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ABSTRACT

ARTICLE HISTORY

hnRNPs are polyvalent RNA binding proteins that have been implicated in a range of regulatory roles
including splicing, mRNA decay, translation, and miRNA metabolism. A variety of genome wide studies
have taken advantage of methods like CLIP and RIP to identify the targets and binding sites of RNA
binding proteins. However, due to the complex nature of RNA-binding proteins, these studies are
incomplete without assays that characterize the impact of RBP binding on mRNA target expression. Here
we used a suite of high-throughput approaches (RIP-Seq, iCLIP, RNA-Seq and shotgun proteomics) to
provide a comprehensive view of hnRNP H1s ensemble of targets and its role in splicing, mRNA decay,
and translation. The combination of RIP-Seq and iCLIP allowed us to identify a set of 1,086 high conﬁdence
target transcripts. Binding site motif analysis of these targets suggests the TGGG tetramer as a prevalent
component of hnRNP H1 binding motif, with particular enrichment around intronic hnRNP H1 sites. Our
analysis of the target transcripts and binding sites indicates that hnRNP H1s involvement in splicing is 2fold: it directly affects a substantial number of splicing events, but also regulates the expression of major
components of the splicing machinery and other RBPs with known roles in splicing regulation. The
identiﬁed mRNA targets displayed function enrichment in MAPK signaling and ubiquitin mediated
proteolysis, which might be main routes by which hnRNP H1 promotes tumorigenesis.
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Introduction
RNA binding proteins regulate a series of integrated processes
that begin while the RNA is still being transcribed. This diverse
range of activities includes splicing, capping, polyadenylation,
mRNA localization, and translation. The most recent compilation of RBPs in the human genome estimated circa 1,500 proteins.1 As expected based on their multiple functions and
versatile binding, RBPs form a highly diverse group of proteins.
This is the case for the heterogeneous nuclear ribonucleoprotein (hnRNP) family, which consists of 20 proteins named
hnRNP A-U. The biological functions exerted by the hnRNPs
depend mostly on interactions between distinct hnRNP members and other proteins. Although the most well-known function of the family is direct involvement in alternative splicing
events,2-4 they also participate in telomere maintenance, transcription, polyadenylation, mRNA trafﬁcking, mRNA degradation, and translational regulation.2 Domain composition
among hnRNP members is highly diverse. Some show classical
RRM or KH domains,3 while hnRNP H1, hnRNP H2 and
hnRNP F exhibit the so called quasi-RRMs (or qRRM)
domains.3,5
In this study, we deeply characterize hnRNP H1. This protein tends to form a heterodimer with hnRNP F and shows
preference for G-rich tracts of RNA.2,6-8 It has also been shown
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that hnRNP H1 interacts with the DGCR8 complex and facilitates microRNA processing in HeLa cells.9 The impact of
hnRNP H1 binding on alternative splicing has been associated
with several diseases, such as cystic ﬁbrosis,10 congenital myasthemic syndrome,11 and amyotrophic lateral sclerosis (ALS).12
Likewise, it has been shown that hnRNP H1 plays a critical role
in cancer. In human hepatocellular carcinoma (HCC) cell lines,
up-regulation of hnRNP H1 together with other splicing factors, such as CUGBP1, leads to exon skipping within the insulin receptor (IR) pre-mRNA. Dysregulation of IR splicing
results in overexpression of an isoform which promotes cell
proliferation.13 High levels of hnRNP H1 have been linked also
to glioblastoma development via increased expression of a Raf
isoform (A-Raf) which results in apoptosis inhibition.14 Other
studies have linked hnRNP H1-mediated exon skipping of the
RON mRNA to tumor migration and invasion,15 and similarly
hnRNP H1 activity has been shown to regulate the splicing of
the IG20 mRNA, shifting the balance between the pro-apoptotic isoform (IG20) and the anti-apoptotic isoform (MADD/
DENN) in glioblastoma cells.15 Intron retention events have
also been ascribed to the activities of hnRNP H1, such as the
negative feedback control of the rpL3 and U11-48K premRNAs.16,17 In both cases, hnRNP H1-mediated alternative
splicing causes the retention of introns containing premature
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termination codons (PTC). The presence of the PTC in the
transcript decreases its stability and leads to its degradation by
the nonsense-mediated decay pathway.16,17 Moreover, hnRNP
H1 has been associated with leukemia chemo-resistance via its
impact on thymidine phosphorylase (TP) splicing.18
In addition to these targeted analyses, genome-wide studies
have revealed hnRNP H1s role, in conjunction with hnRNP F,
in promoting both exon inclusion and skipping.8 Other recent
studies have linked hnRNP H1 to alternative cleavage and polyadenylation,6 and established the cooperative roles of the
hnRNP proteins in the regulation of splicing.2 By employing a
combined strategy with 4 different high-throughput
approaches, we were able to provide a more reﬁned and accurate picture for hnRNP H1 in splicing regulation and extend
our understanding of its participation in polyadenylation and
mRNA decay. Moreover, our examination of the hnRNP H1
target set has uncovered its role as a key regulator of RNA processing genes and identiﬁed novel routes by which it may contribute to cancer development and diseases.

Results and discussion
Identiﬁcation of target transcripts and binding sites
Our ability to proﬁle RBPs has improved dramatically in the
last decade with the advent of high throughput approaches
such as RIP, CLIP and RNA compete.19-21 En masse characterization of targets, target sites and binding motifs has been
described for a selected set of RBPs in a range of organisms.2224
Unfortunately, due to the complex nature of RBP-mediated
regulation, studies employing only a single method fall short
on providing a clear assessment of RBP function, as discussed
in.25 Effective analyses must therefore combine binding assays
with strategies to verify their functional outcomes.26
To identify a high-conﬁdence set of RNA species associated
with hnRNP H1, we combined 2 distinct high-throughput
approaches: iCLIP and a modiﬁed RIP-Seq method devised by
our lab (see 26 for detailed protocol). Although both methods
are based on RNP immuno-precipitation, the protocols are
substantially different and complement each other. RIP-Seq is a
more sensitive assay. Its less stringent washing retains more
interactions, but at the expense of higher false positives and
RNAs recovered via indirect associations (it is for this reason
that an IgG control is often employed in RIP-Seq experiments).
In contrast, the cross-linking step and more stringent washing
in iCLIP provides greater speciﬁcity, as well as much higher
resolution, but is more likely to miss interactions. By combining both assays, we can identify transcripts that show enrichment for hnRNP H1 RIP-Seq reads over the control, as well as
high-resolution, high-conﬁdence (relative to the RIP-Seq)
iCLIP sites. Both assays identiﬁed a large number of targets, i.e.
3924 and 3373 with RIP-Seq and iCLIP, respectively (sites/targets with p < 0.01, as determined by Piranha –see methods).
To derive a high-conﬁdence target set, we required support
from both iCLIP and RIP-Seq datasets, resulting in 1086 common RNA species. The full list of iCLIP, RIP-Seq and consensus targets is reported in Table S1). The agreement between the
methods is signiﬁcant (p < 1.91 £ 10¡10, Fisher’s exact test),
and higher than observed in previous comparisons.27 RIP-Seq
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targets that were absent in the iCLIP data tend to be transcripts
with low expression levels (data not shown), conﬁrming our
expectation that RIP-Seq is the more abundance-sensitive
method with higher coverage than iCLIP. Besides interactions
with mRNAs and pre-mRNAs, we identiﬁed 2 miRNAs as
putative hnRNP H1 targets (miR-612 and miR-3652), and 12
long non-coding RNAs (NEAT1, SNHG3, MALAT1, FTX,
SNHG4, TUG1, HOTAIRM1, GNAS-AS1, MIR22HG, BDNFAS, OIP5-AS1, MIR17HG). However, the consequence to the
function and expression of these transcripts requires further
investigation.
Binding site characteristics
The high precision of the iCLIP data allows us to closely investigate the properties of the hnRNP H1 binding site. We performed de novo motif discovery within a 100nt window around
all signiﬁcant iCLIP sites identiﬁed. Fig. 1B shows the most
highly enriched motifs around the hnRNP H1 iCLIP sites in
30 UTR, 50 UTR, coding sequence and introns. Individual studies
of hnRNP H1 function in speciﬁc examples of splicing have
identiﬁed functional sites as containing either a poly-G run of
varying length,16 or the tetramer (T/G)GGG.15 Genome-wide
proﬁles have favored the former, correlating longer poly-G
stretches with more conﬁdent changes in splicing,6 and interspersion or termination of the binding site by adenosine.2 Our
data, however, is supportive of the TGGG tetramer as a prevalent component of the hnRNP H1 binding motif, with particular enrichment in intronic regions. When we looked for
occurrences of these motifs around the iCLIP cross-link locations however, we noticed that enrichment was quite diffuse
(data not shown), with no strong enrichment right at the iCLIP
site. This is likely due to a combination of a uracil-poor binding
motif and the preference of iCLIP to cross-link at triple-uracil,28 meaning that the binding sites are displaced from the
cross-link location. This offset between the cross-link site and
the start of the binding site can be due to energy preferences of
the ribonucleo-protein complex and can be a source of bias in
the data.28,29 Cautious of this, we also computed the enrichedover-expected ratio for the triple-G repeat at each position
within a 100nt window of the cross-link location, using a set of
iCLIP data sets for other proteins to estimate the expected
number of occurrences (list provided in supplementary methods). This showed that the triple-G repeat was strongly
enriched at the cross-link location (Fig. 1C). Correcting for
CLIP-seq biases in motif ﬁnding using a set of unrelated RBPs
has been successfully applied to PAR-CLIP data.30 Here we
showed that using the same procedure could also help to correct for such biases in iCLIP data. We also calculated this ratio
for all other trimers, and ranked them based on their maximum
enrichment in a 3nt window centered on the cross-link location, again establishing the triple-G repeat as the strongest
enrichment and conﬁrming this as the core of the hnRNP H1
binding site (Fig. 1D). Although we did not see stark variation
in the putative primary sequence of the hnRNP H1 binding site
in different regions of the mRNA, we did note some minor variation. In particular, the most enriched motif in coding regions
was more variable than that in intronic regions, where the consensus TGGG(A/G)G dominated. We further explored the
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sequence at iCLIP cross-link locations with respect to RNA secondary structure, noting a preference for single stranded RNA
at cross-link locations (Fig. 1E). This is consistent with expectations based on hnRNP H1s RNA binding domains.31 This
structural preference is present across all of the different
mRNA regions proﬁled, and is likely a requirement of the RBP,
to provide access to its binding site.
hnRNP H1 targets are strongly enriched for
spliceosome-associated genes
RNA species identiﬁed in both the RIP-Seq and iCLIP data
show enrichment for transcripts encoding splicing related proteins (p < 1.35 £ 10¡5). The p-value is from DAVID,32 and
has been corrected for multiple hypothesis testing. Fig. 2 shows
a comprehensive list of enriched pathways. Several major regulators of mRNA processing have been identiﬁed as targets,

notably several hnRNPs and SRSFs, hTra2, FUS and TDP43.
Interestingly, it has been previously shown that TDP43 and
hnRNP H1 act as partners to regulate apolipoprotein A-II
(apoA-II) and Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR) splicing.10,33 Two other biological functions
stood out in our analysis: MAPK signaling and ubiquitin mediated proteolysis. Both pathways are highly linked to tumorigenesis, agreeing with the described role for hnRNP H1 in
glioma.15 The MAPK pathway encompasses key signaling components and phosphorylation events that transmit extracellular
signals modulating cell growth, differentiation, proliferation,
apoptosis and migration. Targeting MAPK signaling is currently being tested as a cancer treatment (reviewed in 34). Ubiquitin mediated proteolysis has been implicated in a large
variety of human diseases, including cancer. The ubiquitin proteolytic pathway is implicated in the degradation of a large set
of cellular proteins including short-lived, regulatory, and

Figure 1. Characterization of the hnRNP H1 binding site. (A) Autoradiograph showing radioactively labeled hnRNP H1 protein–RNA complexes after immunoprecipitation
using anti-hnRNP H1 antibody. Normal rabbit IgG was used as negative control. (B) The top motifs identiﬁed by de novo motif ﬁnding around hnRNP H1 iCLIP sites in
30 UTR, 50 UTR, coding-sequence and intronic contexts (C) The observed/expected ratio of triple-G occurrences around hnRNP H1 iCLIP sites. Expected counts were estimated from a set iCLIP datasets for other RNA binding proteins (see methods). (D) The observed/expected ratio of trimers around hnRNP H1 iCLIP sites. Expected counts
computed as in C. (E) Probability of RNA adopting single-stranded conformation around hnRNP H1 iCLIP sites.
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Figure 2. Heterogeneous nuclear ribonucleoprotein H1 is a master controller in a feed-forward network of splicing regulation. hnRNP H1 identiﬁed targets and signiﬁcantly enriched KEGG pathways and biological processes (corrected p < 0.01). Components of the most enriched pathway (the spliceosome) are shown in the center and
highlighted in yellow.

misfolded/denatured proteins. Ubiquitin-mediated proteolysis
employs covalent attachment of multiple ubiquitin molecules
to the protein substrate, followed by degradation of the targeted
protein by the 26S proteasome.35 A role for this pathway in
genome instability and DNA damage has been recently
reported.36 The full details of biological process and pathway
enrichment are provided in Table S2.
Involvement of hnRNP H1 in mRNA stability and splicing
Encouraged by the enrichment of splicing and mRNA processing transcripts among our set of hnRNP H1 targets, we conducted RNA-Seq upon knockdown of hnRNP H1 in an effort
to map changes in mRNA levels and splicing triggered by
hnRNP H1. Of the 16,279 genes expressed in our samples
(deﬁned as those having at least 1 read in all wild-type replicates), 1,180 genes showed signiﬁcant down-regulation, and

1,800 showed signiﬁcant upregulation (fold-change threshold
of 2x) upon hnRNP H1 silencing – almost 20% of the transcriptome. Fig. 3A shows mRNAs with or without hnRNP H1 sites
displaying changes in expression levels organized according to
fold-change and signiﬁcance. There is a trend toward downregulation in hnRNP H1 knockdown samples in both target and
non-target sets (see Fig. 3B). We found that 120 genes identiﬁed as hnRNP H1 targets from the combined RIP-Seq and
iCLIP analysis display changes in mRNA levels upon hnRNP
H1 knockdown. We observed that changes in mRNAs containing hnRNP H1 sites were more signiﬁcant than in those
mRNAs that were not identiﬁed as targets (Fig. 3C). The two
identiﬁed miRNA targets of hnRNP H1 did not show a signiﬁcant change in their expression. However, among lncRNA targets of hnRNP H1, we observed decreased expression of NEAT
and increased expression of MIR22HG upon knockdown of
hnRNP H1 (see Table S3).
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Figure 3. Impact of hnRNP H1 on mRNA stability. (A) Log fold-change and corrected p-values for all genes with signiﬁcant changes in mRNA levels, colored by whether
they were identiﬁed as direct targets of hnRNP H1. (B) The proportion of mRNA-level changes that are up- or down-regulation for each decile of FDR scores. High conﬁdence changes are preferentially found among genes displaying downregulation upon hnRNP H1 knockdown. The same trend is observed for direct and indirect targets.
(C) Corrected p-values for up- and down-regulated genes (direct and indirect targets) upon hnRNP H1 knockdown; target genes showed more signiﬁcant changes in
both up- and down-regulation upon hnRNP H1 knockdown. Outliers removed for visualization only. (D) The genes showing signiﬁcant differential expression upon H1
knockdown signiﬁcantly overlap those genes that are differentially expressed when transcription is stalled ( p< 0.001, Wilcoxon rank sum test,  p < 0.001, Fisher’s
exact test).

To further evaluate the impact of hnRNP H1 on mRNA
decay, transcription was stalled in HeLa cells (control and
hnRNP H1 knockdown) by using a-amanitin. RNA samples
were obtained at time zero and 3 hours and analyzed by RNAseq. Interestingly, analysis on the resulting data set showed a
signiﬁcant overlap between transcripts that display changes in
expression upon hnRNP H1 knockdown and transcripts that
show signiﬁcant change in their decay rate after stalling transcription (Fig. 3D). The full set of signiﬁcant mRNA-level
changes is provided in Table S3.
Signiﬁcant changes in inclusion ratios for 1922 exons were
observed upon hnRNP H1 knockdown, accounting for 1286
unique mRNAs (full list in Table S4). Of these, 201 transcripts
contain hnRNP H1 sites according to the iCLIP and RIP-Seq
data (approximately 15% of mRNAs with exon changes and
19% of targets; p < 3.23 £ 10¡34, Fisher’s exact test). Our
results reinforce the direct involvement of H1 in the regulation
of splicing. However, in addition to the RIP-Seq and iCLIP targets in which we observed splicing changes in our RNA-Seq

data, the prevalence of a large number of splicing changes
which lacked strong support for hnRNP H1 binding lead us to
suggest that H1 also affects many down-stream splicing events.
Previous results that suggested an even broader involvement of
hnRNP H1 in direct splicing should be taken with some degree
of caution as both less stringent approaches to target calling,
and large window distances for correlating binding sites and
changes in splicing were used.2 Fig. 4A shows the fold-change
and signiﬁcance of changes in exons with proximal hnRNP H1
sites and the ones that do not.
Previous studies have concentrated on cassette exons,2
where hnRNP H1 was observed to primarily promote inclusion. Although we observe a greater proportion of exons showing increased usage upon hnRNP H1 knockdown (suggestive of
skipping, see Fig. 4B), these changes are predominantly
observed in 50 UTR exons and 30 UTR exons (Fig. 4C). In contrast, exons with decreased usage upon hnRNP H1 silencing
show a stronger preference toward being cassette exons. In general, we observe a greater tendency for exons showing increased
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Figure 4. Impact of hnRNP H1 on RNA splicing. (A) Log fold-change and corrected p-values for all exons with signiﬁcant changes in inclusion rates, colored by whether
they were identiﬁed as targets of hnRNP H1. (B) The proportion of changes in exon-inclusion rate that are increases or decreases. Results are split by whether the exon is
in a target of hnRNP H1 or not. (C) The proportions of exons, which show signiﬁcant increased and decreased usage within hnRNP H1 targets that are in 30 UTR, 50 UTR or
coding exons. (D) Frequency of hnRNP H1 iCLIP sites at exon/intron boundaries for exons showing up-regulation upon hnRNP H1 knockdown and those showing downregulation (E) Examples of increased exon inclusion and exclusion upon knockdown of hnRNPH1 respectively (from left to right). Highlighted are regions of strong RIP-Seq
and iCLIP binding activity.

usage on hnRNP H1 knockdown to be 50 UTR exons than those
showing decreased usage. Interestingly, we observed a change
in exon inclusion within the lncRNA MIR22HG, with increased
inclusion of a cassette exon and decreased inclusion of the transcript’s ﬁrst exon upon knockdown of hnRNP H1, suggesting
hnRNP H1 may regulate splicing of this lncRNA. Moreover,
we observed a change in splicing in the lncRNA SNHG4, with
knockdown of hnRNP H1 promoting increased usage of the
proximal ﬁnal exon, suggesting that hnRNP H1 may promote
splicing of the longer isoform of this RNA.
We also looked for the enrichment of hnRNP H1 iCLIP sites
near the exon/intron boundaries of exons with changed

inclusion rates. Fig. 4D shows the frequency of iCLIP sites at
the 30 and 50 splice-sites of differentially used exons. We
observe an increased prevalence of exonic iCLIP sites proximal
to the 50 splice sites of exons that are up-regulated upon hnRNP
H1 knockdown, while exons with decreased inclusion tended to
exhibit more sites in the proximal 50 intron. These ﬁndings are
consistent with previous studies showing hnRNP H1 binding
within exons represses splicing.6
Fig. 4E shows UCSC genome browser tracks of 2 splicing
events regulated by hnRNP H1: an alternative ﬁnal exon, and a
cassette exon. The left panel shows the alternative (distal) ﬁnal
exon with signiﬁcantly greater usage upon hnRNP H1
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knockdown (p < 1.52 £ 10¡186, Fisher’s exact test). A strong
iCLIP site, at a locus which also shows enrichment in RIP-Seq,
is nearby. The right panel shows the cassette exon with signiﬁcantly reduced inclusion upon hnRNP H1 knockdown. Several
signiﬁcant iCLIP sites are within the exon and ﬂanking introns,
as well as several regions of RIP-Seq enrichment.
We identiﬁed signiﬁcant changes in the number of RNA-Seq
reads mapping to intronic regions of 2727 pre-mRNAs, which
is approximately 1.4% of the introns deﬁned in our reference.
Evidence of both increased and decreased intron retention
upon hnRNP H1 knockdown was observed with no strong
preference toward either (see Fig. 5A). However, we noticed
that introns with hnRNP H1 iCLIP sites present either in the
intron or in ﬂanking exons showed a small but signiﬁcant tendency toward reduced inclusion upon hnRNP H1 knockdown,
while those lacking iCLIP sites tended toward increased inclusion upon hnRNP H1 knockdown (Fig. 5B). We further investigated whether the presence of iCLIP sites for hnRNP H1
correlated with particular changes in intron-retention in the
RNA-Seq data. Introns with iCLIP sites only in the intron
body, or 30 ﬂanking exon showed little preference toward either
increased or decreased inclusions, while those with sites in the
50 ﬂanking exon or in more than one of the 30 ﬂanking exon, 50
ﬂanking exon and intronic body showed more marked preference toward decreased inclusion upon hnRNP H1 knockdown
(Fig. 5C). The complete set of signiﬁcant intron retention
events is provided in Table S6.

Alternative polyadenylation
Next, we investigated the RNA-Seq data for changes in polyadenylation-site selection. We identiﬁed 86 mRNAs with signiﬁcant changes, of which the majority (69 mRNAs) showed a
shift to a more distal poly-A site upon hnRNP H1 knockdown
(i.e., longer 30 UTR), while the remainder (17 mRNAs) showed

a shift to more proximal poly-A sites (i.e. shorter 30 UTR). This
bias might indicate hnRNP H1 promotes shorter transcripts,
but this observation must be weighed against the greater statistical power for identifying changes in longer transcripts. Of the
86 changes, 16 mRNAs were identiﬁed by our RIP-Seq assay as
hnRNP H1 targets, and contained signiﬁcant iCLIP sites within
the altered 30 UTR. Further, we noted that mRNAs displaying
high-conﬁdence changes preferentially contained hnRNP H1
iCLIP sites (Fig. 6B), although the proportion of mRNAs with
lengthened 30 UTRs that were identiﬁed as targets was not signiﬁcantly different to the proportion with shortened 30 UTRs
(Fig. 6A). In addition, we observed a preference for hnRNP H1
iCLIP sites to be enriched on the 50 side of polyadenylation sites
(Fig. 6C). The complete list of changes is provided in Supplementary Table 5. Identiﬁed direct targets of hnRNP H1 were
validated by qRT-PCR. We designed 2 probes per transcripts:
one probe recognizes both the short and the long isoforms
while the second one just recognizes the long isoform. As
shown in Fig. 6D the abundance fold-change relative to the
control case is signiﬁcantly different when hnRNP H1 is
knocked down (p-value < 0.01, 2-way ANOVA). This result
corroborates the involvement of hnRNP H1 in poly-A site
selection.
Interestingly, 2 mRNAs showing hnRNP H1-mediated alternative polyadenylation, CIRBP and RBM3, are also alternative
polyadenylation regulators. iCLIP studies previously showed
that mRNA targets of these 2 cold-induced proteins have
enriched binding sites near polyadenylation sites and reduced
expression of CIRBP and RBM3 resulted in shortened
30 UTRs.37

Impact of hnRNP H1 on protein expression levels
Lastly, we investigate global protein levels after hnRNP H1
knock-down by performing shotgun proteomic analysis. We

Figure 5. Impact of hnRNP H1 on intron retention. (A) Volcano plot showing the signiﬁcance and strength of changes in intron levels for the 2727 introns with signiﬁcant
changes. There is little preference toward either down- or up- regulation on H1 knockdown. (B) The proportion of signiﬁcantly changed exons that show increased inclusion versus decreased inclusion on hnRNP H1 knockdown based on whether they are putative iCLIP targets or not - here we consider an intron a putative target if it contains a signiﬁcant iCLIP site in the intron body or either of the ﬂaking exons. (C) The absolute number and relative proportions of exons showing up- or down-regulation
on hnRNP H1 knockdown dependent on iCLIP target type. Those marked 30 exon, 50 exon or intron contain iCLIP sites only in those regions, while ‘multiple’ refers to exons
with iCLIP sites in more than one of those regions.
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Figure 6. Impact of hnRNP H1 on alternative polyadenylation. (A) The number of genes showing evidence of lengthened or shortened 30 UTRs on hnRNP H1 knockdown
and the proportion of each that have iCLIP sites in their 30 UTR and were identiﬁed as RIP targets. (B) Changes in poly-adenylation sorted by conﬁdence of change shows
enrichment of putative targets in high-conﬁdence changes. (C) Proﬁle of normalized iCLIP site count around poly-A tail locations shows enrichment of binding in the proximal 50 area. (D) qRT-PCR results, validating the effect of hnRNP H1 on the selection of poly-adenylation site for a set of predicted targets (p < 0.01).

reliably quantiﬁed 2,322 proteins across the 2 analyzed replicates (Table S7). Among them, 335 proteins with signiﬁcant
changes in abundance (FDR < 0.01, EdgeR) were identiﬁed. Of
these, 181 decrease in protein concentration and 155 increase
in concentration upon hnRNP H1 knockdown. Further, of the
335 proteins with signiﬁcant changes, 148 (approx. 45%) also

displayed signiﬁcant changes at the mRNA-level as observed by
RNA-Seq. Western blots were used to conﬁrm changes detected
by proteomics (Fig. 7C). In the majority of these cases (114 of
148), changes in mRNA and protein levels are in the same
direction. Of the transcripts showing changes in protein levels,
35 of the 335 transcripts (»10%) displayed hnRNP H1 binding

Figure 7. Changes in protein abundance upon hnRNP H1 knockdown. (A) Fold-change in mRNA levels vs. fold-change in protein concentrations for those transcripts
where signiﬁcant changes were detected in both data sets, stratiﬁed by whether the transcript was identiﬁed as a putative hnRNP H1 target or not. Shown above is Spearman’s rank correlation coefﬁcient for changes in putative targets and non-targets. Both correlations are signiﬁcant (p < 0.001), but stronger in the case of putative targets. Error-bars are at the 95% conﬁdence interval. (B) Distribution of iCLIP sites within genes that show up- or downregulation of mRNA levels, protein levels, or both
upon hnRNP H1 knockdown. (C) Decreased expression of ATNX10, CTH and RBM3 after hnRNP H1 knockdown as evaluated by immunoblotting. Each experiment was
performed 3 times and tubulin was used as a loading control in each western analysis.
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sites in their 30 UTRs. Even more so than non-target transcripts,
we observed that these changes were in the same direction,
with only 2 transcripts containing hnRNP H1 iCLIP sites and
exhibiting changes in mRNA levels opposite to the trend in
protein abundance (see Fig. 7A). This observation might be the
result of a combined effect on mRNA stability and translation.
We noted that mRNAs with signiﬁcant changes in protein levels, but not in mRNA levels showed an enrichment of iCLIP
sites in coding regions, while mRNAs with changes in both protein and mRNA levels exhibited an enrichment of iCLIP sites in
30 UTRs (Fig. 7B).

Material and methods
Cell culture
HeLa cells were maintained in RPMI with 10% FBS and 1% PS.
Cells were reverse transfected using 50 nM hnRNP H1 SmartPool or 50 nM siRNA Control SmartPool (Dharmacon) with
RNAiMAX (Invitrogen) per manufacturer suggestion. After
48 hours, cells were collected for RNA extraction (RNA-Seq
analysis) or cytosolic protein and nuclear fractionation (Proteomics analysis).
RNA-Seq

Conclusion
Our study corroborated the major role of hnRNP H1 in the regulation of splicing, and we showed this function is achieved
through both direct and indirect mechanisms. Notably, this
ﬁnding is the result of a multi-dimensional set of assays that
characterized the splicing events which, in contrast to RNA-seq
alone, can distinguish between direct and indirect changes and
validate the functional outcome of RBP binding.
A characterization of the hnRNP H1 binding site is particularly important in the case of a protein such as hnRNP H1,
which controls a large number of splicing events and has been
implicated in a number of diseases, such as ALS,12 cystic ﬁbrosis,10 leukemia 18 and glioma.38 Future efforts to develop treatments targeting these diseases will rely on an understanding of
the binding mechanisms of the protein. We have conﬁrmed the
strong presence of G-rich tracts around hnRNP H1 interactions
sites. Most importantly, we have identiﬁed an enrichment of
the TGGG tetramer, a site that has been shown to attract
hnRNP H1 binding in isolated splicing examples previously,
but has not previously been described in high-throughput studies. Our analysis establishes the TGGG tetramer as a very common primary sequence motif at hnRNP H1 interaction sites.
We also showed that hnRNP H1 has preference for singlestranded RNA.
Our data also supports roles for hnRNP H1 in mRNA decay
and polyadenylation. Although the number of targets for which
we generated direct evidence is modest, they indicate that
hnRNP H1 has a secondary, but important role in these 2 processes. On the other hand, we observed substantial changes in
mRNA and protein levels upon knockdown of hnRNP H1,
more likely to have transcripts harboring hnRNP H1 binding
sites. These results were later corroborated by an RNA decay
assay. Based on the enrichment of hnRNP H1 binding sites
around poly-A sites, and the high proportion of changes in
alternative polyadenylation we observed in our RNA-Seq data,
we conclude that hnRNP H1 in addition to regulating other
regulators of polyadenylation does indeed play a direct role in
regulating alternative polyadenylation.
Studies that link hnRNP H1 to tumorigenesis explain its role
as an oncogenic factor via its impact on a small number of targets.14,15,39 Our analysis suggests a more elaborate scenario
where hnRNP H1 regulates RNA operons located in the
MAPK and ubiquitin mediated proteolysis pathways. However,
this observation needs to be further investigated in the context
of tumor models.

Total RNA from HeLa hnRNP H1 knockdown and control cells
was puriﬁed using Invitrogen PureLink mini kit. Libraries were
prepared using the Illumina TruSeq RNA Sample Prep Kit per
protocol. Samples were sequenced on Illumina HiSeq 2000.
iCLIP
HeLa cells for iCLIP experiments were grown in 10 cm dishes,
washed with cold PBS and irradiated in 6 mL PBS on ice at 150
mJ/cm2 and 254 nm. Cells were scraped, transferred to microtubes and spun top speed for 10 seconds at 4 C. Pellets were
snap frozen in dry ice. Following the protocol in,40 HeLa cells
were irradiated with UV and treated with low and high concentrations of RNase I. Then, cross-linked endogenous hnRNP
H1-RNA complexes were immunoprecipitated using antihnRNP H1 antibodies and radiolabeled them in vitro with T4
polynucleotide kinase. Normal rabbit IgG was used as negative
control. Immunoprecipitated hnRNP H1-RNA complexes were
separated on SDS–PAGE and transferred onto nitrocellulose
membranes. An autoradiogram of the equivalent gel shows the
radiolabeled complexes (Fig. 1A). Rabbit polyclonal against
hnRNP H1 (abcam ab10374) was used in immunoprecipitations. Samples were sequenced on an Illumina GAIIx.
RIP-Seq
RIP-Seq experiments were performed according to the protocol
described in.26 Rabbit anti hnRNP H1 from Abcam (ab10374)
and normal rabbit IgG from R&D were used in immunoprecipitations.
Preparation of lysates for proteomics analysis
Cytosolic and nuclear proteins from control and hnRNP H1
knockdown samples were extracted from »6 £ 106 cells. Cells
were lysed with 400 ml lysis buffer (with 4 ml 50 mM DTT and
1x Roche (Nutley, NJ) Protease inhibitor), incubated on ice for
5 minutes and dounce homogenized with 25 strokes. Lysate
was transferred to 1.5 ml tube and spun at 1, 000 g for 5
minutes at 4 C. Supernatant containing cytosolic proteins was
collected. Nuclear pellet was resuspended in 1 ml of S1 buffer
(0.25 M sucrose, 10 mM MgCL2). Resuspended sample was
carefully laid on top of S3 buffer (0.88 M Sucrose, 0.5 mM
MgCl2). Material was centrifuged at 3, 000 g for 10 min at 4 C.
The supernatant was carefully separated from pellet and discarded. Intact nuclei were collected from the bottom of the
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tube. Pellet was resuspended in 500 ml lysis buffer and transfered to 1.5 ml tube and centrifuged at 3, 000 g for 5 min at
4 C; supernatant was discarded; pellet was frozen to be stored
for mass spectrometric analysis.
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Laboratories, 1:8000) or anti-rabbit antibody (Santa Cruz Biotechnology, 1:5000). Membranes were washed 3 times in washing buffer, and chemiluminescence detection was performed
using Immobilon Western Chemiluminescent HRP Substrate
(EMD Millipore) according to manufacturer’s instructions.

Shotgun proteomics
From each sample, 50 ml of diluted cell lysate (at 2 mg/ml; diluted
with 50 mM Tris-HCl buffer) was incubated at 55 C for 45 min
with 50 ml of triﬂuoroethanol (TFE) and 15 mM dithiothreitol
(DTT), then incubated with 55 mM iodoacetamide (IAM) in the
dark for 30 min. After diluting the sample to 1 ml with buffer
(50 mM TrisHCl, pH 8.0), 1:50 w/w trypsin was added for a 4.5hour digestion at 37 C (halted by adding 20 ml of formic acid,
resulting in 2% v/v). The sample was lyophilized, resuspended
with buffer C (95% H2O, 5% acetonitrile, 0.01% formic acid), and
cleaned with C18 tips (Thermo Fisher). The eluted sample was
again lyophilized, resuspended with 120 ml buffer C, and ﬁltered
through a Microcon-10 ﬁlter (for 45 min at 14, 000 g at 4 C). Each
sample was injected 5 times into an LTQ-Orbitrap Velos mass
spectrometer (Thermo Electron), and data were collected in a 0 to
90% acetonitrile gradient over 5 hours. Nanoﬂow peptide separation was performed on an Eksigent HPLC using 400 ul/min ﬂow
and a reverse phase column (Zorbax BioBasic-18 column 150 mm
£ 0.10 mm ID (Agilent)). The set of raw ﬁles was analyzed with the
MaxQuant software 41 using standard settings and the human
genome ENSEMBL version 49.46. The sequence database was
made non-redundant with respect to splice variants, by accepting
the longest sequence as the representative one. Cytosolic and
nuclear fractions were combined during the MaxQuant run. Proteins with an identiﬁcation FDR < 0.01 were considered conﬁdently identiﬁed and used for further analysis. Using total spectral
counts and the qSPEC software,42 we analyzed the data for differential protein expression. The mass spectrometry proteomics data
havebeen deposited to the ProteomeXchange Consortium (http://
www.proteomexchange.org) via the PRIDE partner repository 43
with the dataset identiﬁer PXD000895. The processed protein
sequenceﬁlesare provided in Supplementary ﬁle 7.

mRNA decay assay
HeLa cells were transfected with hnRNP H1 or control siRNAs
as described above. After 48 hours, cells were treated with 50
ug/mL of a-amanitin (Sigma). RNA was extracted from cells
a-amanitin-tretated after 3 hours. RNA samples were treated
with DNaseI (Qiagen), followed by column RNA clean up (Qiagen). Samples were quantitated by bioanalyzer method, then
sequenced on an Illumina GAIIx instrument for 36 cycles.
Computational methods
Reads were mapped to hg19 using RMAP.44 We used a modiﬁed
version of RefSeq for read counting where we collapsed isoforms
to produce a single super-transcript for each gene. We then
counted the number of reads in each one of these super-transcripts, and differential expression was determined from these
counts using EdgeR.45 The same was done with exon-level counts
to determine changed inclusion ratios, where Fisher’s exact test
was used to determine the signiﬁcance of the change in oddsratio. Signiﬁcant interaction sites were identiﬁed from RIP-Seq
and iCLIP data using Piranha.26 Gene ontology and pathway
analysis was undertaken using DAVID.32 Sequence data has been
deposited in SRA; accession numbers are SRA097978 (iCLIP)
SRA097979 (RIP-Seq) and SRA097980 (RNA-Seq). Full computational details are provided in supplementary methods.
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