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Introduction

The heterogeneous nuclear ribonucleoprotein L (hnRNP 
L) is a multifunctional RNA-binding protein containing four 
RNA-recognition motifs (RRMs), which specifically recognizes 
CA-repeat and CA-rich RNA elements.1 It participates in diverse 
functions of mRNA metabolism, such as export of intronless 
mRNA,2,3 translational regulation,4-7 regulation of mRNA stabil-
ity,1,4,8,9 poly(A) site selection,10 and alternative splicing.10 Recent 
work by Jafarifar et al.11 demonstrated yet another role: compet-
ing with microRNAs (miRNAs) for binding to a CA-rich RNA 
element within the VEGFA 3′ UTR. A similar mechanism was 
also very recently described for DGK-α.12

HnRNP L is localized uniformly in the nucleoplasm and 
enriched in perinucleolar structures,13,14 which were later identi-
fied as SLM/Sam68 Nuclear Bodies, where hnRNP L inter-
acts with Sam68.15 Splicing targets of hnRNP L affect diverse 
processes, including tumorgenesis,16,17 T-cell activation,18-21 vas-
culogenesis,22 and signal transduction.23 HnRNP L also regu-
lates its own expression by a negative feedback loop, in which it 

activates splicing of a poison exon that leads to nonsense-medi-
ated mRNA decay (NMD) of the hnRNP L mRNA.24 HnRNP 
L can regulate alternative splicing either as an activator or a 
repressor, and it is still unclear what determines its activity in 
each specific case. As recently shown, alternative splicing regu-
lation of hnRNP L can be based on interference with splice site 
recognition.25

To address how the multiple functions of hnRNP L correlate 
with RNA binding, we made use of a powerful new approach: 
individual nucleotide resolution crosslinking and immuno-
precipitation (iCLIP) combined with RNA-Seq.26 This recent 
development of the basic CLIP method allows genome-wide 
mapping of all in vivo RNA-interaction sites at single-nucleotide 
resolution for any RNA-binding protein.27 CLIP approaches 
have been applied to several factors, including Nova,28 SRSF1,29 
and—combined with next-generation sequencing—to Nova,30 
RbFox2,31 PTB,32 HuR,33 SRSF3/4,34 and others (reviewed in 
refs. 35 and 36). By integrating the CLIP binding data with 
information on expression of splice isoforms, functional RNA 
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Heterogeneous nuclear ribonucleoprotein L (hnRNP L) is a multifunctional RNA-binding protein that is involved 
in many different processes, such as regulation of transcription, translation, and RNA stability. We have previously 
characterized hnRNP L as a global regulator of alternative splicing, binding to CA-repeat, and CA-rich RNA elements. 
Interestingly, hnRNP L can both activate and repress splicing of alternative exons, but the precise mechanism of hnRNP 
L-mediated splicing regulation remained unclear. To analyze activities of hnRNP L on a genome-wide level, we per-
formed individual-nucleotide resolution crosslinking-immunoprecipitation in combination with deep-sequencing 
(iCLIP-Seq). Sequence analysis of the iCLIP crosslink sites showed significant enrichment of C/A motifs, which perfectly 
agrees with the in vitro binding consensus obtained earlier by a SELEX approach, indicating that in vivo hnRNP L 
binding targets are mainly determined by the RNA-binding activity of the protein. Genome-wide mapping of hnRNP 
L binding revealed that the protein preferably binds to introns and 3′ UTR. Additionally, position-dependent splicing 
regulation by hnRNP L was demonstrated: The protein represses splicing when bound to intronic regions upstream of 
alternative exons, and in contrast, activates splicing when bound to the downstream intron. These findings shed light 
on the longstanding question of differential hnRNP L-mediated splicing regulation. Finally, regarding 3′ UTR binding, 
hnRNP L binding preferentially overlaps with predicted microRNA target sites, indicating global competition between 
hnRNP L and microRNA binding. Translational regulation by hnRNP L was validated for a subset of predicted target 
3′UTRs.
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maps can be derived that reveal position-dependent splicing 
effects.26,37

Based on iCLIP-Seq and genomic mapping, we obtained a 
comprehensive genome-wide map of hnRNP L RNA interaction 
sites in HeLa cells. Analysis of the crosslink sites revealed sev-
eral novel regulatory roles of hnRNP L: First, hnRNP L RNA-
binding follows distinct patterns for exons activated or repressed 
by hnRNP L, indicating a positional code and a predictive RNA 
map. Second, hnRNP L binding is enriched at both terminal 
as well as internal poly(A) sites. Third, hnRNP L binding pref-
erentially overlaps with predicted miRNA target sites in the 3′ 
UTR, consistent with an hnRNP L-vs.-miRNA competition 
model. For a subset of these targets, we demonstrated 3′ UTR-
depending translational regulation by hnRNP L. A very recent 
study has also investigated hnRNP L by CLIP-Seq in T-cells.38 
Although focusing on hnRNP L-regulated splicing changes spe-
cific to T-cell biology, remarkably similar results were obtained 
on target distribution and specificity (see Discussion).

Results and Discussion

HnRNP L in vivo RNA-crosslink sites determined by 
iCLIP match in vitro consensus

To monitor genome-wide RNA binding sites of hnRNP L in 
HeLa cells, we performed three iCLIP experiments, combined 
with Solexa high-throughput sequencing (for a representative 
experiment, see Fig. 1). Sequence reads from the three experi-
ments were combined and analyzed for hnRNP L crosslink 
sites. Genomic mapping and sequence analysis was performed,26 
resulting in ~1.1 million sites mapped on chromosomes 1–22 and 
X (Fig. S1A; for details on data processing, see Supplementary 
Materials and Methods; for the high reproducibility between the 
three experiments, see Fig. S1B).

Sequence motif analysis (in pentamers, as described in ref. 
39) revealed significant enrichment of CA-repeat and CA-rich 
motifs (Fig. 2A): CA-repeats (ACACA, CACAC) were enriched 
by about 110–140% (100% corresponding to a 2-fold enrich-
ment) and certain CA-rich motifs by 80–95% (ACAT, TACA). 
This specific enrichment pattern perfectly agrees with hnRNP 
L-binding properties derived earlier by an in vitro SELEX study.1 
In contrast, the control experiment yielded no significant enrich-
ment of a specific pentamer. Shankarling et al. (2014) obtained a 
similar binding consensus in their CLIP-Seq analysis.38

Activator vs. repressor function of hnRNP L in alternative 
splicing depends on its binding position

The ~1.1 million sites were clustered and filtered, and a total 
of 622 789 crosslink sites were selected for functional analysis 
(see Supplementary Materials and Methods). Figure 2B presents 
the distribution of the crosslink sites: A large fraction (72.3%) 
of hnRNP L binding sites maps within protein-coding genes, 
particularly in their introns (40.5%) compared with the mRNA 
(31.8%). The relatively high number of crosslink sites in introns 
is striking, considering the transient nature of intronic sequences, 
suggesting a global regulatory role of hnRNP L through intron 

Figure 1. iCLIP-Seq analysis for transcriptome-wide mapping of hnRNP L 
RNA-binding sites. (A) A representative experiment is shown: Briefly, pro-
tein–RNA interactions were crosslinked by UV-irradiation of HeLa cells, 
followed by lysate preparation, limited RNase digestion, immunoprecip-
itation of hnRNP L-RNA adducts, 3′-RNA-linker addition to the RNA tags, 
5′-terminal 32P-labeling, and gel separation of the covalent RNA–pro-
tein complexes under denaturing conditions. Autoradiography of iCLIP 
membrane with bound 32P-labeled RNA–protein complexes, comparing 
after UV-irradiation (+UV) hnRNP L- (lanes 1–3) with control FLAG immu-
noprecipitated material (IP, lanes 4–6). As additional control, UV irradia-
tion was left out (lanes 7–8). In each case, different amounts of RNase I 
were applied (as indicated). Boxed regions were cut out and subjected to 
RNA isolation and library preparation. Marker positions and the mobili-
ties of hnRNP L-RNA adducts, limit-digest hnRNP L, and of the antibody 
heavy chain are marked. (B) Western blot analysis of the same membrane 
as in panel (A), using anti-hnRNP L and GAPDH antibodies and including 
5% input material. (C) Library preparation from iCLIP-processed hnRNP 
L- (IP; lanes 1–3) or control FLAG-immunoprecipitated material (FLAG-IP; 
lanes 4–6). PCR products for high-throughput sequencing were visual-
ized by ethidium bromide staining on a 6% polyacrylamide-TBE gel. The 
three different size fractions resulted from prior size selection of the 
cDNA, following reverse transcription. PCR products derived from all 
three immunoprecipitations were pooled for sequencing.
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binding. Within mRNA transcripts, 3′ UTRs exhibit a much 
higher density of binding sites than exons (4.46 vs. 1.47 cross-
link sites per kb), consistent with known functions of hnRNP 
L in the 3′ UTR (see Introduction). This binding distribution 
of hnRNP L on the genome-wide level as well as on pre-mRNA 
regions is similar to that observed in both primary and immortal-
ized T-cells, no matter if activated or repressed.38

To investigate the RNA-binding patterns of hnRNP L near 
splice sites, we used all ENCODE-annotated exons of protein-cod-
ing genes and grouped their splice sites into two classes: alternative 
and constitutive. The frequency of crosslink sites around these two 
groups of splice sites is plotted in Figure 3A. The apparent overrep-
resentation of hnRNP L binding sites in constitutive exons most 
likely simply reflects their higher abundance. The discrete peaks at 
the 5′ splice site and at the -25 to -40 region relative to the 3′ splice 
site are probably not based on hnRNP L crosslink sites, but may 
reflect primer-extension stops at the branched lariat after RNase 
treatment, with hnRNP L bound to the respective intron. More 
interestingly, we detected a higher density of hnRNP L binding 
sites around alternative 5′ splice sites, compared with constitutive 
5′ splice sites, both in the exonic (positions -30 to 0) and intronic 
regions (0 to +70); in addition, in the alternative 3′ splice site 
regions there are strikingly more hnRNP L binding sites around 
position -20. This pattern suggests that hnRNP L regulates splice 
site usage predominantly through binding around the 5′ splice site 
region, involving either exonic or intronic elements, and through 
binding within the pyrimidine tract region.

Next we correlated RNA-binding and alternative splicing 
targets: HnRNP L was downregulated in HeLa cells by RNAi, 
followed by an additional cycloheximide treatment to suppress 
nonsense-mediated RNA decay (NMD) and to detect premature 
termination codon-containing splice variants. Splice-sensitive 
exonarray and data analysis predicted 890 hnRNP L-activated 
and 574-repressed target cassette exons (see Supplementary 
Materials and Methods).

Based on these two data sets, we analyzed the density of 
hnRNP L crosslink sites, comparing activated vs. repressed exons 

(Fig.  3B). This revealed clear differences in hnRNP  L bind-
ing around the splice sites: The repressor activity of hnRNP L 
concentrates immediately upstream of the 3′ splice site (peaking 
around position -40), whereas hnRNP L preferentially activates 
when bound at intronic positions further downstream of the 5′ 
splice site (positions +25 to +200). The apparent higher den-
sity in activated vs. repressed exons likely reflects their different 
abundances.

In sum, our data suggest that hnRNP L preferentially represses 
3′ splice sites through interfering with the recognition of the 
pyrimidine tract/3′ splice site region, and around the 5′ splice 
site, and activates 5′ splice sites from downstream intronic posi-
tions. The binding position relative to the regulated exon there-
fore appears to provide an important determinant in specifying 
hnRNP L’s activator and repressor function (schematically rep-
resented below Fig. 3B). In contrast, in a recent study focusing 
on alternative splicing of genes important in T-cell biology, no 
positional code was observed; most likely due to the much lower 
number of investigated hnRNP L-regulated splicing events.38

In fact, several examples of hnRNP L-mediated splicing regu-
lation support our conclusions from this global analysis: First, 
hnRNP L as a splicing activator was initially discovered for the 
human eNOS gene, where an intronic CA-repeat region activates 
the 5′ splice site of the upstream exon 13.40 Second, alternative 
exon 6 of the human MAPK10 gene is strongly regulated by a 
CA-repeat enhancer (positions +61 to +118 of intron 6; ref. 1). 
Third, our initial exonarray analysis10 provided several examples 
of hnRNP L repressing alternative exons by binding close to their 
3′ splice site, which can be based on U2AF interference, as dem-
onstrated for TJP1.25 Additionally, hnRNP L binding in very 
close proximity to the 5′ splice site can interfere with recognition 
by the U1 snRNP, as shown for SLC2A2,25 which is consistent 
with a minor effect in the RNA map at a region 0 to +25 relative 
to the 5′ splice site. Other splicing factors function by related 
mechanisms: CLIP analyses of Nova28,30 and RBFOX231 revealed 
similar functional binding patterns as observed for hnRNP 
L, whereas PTB instead represses alternative exons also from 

Figure 2. Genome-wide hnRNP L RNA-binding analysis by iCLIP. (A) Sequence motif analysis. HnRNP L crosslink sites were analyzed for motif enrichment 
(5-mers within a -30 to -10 and +10 to +30 window compared with 100 randomized positions from the same regions of the gene. The top 10 pentamers 
are listed for the hnRNP L- vs. the control FLAG immunoprecipitation (IP). All P values were < 0.01. (B) Distribution of hnRNP L crosslink sites, including 
their respective crosslink densities.
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downstream intronic positions, and activates by binding to the 
intron in close proximity to the flanking constitutive exons.32 A 
recent study investigated six hnRNP proteins (A1, A2/B1, F, H1, 
M, and U) by CLIP-Seq.41 Interestingly, in RNA maps derived 
from these data, hnRNP F and U activated exon inclusion from 
positions overlapping with hnRNP L repressor sites. In contrast, 
hnRNP A2/B1 and M repress alternative exons from hnRNP L’s 
activator position, suggesting potential antagonistic mechanisms 
of hnRNP L and other hnRNPs in alternative splicing regulation.

There are other cases of complex alternative splicing mecha-
nisms regulated by hnRNP L, involving co-regulators such as the 
paralog hnRNP L-like, for example, the case of the CD45 gene.18-

21,42 In this mechanism, an interplay of both splicing factors regu-
lates three differentially spliced exons of CD45, dependent on the 
activation state of different immune cells. Such mechanisms prob-
ably represent a special minority of events and cannot be accounted 

for in the presented RNA map. Also, since CD45 is not expressed 
in HeLa cells, our iCLIP approach did not include it.

HnRNP L binding overlaps with polyadenylation signals
In addition to positional binding of hnRNP L around the 

splice sites, we investigated the crosslink-site density in proxim-
ity to polyadenylation [poly(A)] sites. All ENCODE-annotated 
polyadenylation events from protein-coding genes were grouped 
into terminal and internal poly(A) sites (Fig. 4), and the hnRNP 
L crosslink-site density was plotted in windows of -300 to +300 
nucleotides relative to internal (top diagram, in red) and ter-
minal poly(A) sites (middle diagram, in blue). The high cross-
link-site density downstream of the poly(A) site in case of the 
internal poly(A) sites reflects hnRNP L binding in this region 
of the (pre-)mRNA. In contrast, hnRNP L binding disappeared 
downstream of terminal poly(A) sites, since most of the mRNA 
is cleaved. In both groups, the crosslink site frequency increased 

Figure 3. HnRNP L activates or represses alternative splicing in a position-dependent manner. (A) Number of hnRNP L crosslink sites around 3′ (-200 to 
+75) and 5′ splice sites (-75 to +200) of protein-coding genes is diagrammed, separately for alternative and constitutive splice sites (upper and middle 
panels, respectively). Below, alternative (green) and constitutive (black) splice sites are compared, plotted in smooth lines (lower panel). (B) Number 
of hnRNP L crosslink sites around 3′ (-300 to +75) and 5′ splice sites (-75 to +300) of hnRNP L-regulated exons, separately for activated (upper panel) 
and repressed exons (middle panel). Non-target exons were used as background (black smooth lines). In the lower panel, hnRNP L-activated (red) and 
-repressed exons (blue) exons are compared, plotted in smooth lines. Below, the positional information of hnRNP L binding and its correlation with 
activator/repressor function is schematically summarized.
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toward the poly(A) site, up to a position around -30. The strongly 
reduced frequency of crosslink sites between position -30 and the 
poly(A) site is due to the alignment problem with short sequence 
reads containing poly(A) tails. Interestingly, this region con-
tains important control elements for the poly(A) site recogni-
tion, such as the AAUA

3
 signal, 15–30 nucleotides upstream of 

the poly(A) site, which is bound by CPSF; as well as a U-rich 
upstream sequence element (USE), which was shown to enhance 
polyadenylation (reviewed in ref. 43). This hnRNP L crosslink 
site distribution suggests that hnRNP L may commonly regulate 
poly(A) site selection through competing with binding of com-
ponents of the polyadenylation machinery. Consistent with this 
we had previously described an example of hnRNP L-dependent 
alternative poly(A) site selection, based on an exonarray analysis 
after hnRNP L knockdown. In the ASAH1 mRNA, an inter-
nal poly(A) site is more frequently used if hnRNP L is down-
regulated, indicating suppression of internal polyadenylation by 
hnRNP L.10

HnRNP L binds preferentially in close proximity to pre-
dicted miRNA binding sites in 3′ UTR and can thereby regu-
late translation efficiency

It has been recently reported that hnRNP L competes with 
miRNAs for binding to the VEGFA 3′ UTR in hypoxia, thereby 
modulating miRNA function.11 Analyzing our iCLIP data, we in 
fact observed hnRNP L crosslink sites at a high density within 
and around these specific miRNA target sites. Interestingly, 
a second set of predicted miRNA-target sites overlapping with 
dense hnRNP L binding was observed in the downstream half of 
the VEGFA 3′ UTR (Fig. 5A and B). Since ~20% of hnRNP L 
crosslink sites were mapped to 3′ UTRs (Fig. 2B), competition 
of hnRNP L with miRNAs for binding to their respective target 
sites may represent a general mechanism.

To investigate this on a genome-wide level, we extracted the 
conserved mammalian miRNA target sites in the 3′ UTRs of 
RefSeq genes, as predicted by TargetScanHuman 5.1 (http://www.
targetscan.org). We first determined the frequency of hnRNP L 
crosslink sites within a region of 80 nt up- and downstream of 
the target sites (Fig.  5C), confirming an increased frequency of 
hnRNP L crosslinks on and around miRNA target sites.

Second, we compared the density of hnRNP L crosslinks at 
the miRNA target sites (positions -20 to +20 of target sites) vs. 
outside of the miRNA target sites (Fig. 5D), based on 5062 3′ 
UTRs that contain both crosslink sites and miRNA target sites 
(see Supplementary Materials and Methods). We conclude that 
the density at the miRNA target sites is significantly higher than 
outside, suggesting that competition of hnRNP L with binding 
of the Ago/miRNA complexes provides a global mechanism of 
hnRNP L function.

To predict potential target mRNAs for such a regulatory 
mechanism, two strategies were applied. First, dense hnRNP L 
binding clusters (based on our iCLIP data) were screened for over-
lap with TargetScan-predicted miRNA binding sites of miRNAs 
expressed in HeLa cells.44 Second, the top Ago2 binding clus-
ters (based on PAR-CLIP45) were screened for overlap with dense 
hnRNP L binding clusters and TargetScan-predicted miRNA 
binding sites. As a result, 16 potential target genes were derived 

(Fig. S2). Since hnRNP L was reported to be involved in mRNA 
stability, either by destabilizing (SLC2A1 mRNA4) or by stabiliz-
ing (BCL2 mRNA9), in each case by binding to a CA-rich region 
in the 3′ UTR, we assayed by quantitative RT-PCR the steady-
state mRNA levels of the 16 mRNAs after hnRNP L knockdown 
(Fig. 6A and B). Only in two cases (GNG5 and DAB2), steady-
state mRNA levels were significantly increased after hnRNP L 
knockdown, suggesting a destabilizing role of hnRNP L (as in 
SLC2A1 mRNA4). However, hnRNP L binding in the 3′ UTR 
does not appear to be a widespread determinant of mRNA stabil-
ity in this set of predicted target mRNAs.

To analyze potential effects of altered hnRNP L levels on trans-
lation efficiency, six selected 3′ UTR regions containing both 
hnRNP L crosslink and predicted miRNA binding sites (DAB2, 
HNRNPK, KPNB1, LDHB, and two different regions from 
LAPTM4A; Fig. S2E, F, J, and O) were cloned in the 3′ UTR 
of a firefly luciferase reporter. Note that hnRNP L levels change 

Figure  4. HnRNP L binding overlaps with polyadenylation signals. 
Number of hnRNP L crosslink sites around polyadenylation [poly(A)] 
sites (positions -300 to +300) of protein-coding genes is diagrammed, 
separately for internal and terminal poly(A) sites (upper and lower pan-
els, respectively). Below, internal (red) and terminal (blue) poly(A) sites 
are compared, plotted in smooth lines after normalization (lower panel).
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both in the nucleus as well as, more importantly, in the cytoplasm 
(Fig. 6C). The luciferase constructs and a control without 3′ UTR 
insertion were transfected in HeLa cells, where hnRNP L levels had 
been increased by overexpression or decreased by siRNA-mediated 
knockdown (Fig. 6D). In five of the six constructs tested (DAB2, 
HNRNPK, KPNB1, LAPTM4A region 1 and 2) translation effi-
ciency significantly decreased after hnRNP L knockdown; in two 
cases (HNRNPK and one of the LAPTM4A 3′ UTRs) translation 
efficiency increased after hnRNP L overexpression (Fig. 6E). The 
reciprocal effects in these two cases are consistent with a model, 
whereby hnRNP L competes with miRNA/Ago binding to target 
3′ UTRs, as previously shown for the VEGFA mRNA.11 Why do 

we see only two cases of reciprocal, hnRNP L-dependent effects 
on translation, and in the other three constructs (DAB2, KPNB1, 
and LAPTM4A.2) only a decrease in translation efficiency upon 
hnRNP L knockdown? We know that hnRNP L levels in the cyto-
plasm are lower than in the nucleus (ref. 10; Fig. 6C), yet most 
likely these effects depend on the relative steady-state levels of 
hnRNP L as well as of the respective miRNA and target 3′ UTR. 
Of these targets, the HNRNPK mRNA is particularly interesting, 
since hnRNP proteins are often tightly linked in their expression 
by cross-regulatory networks.

A recent study pointed to the cross-regulatory relationships 
between hnRNP proteins.41 Interestingly, hnRNP L binding 

Figure 5. HnRNP L binds preferentially to miRNA target sites in 3′ UTRs. (A) UCSC Genome Browser view of VEGFA exon/intron structure with crosslink-
site distribution determined by iCLIP (hnRNP L-IP vs. control FLAG-IP). The middle panel (miRNA sites; in green) shows conserved mammalian miRNA 
regulatory target sites for conserved miRNA families in the 3′ UTR regions of Refseq genes, as predicted by ‘TargetScanHuman 5.1’ (http://www.tar-
getscan.org). Target sites of miR-297 and miR-299, where hnRNP L modulates miRNA repression are highlighted by a green arrowhead below.11 (B) UCSC 
Genome Browser view of the VEGFA 3′ UTR, represented as in panel (A). (C) Frequency of crosslink sites around predicted miRNA target sites (-80 to +80 
of target site). (D) Comparison of the crosslink site density between miRNA target site regions (from position -20 to +20 relative to the miRNA target site, 
including the miRNA target site itself) on the X-axis, and the corresponding non-target regions on the Y-axis, based on 3′ UTRs of 5062 protein-coding 
genes that contain both miRNA target sites and crosslink sites.
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Figure 6. HnRNP L knockdown and overexpression affects translational efficiency of luciferase reporters bearing 3‘ UTRs with predicted hnRNP L/
miRNA binding sites. (A) Steady-state mRNA levels of predicted hnRNP L/miRNA targets after hnRNP L knockdown. Total RNA was isolated from hnRNP 
L knockdown (ΔL) and luciferase control knockdown (Δluc) cells (see panel B), and subjected to quantitative RT-PCR analysis with gene-specific PCR 
primers against the 16 potential target mRNAs (as indicated). HNRNPL- and ACTB-specific primers served as controls; samples were normalized to U1 
snRNA. Student’s t test was performed (**: P value < 0.01; *: P value = 0.01–0.05; ns: not significant, P value > 0.05). (B) Representative western blot of 
siRNA-mediated hnRNP L knockdown (ΔL) and luciferase control knockdown (Δluc), using antibodies against hnRNP L and GAPDH (loading control). 
(C) HnRNP L protein levels upon knockdown or overexpression change correspondingly both in the nucleus and in the cytoplasm. HeLa cells were 
transfected with an siRNA against hnRNP L (ΔL) or a vector expressing His-/Flag-tagged hnRNP L (+L) and compared with control cells (ctr). Nuclear and 
cytoplasmic extracts were prepared, followed by western blot analysis with antibodies against hnRNP L, detecting both endogenous (endo-hnRNP L) 
and the overexpressed tagged protein (His-hnRNP L-Flag); GAPDH served as a cytoplasmic, hnRNPA1 as a nuclear marker. Note that although hnRNP A1 
is a shuttling protein, its steady-state levels are much higher in the nucleus, with the cytoplasmic levels below the detection limit under these condi-
tions. (D and E) Effects of hnRNP L knockdown or overexpression on luciferase reporter expression. To test for effects of hnRNP L knockdown, cells were 
transfected with either an unrelated luciferase-control siRNA (Δluc) or an hnRNP L-specific siRNA (ΔL); to test for effects on hnRNP L overexpression, an 
empty vector control (+ctr) or a vector expressing His/Flag-tagged hnRNP L protein (+L) were transfected, always in addition to a dual luciferase reporter 
construct expressing both firefly luciferase with or without selected 3′ UTR insertions, using Renilla luciferase for normalization. Lysates were prepared, 
followed by western blot analysis with antibodies against hnRNP L, detecting both endogenous (endo-hnRNP L) and the overexpressed tagged pro-
tein (His-hnRNP L-Flag), as well as GAPDH as a loading control (panel D). Firefly luciferase activity of reporters with 3′ UTR insertions (as indicated) was 
monitored (panel E), normalized to Renilla luciferase activity in the same lysate, comparing the effects of hnRNP L knockdown (ΔL) and overexpression 
(+L). The 3′ UTR regions selected are marked as red boxes in Figure S2. The fold changes between hnRNP L knockdown/overexpression and the respec-
tive control were calculated, normalized to a firefly luciferase reporter without 3′ UTR insertion, and displayed as log2 values. All values and standard 
deviations were derived from three biological replicates. Student’s t test was performed, comparing relative luciferase activity from the cells express-
ing the reporter without 3′ UTR insertion (reference) to the respective 3′ UTR insert-carrying reporters (**, P value < 0.01; *, P value = 0.01–0.05; ns, not 
significant, P value > 0.05).
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clusters are also found in the 3′ UTRs of hnRNP A1, A2/B1, F, 
H1, M, and U, in each case overlapping with predicted miRNA 
target sites (data not shown). We conclude that an hnRNP L/
miRNA-competition mechanism may add another layer of 
complexity to the cross-regulatory networks between hnRNP 
proteins.

Materials and Methods

iCLIP, sequencing, and genomic mapping
Three individual iCLIP experiments were performed with 

HeLa cells, using hnRNP L-specific antibody 4D11 (Sigma), 
and FLAG antibody (Sigma M2) as a negative control, followed 
by sequencing on an Illumina GAIIx sequencer (50 bp single-end 
reads). For experimental procedures and genomic mapping, see 
reference 26.

Statistics and bioinformatics
Data analysis details are described in the Supplementary 

Materials and Methods, sections 1–7. Solexa sequencing reads 
(.fastq files) of iCLIP experiments and filtered crosslink sites 
combining all three experiments of hnRNPL (hnRNPL_cross-
link_site.bed) were deposited to the NCBI GEO database (GSE 
37562), as well as exon array raw data (.CEL files) of hnRNP 
L-knockdown experiments and lists of regulated exons predicted 
to be activated (activated_exon.txt) or repressed (repressed_exon.
txt) by hnRNP L.

hnRNP L knockdown and RT-PCR analysis
Knockdown of hnRNP L in HeLa cells was performed for 

four days as described earlier,10 with two different siRNAs against 
hnRNP L or Luciferase as a control. To monitor hnRNP L 
knockdown on the protein level, western blotting was performed 
as described below. Total RNA was isolated using TRIzol reagent 
(Invitrogen) and RNeasy columns (QIAGEN). RNA was 
reverse-transcribed (iScript cDNA Synthesis Kit, Bio-Rad) and 
specific mRNAs were monitored by semiquantitative PCR. For 
primer and siRNA sequences, see Supplementary Materials and 
Methods (section 8). For quantitative PCR, cDNAs were mea-
sured with the KAPA SYBR FAST QPCR MasterMix (PeqLab) 
in a Mastercycler ep realplex2 S (Eppendorf). Relative RNA levels 
from three biological and three technical replicates each were cal-
culated according to Pfaffl (2001).46

HnRNP L overexpression and subcellular fractionation
To control whether cytoplasmic hnRNP L levels change after 

knockdown or overexpression, siRNA-mediated knockdown was 
performed as described above, or His/Flag-tagged hnRNP L was 
overexpressed,24 using pcDNA3-His-hnRNP L-Flag, followed by 
subcellular fractionation (ProteoJET Cytoplasmic and Nuclear 
Protein Extraction Kit, Fermentas). Cytoplasmic and nuclear 
extracts were subjected to western blot analysis with hnRNP L 
4D11 (Sigma), GAPDH 6C5 (Ambion), and hnRNP A1 4B10 
(Santa Cruz) antibodies, using the Lumi-Light Western Blotting 
Substrate (Roche).

Firefly luciferase/3′ UTR constructs and luciferase reporter 
assays

3′ UTR regions from selected genes (indicated by red boxes in 
Fig. S2) were PCR-amplified, and products were cloned into the 

multiple cloning site of pmirGLO Dual-Luciferase miRNA Target 
Expression Vector (Promega), within the 3′ UTR of the firefly 
luciferase reporter gene and between SalI and SacI restriction sites.

For the luciferase reporter assay in combination with hnRNP L 
knockdown, 3.8 × 104 HeLa cells per well were reverse-transfected 
in a 12-well plate, using siRNA at a final concentration of 12.5 nM 
in culture medium (hnRNP L 3′-UTR or luciferase GL2) and 
2.1 μl Lipofectamine RNAiMAX Reagent in 210 μl OptiMEM 
medium (both Life Technologies). Note that no binding sites for 
luciferase GL2 siRNA are contained in firefly or Renilla lucifer-
ase reporters within pmirGLO. After hnRNP L knockdown for 
three days, the cells were transfected with 1 μg of the pmirGLO 
reporter plasmids (with or without 3′ UTR insertion), diluted in 
41 μl OptiMEM medium and 2.9 μl FuGENE HD Transfection 
Reagent (Promega). Cells were further incubated for 24 h.

For the luciferase reporter assay in combination with hnRNP L 
overexpression, 1.14 × 105 HeLa cells per well were seeded the day 
before transfection in a 12-well plate. 230 ng of empty pcDNA3 
vector or pcDNA3-His-hnRNP L-Flag vector were transfected 
in combination with 910 ng of the pmirGLO reporter plasmids 
(with or without 3′ UTR insertion), diluted in 114 μl OptiMEM 
medium, using 2.3 μl TurboFect Transfection Reagent (Thermo 
Scientific), and incubated for 24 h. Cells were lysed by add-
ing 200 μl Lysis-Juice 2 (PJK), following the manufacturer’s 
instructions. An aliquot of these lysates was analyzed by western 
blotting as described above to verify hnRNP L knockdown/over-
expression. Bioluminescence was monitored for firefly luciferase, 
using Beetle-Juice Kit, and for Renilla luciferase, using Renilla-
Juice Kit (both PJK) in an Orion L Microplate Luminometer 
(Titertek-Berthold).
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