step
eluted using 0.3M, 0.5M, and 1M KCl in BC buffer (20mM Tris pH 7.9, 20% glycerol, 0.5mM
DTT, 0.2 mM EDTA). The 1M-P11 fraction was further purified using DEAE-52 resin
(Whatman), which was step eluted using 0.5M KCl in BC buffer (BC500). The DE52 bound
material (0.5M step) was then loaded onto an HPLC DEAE-5PW column (8 × 7.5 mm; Tosoh)
equilibrated with BC100. CHD1, SF3a, and SF3b were eluted with a linear gradient of 0.1 to
0.8M KCl in BC buffer. Co-eluting fractions were pooled and run on a 24 ml Superose 6 10/300
gel filtration column (Amersham) equilibrated in 300 mM KCl in BC buffer. Overlapping
fractions were pooled and run over a 2.4 ml Superose 6 PC 3.2/30 gel filtration column
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(Amerhsam). Calibration of all gel filtration chromatography was performed using known
molecular weight standards (Sigma).

RNA analyses and in vitro splicing
Extracts (1–10 μl) were digested with proteinase K, and RNA was extracted with phenol/
chloroform (1:1) and precipitated by adding 0.25 volumes 10M ammonium acetate, and 2.5
volumes ethanol. RNA was labeled with [5′-32P]pCp (Amersham Biosciences) using T4 RNA
ligase (New England Biolabs) in reaction buffer supplemented with 10% DMSO. RNA was
collected as before and separated on a 6% acrylamide 7M urea denaturing gel and visualized/
quantified on a Molecular Dynamics phosphorimager. Pre-mRNA substrates were prepared as
described previously (Tacke et al., 1998). In vitro splicing reactions were performed in 12.5-
μl reaction mixtures, which contained 2– 6-μl nuclear extract and 1–2 ng labeled β-globin
substrate. A more detailed protocol is provided in the Supplementary methods. ΔIgG, ΔCHD1,
and untreated nuclear extracts contain near equal total protein concentration as determined by
protein assays (BioRAD). Reactions supplemented with U2 snRNP contain 200 ng
immunopurified 17S U2 snRNP (Will et al., 2002). Quantitation of gel images were performed
using ImageJ software.

Immunodepletion, chromatin immunoprecipitation and siRNA treatment
Immunodepletions were performed essentially as described (Das et al., 2000), although the salt
concentration was ~400 mM during the depletion. Chromatin immunoprecipitation assays were
performed as described (Lewis et al., 2005). Three independent ChIP experiments were
performed, imaged (Fotodyne), and quantitated using ImageJ software. Quantitative ChIPs
were performed as above, although real-time PCR was performed at the final step (see below).
siRNA transfections of HeLa cells were performed with the HiPerfect transfection reagent
according to the manufactures instructions (Qiagen). Control, CHD1, or ASH2 siRNA’s were
obtained from Ambion.

Quantitative RT-PCR and ChIP
Quantitative RT-PCR was carried out using an Mx3005P Real-Time PCR System (Stratagene).
Taqman probes were ordered from Integrated DNA Technologies. The primers and Taqman
probes for RT-PCR are the following. IRF1: 5′: CTGCCAGATATCGAGGAGGTGAAA; 3′-
intron: GACCCAGAGTCCTTGGATACCTTT; 3′-exon: TCTTGGCCTTGCTCTTAGCAT-
CTC; Probe: AGCTGTGCGAGTGTACCGGATGCTT. FRA1: 5′: TGGATGGTACAGCC-
TCATTTCCTG; 3′ exon: TGTTCACAAGGCCTTCGACGTA; 3′ intron:
CAATGCCTCTGT-GCCTTACCTGTT; Probe:
AGGCCTCTGACCTACCCTCAGTACAGC. The primers and Taqman probes for ChIP are
the following. IRF1: 5′: AGGGAATCGTGACCTACGGAGACT; 3′:
CCTGAATCCATTCTACGCCTTCCT; Probe: AAGGGTTAGCGTCCTGGTCTTAGCG-
TTGT. FRA1: 5′: AGTGGTTCAGCCCGAGAACTTT; 3′:
CCGAAGTCTCGGAACATGCC; Probe: TGAGTCAGAACCCAGCAGCCGTGTA. For
RT-PCR, the raw data were normalized to actin: 5′: CTCCTCCTGAGCGCAAGTACTC; 3′:
TCGTCATACTCCTGCTTGCTGAT; Probe: CCATCCTGGCCTCGCTGTCCA. For ChIP,
the raw data were normalized to input DNA.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CHD1 bridges post-initiation factors to H3K4me3. A, B, and C) Western blotting of input and
eluate from H3K4me0 or H3K4me3 affinity columns. The antibodies used are indicated. D)
Western blotting of the input and eluate from H3K4me0 or H3K4me3 affinity columns probed
with the FACT subunit SSRP1. FT and Elu represent the flow through and elution fractions,
respectively. E) Western blotting using anti-CHD1, anti-SNF2h, or anti-PAF1 antibodies of
the eluate from the H3K4me3 affinity column fractionated by gel filtration (Superose 6). Sizes
are indicated (kD). F) Co-immunoprecipitation from the H3K4me3 elution material using the
indicated antibodies for precipitation (top) and detection by western blotting (bottom).
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Figure 2.
Spliceosomal components associate with H3K4me3 via CHD1. A and B) Western blotting of
nuclear extract or the H3K4me3 eluate. C) Total RNA labeling with [5′-32P]pCp from nuclear
extract (NE) or the H3K4me3 eluate. The RNA species are indicated. For quantification, the
signal from each snRNA band was calculated as a percentage of the total labeled RNA. The
fold-increase in purity is shown graphically on the right (ratio of H3K4me3 eluate to NE). D)
Co-immunoprecipitation experiments using the indicated antibodies for precipitation (top) and
detection by western blotting (side). E) Western analysis of the eluate from H3K4me0 or
H3K4me3 affinity columns.
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Figure 3.
CHD1 is stably associated with the SF3a sub-complex of U2 snRNP. A) Purification scheme
of CHD1/SF3a complexes. B) Immunoaffinity purification using the indicated antibodies for
precipitation (top) and detection by western blotting (side). The input material was derived
from the DEAE-5PW elution indicated as immunoaffinity in (A). C) Analyses of the gel
filtration fractions from the Superose 6 PC 3.2/30 labeled in (A). Western blotting was
performed using the indicated antibodies (side). Sizes are indicated (kD). D) Co-
immunoprecipitation experiment using IgG or anti-CHD1 antibodies together with
recombinant CHD1 and 35S-translated SF3A1, SF3A2, or SF3A3 protein. A Coomassie stain
of recombinant CHD1 is indicated in the left panel.
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Figure 4.
CHD1 is functionally linked to pre-mRNA splicing activity. A) Western analysis of control
(IgG) or anti-CHD1 immunodepleted nuclear extracts. B) Time course in vitro splicing assays
of β-globin using untreated or depleted extracts described in (A). The various splicing products
are indicated. C) The relative splicing activity is shown as a percentage of control to CHD1
depleted extracts. D) In vitro splicing assays as performed in (B) using untreated, CHD1-
depleted, or CHD1-depleted extracts supplemented with purified U2 snRNP.
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Figure 5.
CHD1 and H3K4me3 modulate the association of SF3a on chromatin. A) Western blotting of
whole cell extracts from control, CHD1, or ASH2 siRNA-treated cells (indicated on top). B)
Sub-cellular fractionation from cells treated with the indicated siRNA (top). Western blotting
was performed using the labeled antibodies (side). MEK2 is a cytoplasmic protein used as a
control for the integrity of the fractionation. C) Chromatin immunoprecipitation on the cyclin
D1 gene. A scheme of the cyclin D1 gene is indicated on top. The antibodies used for
immunoprecipitation are labeled. D) Chromatin immunoprecipitations on the cyclin D1 gene
derived from cells treated with control or CHD1 siRNAs. The antibodies used for
immunoprecipitation are labeled (side). C) Graphical representation of three independent
experiments as performed in (D). Results from three independent experiments are shown
represented by the mean and standard error.
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Figure 6.
CHD1 and H3K4me3 modulate the efficiency of pre-mRNA splicing in vivo. A) Schematic
representation of the probe and primer pairs used to detect the un-spliced pre-mRNA and total
mRNA. Arrows indicate the primers and the green rectangle represents the Taqman probe used.
B) Agarose gel of the IRF1 products generated from the total mRNA primer set 15–30 minutes
after the induction of IFN-γ. The indicated siRNA treated HeLa cells are shown. C) Real-time
RT-PCR analyses detecting the ratio of un-spliced to total mRNA of the IRF1 gene after the
indicated time points following treatment with IFN-γ. The control siRNA treated cells were
compared to cells treated with siRNA targeted against CHD1 and ASH2. The specific siRNA
treated cells are indicated in the panel on the upper right side of the graph. Results from three
independent experiments are shown represented as the mean and standard error. D) Real-time
PCR analyses of the 5′ region of the IRF1 gene from ChIP-derived samples using the after 0
or 15 minutes of IFN-γ treatment (IFNg). The antibodies used for immunoprecipitation are
shown on the bottom of the graph. The specific siRNA treated cells are indicated in the panel
on the upper right side of the graph. Results from three independent experiments are shown
represented as the mean and standard error.
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Figure 7.
Model of H3K4me3 function during transcription. Upon transcriptional activation, H3K4me2
is converted to H3K4me3 by an ASH2 containing complex, which places CHD1 near the
transcriptional start site. CHD1 then recruits U2 snRNP (via the SF3a sub-complex) and FACT/
PAF near the first nucleosome in order to enhance the efficiency of pre-mRNA splicing and
transcript elongation.
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