
Vezf1 protein binding sites genome-wide are
associated with pausing of elongating RNA
polymerase II
Humaira Gowhera, Kevin Brickb, R. Daniel Camerini-Oterob, and Gary Felsenfelda,1

aLaboratory of Molecular Biology and bGenetics and Biochemistry Branch, National Institute of Diabetes and Digestive and Kidney Diseases, National
Institutes of Health, Bethesda, MD 20892-0540

Contributed by Gary Felsenfeld, December 29, 2011 (sent for review December 2, 2011)

The protein Vezf1 plays multiple roles important for embryonic
development. In Vezf1−/− mouse embryonic stem (mES) cells, our
earlier data showed widespread changes in gene-expression pro-
files, including decreased expressionof the full-length active isoform
of Dnmt3bmethyltransferase and concomitant genome-wide reduc-
tion in DNAmethylation. Here we show that in HeLaS3 cells there is
a stronggenome-wide correlationbetweenVezf1binding andpeaks
of elongating Ser2-P RNA polymerase (Pol) ll, reflecting Vezf1-de-
pendent slowingof elongation. InWTmES cells, the elongating form
of RNA pol II accumulates near Vezf1 binding sites within the
dnmt3b gene and at several other Vezf1 sites, and this accumulation
is significantly reduced at these sites in Vezf1−/− mES cells. Depend-
ing upon genomic location, Vezf1-mediated Pol II pausing can have
different regulatory roles in transcription and splicing. We find
examples of genes in which Vezf1 binding sites are located near
cassette exons, and in which loss of Vezf1 leads to a change in the
relative abundance of alternatively spliced messages. We further
show that Vezf1 interacts with Mrg15/Mrgbp, a protein that recog-
nizes H3K36 trimethylation, consistentwith the role of histonemod-
ifications at alternatively spliced sites.

Transcriptional regulatory factors that recognize long strings of
poly dG (“G-strings”) have been identified in a variety of

organisms. Early interest in these proteins was related both to
the unusual stability and conformational properties of the ho-
mopolymer duplexes that are their targets, and to their associ-
ation with potential regulatory sites in the promoters of the
chicken adult β-globin promoter and the sea urchin gene LpS1,
which bind the factors β-globin protein 1 (BGP1) and sea urchin
G-string binding factor 1, respectively (1, 2). Recently, we have
begun to reinvestigate the role of BGP1 as a regulatory factor
because of our identification of BGP1 binding sites (3) within the
compound insulator element at the 5′ end of the chicken βA-
globin locus, where they play an essential role (4).
Previous studies of the expression patterns of the BGP1 mouse

homolog, Vezf1, have implicated it in vascular system development
(5) and the human homolog DB1 has been identified as a coac-
tivator of human IL-3 expression (6). Our studies have shown that
loss of the zinc-finger protein Vezf1 causes genome-wide loss of
DNA methylation in mouse ES (mES) cells. This result was found
to be because of reduced expression of the full-length isoform of
DNA methyltransferase Dnmt3b1, whereas only a mild decrease
was seen in the expression of the shorter isoform Dnmt3b6. We
also identified two Vezf1 binding sites, one at the 3′ end of the
Dnmt3b gene in an intron just downstream of the alternatively
spliced exons 22 and 23, and the second site in the 3′ UTR of the
gene (7). We suggested that bound Vezf1 might affect the relative
abundance of the two splice variants by slowing the elongation rate
of RNA polymerase (Pol) II.
During the transcription process, Pol II goes through the phases

of initiation, elongation, and termination, all of which are subject
to regulation. The transition of Pol II from the initiation to the
elongation phase is accompanied by sequential changes in the state
of phosphorylation of the Pol II C-terminal domain at the serine

(Ser) 5 and 2 residues. Phosphorylated Ser5 marks the polymerase
in the early phases of transcription, whereas Ser2 phosphorylation
prevails throughout the gene body and especially toward the 3′ end.
Postinitiation promoter proximal pausing of Pol II, which involves
stalling of Pol II at the 5′ end of the transcription unit, has been
observed in Drosophila and mES cells (8–13). The Ser2-phos-
phorylated, fully elongation-competent form of Pol II is then en-
gaged by RNA processing and termination factors as it transcribes
processively toward the poly-adenylation site.
Elongating Pol II also is subject to pausing at downstream sites

within transcribed genes. Although it seems plausible that DNA-
bound protein factors could interfere with the advance of poly-
merase and modulate pausing, available evidence suggests that
most factors do not have such an effect (14). Only the Myc-asso-
ciated zinc-finger protein (MAZ) element has been well-charac-
terized as a site that can interfere with Pol II elongation. This
element can bind the MAZ protein, but may also function at least
in part in the absence of the protein (15). MAZ pause sites were
discovered in the sequences between the closely spaced human
genesC2 and Factor B, as well as between g11-C4 and the intron of
mouse IgM-D. These pause sites were shown to promote efficient
transcriptional termination in stably transformed cell lines, thus
preventing transcriptional interference (16).
There is abundant evidence for functional coupling between

transcription and precursor mRNA (pre-mRNA) processing, in-
cluding splicing and alternative splicing (17–21). Both processes
are regulated by cis-regulatory elements on the pre-mRNA that
bind to the cognate trans-acting factors. It has also been shown that
change in rate of Pol II elongation can affect inclusion of alter-
native exons by providing different windows of opportunity in the
use of weak and strong splice sites (22–26). This kinetic model for
coupling of alternative splicing and transcription was suggested by
experiments in which introduction into a transgene of a MAZ4
element resulted in an altered splicing choice in the transcript (14,
27). It is also known that transcription factors that associate with
Pol II at the promoters and alter the elongation rate can influence
alternative splicing (24, 26). There has, however, been no evidence
for Pol II pausing at naturally occurring transcription-factor
binding sites (includingMAZ4) within genes that could, as a result,
affect alternative splicing.
Here we describe a genome-wide ChIP-Seq analysis of Vezf1

binding sites in HeLa S3 cells, and in parallel, a similar survey of
Ser2P-Pol II distribution. We find that more than half of Vezf1
binding sites are associated with peaks of elongating Pol II. SiRNA
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knockdown of Vezf1 in HeLa S3 cells results in the decreased
accumulation of Pol II at tested Vezf1 binding sites. Thus, there is
a strong correlation between Vezf1 binding and Ser2P-Pol II
pausing throughout the genome. By comparing mouse WT and
Vezf1−/− ES cells, we also identify several sites in mouse ES cells at
which Pol II accumulates in a Vezf1-dependent manner. We show
additional instances where alternative splicing patterns are
changed in Vezf1−/− cells compared with WT cells. These results
suggest that Vezf1 plays an important role in modulating tran-
scription elongation, which in some cases affects the outcome of
splicing events.

Results
Paused Elongating Pol II at Genomic Vezf1 Binding Sites. Our earlier
observations of the effects of Vezf1 on gene expression (7) led
us to speculate that DNA-bound Vezf1 may alter the rate of
chain elongation by RNA Pol II. To test this hypothesis, we in-
vestigated genome-wide the relationship between Vezf1 binding
and relative abundance of elongating Pol II by ChIP-Seq. Flag-
tagged Vezf1 was expressed in HeLa S3 cells (SI Appendix, Fig.
S1); cross-linked chromatin was sonicated and immunoprecipi-
tated either with anti-Flag M2 agarose or anti-Pol II (ser2
phosphorylated) antibody. Isolated DNA from both samples
was subjected to high-throughput sequencing using the Illumina
sequencing system.
To quantify the distribution of Vezf1, we defined discrete

binding sites for each ChIP-Seq (Materials and Methods and SI
Appendix, Table S1). The coverage profile of Vezf1 binding
showed that the majority (60%) of bound sites are localized to
coding regions of which 54% are within 1 kb of transcription start
sites (TSS) (SI Appendix, Fig. S2A). In addition, 65% of pro-
moters with CpG islands had Vezf1 binding sites, compared with
only 7% of promoters without islands (SI Appendix, Fig. S2B).
Vezf1 binding sites are known to have intrinsic preferences for
poly(C) tracts in the genome (3). Although the Vezf1 peaks in
these data are too heterogeneous for a reasonable motif search,
assessing their correlation with repeats showed that Vezf1 peaks
were enriched (90- to 50-fold) for many GC-rich simple repeats
(SI Appendix, Table S2).
Next, we compared the genome-wide tag distributions for

Vezf1, Ser2P-Pol II, and input DNA. We defined discrete en-
richment sites for Pol II binding by methods similar to those for
Vezf1 (Fig. 1A). The global distributions of Vezf1 and Ser2-Pol
II were strikingly similar (Fig. 1A). By comparing the coverage
profiles of these bound sites, we showed that the Vezf1 binding
profile was very highly correlated to that of Ser2-Pol II (mean
chromosomal Spearman’s R = 0.573 ± 0.041, expectation =
0.003 ± 0.022, bootstrapped P < 10−5). Overall, 58% of Vezf1
binding sites overlapped with those of Ser2- Pol II-enriched sites
(Fig. 1B). We also showed that the average within-gene coverage
was very highly correlated (Spearman’s R = 0.80, bootstrapped
P < 10−5) (SI Appendix, Fig. S3). For an elongating Pol II, ac-
cumulation of tags at any position within a gene indicates
pausing (i.e., a longer residence time, during elongation).
Analysis of the genomic distribution of Vezf1/Ser2-Pol II co-
occupied sites showed that 57% are located at 5′ ends of genes
(TSS ± 1 kb). To evaluate the significant co-occurrence of the
Vezf1/Ser2-Pol II sites within gene bodies but not at the TSS
(n = 9,300), we compared the in-gene Ser2-Pol II paused sites
(Materials and Methods) to Vezf1 binding sites and found that
46% of intragenic Vezf1 sites overlapped such sites (Fig. 1B), far
more than the expected 2.6%.
To investigate whether Pol II accumulation at Vezf1 sites was

modulated by Vezf1 binding in HeLa S3 cells, we performed
siRNA knock down of Vezf1 (SI Appendix, Fig. S1) and examined
changes in Pol II accumulation by ChIP-quantitative PCR
(qPCR) at five randomly picked Pol II binding sites, three with
Vezf1 binding sites and two without (SI Appendix, Fig. S4A). As

shown in Fig. 1C, there was a decrease in Pol II binding at all
three Vezf1 binding sites, whereas there was no change at con-
trol sites. There was no change in the binding of Pol II in the
region upstream of the Vezf1 binding sites, thus confirming the
Vezf1-mediated pausing of Pol II at the tested sites (SI Appendix,
Fig. S4B).
There is a curious predominance of Vezf1/Pol II at the 5′ ends

of genes, which is likely to be associated with a distinct role for
Pol II pausing at such sites. We checked for alternative tran-
scription events at these promoters. Intriguingly, Pol II/Vezf1
peaks were more frequently associated with alternative pro-
moters (62%; defined in University of California at Santa Cruz
AltEvents table) than with those that were not (45%; P = 10−105,
one-sided binomial test), suggesting a possible role for Vezf1-
mediated polymerase pausing in facilitating such events. We
investigated the possible role of the co-occupancy of Pol II/Vezf1
in promoter choice. Vezf1 was knocked down in HeLaS3 cells
and the relative change in the occupancy by Ser2P-Pol II at
the canonical promoter, and the alternate promoter of four
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Fig. 1. ChIP-Seq of Flag-Vezf1 and Ser2 Phos Pol II in HeLa S3 cells. (A) Vezf1
and Ser2-Pol II ChIP-Seq coverage are highly correlated. The ChIP-Seq tag
coverage for each protein is shown across a representative region on chro-
mosome 1. To generate coverage, each tag was extended 150 nt 3′ to the tag
start and coverage is calculated in 100-nt nonoverlapping bins. Tag normalized
control background (input DNA) has been subtracted and only windows with
positive tag counts are shown. (B) Vezf1 binds frequently at Ser2-Pol II binding
sites. (Left) whole genome; (Right) in-gene bodies. In-gene binding sites were
defined as binding sites thatwere located in coding regions but thatwere>500
bp from a TSS. The numbers of binding sites for each sample differ in the in-
tersect because binding site overlaps are not 1:1. (C) Effects of siRNAmediated
Vezf1 knockdown in HeLa S3 cells. HeLa S3 cells were treated with siRNA to
knock down the expression of endogenous Vezf1. Cross-linked chromatin was
immunoprecipitated using anti Ser2Phos Pol II antibody followed by qPCR us-
ing Taqman probes. In the bar diagram, PV indicates where Pol II peaks overlap
with Vezf1 binding sites and P indicates control sites with only Pol II peaks. The
significance of the Pol II decrease is indicated by the t test-derived P values,
which are 0.001, 0.05, and 0.1 for Chr1, -19, and -5, respectively.
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randomly selected genes was measured. Although we noticed
a decrease in the level of Ser2P-Pol II at the promoters of all of
the tested genes, we did not see any change in the Ser2P-Pol II
level at the alternate promoters (SI Appendix, Fig S5A). Thus,
although Vezf1 induces pausing at promoter proximal sites, its
specific role in transcriptional regulation at these sites remains to
be determined.
Another distinct role for Vezf1 is associated with its activity

within the chicken β-globin insulator, where it is essential for
barrier insulator function (see Discussion). The β-globin insulator
contains, in addition to Vezf1, a binding site for the CTCF in-
sulator protein (28). We find a very significant overlap between
Vezf1 sites (non-TSS) and CTCF sites, with 20% of Vezf1 sites
present within 1 kb of a CTCF binding site (SI Appendix, Fig.
S5B). This finding supports the genome-wide role of Vezf1 in
insulator barrier function.

Role of Pol II Pausing at Vezf1 Binding Sites.A strong Vezf1 binding
site is present at a 3′ intron of the dnmt3b gene; we investigated
the possible role of paused Pol II at this Vezf1 binding site.
Using an antibody specific to Ser2P-Pol II, we performed ChIP
experiments on cross-linked chromatin from WT and Vezf1−/−

ES cells (Fig. 2A). The data show a greater accumulation of
Ser2P-Pol II at Vezf1 binding sites in WT ES cells than in Vezf1−/−

ES cells. The co-occupancy of Vezf1 and Pol II at Vezf1 binding
sites was confirmed by a sequential ChIP analysis for the two
proteins (SI Appendix, Fig. S6A).
To investigate the effect of Pol II pausing on Dnmt3b tran-

scription, we performed nuclear run-on assays using nuclei pu-
rified from WT and Vezf1−/− ES cells. Probes specific to the 5′
UTR, an intragenic region and the 3′ end of the dnmt3b gene,
were used. As shown in Fig. 2B, there is no significant difference
in the transcript level between WT and Vezf1−/− ES cells at the

promoter region or the intragenic region. In contrast, at the 3′
end the band intensity detected by the probe 1-kb downstream of
the Vezf1 binding site is higher in Vezf1−/− ES cells than in WT
cells, suggesting that Vezf1 binding affects transcription elon-
gation by inducing pausing of Pol II near Vezf1 binding sites. We
also confirmed the pausing of RNA Pol II in vitro at Vezf1
binding sites, taking advantage of an S1 nuclease protection as-
say developed earlier to show RNA Pol II pausing at MAZ
binding sites (15) (SI Appendix, Fig. S6B).
To examine further the relationship between Vezf1 and Pol II

pausing, we carried out a genome-wide ChIP-Seq survey of
Ser2P-Pol II binding in WT and Vezf1−/− ES cells. We had found
that direct immunoprecipitation by antibodies to Vezf1, although
satisfactory for ChIP-qPCR studies at individual sites, did not
give sufficiently robust signals for a genome-wide study. We
therefore chose individual potential Vezf1 binding sites (poly-
GC rich), where peaks of enrichment of Pol II were higher in
WT cells compared with the Vezf1−/− ES cells (SI Appendix, Fig.
S7A). The qPCR analysis at these sites showed approximately
twofold higher enrichment of Pol II in the WT compared with
the null cells (Fig. 2C). To test if this change correlated to loss of
Vezf1 binding at these sites, we performed ChIP using polyclonal
anti-Vezf1 antibody. As shown in Fig. 2D, seven of eight sites at
which Ser2P-Pol II was depleted in the null cells were adjacent to
sites occupied by Vezf1 in WT ES cells. To address the biological
importance of Pol II pausing in the above-studied genes, we
measured gene expression by qRT-PCR analysis; Vezf1−/− cells
showed decreased expression of four of these six associated
genes (SI Appendix, Fig. S7B). The above data are consistent
with the genome-wide correlation between Vezf1 binding and
pausing of elongating Pol II, and suggests a regulatory role in
gene expression.
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Fig. 2. ChIP followed by qPCR using Taqman probes. (A) Illustration of the Dnmt3b gene shows the position of probes (arrows). Boxes represent exons;
alternatively spliced exons 22 and 23 are indicated. (A, C, and D) Cross-linked chromatin from WT and Vezf1−/− (null) ES cells was immunoprecipitated with
anti-Ser2 phosphorylated Pol II antibody (ab5095) or polyclonal anti-Vezf1 antibody. For C and D, the positions of primer/probes for qPCR are marked by black
arrows in SI Appendix, Fig. S4. (B) Nuclear run on assay using nuclei purified from WT and Vezf1−/− (null) ES cells. The probes to detect the 5′ UTR (lane 1),
intragenic region (lane 2) and 3′ (lane 3) end transcripts of the dnmt3b gene were slot-blotted and hybridized with total RNA purified after the run-on
reaction. Gapdh is used as a control for signal intensity (lane 4). Bar diagram shows the quantification of the intensity of bands using a PhosphoImager.
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Pol II Pausing and Regulation of Alternative Splicing. Regulation of
alternative splicing takes place through several mechanisms (29).
One of these mechanisms involves reducing the elongation rate of
Pol II downstream of weak exons, thus giving enough time for in-
clusion of these exons in the spliced transcript. We had observed
earlier (7) that the absence of Vezf1 results in alteration in the
relative abundance of dnmt3b splice variants, and that Vezf1−/− ES
cells expressing ectopic Vezf1 show partial rescue of Dnmt3b ex-
pression and of DNA methylation. This behavior strongly suggests
a role of Vezf1 mediated Pol II pausing in regulating alternative
splicing of Dnmt3b. Although Vezf1 should directly affect ex-
pression at many sites genome-wide, its effect on Dnmt3b, and
therefore onDNAmethylation, assigns it an equally important role
in a complex circuit regulating global gene expression. To in-
vestigate whether modulation of elongation by Vezf1 had an effect
on alternative splicing at genes other than dnmt3b (7), we tested
two genes, usp15 and ubtf, which have two alternatively spliced
forms coexpressed in mES cells (SI Appendix, Fig. S8). ChIP
analysis of each gene reveals both Vezf1 binding and accumulation
of Ser2P-Pol II at the sites of alternative splicing (Fig. 3A). By
semiquantitative PCR analysis, we determine that as withDnmt3b,
there is a decrease in the expression of the long isoforms of usp15
and ubtf in Vezf1−/−ES cells, thus changing the relative ratio of the
two isoforms (Fig. 3B) and supporting this role of Vezf1-mediated
Pol II pausing at alternative splicing sites.
Given these results, we wanted to determine, from the ge-

nome-wide studies in HeLaS3, the frequency of Vezf1/Ser2P-Pol
II cobinding sites downstream of cassette exons. We excluded
cassette exons that were within 1 kb of the 5′ end of a gene to
prevent bias arising from broad peaks near the transcription start
site. Eleven percent of intragenic cooccupied sites were present
within 5 kb downstream of cassette exons and about 3% of
cassette exons contained a co-occupied binding site in the region

5 kb downstream (SI Appendix, Fig. S9). These data suggest that
Vezf1-mediated Pol II pausing may represent a significant reg-
ulatory mechanism for alternative splicing.
We showed above that Pol II accumulation at Vezf1 binding

sites decreased in mouse Vezf1−/− ES cells. To understand the
mechanism by which Vezf1 affects transcription elongation, we
searched for factors that might be recruited by Vezf1. Coim-
munoprecipitation of V5-tagged Vezf1 from ES nuclear extracts
followed by mass spectrometry revealed several interacting
partners (SI Appendix, Fig. S10). Among other chromatin-asso-
ciated factors, we identified both Mrg15, which recognizes
H3K36 trimethylation (30), and Mrg binding protein (Mrgbp).
We confirmed the interaction of Vezf1 with Mrg15 by Western
blot, following its coimmunoprecipitation from nuclear extracts
with anti-Vezf1 antibody (Fig. 4A). We measured H3K36 tri- and
monomethylation at sites in the Dnmt3b gene, including the 3′
Vezf1 site. In agreement with published data (31), we see the
highest accumulations of H3K36 trimethylation in the alterna-
tively spliced region (Fig. 4B). Differential inclusion of exons is
regulated in some cases by polypyrimidine tract binding protein
(Ptb), and previous data (31) showed a subset of Ptb-dependent
alternative splicing events was mediated by Mrg15. We tested the
effect of siRNA mediated knockdown of Ptb and Mrg15 on al-
ternative splicing of dnmt3b, usp15, and ubtf transcripts. Fig. 4C
and SI Appendix, Fig. S11 show that in dnmt3b and usp15, Ptb
knockdown causes a substantial increase in the ratio of long form
to short form transcript, the opposite of the effect of Vezf1
knockout. Alternative splicing of ubtf transcript did not show
a clear Ptb dependence. Knockdown of Mrg15, however, resulted
in smaller changes in the ratios of alternatively spliced forms and
without a clear bias, indicating a less direct role in the above
splicing events.

Fig. 3. Role of Vezf1 mediated Pol II pausing in alternative splicing. (A) Illustration of Usp15 and Ubtf genes showing the cassette exons. Arrows indicate the
position of the primers around the Vezf1 binding sites used for qPCR. Cross-linked chromatin from WT and Vezf1−/− ES cells were immunoprecipitated with
anti-Vezf1 antibody (rabbit polyclonal) or anti-Ser2Phos Pol II antibody. AS, alternative splicing. (B) One-step RT-PCR was performed with total RNA from WT
and Vezf1−/− cells. The primers flanking the alternatively spliced exons were used to amplify isoforms in the same reaction, which then were separated by
PAGE (SI Appendix, Fig. S8). The relative density of bands on the gel was measured. The data represents the average calculated from two independent
experiments. The abundances of long and short isoforms are represented as relative intensities.
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Mrg15 is known to be a component of both the Tip60 histone
acetyltransferase (HAT) and histone deacetylases complexes
(32–34), and Mrgbp is a subunit specific to the Tip60 HAT
complex (35), which has an established role in transcriptional
elongation (ref. 36 and references therein). This complex cata-
lyzes acetylation of sites on histones H3 and H4 (37). In agree-
ment with a role of Vezf1 in recruiting these modifications
through one or both of these proteins, we observed a higher
accumulation of H4K16 acetylation in the region of alternative
splicing of dnmt3b, which is decreased in Vezf1−/− cells (Fig. 4D).
A decrease in H4K16 acetylation was also seen in usp15 and ubtf
alternative splice sites in Vezf1−/− cells (SI Appendix, Fig. S11C).
H4K16 acetylation is associated with lower levels of chromatin
compaction (38). Our data are consistent with a model in which
binding of the Mrg15/Mrgbp complex, recruited to chromatin
around Vezf1 binding sites, is stabilized by high levels of H3K36
trimethylation. This process, in turn, could recruit higher levels
of H4K16 acetylation, facilitating the release of paused Pol II
and completion of the transcription cycle. Thus, at the sites of
alternative splicing, Vezf1 could play a dual role in stimulating
Pol II pausing and recruiting chromatin modifications that fa-
cilitate its release from the paused state.

Discussion
We found in an earlier study (7) that absence of Vezf1 leads to
loss of DNA methylation at many sites in the genome, and that
this could be attributed to a decrease in levels of the RNA splice
variant that codes for the active form of the methyltransferase
Dnmt3b. In cells expressing Vezf1, the protein is bound at two
downstream sites, one within a 3′ intron. This finding led us to
suggest that at this intronic site Vezf1 modulates the movement
of elongating RNA pol II along the gene.
We have shown here, through a genome-wide analysis, that the

majority of sites occupied by the transcription factor Vezf1 in
HeLa S3 cells are associated genome-wide with peaks of elon-
gating Pol II (Fig. 1A). We point out that these changes are
observed against a background of elongating Pol II, which is
distributed over expressed genes. It is possible that Vezf1 and
other sites enriched in poly G/C DNA could have an intrinsic
ability, independent of Vezf1 binding, to partially slow elonga-
tion. Although such effects have been reported for T7 bacteri-

ophage RNA polymerase (39), and could perhaps affect tran-
scription rates by Pol II, our data make clear that binding of
Vezf1 regulates accumulation of Ser2-Pol II.
The Vezf1/Ser2P-Pol II binding sites associated with genes may

be divided into two classes: those around the TSS and those within
gene bodies. Our initial interest in the regulatory effects of Vezf1
on Dnmt3b expression led us to focus on downstream sites within
genes, and to an examination of the role of Vezf1 in modulating
splicing choices, particularly at Vezf1/Pol II sites where Vezf1 and
elongating pol II are bound near alternatively spliced exons. There
is accumulating evidence that splicing and alternative splicing
occur cotranscriptionally (refs. 19, 20, and 40, and references
therein). The first evidence that Vezf1 mediates splicing choice
came from our earlier study of the Dnmt3b gene (7), in which we
observed a change in the relative abundance of two splice variants
in mES cells lacking Vezf1 (SI Appendix, Fig. S8C). Here we have
shown (Fig. 3B) that similar effects can be observed at other genes
where Vezf1 and elongating Pol II are bound near alternatively
spliced exons. This finding suggests that Vezf1 has that function
genome-wide. We have observed a very high enrichment of Vezf1
binding sites in GC-rich simple repeats. Earlier studies have em-
phasized the role of simple repeats in alternative splicing through
the activity of specific RNA binding proteins (41). It is plausible
that these sequences have a synergistic effect on exon inclusion
through both RNA- and DNA-mediated mechanisms.
Several recent studies have highlighted the important role of

promoter-associated transcription factors (24, 26) and chromatin
structure in alternative splicing (40, 41). We have shown here
that Mrg15, which recognizes H3K36 trimethylation (30), and
Mrgbp, copurify with Vezf1 (Fig. 4A). Mrg15 and Mrgbp are
components of the Tip60 HAT complex, which by acetylating
H4K16 at these Pol II pausing sites could facilitate Pol II release
and prevent the premature termination of transcription.
The properties of Vezf1 may allow it to play more than one

role within the nucleus. At other intragenic sites, Vezf1 may
regulate transcription by modulating transcriptional elongation,
or equally possible, the cofactors with which it is associated may
lead to site-specific changes in histone modifications. Our orig-
inal interest in Vezf1 function arose because of its activity as
a boundary element within the chicken β-globin insulator. Our
observation that there are many sites in the genome occupied by
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Vezf1 that are adjacent to CTCF-occupied sites strongly suggests
that Vezf1 plays a role in insulator function genome-wide. De-
letion of any one of three Vezf1 binding sites within the insulator
destroys its ability to protect against heterochromatic silencing
(3). We have shown that the heterochromatic region upstream of
the chicken β-globin insulator is maintained by dicer-dependent
mechanisms involving low levels of transcription from the region
(42). It may be that at the insulator and similar sites, bound
Vezf1, by blocking RNA Pol II, prevents the extension into ac-
tive chromatin of low-level transcription from adjacent hetero-
chromatic regions, and that this protects against silencing.

Materials and Methods
Comparison of Ser2-Pol II Coverage in WT and Vezf1−/− mES Cells. The genome-
wide coverage of Ser2-Pol II was calculated in the WT and Vezf1−/− genetic
backgrounds. Genomic loci with higher Ser2-Pol II binding in WT were
identified by comparing the number of tags in WT and Vezf1−/− for each 50-
nt window. A binomial test was used to assess significance and a Bonferroni-
corrected P value threshold of 10−3 used. Adjacent sites ± 50 bp were
merged and several such sites were chosen for qPCR analysis to assess
Vezf1 binding.

Binding Site Identification from ChIP-Seq Data. Statistically overrepresented
sites were identified by sliding a 50-nt nonoverlapping window across the
genome. A binomial test was used at each site to assess if the tag count was
significantly enriched with respect to the control (input). Windows with no
tags in the control were not considered. Adjacent enriched windows were
merged and the maximum P value assigned. We assessed the false-discovery

rate (FDR) for this method by switching the control and treatment data and
identifying enriched regions in the control. We selected a P value threshold
such that the FDR for each experiment was less than 10%. Thus, a log10

(P value) of 1.5 was used as a cutoff, yielding FDRs of 7.0% for the Vezf1
sample and 2.9% for Ser2-Pol II. To assess the correlation between replicates
and between Vezf1 and Ser2-Pol II binding for each chromosome (SI Ap-
pendix, Fig. S12), a vector was generated from the coverage in enriched
regions for each replicate dataset for each protein. The Spearman rank
correlation was then calculated between the coverage vectors for each
chromosome for each dataset. Loci with zero coverage in the first sample
were discarded for each comparison. To assess the expected random corre-
lation, we permuted the strengths of the first sample in each comparison.

On a gene-by-gene basis, Ser2-Pol II binding sites that had a magnitude
greater than the mean in-gene coverage + 1 SD were identified and termed
“in-gene” paused sites. This normalization helps to distinguish paused Ser2-
Pol II from the background transcription level and is particularly useful for
distinguishing Ser2-Pol II accumulations in highly expressed genes. The
expected overlap between Vezf1 in-gene sites and paused Ser2-Pol II sites
was calculated by calculating the Vezf1 site overlap with randomly distrib-
uted Ser2-Pol II sites. For this analysis, the Ser2-Pol II sites were randomly
distributed in transcribed, nongap regions of the genome, at least 500 nt
from a TSS. Ten thousand iterations were performed.
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