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Letter

Genomic localization of RNA binding proteins
reveals links between pre-mRNA processing

and transcription

lan A. Swinburne,’ Clifford A. Meyer,? X. Shirley Liu,”? Pamela A. Silver,'* and

3,4,5

Alexander S. Brodsky

"Department of Systems Biology, Harvard Medical School, Boston, Massachusetts 02115, USA; ?Departments of Biostatistics and
Computational Biology, The Dana-Farber Cancer Institute and Harvard School of Public Health, Boston, Massachusetts 02115,
USA; 3Department of Cancer Biology, The Dana-Farber Cancer Institute, Boston, Massachusetts 02115, USA

Pre-mRNA processing often occurs in coordination with transcription thereby coupling these two key regulatory
events. As such, many proteins involved in mRNA processing associate with the transcriptional machinery and are in
proximity to DNA. This proximity allows for the mapping of the genomic associations of RNA binding proteins by
chromatin immunoprecipitation (ChIP) as a way of determining their sites of action on the encoded mRNA. Here,
we used ChIP combined with high-density microarrays to localize on the human genome three functionally distinct
RNA binding proteins: the splicing factor polypyrimidine tract binding protein (PTBPI/hnRNP I), the mRNA export
factor THO complex subunit 4 (ALY/THOC4), and the 3’ end cleavage stimulation factor 64 kDa (CSTF2). We
observed interactions at promoters, internal exons, and 3’ ends of active genes. PTBPI had biases toward promoters
and often coincided with RNA polymerase Il (RNA Pol II). The 3’ processing factor, CSTF2, had biases toward 3’
ends but was also observed at promoters. The mRNA processing and export factor, ALY, mapped to some exons but
predominantly localized to introns and did not coincide with RNA Pol Il. Because the RNA binding proteins did not
consistently coincide with RNA Pol I, the data support a processing mechanism driven by reorganization of
transcription complexes as opposed to a scanning mechanism. In sum, we present the mapping in mammalian cells of
RNA binding proteins across a portion of the genome that provides insight into the transcriptional assembly of

RNA-protein complexes.

[Supplemental material is available online at www.genome.org and http:/ /silver.med.harvard.edu/brodsky/.]

RNA binding proteins regulate many stages of RNA metabolism
to help determine gene expression programs (for reviews, see
Keene and Tenenbaum 2002; Hieronymus and Silver 2004). To
prepare mRNA for export to and translation in the cytoplasm,
many events including splicing, cleavage of the 3’ end, and ed-
iting occur cotranscriptionally (Kornblihtt et al. 2004; Aguilera
2005a). After transcription, the mRNA-protein complex may re-
organize as it is exported to the cytoplasm and prepared for trans-
lation (Fairman et al. 2004). Thus, significant efforts have been
made to determine how RNA binding proteins interact at genes
and/or mRNAs at various stages of mRNA metabolism (Tenen-
baum et al. 2000; Brown et al. 2001; Hieronymus and Silver 2003;
Ule et al. 2003; Yu et al. 2004). These early genomic efforts sug-
gested that, similar to DNA binding proteins, functional group-
ings of genes are being bound by RNA binding proteins perhaps
as post-transcriptional operons (Keene and Tenenbaum 2002).
However, it is not known at which stage of RNA processing these
operons are established.

Much of pre-mRNA processing is coupled to transcription
both physically and functionally, potentially through interac-
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tions with the C-terminal domain (CTD) of RNA polymerase II
(RNA Pol II) (Mortillaro et al. 1996; Yuryev et al. 1996; Kim et al.
1997). The CTD is phosphorylated as transcription begins. Fol-
lowing initiation, RNA Pol II transcribes at varying rates and un-
dergoes conformational changes during transcript elongation
that may result in pausing at particular loci (for review, see Arndt
and Kane 2003). Many connections between transcription and
RNA processing have been found to occur during transcription
elongation (Howe et al. 2003; Lindstrom et al. 2003). A recent
study suggested cotranscriptional specificity for RNA binding
proteins; some splicing factors were constitutively recruited
while others depended on the splicing outcome (Mabon and Mis-
teli 2005). RNA binding proteins also have critical roles in main-
taining genomic stability (Aguilera 2005b; Li and Manley 2005).

Three mammalian proteins known to modulate nuclear
RNA processing include the mRNA export factor ALY, the splic-
ing factor polypyrimidine tract binding protein (PTBP1), and the
3" end cleavage factor CSTF2. ALY is an RNA binding protein that
links splicing to mRNA export as a component of the exon junc-
tion complex (EJC) (Zhou et al. 2000). PTBP1 represses alternative
exons like those of FGFR1 and FGFR2, where PTBP1’s influence
yields receptors with higher affinities for fibroblast growth factor
(Carstens et al. 2000; Wagner and Garcia-Blanco 2002; Jin et al.
2003). CSTF2 is the mammalian homolog of the yeast protein,
RnalSp, and is a 3’ end cleavage factor that can modulate alter-
native 3’ end cleavage of transcripts (Takagaki and Manley 1998).
Interestingly, some of the same proteins are involved in the regu-
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lation of splicing and 3’ end processing sug-

gesting a link between the two processes (Lin and Patton 1995;
Castelo-Branco et al. 2004). However, little is known about which
mRNAs are the substrates for these RNA binding proteins.

RNA binding proteins also influence transcription initiation
(Kornblihtt et al. 2004). In mammalian cells, numerous RNA
binding proteins are associated with hypo-phosphorylated RNA
Pol II or transcription factors (Michelotti et al. 1995; Calvo and
Manley 2001; Stains et al. 2005). Additionally, RNA splicing fac-
tors can influence transcription in a hormone dependent man-
ner at promoters (Dowhan et al. 2005). The mechanism of action
for RNA binding proteins at promoters remains unclear.

Chromatin immunoprecipitation (ChIP) is a powerful ap-
proach to localize proteins to genomes. A variety of RNA binding
proteins including splicing, nuclear export, and 3’ processing
factors associate with the yeast genome to reveal different distri-
butions across genes and gene sets (Komarnitsky et al. 2000; Lei
et al. 2001; Lei and Silver 2002; Yu et al. 2004; Lacadie and Ros-
bash 2005). Genomic localization of RNA binding proteins iden-
tified sites that are consistent with known functions. A yeast
spliceosome component, the Ul snRNP, localized preferentially
to intron-containing genes, while the RNA exonuclease Ratlp
localized to the 3’ ends of genes where it is involved in transcrip-
tion termination as well as mRNA degradation (Kotovic et al.
2003; Kim et al. 2004; Lacadie and Rosbash 2005). These studies
underscore the potential for the genomic localization approach
to identify functional targets of RNA binding proteins and im-
prove our understanding of the early assembly and organization
of mRNPs.

Results

PTBPI localizes to actively transcribed genes

Since much of pre-mRNA processing is physically and function-
ally coupled to transcription, we postulated that ChIP could be
used to localize RNA binding proteins to chromatin in mamma-
lian cells. To determine the distribution of RNA binding proteins
across DNA, we performed ChIP with an antibody against PTBP1
to isolate both direct and indirect associations with chromatin in
HeLa cells (Fig. 1). We first examined two genes known to be
regulated by PTBP1 during splicing, fibroblast growth factor re-
ceptor 1 (FGFR1), which is expressed in HeLa cells, and fibroblast
growth factor receptor 2 (FGFR2), which is not expressed in HeLa
cells (Fig. 2A, RNA expression array data) (Jin et al. 2000, 2003;
Brodsky et al. 2005). As a reference and control, we designed
primers for the poly-A polymerase testis specific gene (PAPOLB)
that is intron-less and not expressed in HeLa cells (RNA expres-
sion array data) (Brodsky et al. 2005). Enrichment values were
calculated using the input-normalized signal of the target in the
ChIP relative to the input-normalized signal of PAPOLB (see
Methods).

We observed enrichment of PTBP1 at FGFR1’s a-exon rela-
tive to PAPOLB, but significant enrichment was not observed at
the previously identified PTBP1-regulated FGFR2 exon nor at the
promoters of FGFR1 and FGFR2 (Fig. 2A; primers in Supplemental
data 1). The absence of PTBP1 enrichment at FGFR2 correlates
with the lack of FGFR2 expression in HeLa cells, suggesting a
transcriptional bias for localization. Typically, we considered a
value >2 significant enrichment above background and within
the precision of the experiment.

To investigate the relationship between transcription and

DNA

Associations of RBP’s that
may crosslink to DNA ( X))

Figure 1. Cross-linking events that may yield enriched DNA fragments
by chromatin immunoprecipitation of an RNA binding protein (RBP).
Hela cells were cross-linked with 170 mM DMA and 1% formaldehyde
(cross-linking events depicted as red x's). This approach should increase
the frequency of protein—protein and protein-DNA cross-linking, en-
abling the detection of both direct and indirect protein—-DNA interac-
tions.

splicing, we performed ChIP with two antibodies against RNA
Pol II. We had previously shown that hypo-phosophorylated
RNA Pol II (Pol IIa) localized predominately to promoter regions
while RNA Pol II (Pol II) localized at promoters, internal and
terminal exons (Brodsky et al. 2005). Thus, the enrichment pat-
terns for RNA Pol II outlined active promoters, elongating poly-
merase, and sites of accumulation that likely reflect slower tran-
scription elongation. ChIP analysis across FGFRI and FGFR2 with
antibodies against RNA Pol II reflected the expression of FGFR1
and the lack of FGFR2 expression (Fig. 2A, RNA expression array
data) (Brodsky et al. 2005).

To examine enrichment patterns across another gene, we
designed a series of primers across the PTBP1 gene itself. Many
RNA binding proteins exhibit auto-regulation, as has been shown
for PTBP1 (Wollerton et al. 2004). PTBP1 localized to a number of
regions across the PTBPI gene including the promoter (Fig. 2B,
p2) and around alternative exon 9 (Fig. 2B, p5). Thus, the ChIP
approach effectively identified PTBP1 target regions. Similar to
patterns observed previously, we observed Pol Ila mostly at the
promoter and Pol II across the PTBP1 gene (Fig. 2B). In compari-
son, we observed PTBP1 sites overlapping with RNA Pol II accu-
mulation within the gene.

PTBPI associations in gene regions are sensitive to reductions
in transcription

To determine if PTBP1’s association with genes depends on tran-
scription, we treated cells with the transcription elongation in-
hibitor, a-amanitin, before performing the ChIP assay. The drug
a-amanitin blocks the translocation of RNA Pol II and enabled us
to test the dependence of genomic association on transcription
elongation (Reid et al. 2003; Gong et al. 2004). For the a-amani-
tin experiments we again used PAPOLB for background correc-
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Figure 2. PTBP1 and RNA polymerase Il are enriched at sites within
transcribed genes. (A) Schematic representation of the FGFRT, FGFR2, and
PAPOLB genes with primers depicted above genes; thick segments rep-
resent exons, and thin segments represent introns. PCR analysis of ChIP’s
targeting PTBP1, promoter associated RNA polymerase Il (Pol lla,
8WG16), and total RNA polymerase Il (non-phosphospecific Pol I, 4H8).
Error bars represent the standard deviation calculated from three to seven
biological repeats. (B) PTBP1, Pol lla, and Poll Il are enriched at PTBP1’s
promoter and alternative exons. Starting upstream of the transcription
start site, eight primer sets (denoted p1-p7) were designed to target sites
across PTBP1. Alternative exons include exon 9 (*) and exon 11 (#). Hela
cells were grown in 40 pg/mL a-amanitin, and then cross-linked and
sonicated for the a-amanitin ChIP experiments.

tion because a-amanitin treatment did not induce its expression
(absence of expression not shown). Our data show that a-amani-
tin treatment reduced internal PTBP1 enrichment across PTBP1
(Fig. 2B). Enrichment at the promoter, while reduced, remained
significant for PTBP1 after drug treatment. Therefore, the local-
ization of PTBP1 within a gene is sensitive to either the reduction
of active elongation complexes or RNA synthesis.

Genome location analyses identify many RNA binding
protein association sites

To determine sites of interaction and the specificity of cotrans-
criptional association with the genome, we combined ChIP with

tiled oligonucleotide microarrays (ChIP-chip). We hybridized
amplified DNA to tiled microarrays spanning the Encyclopedia of
DNA Elements (ENCODE) regions (The ENCODE Project Consor-
tium 2004; Brodsky et al. 2005). We compared DNA from chro-
matin immunoprecipitations of PTBP1, ALY, and CSTF2, to dif-
ferentiate how RNA binding proteins with different basal func-
tions in pre-mRNA processing may be recruited to different
locations reflecting their roles in mRNA processing. Additional
expression information came from total HeLa RNA that was re-
verse-transcribed with random primers and probed on the tiled
ENCODE arrays (RNA tract in Fig. 3).

We examined enrichment patterns across individual genes
and found distinct patterns for RNA binding proteins relative to
RNA Pol II. Figure 3 shows representative plots of —10 log (P-
value) for probes across four genomic regions. While ALY, PTBP1,
and CSTF2 exhibited significant enrichment on LENGS8 and
HCFCI1, their localization patterns were different (Fig. 3A,B). In
Figure 3, blue arrows highlight sites where gene associations were
similar between RNA binding proteins as well as RNA Pol II,
purple arrows highlight sites where RNA binding proteins were
different from one another, and green arrows highlight sites
where there was RNA binding protein enrichment in the absence
of significant RNA Pol II accumulation. LENG8 and HCFC1 rep-
resented typical genes, with PTBP1 and RNA Pol II showing simi-
lar patterns across the genes. In comparison, CSTF2 and ALY
appeared at the 3’ ends of LENG8 and HCFC1.

Interestingly, RNA binding proteins were present at unan-
notated regions where PTBP1 enrichment overlapped with RNA
Pol II as well as RNA (indicated with a black arrow, Fig. 3C).
These regions may represent novel small genes. At loci where
there was no apparent transcription, such as the g-globin locus,
there was often no significant enrichment for the RNA binding
proteins (Fig. 3D, RNA expression array data) (Brodsky et al.
2005).

ALY, CSTF2, and PTBPI are biased to particular exons
reflecting their functions

To determine sites of enrichment for ALY, CSTF2, and PTBP1, we
used a nonparametric approach generalizing the Mann-Whitney
U-test (Brodsky et al. 2005). The P-values reported here represent
comparisons between the ChIP and control samples of probe
intensities in each 1000-base pair window. As shown in Figure
4A, we found that a P-value of 10~ ® minimized the false-positive
rate for PTBP1 and CSTF2. For ALY, a P-value <10~ *° was justified
by the PCR data.

To search for general patterns amongst ALY’s, PTBP1’s, and
CSTF2’s sites of enrichment, we classified sites using the RefSeq
database for their location relative to 5' exons, introns, internal
exons, and 3’ exons of annotated genes as well as unannotated,
intergenic regions (Fig. 4B; Table 1; Supplemental data 2). The
RNA binding proteins exhibited unique distribution patterns.
ALY, while having fewer significant sites (189 total sites), was
most often at introns (51 sites) and internal exons (36 sites).
Statistical analysis using the two-sided Fisher’s exact test demon-
strated that ALY intron sites coincided less often then expected
by chance with the other factors and locations (P-values
2.2 X 1072 to 0.17, Supplemental data 3). PTBP1 had 748 sig-
nificant sites and many were at 5’ (215 sites) and internal exons
(295 sites). The distribution of PTBP1 sites resembled the distri-
bution of Pol II sites (Fisher’s exact test P-values 0.07-1, Supple-
mental data 3). CSTF2 had an intermediate number of sites (481
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Figure 3. High resolution mapping of ALY, PTBP1, CSTF2, Pol Il, Pol Ila, and RNA shows accumu-
lation at distinct sites. Pol Il sites were determined using an antibody, 4H8, that recognizes both
phosphorylated and unphosphorylated RNA polymerase II. Pol lla sites were determined using an
antibody, 8WG16, which recognizes primarily unphosphorylated RNA polymerase Il. RNA was reverse-
transcribed with random primers and the resulting cDNA was probed on the tiled ENCODE arrays.
Representative plots of =10 log (P-value) across LENG8 (A), HCFCT (B), an intergenic region (C), and the
B-globin locus (D). Schematics of the genes from the known genes database are shown and labeled at
the 5" end to indicate the direction of transcription of each gene. The thin line in each plot marks a
P-value of 10~ ¢ except for ALY, where it marks a P-value of 10~ . Blue arrows highlight sites where RNA
binding proteins were similar to other RNA binding proteins as well as RNA Pol I, purple arrows highlight
sites where RNA binding proteins were different than one another, green arrows highlight sites where there
was RNA binding protein enrichment in the absence of significant RNA Pol Il accumulation, and the black
arrow highlights an unannotated loci where PTBP1, RNA Pol II, and RNA signal were observed.

CSTF2 occurred between 5’ exon-intron
and 5’ exon-internal exon sites (respec-
tive Fisher’s exact test P-values are
3.2 x 1077 and 2.5 x 10~ *, Supple-
mental data 3).

The RNA binding proteins had dif-
ferent exon biases reflecting their differ-
ent known functions during pre-mRNA
splicing, 3’ end processing, and mRNA
export. Generally, ~57% of PTBP1 sites
were at annotated exons while ~40% of
CSTF2 and ~30% of ALY sites were at an-
notated exons. Amongst exon positions,
PTBP1 was biased for 5’ exons, ALY was
biased for 5’ and internal exons, and
CSTF2 was biased for internal and 3" ex-
ons (Fig. 4C). We did not find significant
motifs within the promoters bound by
PTBP1 or CSTF2. Additionally, we did
not identify significant correlations with
alternatively spliced exons or splice site
donor strength.

To examine the patterns across in-
dividual genes, we sorted genes with
enrichment into categories defined by
the location(s) of factor enrichment
(Table 2). With this analysis, we found
that 54% of genes with ALY enrichment
sites only had ALY sites at introns and/or
internal exons. We also found that 73%
of genes with PTBP1 enrichment sites
had PTBP1 sites at the 5’ exon combined
with various patterns downstream
within the gene. There were two pre-
dominant categories of CSTF2-enriched
genes: The first category had 38% of the
CSTF2 genes with sites only within the
gene at introns and/or internal exons,
the second category had 41% of CSTF2
genes with sites at the 3’ exon and in
various patterns upstream within the
gene. These gene specific patterns could
reflect trends in different functional
roles during pre-mRNA splicing, 3’ end
processing, and mRNA export.

ALY, PTBPI1, and CSTF2 localizations
reveal exon specificity

To further characterize the specificity of
the observed protein associations, we
analyzed the overlap in genomic associa-
tion as diagrammed in Figure SA. We
identified 986 sites bound by ALY,
PTBP1, and/or CSTF2. Over the anno-
tated regions, we observed that two or
more of the RNA binding proteins
shared 36% of these sites. We deter-
mined that the overlaps are statistically

total sites) and, compared with PTBP1, had a greater portion of its significant, with P-values <10~ * as determined by simulations
sites within introns and regions not annotated in the RefSeq gene with 10,000 random sites. To examine whether there was any
database. The most significant differences between PTBP1 and bias for sites where RNA binding proteins overlap, we classified
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bound to the 5’ exons of highly ex-

pressed genes (Supplemental data 5).
Meanwhile, ALY and CSTF2 coincided

much less with RNA signal, at 35% and

28%, respectively. This may reflect ALY

and CSTF2 localization to lowly tran-
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Figure 4. Analysis of array data showed P < 10~ ¢ were significant and annotation of these sites
revealed unique patterns and biases. (A) PCR validation of array data, performed with PCR assay used
in Figure 1. Each point in the scatter plots represents a PCR validation. (B) RefSeq site annotation of sites
enriched for RNA polymerase I, ALY, PTBP1, and CSTF2. Sites were annotated as being 5’ exons,
introns, internal exons, 3’ exons, and unannotated as described in Methods. Numbers for each an-
notation are in Table 1. (C) Exon biases of RNA binding proteins. The percent of each protein’s exons
that are 5', 3/, or internal (by default) was determined and plotted on a pie chart to illustrate factor

biases.

these sites for 5’ exon, introns, internal exon, 3’ exon, and un-
annotated (analysis not shown). We found multiple RNA binding
proteins coincided more often at internal exons and 3’ exons,
(39% and 47% shared by two or more), while there was less
overlap at promoter regions (23% shared by two or more).

Sites of RNA binding protein enrichment overlap with RNA
Pol II enrichment sites

RNA binding protein sites overlapped significantly with RNA
Pol II sites (Fig. 5B). PTBP1 sites coincided with RNA Pol II sites
more than CSTF2 and ALY (Fig. 5B). PTBP1 associated at many
RNA Pol II sites across genes (65%) but slightly more often at 5’
(86%) and 3’ exons (75%, Fig. 5B, location analysis in Supple-
mental data 4). Less overlap between PTBP1 and RNA Pol II oc-
curred at internal exons (62%) and introns (50%). Thus, not all
PTBP1 and RNA Pol II internal exon sites were the same, suggest-
ing that there is some disconnect between the transcription ma-
chinery and PTBP1’s sites of accumulation. For CSTF2, increased
overlap with RNA Pol II occurred at 5" exons (61%) and terminal
exons (63%) as opposed to all gene sites (47%). In contrast,
CSTF2 shared fewer sites with RNA Pol II at internal exons (50%)
and introns (40%). Overall, CSTF2 sites coincided to a lesser ex-
tent with RNA Pol II sites than PTBP1. With only 39% of its gene
sites overlapping with RNA Pol 1II, ALY coincided to a lesser ex-
tent with sites of RNA Pol II accumulation. Biochemical experi-
ments substantiated these shared sites as the different RNA bind-
ing proteins co-immunoprecipitated with one another and with
different phosphorylation states of RNA Pol II (Fig. 5C).

RNA binding protein locations significantly coincided with
RNA signal (Table 3). RNA was reverse-transcribed with random
primers and the resulting cONA was probed on the tiled ENCODE
arrays. As summarized in Table 3, PTBP1 overlapped with RNA
signal 49% of the time, similar to RNA Pol II at 57%. Additional
analysis of RNA expression array data demonstrated that PTBP1

scribed and intergenic regions as well as
intronic sites normally absent in mature
mRNA (Fig. 4; Supplemental data 5).

RNA binding proteins are recruited
to exons

To extract more information from the
high density of probes available on the
Affymetrix arrays, we mapped the maxi-
mum enrichment sites (the top 10%) at
different annotations for each factor to
determine the approximate order of re-
cruitment. We defined locations based
on RefSeq annotations and exon centers
that are halfway between annotated 5’
and 3’ ends of RefSeq exons, excluding
the 5" and 3’ exons. P-values were calcu-
lated for the strongest 10% sites for each
location using a 25-base pair window. In
Figure 6A the P-values at promoters were
compared for RNA Pol II and RNA bind-
ing proteins. As expected, the hypo-phosphorylated RNA Pol 1II
(Pol Ila) appeared slightly earlier than RNA Pol II (Pol II). Like
elongating RNA Pol II (Pol 1II), PTBP1 signal was spread broadly
in the promoter region around the 5’ exon and was distinguished
from the tight promoter signal of hypo-phosphorylated RNA
Pol 1II (Pol Ila).

At internal exons, PTBP1 and CSTF2 showed relatively ho-
mogenous, strong enrichment around the center of internal ex-
ons (Fig. 6B). In contrast, elongating RNA Pol II had a broad
location pattern while Pol Ila signal was stronger at the 5’ ends
of internal exons. At the 3’ end of genes RNA Pol II (Pol II)
enrichment extended beyond the 3’ ends of genes, consistent
with the synthesis of larger pre-mRNAs (Fig. 6C). Interestingly,
PTBP1 enrichment increased as the RNA Pol II enrichment tailed
off further from the 3’ exon, suggesting some PTBP1 may be
globally involved in transcription termination. ALY was not en-
riched at sufficient numbers of locations to provide meaningful
signal for global signal analysis.

Table 1. A summary of RefSeq site annotations for ALY, PTBP1,
CSTF2, RNA polymerase Il, and RNA polymerase lla illustrated
protein specific patterns

ALY PTBP1 CSTF2 Pol 11 Pol lla
Total sites 189 748 481 586 307
Annotated sites 105 554 316 484 245
Unannotated sites 84 194 165 102 62
5’ exon sites 25 215 61 165 196
Intron sites 51 120 124 114 16
Internal exon sites 36 295 140 265 98
3’ exon sites 13 131 67 134 50

Significant sites were annotated with the RefSeq database for the hg16
assembly.
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Table 2. Classification of genes for localization patterns
highlighted the distinct association patterns of ALY, PTBP1, and
CSTF2 across individual genes

ALY PTBP1 CSTF2 Pol Il Pol lla
Only 5’ exon 12.5 20.4 10.2 1.1 47.7
Intron/exon 53.1 12.8 32.1 7.4 4.6
Only 3’ exon 3.1 3.0 9.5 3.7 2.6
5’ exon and intron/exon 4.7 19.6 6.6 14.2 26.7
5" exon and 3’ exon 3.1 6.0 2.2 6.2 5.6
5’ exon, intron/exon,

3" exon 3.1 24.7 6.6 41.4 10.3
Intron/exon, 3’ end 7.8 11.5 19.0 15.4 2.6
5"+ 23.4 70.6 25.6 72.9 90.3
Internal 68.8 68.5 64.3 78.4 44.2
3+ 17.2 45.1 37.3 66.7 21.1

For each factor, enriched locations were classified in mutually exclusive
classes of (1) genes with enrichment sites only at 5" exons, (2) genes with
enrichment sites only at introns and/or internal exons, (3) genes with
enrichment sites only at 3’ exons, (4) genes with enrichment sites at the
5" exon, introns, and/or internal exons, (5) genes with enrichment sites at
5" exons and 3’ exons, (6) genes with enrichment sites at 5’ exons,
introns, internal exons, and 3’ exons, and (7) genes with enrichment sites
at introns, internal exons, and 3’ exons. After classification the number of
sites for each class was normalized to the total number of genes to de-
termine the percent of genes in each class that was presented. Addition-
ally, these classes were combined to determine the percent of genes in
mutually unrestricted classes of genes with 5’ exon sites (+5), intron/
exon sites (any internal), and 3’ exons (+3').

Discussion

This study illustrated that RNA binding proteins bind a variety of
sites across genes as well as putative intergenic regions in the
human genome. We used a genomic tiling array for nonrepeti-
tive sequences in the ENCODE regions to determine the distri-
bution of three different RNA binding proteins across the human
genome. We observed hundreds of sites (748 for PTBP1, 481 for
CSTF2, and 189 for ALY), mostly near known annotated genes
that are actively expressed. These data identified genes that may
be regulated by these RNA binding proteins.

Localization of RNA binding proteins to different sites across
genes suggests that RNA binding proteins may be critical parts of
the transcription machinery during both initiation and elonga-
tion phases of RNA synthesis. Previously it had been proposed
that RNA binding proteins regulate groups of genes during tran-
scription and/or post-transcriptionally through various mecha-
nisms to act as operons (Keene and Tenenbaum 2002). Our find-
ings focus on one stage of this combinatorial control of RNA
metabolism as this approach characterizes how RNA binding pro-
teins interact with the genome during the earliest phases of
mRNA metabolism. These data also indicate that some RNA bind-
ing proteins associate with many, but not all, active genes. In-
terestingly, we observed across genes being transcribed distinct
and unique binding patterns as the RNA binding proteins inter-
acted at particular regions. Furthermore, not all RNA Pol II-
enriched locations had significant RNA binding protein levels,
suggesting instances of decoupling between transcriptional paus-
ing and RNA binding protein accumulation, even on actively
transcribed genes (Figs. 3, 5). These findings provide evidence
that RNA binding proteins of various functions localize to genes
in mammalian cells and the myriad gene locations are reminis-
cent of their known mRNA processing functions.

RNA binding proteins have distinct interaction patterns
across genes

Interestingly, all locations with significant RNA Pol II did not
have PTBP1 enrichment, even when PTBP1 was observed else-
where along the same gene (see Figs. 2, 3, 5B). This suggests a
difference between RNA Pol II accumulation and RNA binding
protein association. Moreover, at internal exons, RNA binding
proteins had a narrower distribution than RNA Pol 11, suggesting
that the RNA binding proteins are not always acting together
with RNA Pol II. Thus, RNA binding proteins associate with par-
ticular exons during transcription and may be key components
of paused transcription complexes at exons. During this time, the
transcription machinery may be reorganizing as different RNA
binding proteins, and other factors move on and off the com-
plex. Thus, our ChIP-chip data are consistent with a reorganiza-
tion model for cotranscriptional pre-mRNA processing.

The association patterns we observed shed new light on past
evidence that indicated that RNA processing as well as RNA pro-
cessing factors can alter transcription elongation rates (Enriquez-
Harris et al. 1991; Cramer et al. 1999; Kadener et al. 2002; de la
Mata et al. 2003; Howe et al. 2003; Nogues et al. 2003; Proudfoot
2003; Robson-Dixon and Garcia-Blanco 2004; Ujvari and Luse
2004). On internal exons, PTBP1 and CSTF2 exhibited relatively
homogeneous and strong enrichment around the center of exons
while RNA Pol II had a broader enrichment both 5" and 3’ from
the center of the exon. In contrast, hypo-phosphorylated RNA
Pol 1II (Pol Ila) was biased to the 5" ends of internal exons, pos-
sibly marking alternative 5’ exons. We speculate that RNA bind-
ing protein accumulation at the center of exons may represent

A total RefSeq overlap B total RefSeq overlap
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Figure 5. Analysis of ChIP-enriched sites showed that most RNA bind-
ing protein sites are unique to ALY, PTBP1, or CSTF2. Additionally, many
RNA binding protein sites overlapped with RNA Pol Il and this is consis-
tent with protein complex association between RNA binding proteins and
RNA Pol II. (A) Overlap analysis of RNA binding proteins within the Ref-
Seg-annotated regions. Numbers in each set indicate the number of
enrichment sites that fell into that overlap category. (B) Overlap analysis
of ALY, PTBP1, CSTF2, Pol Il, and Pol lla within RefSeqg-annotated re-
gions. (C) RNA binding proteins associated with one another as well as
with RNA polymerase Il. a-ALY (lane 2), a-PTBP1 (lane 3), a-CSTF2 (lane
4), and a-RNA polymerase Il (lane 5 is 4H8, and lane 6 is 8WG16) anti-
bodies were used to immunoprecipitate complexes from Hela cell ly-
sates. Mock IPs lacked primary antibody (lane 7).
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Table 3. The percent overlap between ChIP enrichment sites and
RNA-tiled array signal

Protein Overlap with RNA sites P-value of overlap
ALY 35% <0.0001
PTBP1 49% <0.0001
CSTF2 35% <0.0001
Pol Il 57% <0.0001
Pol lla 75% <0.0001

RNA from Hela cells was isolated, reverse-transcribed, labeled, and hy-
bridized to the same tiled arrays used for ChIP analysis.

maximal transcription pausing where the RNA binding protein
may be recruited to bind to the growing mRNA during transcrip-
tion. Likewise, RNA Pol II movement may slow down both up-
stream of and downstream from exons. Interestingly, both PTBP1
and CSTF2 had some significant enrichment at distinct distances
5" of the exon, consistent with recruitment of the RNA binding
protein to the transcription machinery before the exon is syn-
thesized. Consistent with this interpretation are past findings
that PTBP1 binds to intronic sequences both upstream of and
downstream from exons (Wagner and Garcia-Blanco 2002).

Transcription termination

Many RNA binding proteins, including PTBP1 and CSTF2, regu-
late 3’ pre-mRNA processing. Consistent with this coordination,
all three factors examined were found at numerous 3’ exons and
in some cases many kilobases past the mature 3’ end of the
mRNA. RNA Pol II tailed off past the 3’ end but PTBP1 enrich-
ment increased a few kilobases past the mature 3’ end. These data
suggest that PTBP1 may play a role in the coupling between tran-
scription termination and 3’ processing. CSTF2 was also found at
a variety of locations across genes but gene-by-gene accounting
demonstrated that it was most often at the 3’ ends of genes. This
is consistent with its known roles in 3’ end pre-mRNA process-
ing. The yeast ALY homolog, Yralp, is 3’ biased in its association
with genes. However, in mammalian cells, we observed that ALY
is predominantly associated at introns. Thus, we found different
trends for each RNA binding protein at the 3’ end, potentially
reflecting different roles of each factor in 3’ processing.

Significance of genomic localization of RNA binding proteins

The connections between transcription and pre-mRNA process-
ing provide a potential mechanism for a number of RNA binding
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interpretation is that RNA binding pro- 0 2000
teins associate at promoters to modulate
the elongation rate and downstream
splicing decisions. Thus, cotranscrip-
tional alternative splicing decisions may
be the sum of both promoter and local
interaction effects (Enriquez-Harris et al.
1991; Cramer et al. 1999; Fong and Zhou
2001; de la Mata et al. 2003).
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Figure 6. Location analysis of strongest enrichment at particular classes of sites shows factor-specific
association patterns. (A) 5’ exon signal analysis of each factor examined. The P-value patterns at the top
10% sites for 5" and 3’ exons were smoothed and plotted as curves to show signal patterns relative to
the beginning or end of genes. (B) For each factor, enrichment around internal exons was averaged but
not smoothed to highlight minor peaks up and down stream of exons. (C) Location analysis performed
as in A for 3’ exon signal of each factor examined.
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proteins to affect genetic stability, potentially through transcrip-
tion-activated recombination (Aguilera 2005b; Li and Manley
2005; Luna et al. 2005). Our observation that RNA binding pro-
teins, especially PTBP1, are common parts of transcription initia-
tion, elongation, and termination complexes provides many op-
portunities for a role similar to SF2 in destabilizing R-loops. Ad-
ditionally, other RNA binding proteins have been found or are
thought to interact directly with transcription machinery such as
PGCl-a, CoAA, and hnRNP K (Kornblihtt et al. 2004; Moumen
et al. 2005).

In sum, these data demonstrated that RNA binding proteins
localize to actively transcribing genes during both initiation and
elongation phases of transcription. These data, combined with
other studies, suggest a fundamental role for RNA binding pro-
teins in the regulation of transcription and transcription-RNA
processing coupled reactions. We expect the ChIP strategy pre-
sented herein to be a valuable tool to uncover the specificity and
function of RNA binding proteins’ roles in transcription and
early stages of pre-mRNA processing. Future whole-genome lo-
calization may provide sufficient information to uncover se-
quence motifs. Additionally, there is a need for new assays to
probe the connections between promoter regulation and pre-
mRNA processing decisions. As RNA Pol II-RNA binding protein
complexes may be reorganizing during mRNA synthesis, these
data are consistent with models in which cotranscriptional as-
sembly of RNPs is a dynamic process (Mortillaro et al. 1996; Wet-
terberg et al. 2001; Custodio et al. 2004; Ujvari and Luse 2004; Yu
et al. 2004).

Methods

Preparation of chromatin

The chromatin immunoprecipitation procedure was optimized
and adapted from previously described methods (Shang et al.
2000). For the a-amanitin experiments, cells were grown in the
presence of 40 pg/mL a-amanitin (Roche) for 4 h prior to cross-
linking; 1 X 10® suspension HeLa cells were cross-linked in the
presence of 10 mM DMA (Pierce) for 10 min at room temperature
(Kurdistani et al. 2002). Cross-linked cells were then washed
three times in 25 mL PBS and subsequently treated with 1% form-
aldehyde for 10 min at room temperature. Extracts were prepared
for sonication as described previously (Ren et al. 2002). The soni-
cation program was optimized for a Fisher 550 Sonic Dismem-
brator with a Fisher 1/4” Microtip: 10-25-sec pulses with 3-min
rests at 4°C to yield chromatin fragments that average 1 kb in
size. The quality of our sonicated chromatin was monitored after
protease treatment (20 pg of pronase/100 pL chromatin), reverse
cross-linking (65°C, 16 h), and RNase treatment.

Chromatin immunoprecipitation

Chromatin from 1.5 X 107 cells was adjusted to 1% Triton, 0.1%
deoxycholate and pre-cleared with 60 pL protein A/protein G
sepharose bead mix, salmon sperm DNA, and protease inhibitors.
We used the following monoclonal antibodies: Bb7 anti-PTBP1
(ATCC, help from D. Black), 8WG16 anti-Pol Ila (Covance), and
4HS8 anti-Pol II (Abcam). Antibody concentrations were deter-
mined empirically and antibody was added at 4°C (>16 h). IPs
were performed with protein A/protein G 1:1 sepharose bead mix
(Pharmacia) for 2 h followed by sequential 10-min washes as
previously described (Shang et al. 2000). To increase IP specific-
ity, 3 M urea (final concentration) was included in all wash buff-
ers for the chromatin IPs. Samples were eluted in TE and 1% SDS

for 15 min at 65°C, vortexing every 2 min. Protein samples were
set aside for IP evaluation by immunoblotting and elutes were
treated with 20 pug Pronase (Roche) and then reverse cross-linked
overnight at 65°C. The DNA was extracted and washed with phe-
nol-chloroform and ethanol-precipitated using 20 mM NaCl to
increase solubility of SDS.

Real-time PCR analysis

Primers used in real-time PCR were designed to amplify 100 bp
regions using ABI’s Primer Express 1.0. Each real-time PCR reac-
tion contained 50 nM of primers, 1X ABI SYBR Green PCR Re-
action Mix, and processed chromatin (~1/200™ of IP, ~1 ng of
input). The log-linear regression analysis of amplification curves
calculates a fluorescence value proportional to the initial quan-
tity of target DNA (Ostermeier et al. 2003). We normalized this
value to an input chromatin sample, then normalized this ratio
to a reference PAPOLB ratio to calculate a relative enrichment
value for the target [(Target;p) / (Target;, )]/ [(PAPOLBy) /
(PAPOLB; ;)] Experiments were performed in technical qua-
druplicate and the error bars represent the standard deviation
from three to seven biological replicates.

Immunoprecipitation

HelLa cells were grown in DMEM, 10% FBS, and lysates were made
from cells that were 80% confluent with lysis buffer (50 mM
HEPES, pH7.5, 200 mM NaCl, 0.5% Triton X-100, 5% glycerol,
0.25 mM Na;VO,, RNAsin [Roche] and protease inhibitors
[Roche]). Cleared lysate from 8 x 10° cells was combined with
antibody against each factor or no antibody for 2 h at 4°C. Each
IP was then added to 15 pL of 1:1 protein A:protein G sepharose
bead mix for 2 h at 4°C. Beads were then washed 6 X 10 min at
4°C with lysis buffer and then once in TE. Samples were eluted in
sample loading buffer.

DNA amplification and array handling

Isolated DNA was amplified isothermally using random nonamer
primers and Klenow polymerase (Invitrogen) for more than 4 h,
yielding ~2 g of DNA per IP. DNA was prepared and hybridized
on Affymetrix ENCODE oligonucleotide tiled arrays using the
fragmentation, hybridization, staining, and scanning procedures
described previously (Kennedy et al. 2003; Brodsky et al. 2005).
Affymetrix ENCODE microarrays have interrogating 25mer oli-
gonucleotide probes tiled every 20 bp on average. A sample of
chromatin was set aside before IP and used to represent the input
DNA.

Identification of ChlP-enriched regions on tiled array

Identifying the genomic locations of ChIP-enriched regions from
raw microarray data involves four steps: background subtraction
off microarray signal, normalization of intensities between ar-
rays, redundant probe filtering, and statistical testing for differ-
ences in probe intensities between ChIP and control groups.

On the Affymetrix ENCODE microarray, for each 25mer PM
probe that matches a genomic locus, there is a mismatch (MM)
probe that is identical to the PM probe except for a mismatch at
the 13'™ nucleotide. We take an approach related to that of Wu
and colleagues to estimate target specific signal y from PM and
MM intensities:

PM-0.001
f,m w(log(MM),s,x) log(PM — exp(x)) dx

y= J‘PM—QOOI
,x

w(log(MM),s,x)is a normal distribution function with mean

w (log(MM),s,x) dx
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log(MM) and standard error s which is estimated from the log
intensity of all probes on the array (Wu et al. 2004).

Much of the difference in signal intensity between arrays
may be attributed to factors unrelated to the primary experimen-
tal objective, including sample preparation, array manufacture,
and processing. Quantile normalization is used to remove these
sources of variation between arrays and make the distribution of
probe intensities the same across all the arrays (Bolstad et al.
2003).

The statistical test to find ChIP-enriched regions assumes
probe intensities to be independent. Therefore, redundant probes
were filtered to ensure that no 25mer is mapped to two genomic
locations within 1000 bp and no two probes map to the same
genomic location.

We use a generalization of the nonparametric Mann-
Whitney test to identify ChIP-enriched regions (Lehman 1975).
This test slides across all 1000-bp windows of genomic DNA cov-
ered by the microarray and compares all the probes in the ChIP
and control samples to determine whether the 1000-bp region is
ChIP-enriched. Within each window, ChIP and control probe
intensity was centered by subtracting the mean of that probe in
all samples. Then all the mean-subtracted probes in ChIPs and
controls within the window are ranked together, and a statistic U
is calculated as the sum of ranks for the ChIP probes. The window
P-value is based on a permutation distribution of U, in which the
ChIP and control ranks are randomly permuted within the same
probe.

Enrichment of annotated regions

The significance of the overlap between ChIP enriched regions
and annotated gene regions is computed by simulation. First the
number of ChIP enriched regions that intersect with annotated
regions and the total number of base pairs in this overlap are
counted. The ChIP regions are then randomly assigned to ge-
nomic locations that are tiled on the Affymetrix ENCODE micro-
array and the intersection and base-pair count is recorded. The
random assignment process is repeated 10,000 times and the
intersection number and base-pair counts are used as a null dis-
tribution from which P-values for the enrichment of annotated
regions may be estimated.

Genomic annotation

Sites were determined to be near a genomic annotation if
they were within the apparent 1000-bp resolution. Sites shorter
than 1000 bp were scaled to 1000 bp around the center of the
site. Sites that were longer than 1000 bp used the data-
determined length for their resolution size. Databases were
downloaded from the University of California at Santa Cruz
(UCSC) Golden Path Genome Browser and loaded into a local
MySQL database. Exons were compared and classified as one or
more of the following: start, terminal, alternatively spliced, con-
stitutive, or cassette.
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