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In the nucleus of eukaryotic cells, nascent transcripts are 
associated with heterogeneous nuclear ribonucleoprotein 
(hnRNP) particles that are nucleated by hnRNP C. Despite 
their abundance, however, it remained unclear whether these 
particles control pre-mRNA processing. Here, we developed 
individual-nucleotide resolution UV cross-linking and 
immunoprecipitation (iCLIP) to study the role of hnRNP C in 
splicing regulation. iCLIP data show that hnRNP C recognizes 
uridine tracts with a defined long-range spacing consistent 
with hnRNP particle organization. hnRNP particles assemble 
on both introns and exons but remain generally excluded from 
splice sites. Integration of transcriptome-wide iCLIP data and 
alternative splicing profiles into an ‘RNA map’ indicates how 
the positioning of hnRNP particles determines their effect on 
the inclusion of alternative exons. The ability of high-resolution 
iCLIP data to provide insights into the mechanism of this 
regulation holds promise for studies of other higher-order 
ribonucleoprotein complexes.

A major source of proteomic diversity in multicellular eukaryo-
tes is the production of multiple mRNA isoforms. In humans, it 
was recently estimated that 95–100% of all multi-exon transcripts 
undergo alternative splicing1. Splice-site selection is primarily medi-
ated by RNA-binding proteins that bind regulatory elements within 
nascent transcripts2,3. Heterogeneous nuclear ribonucleoprotein 
C1/C2 (hnRNP C) was identified over 30 years ago as a core com-
ponent of hnRNP particles that form on all nascent transcripts4. 
However, although hnRNP C is one of the most abundant proteins 
in the nucleus, its role in splicing regulation remained unresolved. 
Whereas some studies suggested that hnRNP particles generally 
facilitate splicing5,6, individual hnRNP proteins were thought to 
function as splicing silencers7,8. Resolving these seemingly contra-
dictory observations was hindered by the inability to locate pre-
cisely hnRNP particles on nascent transcripts in vivo. In particular, 
genome-wide mapping of hnRNP C positioning would provide criti-
cal information on how hnRNP particles control splicing. Because 
these highly abundant particles are likely to constitute a general 

platform for other splicing regulators, deciphering their function 
would greatly advance our understanding of splicing regulation.

UV cross-linking and immunoprecipitation (CLIP) combined with 
high-throughput sequencing was previously used to generate tran-
scriptome-wide binding maps of several RNA-binding proteins9–12. 
However, because identification of binding sites relied on the analysis 
of overlapping sequence clusters, distances of less than 30 nucleotides 
were not resolved. An additional disadvantage of CLIP is the require-
ment of reverse transcription to pass over residual amino acids that 
remain covalently attached to the RNA at the cross-link site. Primer 
extension assays have shown that the vast majority of cDNAs pre-
maturely truncate immediately before the ‘cross-link nucleotide’13. 
Here, we exploited this apparent limitation to achieve single-nucle-
otide resolution by capturing these truncated cDNAs through the 
introduction of a second adaptor after reverse transcription via self 
circularization (Fig. 1). To quantify cDNA molecules that truncate at 
the same nucleotide, we added a random barcode to the DNA adaptor. 
This allowed us to discriminate between unique cDNA products and 
PCR duplicates. We successfully applied individual-nucleotide resolu-
tion CLIP (iCLIP) to study hnRNP C–dependent splicing regulation 
in human cells. Taken together, iCLIP enables precise mapping of 
protein-RNA interactions in intact cells.

RESULTS
iCLIP maps hnRNP C binding at nucleotide resolution
We used iCLIP to examine the positioning of hnRNP C on pre-
mRNAs in vivo. We performed three replicate iCLIP experiments 
using an hnRNP C antibody on human HeLa cell lysates. The 
purified protein–RNA complex was absent when omitting UV-
cross-linking or the use of hnRNP C antibody and was dimin-
ished when hnRNP C knockdown cells were used (Supplementary 
Fig. 1a). We reverse-transcribed and PCR-amplified cross-linked 
RNA, controlling PCR specificity with an experiment that lacked 
the antibody during purification (Supplementary Fig. 1b). 
High-throughput sequencing using Illumina GA2 generated 
a total of 6.5 million sequence reads (Supplementary Table 1);  
4.2 million sequence reads aligned to the human genome by  
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allowing only single genomic hits and one nucleotide mismatch. 
Next, we eliminated PCR amplification artifacts by removing 
sequences that truncated at the same nucleotide in the genome and 
shared the same random barcode. This identified 641,350 reads in 
total for the three replicate experiments, each representing a uniquely 
cross-linked RNA molecule. Finally, we summarized the number 
of sequences at each cross-link nucleotide into a ‘cDNA count’, 
representing a quantitative measure of the amount of hnRNP C  
cross-linking to each position (Fig. 2a). For the analyses of three 
independent no-antibody control samples, we generated a total of 
18 million sequence reads. After the elimination of PCR amplifica-
tion artifacts, only 1,780 unique cDNAs remained (Supplementary 
Table 1), reflecting the high quality of purification and library  
preparation steps.

The iCLIP data were of high positional precision. The reproduc-
ibility of iCLIP data was demonstrated by the observation that 12,790 
cross-link nucleotides were identified in at least two independent 
experiments (Fig. 1b). We observed 75% of cross-link nucleotides 
with a cDNA count of five or more in all three experiments, showing 
that the strongest cross-link sites of hnRNP C are the most reproduc-
ible (Fig. 1b). Furthermore, there was an enrichment of cross-link 
nucleotides with an offset of one or two nucleotides (Supplementary 
Fig. 2). This observation may arise from protein contacts to more 
than one nucleotide of the RNA. In addition, the steric hindrance 
of the peptide fragment remaining on the RNA may cause reverse 
transcription to terminate more than one nucleotide upstream of the 
cross-link site. As an independent measure of reproducibility, we com-
pared the occurrence of pentanucleotides overlapping the cross-link 
nucleotides. We found a high correlation between the three experi-
ments (Fig. 1c), underscoring the high precision of iCLIP in capturing  
protein-RNA interactions.

iCLIP identified large-scale binding of hnRNP C across the whole 
transcriptome. Although only a few direct targets were known before 
this study, we found hnRNP C cross-linking to transcripts from 55% 
of all annotated protein-coding genes (Fig. 2 and Supplementary 
Fig. 3). This places hnRNP C as a major post-transcriptional regulator 
of similar importance as, for example, the polypyrimidine tract–
 binding protein (PTB) that was shown to bind transcripts of 43% of 
annotated human genes14. Among previously described hnRNP C 

targets, we observed binding to the regulatory element that deter-
mines start-codon selection within the c-myc mRNA and to the  
3′ untranslated region of the APP mRNA15,16 (Supplementary Fig. 4).  
We found that 79% of cDNAs mapped in a sense orientation rela-
tive to introns, 9% relative to exons and 1% relative to noncoding  
RNAs; 11% mapped to intergenic regions, indicating that these harbor 
previously undescribed transcribed regions. Only 2% mapped in an 
antisense orientation relative to annotated genes, confirming that 
iCLIP generates strand-specific information on RNA binding (Fig. 2d 
and Supplementary Fig. 3). In summary, our data show that hnRNP C  
has a central role as a regulator of nascent transcripts.

To reduce false positive hits and to increase the resolution of the 
data, previous CLIP studies have applied filtering algorithms to iden-
tify clusters of CLIP cDNAs. Applying this approach to the hnRNP C 
dataset, we identified 33,991 clustered cross-link nucleotides (false 
discovery rate < 0.05)12. This filtering removed 94% of all cross-
link nucleotides, which most likely included true binding sites. 
Because the iCLIP libraries prepared during this study are not fully  
saturated—a limitation that currently applies to all CLIP methods— 
many real binding sites are represented by only few cDNAs. This view 
was supported by the observation that 6,367 out of 12,790 reproduced 
cross-link nucleotides were removed during the filtering process. 
Therefore, we performed all the analyses described below on the 
complete and the filtered datasets. The results are quantitatively 
and qualitatively consistent (Supplementary Fig. 5), indicating that 
both sets are of high quality. To minimize the loss of information, 
we describe findings for the complete dataset in the remainder of  
this work.

hnRNP C cross-links to uridine tracts
The high resolution of iCLIP data allowed us to assess the sequence 
specificity of hnRNP C binding. Strikingly, uridine represented 85% 
of cross-link nucleotides (P < 0.001 by hypergeometric distribution 
for enrichment relative to background base frequencies; Fig. 3a and 
Supplementary Fig. 5a). Surrounding positions were also enriched 
for uridines, such that 65% of cross-link nucleotides were part of a 
contiguous tract of four or more uridines (Fig. 3b and Supplementary 
Fig. 5b). These results agree with the in vitro observation that the 
RNA recognition motif (RRM) domains of hnRNP C bind to uridine 
tracts17–19, suggesting that cross-link nucleotides reflect the positions 
where the RRM domains contact RNA in vivo. In comparison, only 
15–24% of cross-link nucleotides from the no-antibody control exper-
iments were located in a tract of four or more uridines, showing a 
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Figure 1 iCLIP identifies hnRNP C cross-link nucleotides on RNAs.  
(a) Schematic representation of the iCLIP protocol. After UV irradiation, 
the covalently linked RNA is co-immunoprecipitated with the RNA-binding 
protein (RBP) and ligated to an RNA adaptor at the 3′ end. Proteinase K 
digestion leaves a covalently bound polypeptide fragment on the RNA that 
causes premature truncation of reverse transcription (RT) at the cross-link 
site. Red bar, last nucleotide added during reverse transcription. Resulting 
cDNA molecules are circularized, linearized, PCR amplified and subjected to 
high-throughput sequencing. The first nucleotides of each sequence contain 
the barcode followed by the nucleotide where cDNAs truncated during reverse 
transcription. (b) Reproducibility of cross-link nucleotide positions. Percentage 
of cross-link nucleotides with a given cDNA count that were identified in 
at least two (circles) or all three experiments (triangles) are shown. The 
percentage of reproduced cross-link nucleotides increased with the incidence 
of hnRNP C cross-linking (cDNA count). (c) Reproducibility of sequence 
composition at cross-link nucleotides. Frequencies of pentanucleotides 
overlapping with cross-link nucleotides are shown for the three replicate 
experiments with the sequence shown for the four most highly enriched 
pentanucleotides. In all three replicate experiments, 42% of cross-link 
nucleotides overlap with UUUUU.

©
 2

01
0 

N
at

u
re

 A
m

er
ic

a,
 In

c.
  A

ll 
ri

g
h

ts
 r

es
er

ve
d

.



NATuRE STRuCTuRAL & mOLECuLAR bIOLOgy  VOLUME 17 NUMBER 7 JULY 2010 911

T E C H N I C A L  R E P O R T S

significant enrichment of uridine tract bind-
ing in the hnRNP C iCLIP data (P < 0.01 by 
Student’s t-test). We note that the control 
shows a bias to bind uridine tracts compared 
with the expected 5% from the background 
distribution in transcribed regions. However, 
this is in line with previous studies on single-
stranded DNA–binding proteins that show 
preferential cross-linking to thymidine residues20,21. Nonetheless, 
the small number of sequence reads and the low cross-linking bias 
in the control data contrast with the strong preference for uridine 
by hnRNP C, indicating that the vast majority of iCLIP sequence 
reads reflect real hnRNP C binding events. Furthermore, the ability 
of iCLIP to quantify the number of cDNAs mapping to each cross-link 
nucleotide allowed us to analyze the affinity of hnRNP C to uridine 
tracts of different lengths. We found that cDNA counts increased 
with the number of uridines in the tract, suggesting that hnRNP  
C binds longer tracts with higher affinity (Fig. 3b and Supplementary 
Figs. 5b and 6a).

The spacing of cross-link sites reflects hnRNP particle formation
iCLIP allowed us to resolve adjacent binding sites within uridine tracts. 
We found that, regardless of the length of the uridine tract, hnRNP 
C primarily cross-linked to the third uridine from the 3′ end (Fig. 3c 
and Supplementary Figs. 5c and 6b). In addition, we identified a sec-
ond peak of hnRNP C cross-linking positioned five or six nucleotides 
upstream on tracts longer than nine uridines. Consistently, such dual 

binding also occurred on shorter tracts when flanked by neighbor-
ing uridine tracts (Fig. 3d and Supplementary Fig. 5d). Because the 
hnRNP C tetramer binds RNA with two RRM domains positioned 
proximally to each other6,22, the dual cross-linking pattern could 
result from adjacent binding by the two RRM domains. These results 
show that the high resolution of iCLIP can elucidate combinatorial 
binding by multiple RNA-binding domains to proximal RNA binding 
sites, which would otherwise remain unresolved.

In addition to the short-range spacing within uridine tracts, 
iCLIP also identified a pattern of long-range spacing of cross-link 
nucleotides. We found peaks at distances of 165 and 300 nucleotides 
(Fig. 3e and Supplementary Fig. 5e). Strikingly, the uridine density  
also peaked at the same positions (Fig. 3e and Supplementary 
Fig. 5e). The defined spacing between cross-link nucleotides suggests 
that the intervening RNA is incorporated into the hnRNP particles. 
This model agrees with the organization of hnRNP particles as pro-
posed by previous studies6,23,24. Taken together, the precise mapping 
of hnRNP C cross-link sites provides insights into the structure of 
hnRNP particles.
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Figure 2 The genomic location of hnRNP 
C cross-link nucleotides. (a) Conversion of 
mapped iCLIP sequence reads into cDNA 
count values. Genomic sequence is shown 
above the color-coded positions of cDNA 
sequences from replicate experiments, preceded 
by the associated random barcode and the 
number of sequenced PCR duplicates (given 
in brackets). In the lower panel, a cDNA 
count was assigned to the upstream cross-
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position of an alternative exon in CD55 mRNA 
is shown at the bottom. Modified image of 
the UCSC genome browser (human genome, 
version hg18, chromosome 1, nucleotides 
205,580,308–205,580,373). *, due to space 
limitations, replicates 2 and 3 were merged 
into one lane. (b) Long-range spaced cross-link 
nucleotides flank the alternative exon in CD55 
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along the entire length of CD55 pre-mRNA 
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Positioning of hnRNP particles determines the splicing outcome
iCLIP allowed us to assess precisely the positioning of hnRNP C on 
alternatively spliced pre-mRNAs. Comparing transcript abundance in 
hnRNP C knockdown and control HeLa cells using high-resolution 

splice-junction microarrays, we detected significant increases and 
decreases by a factor of at least 2 for 47 and 115 transcripts, respectively 
(P < 0.01 by Student’s t-test). Transcript changes showed no apparent 
correlation with the amount of hnRNP C cross-linking (Supplementary 
Fig. 7). By far, the strongest change was seen for the hnRNP C tran-
script (decreased by a factor of 10.6), underscoring the efficiency and 
specificity of the knockdown. This was also verified by western blot 
analysis (Supplementary Fig. 8). Using the ASPIRE3 algorithm (see 
Online Methods), we detected changes in splicing at 1,340 alternative 
exons. Transcripts harboring at least one alternatively spliced exon 
were significantly overrepresented among the differentially expressed 
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 transcripts and vice versa (P = 2.0 ×10−24 by hypergeometric distribu-
tion for both directions; Supplementary Fig. 7b), indicating a relation 
between alternative splicing and transcript abundance. We observed a 
similar incidence of increased or decreased exon inclusion in hnRNP C 
knockdown cells, indicating that hnRNP C can either silence or enhance 
exon inclusion, respectively. We validated changes at 26 exons by reverse 
transcription PCR with a 92% success rate (Supplementary Table 2 
and Supplementary Fig. 9). To address the role of hnRNP C binding in 
these changes, we integrated the iCLIP data and splicing profiles into an 
RNA map25. We observed increased density of cross-link nucleotides at 
the splice sites of silenced alternative exons (Fig. 4 and Supplementary  
Fig. 5f). At the 3′ splice site, hnRNP C predominantly cross-linked  
within the last 30 nucleotides of the intron that generally coincide with 
the polypyrimidine tract, as seen in the CD55 pre-mRNA (Figs. 2a  
and 4a). This suggests that, similar to PTB, hnRNP C can regulate alter-
native splicing by repressing specific 3′ splice sites26. In conclusion, the 
ability of iCLIP to map cross-link nucleotides to characterized RNA regu-
latory elements can indicate the function of protein-RNA interactions.

To understand the impact of higher-order hnRNP particles on the 
observed splicing changes, we restricted the analysis to the cross-link 
sites showing long-range spacing indicative of particle formation. We 
considered the regions between these cross-link sites as being incor-
porated into the particles. Because of the limited complexity of the 
clustered dataset, we restricted this analysis to the complete dataset. 
We found that silenced exons and proximal intronic regions showed 
increased incorporation into hnRNP particles (Fig. 4b). Long-range 
spaced binding across an exon, as seen in CD55 pre-mRNA (Fig. 2b), 
might silence splicing by incorporating the exon into the hnRNP  
particle. A related hypothesis proposed that binding of PTB via its 
four RRM domains to sites flanking an exon silences splicing by loop-
ing out the exon14,27,28. In addition, we found that hnRNP particles 
enhance splicing when binding within the intron preceding the alter-
native exon (Fig. 4b). Thus, by incorporating long regions of RNA, 
hnRNP particles can serve a dual role in splicing regulation. Notably, 
the outcome of this regulation depends on the positioning of hnRNP 
particles on pre-mRNAs.

P
R

K
A

A
1

150

50

In
Ex

40734450 40734500 40734550 40734600 40734650 40734700

Replicate 1

Replicates 2 and 3
Alternative exon E3 in MTRF1 (minus strand)

a

b

105885150 105885200 105885250 105885300 105885350 105885400

Replicate 1

Replicates 2 and 3
Alternative exon E7 in C12orf23 (plus strand)

ATTTTATTTTTTTTTG

CAAAAAAAAAAAAAAAAAAAG

ATTTTTTGTATTTTTA

TAAAAAAAGATTAGTTTAAAAAAT

hnRNP C
knockdown

Control

hnRNP C
knockdown Control

T
B

L1
X

R
1

0%

50%

100%

50

250

In

Ex

In

kd c

kd c

kd c

kd c

kd c

Ex

200

50

In

Ex
0%

50%

100%

C
12

or
f2

3

Z
N

F
19

5

50

250

*

*

200

100

In

Ex
0%

50%

100%M
T

R
F

1

178361300 178361350 178361400 178361450 178361500 178361550

Replicate 1

Replicates 2 and 3
Alternative exon E3 in TBL1XR1 (minus strand)

TAAAAATACAAAAG CAAAAAAAAAAAAAAT

3347100 3347150 3347200 3347250 3347300 3347350 3347400

Replicate 1

Replicates 2 and 3
Alternative exon E7 in ZNF195 (minus strand)

TAAAAGTTAGAAAAAGATAAAC GATAAAGAAAAT

40810700 40810750 40810800 40810850 40810900 40810950

Replicate 1

Replicates 2 and 3
Alternative exon E6 in PRKAA1 (minus strand) 

GAAAAAGTATGGGC GAAACCAAAAAAT

0%

50%

100%

0%

50%

100%

2

cD
N

A
 c

ou
nt

cD
N

A
 c

ou
nt

cD
N

A
 c

ou
nt

cD
N

A
 c

ou
nt

cD
N

A
 c

ou
nt

C12orf23

MTRF1

PRKAA1

TBL1XR1

ZNF195

2
0

0

165 nt

165 nt

165 nt

165 nt

165 nt

0

0
1

1

0

0
1

1

0

0
1

1

0

0

2

2

Figure 5 iCLIP data predict exons that are 
silenced by hnRNP C. (a) Genomic location of 
hnRNP C cross-link nucleotides surrounding 
silenced exons that were predicted from iCLIP 
data. Five exons that are flanked by cross-link 
nucleotides with defined spacing and showed  
a significant increase in inclusion in the hnRNP C  
knockdown cells are depicted (P < 0.05, Supple
mentary Table 3). cDNA counts corresponding to 
positions in plus- and minus-strand transcripts 
are shown in blue and red, respectively. Gene 
names and genomic sequence around cross-link 
nucleotides (highlighted by blue or red boxes 
indicating plus- or minus-strand location) are 
given above each panel. A distance of 165 nt 
is marked by a red arrow with shaded bars on 
either side representing 10-nt intervals. Clustered 
cross-link nucleotides are highlighted in gray. A 
mutually exclusive exon in MTRF1 pre-mRNA is 
indicated by an asterisk. Images are based on the 
UCSC genome browser (human genome, version 
hg18; C12orf23, chromosome 12, nucleotides 
105,885,065–105,885,394; MTRF1, 
chromosome 13, nucleotides 40,734,402–
40,734,731; PRKAA1, chromosome 5, 
nucleotides 40,810,631–40,810,960; 
TBL1XR1, chromosome 3, nucleotides 
178,361,247–178,361,576; ZNF195, 
chromosome 11, nucleotides 3,347,071–
3,347,400). (b) Quantification of splicing 
changes of the alternative exons depicted in a. 
RNA from hnRNP C knockdown (kd) and control 
(c) HeLa cells was analyzed using RT-PCR and 
capillary electrophoresis. Capillary electrophoresis 
image and signal quantification are shown for 
each exon. Quantified transcripts including (in) or 
excluding (ex) the regulated alternative exon are 
marked on the right. Average quantification values 
of exon inclusion (white) and exclusion (gray) are 
given as a fraction of summed values. Error bars, 
s.d. of three replicates. Changes in exon inclusion 
and P values are given in Supplementary Table 3. 
*, PCR product for the RNA isoform of a mutually 
exclusive exon in MTRF1 pre-mRNA as depicted 
in a. Its inclusion is strongly increased in hnRNP 
C knockdown cells, consistent with our model that 
hnRNP C binding within the polypyrimidine tract 
leads to silencing of exons.
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The RNA map of hnRNP C regulation described that silenced 
exons are flanked by precisely spaced cross-link nucleotides. To assess 
whether hnRNP C binding could predict silenced exons, we used the 
iCLIP data to search the transcriptome for exons that are flanked by 
hnRNP C cross-link nucleotides with a defined spacing of 160–170 
nucleotides. We then chose nine alternatively spliced exons that had 
not shown hnRNP C–dependent regulation in our microarray analyses 
and quantified their splicing behavior using RT-PCR. Strikingly, five 
of these (56%) showed significantly increased inclusion in hnRNP C  
knockdown cells (P < 0.05 by Student’s t-test), whereas the others 
remained unchanged (Fig. 5 and Supplementary Table 3). Thus, the 
hnRNP C binding patterns identified by the iCLIP data could predict 
exon silencing, further substantiating our model of position-dependent  
splicing regulation by hnRNP particles.

The broad distribution of hnRNP C cross-link sites over com-
plete transcripts (Fig. 2c) suggested that the hnRNP C activity is not 
restricted to regulation of alternative splicing. Therefore, we analyzed 
hnRNP particle formation on constitutive exons and flanking intronic 
regions to find a similar coverage on exons and introns, as predicted 
by previous studies5. However, we found a decreased coverage at 
the splice sites, agreeing with the hypothesis that hnRNP particles 
need to be excluded from regions required for splicing7 (Fig. 4c). 
These results suggest that hnRNP particles maintain splicing fidelity 
by incorporating introns and exons, leaving the splice sites free to  
interact with the splicing machinery.

DISCUSSION
Global profiling of protein-RNA interactions has been successful 
in elucidating principles of post-transcriptional regulation. Over 
the past several years, CLIP was proven as a powerful method to 
determine protein-RNA interactions in vivo on a global scale9–12. 
However, the resolution of this method is limited due to the inabil-
ity to directly identify the cross-linked nucleotides. Moreover, CLIP 
suffers from the inherent problem that most cDNAs truncate at the 
cross-link site and are thus lost during the amplification process. Here, 
we developed iCLIP, which overcomes these obstacles and identi-
fies the positions of cross-link sites at single-nucleotide resolution. 
iCLIP also introduces a random barcode to mark individual cDNA 
molecules, thereby solving an inherent problem of all current high-
throughput sequencing methods that suffer from PCR artifacts. 
Therefore, exploiting the random barcode markedly improves the 
quality of quantitative information. Because of the low abundance of 
introns, the obtained sequence coverage is at present insufficient to 
quantitatively compare individual binding sites at single-nucleotide 
resolution. However, the quantitative information could be exploited  

on a transcriptome-wide scale to show that hnRNP C binds longer 
uridine tracts with higher affinity, underscoring the great potential 
of iCLIP’s quantitative nature. To identify clustered cross-link nucleo-
tides, we applied a statistical algorithm to filter for enriched hnRNP C  
binding. Comparison of the clustered cross-link nucleotides with 
the complete dataset showed that both datasets generate consistent 
results, suggesting that real binding sites constitute a major propor-
tion of both. This observation underlines the high quality of iCLIP 
data, achieved by high stringency of purification and library prepara-
tion. Thus, iCLIP allows the transcriptome-wide analysis of protein-
RNA interactions at single-nucleotide resolution.

We used iCLIP to show that hnRNP C binds to uridine tracts 
in nascent transcripts with a defined spacing of 165 and 300 
nucleotides. These data agree with past findings that the hnRNP C  
tetramer binds in repetitive units of approximately 150–300 nucleo-
tides6,23,24. Whereas some studies suggested that this binding occurs 
in a sequence-independent manner6,23,24, other studies proposed 
that the sequence-specific RRM domains critically contribute  
to high-affinity RNA binding of the hnRNP C tetramer17–19. The 
iCLIP data agree with the latter model that hnRNP C is positioned 
on pre-mRNAs via sequence-specific binding of its RRM domains 
(Fig. 6). In addition, the precise spacing between the hnRNP C 
cross-link sites suggests that, in accordance with the sequence- 
independent binding model, the basic leucine zipper–like  
RNA-binding motif (bZLM) domains guide the intervening RNA 
along the axis of the hnRNP C tetramer via sequence-independent  
electrostatic interactions22,29. Thus, by measuring the spacing 
between distant binding sites, iCLIP can yield structural insights 
into ribonucleoprotein complexes.

Even though hnRNP particles were found to form on nuclear RNAs 
more than 30 years ago, their function in pre-mRNA processing 
remained unresolved4–8. Here, we present single-nucleotide resolu-
tion mapping of in vivo hnRNP C cross-link sites, which reveals a role 
for hnRNP particles in splicing regulation. Notably, we found that the 
binding of hnRNP particles is guided by the pre-mRNA sequence to 
determine the splicing outcome in a position-dependent manner. In 
particular, alternative exons are silenced by incorporation into the 
hnRNP particles, whereas binding to the preceding intron enhances 
the inclusion of alternative exons. Early studies had hypothesized 
that hnRNP particles might function to organize long introns for 
efficient splicing30. This was based on the observation that long pre-
mRNAs are highly compacted in hnRNP particles. In accordance with 
this hypothesis, we propose that hnRNP particles might act as ‘RNA 
nucleosomes’ that bind long regions of pre-mRNA but maintain the 
correct splice sites accessible to the splicing machinery. The ability of 
iCLIP to study protein-RNA interactions with high resolution and in a 
quantitative manner holds promise for future studies of the structure 
and function of ribonucleoprotein complexes.

METHODS
Methods and any associated references are available in the online 
version of the paper at http://www.nature.com/nsmb/.

Note: Supplementary information is available on the Nature Structural & Molecular 
Biology website.
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ONLINE METHODS
iCLIP analyses. HeLa cells were irradiated with UV-C light to covalently cross-
link proteins to nucleic acids in vivo. Upon cell lysis, RNA was partially frag-
mented using low concentrations of RNase I, and hnRNP C–RNA complexes were 
immunopurified with the antibody immobilized on immunoglobulin G–coated 
magnetic beads. After stringent washing, RNAs were ligated at their 3′ ends to 
an RNA adaptor and radioactively labeled to allow visualization. Denaturing 
gel electrophoresis and transfer to a nitrocellulose membrane removed RNAs 
that were not covalently linked to the protein. Two size fractions of the RNA 
(Supplementary Fig. 1a) were recovered from the membrane by proteinase K 
digestion. The oligonucleotides for reverse transcription contained two inversely 
oriented adaptor regions separated by a BamHI restriction site as well as a barcode 
region at their 5′ end containing a 2-nt barcode to mark the experiment and a  
3-nt random barcode to mark individual cDNA molecules. cDNA molecules were 
size-purified using denaturing gel electrophoresis, circularized by single-stranded 
DNA ligase, annealed to an oligonucleotide complementary to the restriction 
site and cut between the two adaptor regions by BamHI. Linearized cDNAs 
were then PCR-amplified using primers complementary to the adaptor regions 
(Supplementary Fig. 1b) and were subjected to high-throughput sequencing 
using Illumina GA2. A more detailed description of the iCLIP protocol is avail-
able in Supplementary Methods.

High-throughout sequencing and mapping. High-throughput sequencing 
of iCLIP cDNA libraries from three replicate experiments was performed 
on one lane of an Illumina GA2 flow cell with a 54-nt run length. Mapping 
of sequence reads was performed against the human genome (version hg18/
NCBI36) using bowtie version 0.10.1 (ref. 31) (Supplementary Methods). 
The 3-nt random barcode enabled us to discriminate PCR duplicates from 
sequences that start at the same nucleotide but are derived from individual 
cDNA molecules. Random barcodes with more than one identical nucle-
otide were considered to be PCR duplicates, which were excluded from the 
dataset. Following this strategy, a total of 3,521,462 sequences were removed 
from the analysis (85% of mapped reads), resulting in a final set of 309,489, 
216,295 and 115,566 sequences representing individual cDNA molecules 
from the three replicates. The first nucleotide in the genome upstream of 
a mapping cDNA sequence was defined as ‘cross-link nucleotide’, and the 
total of corresponding cDNA sequences was assigned as ‘cDNA count’ at this 
position. For subsequent analyses, replicates were merged into one iCLIP 
dataset by summing cDNA counts from all three replicates for each cross-
link nucleotide.

Analyses of reproducibility and significance of cross-link nucleotides. 
Reproducibility was assessed by comparing cross-link nucleotide positions 
from three independent replicates (Supplementary Methods). The false  
discovery rate for each position was determined according to previous work12 
(Supplementary Methods).

Analysis of sequence and positioning of cross-link nucleotides. All analyses 
of hnRNP C binding were based on sequences mapping to human nuclear 
chromosomes. To determine pentanucleotide frequencies at cross-link nucle-
otides (Fig. 1c), we assessed all pentanucleotides overlapping each cross-link 
nucleotide within the three replicate experiments. Multiple occurrences at 
the same cross-link nucleotide were counted only once. Frequencies were 
calculated as the number of cross-link nucleotides that are associated with a 
certain pentanucleotide.

To calculate base frequencies of iCLIP sequence reads (Fig. 3a), we extracted 
the genomic sequence corresponding to the first 10 nucleotides of all reads plus 
11 nucleotides of preceding sequence. The graphic representation was gener-
ated using Weblogo 3 (ref. 32) (http://weblogo.berkeley.edu). The background 
distribution of bases was calculated using all transcribed regions annotated in 
the Ensembl database33 (release 54; http://www.ensembl.org/).

To determine the lengths distribution of uridine tract bound by hnRNP C 
(Fig. 3b), we extracted all uridine tracts in the genome that harbored at least one 
cross-link nucleotide. The distribution of uridine tracts within the transcriptome 
was calculated again based on all transcribed regions.

The percentage of cross-link nucleotides located within a tract of at least four 
uridines was calculated as a fraction of all identified cross-link nucleotides. The 
expected background was calculated upon randomization of cross-link nucleotide 
positions (Supplementary Methods). The expected value for background localiza-
tion to tracts of at least four uridines was calculated as the mean percentage from  
100 random permutations.

To assess the spacing of cross-link nucleotides (Fig. 3e), we summarized the 
distances of all cross-link nucleotides to all downstream cross-link nucleotides 
within a window of 500 nt. To analyze the short-range binding patterns, we sum-
marized all cross-link nucleotides on each position of uridine tracts of the same 
length (Fig. 3c and Supplementary Fig. 6b). For tracts of five uridines, we addi-
tionally assessed the distribution of surrounding cross-link nucleotides (Fig. 3d), 
using only those tracts that showed at least one additional cross-link nucleotide 
at a distance of no more than 15 nt to either side.

To examine the influence of uridine-tract length on the occurrence of cross-
linking (Supplementary Fig. 6a), the percentage of tracts with a cDNA count 
of at least two at the third position from the 3′ end was calculated relative to all 
tracts of the same length containing a cross-link site at this position.

Knockdown of hnRNP C. hnRNP C was depleted in HeLa cells using two  
different siRNAs (Supplementary Methods).

Splice-junction microarrays. Microarray analyses and PCR validations were per-
formed as described in Supplementary Methods. The microarray data was ana-
lyzed using ASPIRE version 3 that was modified relative to previous versions11,34 
by adding background subtraction and significance ranking of predicted splicing 
changes (Supplementary Methods). By analyzing the signal of reciprocal probe 
sets, ASPIRE3 was able to monitor 53,632 alternative splicing events. Applying a 
threshold of |ΔIrank| ≥ 1, we identified 1,340 differentially spliced alternative exons, 
of which 662 and 678 were increased and decreased, respectively, in the hnRNP 
C knockdown cells.

RNA map. To analyze the impact of hnRNP C positioning on splicing regulation, 
we assessed the positioning of hnRNP C cross-link sites at exon-intron boundaries 
of alternative exons and flanking constitutive exons (Supplementary Methods).

Manuscript preparation. All figures were prepared using R Lattice Graphics 
(http://r-forge.r-project.org/projects/lattice/) and Adobe Illustrator CS4 (Adobe).

31. Langmead, B., Trapnell, C., Pop, M. & Salzberg, S.L. Ultrafast and memory-efficient 
alignment of short DNA sequences to the human genome. Genome Biol. 10, R25 
(2009).

32. Crooks, G.E., Hon, G., Chandonia, J.M. & Brenner, S.E. WebLogo: a sequence logo 
generator. Genome Res. 14, 1188–1190 (2004).

33. Hubbard, T.J. et al. Ensembl 2009. Nucleic Acids Res. 37, D690–D697 (2009).
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