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Transcriptome-Wide RNA Interaction Profiling Reveals Physical and
Functional Targets of hnRNP L in Human T Cells

The RNA processing factor hnRNP L is required for T cell development and function. However, the spectrum of direct targets of
hnRNP L activity in T cells has yet to be defined. In this study, we used cross-linking and immunoprecipitation followed by highthroughput sequencing (CLIP-seq) to identify the RNA binding sites of hnRNP L within the transcriptomes of human CD4ⴙ and
cultured Jurkat T cells. We find that hnRNP L binds preferentially to transcripts encoding proteins involved in RNA processing
and in Wnt and T cell receptor (TCR) signaling. This binding is largely conserved across both quiescent and activated T cells, in
agreement with the critical role of hnRNP L throughout T cell biology. Importantly, based on the binding profile of hnRNP L, we
validate numerous instances of hnRNP L-dependent alternative splicing of genes critical to T cell function. We further show that
alternative exons with weak 5= splice site sequences specifically show a strong correlation between hnRNP L binding and hnRNP
L-dependent splicing regulation. Together, these data provide the first transcriptome-wide analysis of the RNA targets of hnRNP
L in lymphoid cells and add to the functional understanding of hnRNP L in human biology.

R

NA-based gene regulation encompasses many universal processes that are essential to shaping the composition and function of the proteome in eukaryotic cells (1). In particular, mechanisms such as alternative splicing, alternative 3=-end processing,
and microRNA (miRNA)-directed processes control not only the
level of expression of a transcript but also the distinct protein
isoforms encoded by a given gene. Therefore, such regulatory
mechanisms allow for both the expansion and the control of genetic information.
Virtually all processes of RNA-based gene regulation are controlled by the activity of a family of RNA binding proteins known
as hnRNPs (heterogeneous nuclear ribonucleoproteins) (2–5).
Most members of the hnRNP family are ubiquitously expressed
and bind to RNA substrates through RRM (RNA recognition motif) or KH (hnRNP K homology) domains (4). Depending on the
location of binding and associated proteins, hnRNPs have been
shown to either enhance or repress the inclusion of particular
exons, promote or inhibit splicing efficiency, alter the use of competing 3= cleavage and polyadenylation sites, control mRNA stability, and regulate miRNA access to target genes (2–5). All
hnRNPs that have been well studied appear to be capable of carrying out all of these activities; therefore, the location of binding
appears to be a primary determinant of whether and how a specific
hnRNP controls the expression of a particular gene (2–4, 6).
Given the intricacy of T cell development and function, it is not
surprising that RNA-based gene regulation is increasingly recognized as a critical determinant of the growth and activity of T cells
(7, 8). In particular, one hnRNP for which there is much evidence
of a functional role in T cell biology is hnRNP L (9–12). hnRNP L
is a 65-kDa hnRNP family member that contains 4 RRM domains
spaced throughout the length of the protein. These RRMs bind
preferentially to CA repeat sequences (13), although at least one
biologically relevant target sequence of hnRNP L does not conform to a strict CA repeat motif (9).
hnRNP L was first implicated in T cell biology through its role
in regulating the splicing of the CD45 gene, which encodes a transmembrane phosphatase essential for T cell activation (9–12, 14).
The CD45 gene contains three cassette exons (exons 4 to 6) that

January 2014 Volume 34 Number 1

are independently regulated at the level of alternative splicing to
control phosphatase activity (15, 16). We and others have shown
previously that hnRNP L is a key determinant of CD45 splicing
and expression (9, 10, 12, 17). Each of the three CD45 variable
exons contains an exonic splicing silencer (ESS) that is constitutively bound by hnRNP L (11, 18). The binding of hnRNP L to
these ESSs directly induces skipping of these exons both in vivo
and in vitro (9–12, 19).
Recent investigation of the in vivo consequences of hnRNP L
ablation in mouse thymocytes revealed a broad impact on thymic
cellularity, T cell development, and the egress of mature T cells to
the periphery (12). The effect of hnRNP L on CD45 expression
may account for some of the T cell development phenotypes observed; however, dysregulation of CD45 splicing is not sufficient
to explain all of the functional defects (15, 16). Therefore, the
phenotypes of hnRNP L-deficient mice suggest that hnRNP L mediates a broad range of yet unidentified RNA-regulatory events
critical to T cell development and function.
Here we have used in vivo cross-linking and immunoprecipitation (CLIP) (20, 21) to comprehensively identify the spectrum
of hnRNP L targets within the transcriptome of human peripheral
CD4⫹ T cells. In agreement with the idea that the primary role of
hnRNP L in T cells is the regulation of alternative splicing, we
observe extensive hnRNP L RNA interactions in the introns of
protein-coding genes. While a subset of hnRNP L binding profiles
may differ in different cell states, we find significant overlap be-
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MATERIALS AND METHODS
CLIP-seq. CD4⫹ T cells purified from peripheral blood mononuclear
cells from three separate anonymized donors were obtained from the
University of Pennsylvania Human Immunology Core (Institutional Review Board [IRB] protocol 811028). For each sample, half of the cell population was cultured in RPMI medium containing 10% fetal bovine serum
at 37°C under 5% CO2 for 24 h, while the other half was stimulated with 10
g anti-CD3 and anti-CD28 antibodies for 60 h. CLIP was carried out
according to a previously published protocol (20, 21). Briefly, resting and
stimulated cells were washed twice with Hanks’ balanced salt solution
(HBSS) and were subjected to UV cross-linking on ice. Cells were lysed in
a high-stringency buffer (containing 0.1% SDS, 0.5% sodium deoxycholate, and 0.5% NP-40), treated with DNase and RNase T1, and immunoprecipitated using protein G Dynabeads coated with an anti-hnRNP L
antibody (Abcam). After stringent washing, a radioactive 3= RNA linker
was ligated to RNA cross-linked to protein, and samples were resolved on
10% Bis-Tris Novex NuPAGE gels. The RNA bound to hnRNP L was
eluted from the membrane by proteinase K–7 M urea and was ligated to a
5= RNA linker, and cDNA was synthesized. The library was prepared from
the cDNA samples by using two-step PCR, with the second PCR step
incorporating primers containing bar codes for high-throughput sequencing. Individually bar-coded sequencing libraries were pooled and
sequenced on an Illumina Genome Analyzer IIx (for JSL1 cell samples) or
an Illumina HiSeq 2000 sequencing system (for CD4⫹ cell samples) at the
University of Pennsylvania Next Generation Sequencing Core (NGSC).
CLIP followed by high-throughput sequencing (CLIP-seq) using JSL1
Jurkat cells was carried out as described above, except that the cells were
stimulated with 20 ng/ml phorbol myristate acetate (PMA) for 60 h.
CLIP-seq data analysis. Raw reads were first trimmed from the 3= end
for a base call quality of zero (Phred score). Sequencing adaptors were
removed using cutadapt, version 0.9.4, and homopolymeric runs of ⱖ6
nucleotides (nt) were trimmed from the 3= end. Reads were aligned to
hg19 with Bowtie, version 0.12.7, allowing for a maximum of 2 mismatches between the read and the index. Alignments were filtered for
unambiguous mapping, and duplicate alignments (start and end coordinates) were removed before calling peaks (see Table S1 in the supplemental material). Replicates were combined, allowing duplicate alignments
only when they originated in separately bar-coded and sequenced samples. Peaks were called empirically using a false discovery rate (FDR)
threshold of 0.001, comparing the CLIP signal to backgrounds generated
from 100 permutations of CLIP tags within bound transcripts (a method
similar to that used in reference 22). RefSeq mRNAs were searched for
peaks, and peaks within 50 nt were merged into binding sites. Binding sites
with support from fewer than 2 replicates were discarded from further
analysis.
Binding site definition and analysis. For each cell type, resting-state
and stimulated-state binding profiles were intersected using a 50-nt joining distance. The resulting genomic regions were classified as shared if at
least one resting-state binding site was joined to at least one stimulated-
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state binding site, extending the boundaries of the shared genomic region
to the edges of the constituent binding sites. The remaining binding sites
were not shared between the resting and stimulated conditions. We further divided these remaining sites into two classes: condition biased and
condition specific. Condition-biased sites were called as a peak under one
condition and not the other yet had at least one aligned CLIP tag under the
other condition. Condition-specific sites were identified as a peak under
one condition but had zero aligned CLIP tags within the 50-nt joining
distance under the other. To identify sites of hnRNP L RNA interaction
observed under all four CLIP conditions, we extracted genomic regions in
which binding sites in all four binding profiles occurred within 50 nt of
each other. These regions are thus defined as “common regions.”
Binding sites were annotated based on overlap with RefSeq mRNA
features from the UCSC Genome Browser. Nucleotides overlapping each
type of transcript feature were enumerated and compared to total RefSeq
mRNAs. In cases where a nucleotide within a binding site overlapped
more than one type of transcript feature, precedence was assigned first to
coding exons, then to untranslated region (UTR) exons, then to proximal
introns (within 300 nt of an exon), and finally to distal intronic regions.
Individual nucleotides overlapping each type of genomic annotation were
enumerated and compared to the composition of the RefSeq mRNAs by
using identical precedence assignments and considering only unique nucleotides within the genome.
To calculate the overlap between CLIP experiments, the percentage of
total nucleotides that overlap the resting- and stimulated-state binding
profiles were counted. As a control, resting- and stimulated-state binding
sites from CD4⫹ cells were permuted within bound transcripts, and the
percentages of overlapping nucleotides were enumerated in the same
manner.
Motif enrichment analysis. Z-scores were assigned to each of the
4,096 possible hexamers observed within binding sites based on 100 permutations of the positions of binding sites within bound transcripts. The
top 20 hexamers were aligned with ClustalW2 to generate sequence logos
with WebLogo, version 2.8 (23).
Gene ontology analysis. We analyzed enriched gene ontology (GO)
terms and KEGG pathways among transcripts using DAVID, version 6.7
(http://david.abcc.ncifcrf.gov/), comparing genes with common CLIPdefined hnRNP L binding regions to all transcripts expressed in JSL1 cells
(as we have described previously [24]).
Computational analysis. We used bedtools 2.16.2, Perl 5.16.2, Python
2.7, Gnuplot 4.6, and R 2.15.3 for computational and graphical analysis.
We executed parallel computation on the Penn Genome Frontiers Institute High Performance Compute cluster.
RT-PCR splicing analysis. We depleted hnRNP L in JSL1 T cells by
using lentivirus-based delivery of a short hairpin RNA (shRNA) targeting
hnRNP L (25). The shRNA sequence used is AGCGACGGCCATCTTCT
GTGAAAGTATAGTGAAGCCACAGATCTATACTTTCACAGAAGAT
GGCCG (targeting a transcript encoding amino acid residues 477 to 483)
and is expressed from a tetracycline-inducible promoter. Cells stably expressing the lentivirus-derived shRNA construct were grown in doxycycline (product no. D9891; 1 g/ml; Sigma) for 24 h, then split into two
samples, and grown for an additional 48 h in the presence of doxycycline
either alone or with 20 ng/ml PMA. RNA was harvested using RNAzol
(Tel-Test Inc.), and the splicing of individual genes was assayed by reverse
transcription-PCR (RT-PCR) as described previously (18) using the
primers listed in Table S10 in the supplemental material.
CLIP-seq data accession numbers. Raw sequencing reads for all 12
biological samples in this study are available, along with processed binding profiles, under GEO accession number GSE47604. A UCSC Genome
Browser view of the complete CLIP-seq data is available at http://tinyurl
.com/hnRNPL-CLIP-Tcells.

RESULTS

hnRNP L has been well documented to control the splicing of the
CD45 gene in both mouse and human T cells (9–12). However, the
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tween the hnRNP L binding profiles in the two primary functional
states of CD4⫹ cells (resting and activated), as well as between
those in primary CD4⫹ cells and JSL1 Jurkat cells, a common T
cell model cell line. Such an overlap suggests a broadly conserved
role for hnRNP L in T cell physiology. Importantly, we use the
conserved binding sites for hnRNP L to identify several hnRNP
L-regulated alternative splicing events in genes known to impact T
cell development and function, and we demonstrate that 5= splice
site (5=ss) strength is a strong predictor of hnRNP L-regulated
exons. Together, our data greatly expand the understanding of the
cellular activity of hnRNP L, provide a transcriptome-wide profile
of hnRNP L RNA interactions in human T cells, and identify hnRNP L-dependent splicing regulation of cellular pathways as critical for T cell development and immune function.

hnRNP L RNA Interactions in Human T cells

FIG 1 Transcriptome-wide hnRNP L RNA interactions in primary human CD4⫹ T cells revealed by CLIP-seq. (a) Western blot of hnRNP L expression in resting

and anti-CD3- and anti-CD28-stimulated human CD4⫹ T cells. Shown are both total expression (Total) and the efficiency of immunoprecipitation (IP) versus
the protein remaining uncollected (Sup). Note that “Total” and “Sup” levels are 5% of IP levels. (b) Flow chart of analysis of CLIP-seq reads obtained from CD4⫹
cells from three independent donors. Each sample was analyzed before and after stimulation by anti-CD3 and anti-CD28. Data from resting CD4⫹ cells are shown
in blue, while data from stimulated CD4⫹ cells are shown in red. Numbers of reads passing key filters in the analysis are shown, including the final number of
binding sites defined within RefSeq transcripts in resting and stimulated human CD4⫹ cells (see Materials and Methods and Table S1 in the supplemental
material for details). (c) Distribution of hnRNP L binding sites that map to each indicated feature of RefSeq mRNAs compared to the distribution of each feature
in the total RefSeq transcriptome. (d and e) Z-scores for the enrichment of hexamers within binding sites in resting (d) and stimulated (e) cells were calculated
by comparing observed hexamer frequencies within CLIP-defined hnRNP L binding sites to randomized binding profiles within bound transcripts. (Insets) The
top 20 hexamers were aligned to generate sequence logos.

dramatic developmental defect observed in hnRNP L-deficient
thymocytes, together with the high abundance of this protein in T
cells (12, 26) (Fig. 1a), suggests that hnRNP L controls the expression of a large set of functionally important genes. Therefore, to
begin to understand the physiological impact of hnRNP L on T
cell function, we performed cross-linking and immunoprecipitation followed by high-throughput sequencing (CLIP-seq) in primary human CD4⫹ T cells (20, 21).
All previous studies of hnRNP L in T cells have shown this
protein to function similarly in resting and activated cell states,
with no data suggesting a widespread change in the binding specificity of this protein in response to T cell stimulation (10, 27).
Nevertheless, since our goal is to understand the role of hnRNP L
in promoting T cell function, we performed CLIP in parallel in
quiescent (resting) cells and cells activated through the T cell receptor, since these two cell conditions represent critical states of T
cell physiology. Briefly, purified CD4⫹ T cells were obtained from
three healthy donors. For each donor, half the cells were stimu-
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lated in culture with antibodies against CD3 and CD28 (T cell
receptor and coreceptor), while the other half were maintained in
medium alone. Direct protein-RNA interactions were fixed in living cells by treatment with UV light, which induces covalent crosslinks between proteins and the RNAs to which they are directly
bound (21). Cells were then lysed; RNA was fragmented to a size
range of 30 to 110 nt; and hnRNP L RNA complexes were stringently purified using a well-described antibody to endogenous
human hnRNP L (see Fig. S1 in the supplemental material). The
efficiency of the immunoprecipitation and the consistency of
hnRNP L expression in resting and stimulated CD4⫹ T cells are
shown in Fig. 1a. Following isolation of the hnRNP L RNA complexes from cells, RNAs were released from the protein, tagged
with RNA linkers, and subjected to high-throughput sequencing
(see Materials and Methods).
hnRNP L RNA interaction profiles in T cells. We obtained a
total of ⬃200 million reads from the 3 pools of resting CD4⫹ cells
and ⬃100 million reads from the stimulated samples (Fig. 1b). In
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Jurkat cells for future mechanistic studies of hnRNP L function,
we performed CLIP analysis in parallel with that described above
using JSL1 Jurkat cells (see Fig. S1 in the supplemental material).
As with the CD4⫹ cells, we used triplicate biological samples of
JSL1 cells grown in medium alone (resting) or stimulated with the
phorbol ester PMA, which mimics T cell signaling in these cells
(31). In these experiments, we collected a total of 51 million and 68
million reads from the resting and stimulated cells, respectively,
from which we defined 41,440 binding sites in resting cells and
32,156 binding sites in stimulated cells by using the criteria described for CD4⫹ cells (Fig. 2a). Notably, the distribution of transcript features bound by hnRNP L in JSL1 cells is similar to that in
CD4⫹ cells (Fig. 2b). Additionally, the sequence motifs enriched
within hnRNP L binding profiles are consistent both with previous experiments (29) and with the results for CD4⫹ primary T
cells (Fig. 2c and d). Interestingly, using expression data for resting
and stimulated JSL1 cells from previous studies (24), we find that
there is no general correlation between the density of CLIP tags
aligning to a gene and its overall expression level (see Fig. S2 in the
supplemental material). This lack of correlation of CLIP detection
and gene expression confirms that the abundance of CLIP tags is a
true reflection of the binding preference of hnRNP L.
CLIP-seq identifies consistent binding profiles in JSL1 and
CD4ⴙ T cells. Given the similarity between the sequence features
and genomic annotations of the hnRNP L binding profiles obtained in CD4⫹ and JSL1 T cells, we asked how consistent the
binding of hnRNP L was between cell types and growth conditions. By calculating the percentage of total overlapping nucleotides for the two cell types, or for the two conditions, we find
significantly greater overlap between the hnRNP L CLIP samples
from the four cell populations than between randomized binding
profiles (Fig. 3a). For each cell type, we also investigated the number of peaks in resting cells that fell within 50 nt of a peak in the
corresponding stimulated cells (Fig. 3b and c). Strikingly, for both
CD4⫹ and JSL1 cells, at least one-third of the peaks are shared
between the resting and stimulated conditions by this logic. For a
further ⬃50% of binding sites defined as “biased,” we observe
reads in both cell states, although these reads reach significance
thresholds under only one of the two conditions. Indeed, at most
⬃20% of hnRNP L binding sites in any cell appear to be truly
“condition specific,” in that reads are identified in only one of the
growth states investigated. While this minority population of condition-specific binding events may be of interest (see below), our
data clearly demonstrate that the bulk of hnRNP L binding is
conserved between primary and cultured T cells as well as between
resting and stimulated states. Specifically, we identify a set of 4,585
common hnRNP L binding regions that are present in all four cell
types analyzed (see Table S5 in the supplemental material). These
common regions occupy 2,460 genes in the T cell transcriptome.
Importantly, among these common hnRNP L binding sites, we
observe the two best characterized hnRNP L functional sites of
interaction, namely, the ESS1 regulatory element in CD45 exon 4
(9) (Fig. 3d) and an autoregulatory intronic site in HNRNPL (32)
(Fig. 3e).
hnRNP L binds transcripts from the Wnt and TCR signaling
pathways. Given the presence of known targets of hnRNP L regulatory function the common binding regions, we focused on this
set of 4,585 binding events to identify new functional targets of
hnRNP L and to begin to understand how this protein influences
T cell development and function. First, we analyzed the KEGG
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each case, more than 80% of reads mapped unambiguously to the
genome, corresponding to a final total of 13 to 15 million unique
alignments (Fig. 1b; see also Table S1 in the supplemental material). Of these unique aligned reads (i.e., “CLIP tags”), ⬃23%
mapped within protein-coding transcripts (Fig. 1b, RefSeq alignments), 6% to established noncoding RNAs, 19% to antisense
RNAs, and the remaining 51% to mitochondrial RNAs or RNAs
deriving from intergenic regions of the genome (see Table S2 in
the supplemental material). We note that the numbers of unique
alignments, as well as the genomic distributions of reads, are virtually identical for the resting and stimulated samples despite the
2-fold differential in raw reads. We thus conclude that the sequencing depth of the stimulated samples is essentially a saturating sampling of hnRNP L binding and that the increased sequencing depth from the resting samples provides little extra discovery.
We also note that the majority of intergenic alignments represented isolated reads, suggesting that these are due to spurious
binding events and/or background noise in the sequencing (see
Table S2 in the supplemental material).
Because our primary interest is to understand the role of
hnRNP L in shaping protein expression in T cells, we focused on
those reads within protein-coding transcripts (Fig. 1b, RefSeq
alignments). In order to identify a reliable binding profile of
hnRNP L within transcripts, we defined binding sites empirically,
using an algorithm similar to published methods that accounts for
transcript length and expression (22) (see Materials and Methods). To identify sites of reproducible hnRNP L RNA interaction,
we required that a binding site be represented in at least two of
three biological replicates. By this criterion we observed, in total,
49,619 sites of hnRNP L binding in resting CD4⫹ cells and 47,137
in anti-CD3- and anti-CD28-stimulated cells (Fig. 1b). We note
that the overlap between biological samples was high: ⬃85% of
total peaks met the requirement of being present in at least two of
the replicates (see below). Moreover, on average, each site was
supported by 8 to 12 reads, although a subset of sites were supported by many more (see Table S3 in the supplemental material).
As expected from general predictions of hnRNP function in
pre-mRNA splicing, the majority of the binding sites we identify
occur within proximal (within 300 nt of an exon) and distal intronic regions (Fig. 1c). Furthermore, hnRNP L binding sites are
depleted within coding exons but are enriched in 3= UTR exons
(Fig. 1c), in agreement with previously identified roles for hnRNP
L in the regulation of 3=-end processing and the modulation of
miRNA regulation (5, 28). Finally, hexamer enrichment analysis
reveals a strong preference for CA repeat elements, as evidenced
both in the 2 most enriched hexamers and by multiple sequence
alignment of the top 20 enriched hexamers (Fig. 1d and e; see also
Table S4 in the supplemental material). Such a bias toward CA
repeats is anticipated from previous biochemical studies of the
binding specificity of hnRNP L (29). In sum, the concurrence of
the locations and sequence bias of the CLIP-identified hnRNP L
binding sites with those from previous studies, together with the
presence of sites of known hnRNP L RNA regulatory interactions
within CLIP-derived binding profiles (see below), provides confidence that we have reliably identified major binding sites of
hnRNP L across the transcriptome of CD4⫹ T cells.
Previous studies from our lab and others have used Jurkat cells,
an immortalized T cell line, to investigate the function of hnRNP
L in T cell biology (9–11, 30). In order to correlate our findings in
primary CD4⫹ cells to Jurkat cells and to determine the utility of

hnRNP L RNA Interactions in Human T cells

of resting and PMA-stimulated cells, were subjected to CLIP-seq analysis. Data were processed by a pipeline identical to that used to analyze hnRNP L binding
sites in CD4⫹ cells. (b) Nucleotides of each type of transcript feature were enumerated within hnRNP L binding sites for both resting and stimulated conditions.
(c and d) Z-scores for the enrichment of hexamers within binding sites in resting (c) and stimulated (d) cells were calculated by comparing observed hexamer
frequencies within CLIP-defined hnRNP L binding sites to randomized binding profiles within bound transcripts. (Insets) The top 20 hexamers were aligned to
generate sequence logos.

pathways enriched the common target genes. Strikingly, genes
involved in Wnt signaling (P, 1.67E⫺4) and T cell receptor (TCR)
signaling (P, 0.0011) are in the most overrepresented pathways
among hnRNP L-bound transcripts (Table 1). Importantly, Wnt
signaling is critical for thymic development (33), while TCR signaling is essential for both the development and the function of T
cells (34). We also analyzed biological process GO terms with
DAVID, which revealed a strong enrichment of terms related to
transcription and RNA-based gene regulation among common
hnRNP L-bound transcripts (Table 1). Together, these analyses
suggest that hnRNP L may broadly affect T cell function both
directly, by regulating key signaling pathways, and indirectly, by
altering the expression of other DNA- and RNA-binding proteins
that control gene expression.
Novel targets of hnRNP L-dependent splicing regulation.
There are numerous mechanisms by which the binding of hnRNP
L to a transcript may influence its expression, including regulation
of transcription, stability, and efficiency of processing. Because
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hnRNP L is best characterized as a splicing regulatory protein, we
focused this study on determining new targets of hnRNP L splicing regulation. We first identified several instances in which common hnRNP L binding regions (as defined above) were located in
introns flanking known alternative exons, and we then assayed the
inclusion of these exons in JSL1 cells depleted of hnRNP L (Fig.
4a). In agreement with the prediction from Table 1 that hnRNP L
regulates genes involved in TCR signaling, T cell development,
and RNA synthesis and processing, we find that hnRNP L depletion significantly alters the inclusion of known variable exons in
the genes encoding the RNA-binding protein PUM2 (Fig. 4b) and
the transcription factors NFAT, Bcl11A, and TCF3, which are involved in T cell developmental and activation pathways (35–37)
(Fig. 4c to e). We also observe hnRNP L-dependent alternative
splicing of the mitogen-activated protein (MAP) kinase TAK1 and
the GTPase ACAP1, which regulate NF-B signaling upon immune signaling (38, 39), and of CCAR1, a coactivator required for
Wnt-dependent gene activation (40) (Fig. 4f to h). For all these
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FIG 2 Transcriptome-wide hnRNP L RNA interaction profiles obtained in JSL1 T cells. (a) Six biological replicates of JSL1 T cells, representing triplicate samples

Shankarling et al.

binding profiles were computed transcriptome-wide. The P value was ⬃0 for all pairwise overlaps of the data compared to the overlap of 100 permutations of
resting and stimulated CD4⫹ binding profiles randomized within bound transcripts (control). (b and c) Total binding sites in resting and stimulated binding
profiles for CD4⫹ (b) and JSL1 (c) cells were classified as shared, biased, or condition specific as described in Materials and Methods and in Results. (d and e)
UCSC Genome Browser view of CD45 exon 4 (d) or intron 6 from HNRNPL (e), showing binding profiles from four experimental conditions. Bars above the gene
schematics indicate previously identified binding sites for hnRNP L (ESS1 in CD45 and CA region in HNRNPL).

genes, inclusion of the variable exon either regulates overall protein expression (NFAT5 and CCAR1) or alters the domain structure of the protein (PUM2, Bcl11A, TCF3, TAK1, and ACAP1)
(see Discussion). Therefore, hnRNP L-regulated splicing of these
genes is likely to impact T cell development and signaling, in
agreement with the prediction from Table 1 and the phenotype of
hnRNP L thymic deletion mice (12).
The case of CCAR1 is particularly interesting, since we discovered that the binding of hnRNP L is in fact not in an intron but
rather in an unannotated poison exon (i.e., an exon containing a
stop codon). The fact that hnRNP L strongly represses this CCAR1
poison exon, together with our previous data on hnRNP L-mediated repression of CD45 exon 4 (9), suggests that although binding of hnRNP L to exons is rare (Fig. 1c and 2b), these events
represent robust repressive activity of hnRNP L. Consistently, we
identify ⬃60 genes that contain common hnRNP L binding sites
within or overlapping an exon (see Table S5 in the supplemental
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material). For five of the hnRNP L-bound exons tested, we find
that the variable exon is markedly upregulated upon hnRNP L depletion (Fig. 5). Importantly, these hnRNP L-regulated exons include
those in genes encoding splicing factors (ZRANB2), cell surface receptors (SPG11, IL2RG), intracellular signaling proteins (ARAP1),
and a transcription coactivator (SS18), all of which have potential
roles in T cell biology.
5= splice site (5=ss) strength is a determinant of hnRNP L
function. In addition to their functional implications, the newly
identified targets of hnRNP L-mediated splicing regulation presented in Fig. 4 and 5 demonstrate the breadth of the mechanism
of hnRNP L function. While exon binding appears to correlate
with hnRNP L-dependent repression (Fig. 5), we observe no clear
correlation between intron binding and hnRNP L-dependent
splicing regulation. For instance, reduction of hnRNP L levels
increases the inclusion of the variable exon of PUM2, whereas it
decreases the inclusion of the variable exon in Bcl11A, despite
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FIG 3 CLIP-seq identifies common hnRNP L RNA interactions among primary and cultured T cells. (a) The percentages of overlapping nucleotides for different
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TABLE 1 Pathways and biological processes enriched among transcripts with common hnRNP L binding regionsa
Term

No. of
transcripts

Fold
enrichment

Pb

FDR

KEGG pathway

Wnt signaling pathway
T cell receptor signaling pathway
Long-term potentiation
Pathways in cancer
Focal adhesion

41
38
22
62
38

2.066
2.006
2.38
1.571
1.832

1.67E⫺04
0.001088
0.007826
0.012093
0.012704

0.0012
0.0079
0.0572
0.0886
0.0931

Biological process

Positive regulation of transcription from RNA polymerase II promoter
Positive regulation of nucleobase, nucleoside, nucleotide, and nucleic
acid metabolic process
Positive regulation of macromolecule metabolic process
Positive regulation of nitrogen compound metabolic process
Positive regulation of RNA metabolic process
Positive regulation of transcription, DNA dependent
Positive regulation of macromolecule biosynthetic process
Positive regulation of cellular biosynthetic process

68
106

1.774173
1.476789

0.001251
0.023944

6.33E⫺04
0.012258

143
107
82
81
104
105

1.368027
1.448531
1.508582
1.509538
1.425853
1.416999

0.055268
0.055639
0.124865
0.135902
0.148022
0.177101

0.028755
0.028953
0.067444
0.07386
0.080999
0.09855

a

Transcripts with common hnRNP L binding sites were extracted from hnRNP L binding profiles of both cell types, from both cellular conditions. DAVID was used to analyze
cellular pathways (KEGG) and biological processes (GOTERM_BP_FAT) overrepresented among common hnRNP L targets, at an FDR cutoff of 0.1. All significantly enriched
targets are reported.
b
P values were adjusted for multiple hypothesis testing by the Bonferroni correction.

binding on either side of the exon in both instances. Conversely,
hnRNP L appears to enhance variable-exon inclusion whether it is
bound to the upstream (NFAT5) or the downstream (TAK1) intron. Moreover, ⬃50% of exons containing or flanked by com-

mon hnRNP L binding sites that we tested for splicing displayed
no change in inclusion in response to hnRNP L depletion (see
Table S6 in the supplemental material). This lack of defined correlation between binding location and function is consistent both

α
α

FIG 4 HnRNP L regulates exon inclusion of transcripts important to T cell development and signaling. (a) Lysates from wild-type cells and from cells stably transfected
with a lentivirus carrying shRNA targeted to hnRNP L (L-KD) were immunoblotted using antibodies against hnRNP L or tubulin to assess loading. (b to h) Representative RT-PCR analyses of the indicated genes. Gray and black boxes represent the variable and constitutive exons, respectively, while the black line represents introns.
Blue boxes represent the hnRNP L binding sites (see Fig. S3 in the supplemental material for an expanded browser view of CLIP data). The percentages of inclusion (%
Inc) of the variable exons are averages for at least three independent experiments; standard deviations (SD) are shown. (e) a1 and a2 represent mutually exclusive exons.
(h) The dashed box denotes the poison exon, while % alt represents the percentage of inclusion of the poison exon relative to the three isoforms.
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Representative RT-PCR analyses of the indicated genes, as described in the
legend to Fig. 4. The percentages of inclusion of the variable exons are averages
from at least three independent experiments; standard deviations (SD) are
shown. The asterisk in panel d indicates a nonspecific PCR product. See Fig. S4
in the supplemental material for an expanded browser view of CLIP data.

with our previous studies demonstrating that factors in addition
to the location of hnRNP L binding determine its functional impact on splicing (19) and with other studies that have revealed that
CLIP-defined binding sites for hnRNPs are not strong predictors
of splicing regulation (41, 42).
To determine if we could increase our ability to utilize the
CLIP-defined hnRNP L binding sites to identify novel targets of
hnRNP L-mediated splicing regulation, we grouped the 27 exons
tested by a variety of parameters, such as intron length, position of
the CLIP site, and splice site strength (see Table S6 in the supplemental material). Strikingly, we find that hnRNP L-dependent
splicing regulation correlates best with the strength of the 5= splice
site of the alternative exon. Specifically, no alternative exons with
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FIG 5 Binding of hnRNP L within exons represses exon inclusion. (a to e)

5=ss scores of 10 or greater (MaxEnt [43]) were regulated by
hnRNP L, even when multiple common binding sites were detected close to the variable exon (see, e.g., DIAPH1 and ATM in
Table S6 in the supplemental material). In contrast, all of the hnRNP L-regulated exons had 5=ss scores less than 9.5, and 70% of
the alternative exons with scores less than 9.5 exhibited hnRNP
L-dependent regulation (see Table S6). Notably, no other single
feature encompassed all of the 14 validated hnRNP L regulatory
events with a discovery rate of 70% or more.
To further validate the relevance of 5= splice site strength, we
tested an additional 14 exons in functionally important genes for
hnRNP L-dependent splicing regulation (see Table S6 in the supplemental material). These exons were chosen with a range of 5=ss
scores, including two in the window between 9.5 and 10 that was
not represented in our initial exon set. In agreement with our
predictions, we find that neither exon with a 5=ss score above 9.9
exhibits changes in splicing upon depletion of hnRNP L, while 8 of
the 12 exons with 5=ss scores less than 9.9 are regulated by hnRNP
L (Fig. 6; see also Table S6 in the supplemental material). Therefore, we conclude that 5=ss strength is an important criterion in
determining regulation by hnRNP L and can be applied to CLIPidentified physical targets to increase the discovery power of functional targets of hnRNP L-regulated splicing. Importantly, using
these criteria, we have identified a total of 20 previously unrecognized targets of hnRNP L-mediated splicing regulation, all of
which are genes implicated in critical signaling and gene expression pathways in T cells, thus providing further insight into the
functional role of hnRNP L in T cell biology.
Condition specificity of hnRNP L binding. Our analysis of the
transcriptome-wide binding of hnRNP L has thus far been focused
on the binding sites that are present in all four T cell populations
tested, since these reveal much about the ubiquitous role of
hnRNP L in T cell biology. However, as mentioned above, we did
identify a subset of hnRNP L RNA interactions in both cell types
that are condition specific, occurring either entirely in resting
samples or entirely in stimulated samples, with no reads observed
under the opposite condition (Fig. 3b and c). To further investigate the nature of these condition-specific events, we analyzed
changes in gene expression for these resting-state-specific and
stimulated-state-specific binding sites, using gene expression data
that we had obtained previously for JSL1 cells (24). Remarkably,
we find that the majority of condition-specific sites are in genes
whose expression does not differ significantly between resting and
stimulated samples, demonstrating that the difference in association with hnRNP L is not a secondary consequence of differential
gene expression (Fig. 7a and b). We also find that these conditionspecific binding sites maintain the general bias toward CA repeats
that is seen in the common sites (Fig. 7c and d; see also Table S4 in
the supplemental material), although this bias is less dramatic,
particularly within the stimulation-specific peaks (see Table S4 in
the supplemental material and Discussion). While the possibility
of direct condition-specific regulation of hnRNP L binding is not
inconsistent with previous studies in T cells, there are no data to
directly support such a model. Moreover, we find that the discovery of condition-specific peaks is diminished the more stringently
we require biological replication of a binding site (see Table S7 in
the supplemental material). Therefore, it remains possible that
only a minor subset of the condition-specific peaks we have defined here truly represent signal-regulated changes in the binding
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of hnRNP L, while the majority reflect false positives due to limited sequencing depth and biological noise.
DISCUSSION

hnRNP L has been shown to be necessary for thymic maturation
(12), suggesting that this protein plays a widespread role in shaping the proteomes of developing and mature T cells. Here we
utilize CLIP-seq to identify hnRNP L binding targets within human CD4⫹ T cells and within a cell line commonly used for mechanistic studies of T cell biology. Importantly, the data we present
here provide the first transcriptome-wide analysis of the RNA targets of hnRNP L in primary human lymphoid cells and offer novel
insight into functional targets of hnRNP L in T cells.
Novel functional targets of hnRNP L revealed by CLIP. Because the primary goal of this study was to identify novel targets of
hnRNP L activity relevant to T cell function, we focused on the
most conserved of the hnRNP L binding events in protein-coding
genes. Using these sites, we have identified 20 new targets of
hnRNP L splicing regulation. These targets include genes required
for T cell signaling, such as the genes for PTK2B (44), FYN (45),
NFAT5 (35), and TAK1 (38), genes required for T cell development (the genes for TCF3 [46], Bcl11A [36, 47], and NFAT5 [35]),
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and the WNT signaling pathway mediator CCAR1 (40). Additional hnRNP L targets include other receptor and signaling proteins (SPG11, IL2RG, ACAP1, ARAP1, WNK1, PPIP5K2, and
ITGA6), transcription factors (GPBP1, SS18), and RNA binding
proteins (PUM2, ZRANB2, HNRNPC, and LUC7L), all of which
may broadly influence signaling and gene expression patterns in T
cells. These validated targets are consistent with the enrichment of
common hnRNP L binding regions in genes involved in TCR and
Wnt signaling pathways and proteins involved in transcription
and RNA processing.
Of particular interest is the hnRNP L-dependent regulation of
TCF3, PTK2B, and FYN, since these proteins are known to be
essential for the proper development and function of T cells. In the
case of FYN, we show that hnRNP L is responsible for promoting
the preferential inclusion of the second mutually exclusive exon
relative to the first (Fig. 6g). Inclusion of the second exon gives rise
to the FynT isoform, which is preferentially expressed in hematopoietic cells and displays altered catalytic activity relative to FynB
(including the first alternative exon) (48). Mice that specifically
lack the FynT isoform have a marked defect in T cell signaling
during thymic development (49). Similarly, hnRNP L promotes
the expression of the hematopoiesis-specific smaller PTK2B iso-
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FIG 6 Validation of hnRNP L targets based on 5= splice site strength. (a to h) Representative RT-PCR analysis of the indicated genes, as described in the legend
to Fig. 4. 5=ss scores, as calculated by MaxEntScan, are shown for the alternative exons. The percentages of inclusion of the variable exons are averages from at least
three independent experiments, and standard deviations (SD) are shown. See Fig. S5 in the supplemental material for an expanded browser view of CLIP data.
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(expressed as the number of RNA-Seq reads per kilobase of transcript per million reads [RPKM]) between resting and stimulated JSL1 cells was calculated as
log2(RPKM for stimulated cells/RPKM for resting cells) from preexisting data (24) and was plotted for all transcripts bearing resting-state-specific (a) or
stimulated-state-specific (b) binding sites in JSL1 cells. (c) Hexamer enrichment for all resting-state-specific sites that are not in genes with a ⱕ⫺0.5 change in
gene expression (as indicated by the gray bar in panel a). (Inset) Sequence logo generated by multiple alignment of the top 20 hexamers. (d) Hexamer enrichment
for all stimulated-state-specific sites that are not in genes with a ⱖ0.5 change in gene expression (as indicated in panel b). (Inset) Sequence logo generated by
multiple alignment of the top 20 hexamers.

form, which exhibits a substrate profile distinct from that of the
larger isoform (44). Like FYN, PTK2B is required for appropriate
T cell activation by promoting signaling through the interleukin 2
(IL-2) and LFA-1 receptors (50, 51). Lastly, the TCF3 gene encodes the E12 and E47 E-box transcription factors through alternative inclusion of the mutually exclusive exons (52). Our data
demonstrate that hnRNP L modulates the relative expression of
these factors, favoring the E12 isoform. Interestingly, ectopic
overexpression of E47, as would be predicted to occur upon depletion of hnRNP L, has been shown to cause inappropriate activation of the immunoglobulin locus in pre-T cells, which would
inhibit normal T cell development (53). Therefore, while the exact
contributions of FYN, PTK2B, and TCF3 misregulation to the
phenotype of hnRNP L-deficient mice remain to be tested,
changes in the splicing of any of these proteins upon depletion of
hnRNP L in thymocytes could be sufficient to explain the developmental defects observed in vivo (12).
Finally, in addition to the identification of new targets of
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hnRNP L-dependent splicing regulation, we also find enrichment
of 3= UTRs among the hnRNP L binding sites, suggesting that
hnRNP L may play a more widespread role in the regulation of
3=-end processing or miRNA binding than was suggested by the
few instances reported previously (5, 28). We also observe binding
of hnRNP L outside of protein-coding genes. While the majority
of these interactions are isolated events (see Fig. S2 in the supplemental material), such binding may indicate additional activities
of hnRNP L in the maturation of noncoding RNAs or the control
of antisense transcription. In sum, the spectrum of binding events
we identify here by CLIP-seq is fully consistent with known and
predicted activities of hnRNP L, has identified several new targets
of hnRNP L splicing regulation among genes critical for T cell
development and function, and underscores the scope of the functional interactions of this abundant protein with a diverse repertoire of RNAs in T cells.
Interplay of hnRNP L with T cell activation. Because T cell
activation by antigens is an essential component in T cell physiol-
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FIG 7 Condition-specific binding sites in JSL1 cells are not due to changes in transcript expression. (a and b) The difference in the gene expression level
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(4). Therefore, it is possible that hnRNP I, K, or E2 directs at least
a subset of hnRNP L binding events in stimulated cells. We also
note the possibility that stimulation of T cells results in a posttranslational modification(s) of hnRNP L that alters its binding
affinity and/or specificity. While such regulation of hnRNP L
binding has not been reported in T cells, at least two reports have
suggested that phosphorylation of hnRNP L in other cell types can
alter its ability to recognize specific RNA target sequences (56, 57).
We emphasize, however, that less than 10% of the total binding
events we detect for hnRNP L appear to be condition specific, and
this number decreases further with increased stringency of peak
calling (see Table S7 in the supplemental material). Therefore,
whatever mechanism(s) is at play to direct condition-specific
binding of hnRNP L, the majority of hnRNP L interactions remain
unaffected, underscoring the consistency of hnRNP L association
with the transcriptome in both resting and activated T cells.
Mechanisms of hnRNP L splicing regulation. An inherent
limitation of CLIP-seq analysis is that the method identifies physical interactions but provides no information regarding function.
Therefore, a challenge in moving forward from such studies is
how to identify which physical interactions are meaningful for any
given function of interest. In some cases, “RNA maps” have been
constructed to correlate binding location with splicing function;
however, the construction of these maps requires knowledge of a
large number of functional targets, so they are not suitable for de
novo discovery. Furthermore, we and others have shown previously that hnRNP L can function as an enhancer or a repressor
from similar locations within an exon (5, 19), suggesting that location is not a primary determinant of hnRNP L splicing activity.
Indeed, simply scoring for proximity of a conserved hnRNP L
binding site to a known alternative exon provided only ⬃50%
confidence of hnRNP L-dependent splicing (see Table S6 in the
supplemental material).
As an alternative approach to better prediction of binding sites
that correspond to splicing regulation, we scored a range of features of the first 28 test exons we investigated for hnRNP L-dependent splicing regulation and found that the strength of the 5=ss of
the alternative exon was the strongest predictor of hnRNP L activity. Using this criterion, we then identified another eight targets
of hnRNP L-regulated splicing, with an accuracy of ⬃70%. Interestingly, 3 of the 4 alternative exons that were not regulated by
hnRNP L despite a low 5=ss score were flanked by introns that were
each ⬎10 kb long, whereas all of the hnRNP L-regulated exons
were flanked by at least one intron of ⬍9 kb. Therefore, intron
length may provide additional predictive power in identifying targets of hnRNP L splicing regulation.
In addition to the predictive power of 5=ss strength, the fact
that this feature correlated best with hnRNP L-regulated splicing
has important mechanistic implications. Previously, we have
shown that 5=ss strength influences the ability of hnRNP L to
regulate a model exon and that at least one mechanism by which
hnRNP L acts is remodeling of the interaction of the U1 snRNA
with the 5=ss region (19, 58). Interestingly, we have identified 26
hnRNP L-bound exons within our CLIP data that have the sequence hallmarks of the U1 remodeling mechanism (see Table S9
in the supplemental material), including the exon in PUM2 that
we have validated as strongly repressed by hnRNP L (Fig. 4b).
Therefore, our CLIP data provide further evidence of the importance of 5=ss identity in the mechanism by which hnRNP L regu-
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ogy, we analyzed both the binding and splicing activities of
hnRNP L in both resting and activated T cell states. Proper protein
expression in these two cell states is critical for maintaining appropriate functioning of the immune system. Aberrant protein expression in resting cells can lead to hyperproliferation and autoimmunity, while incorrect protein expression in activated T cells
hinders the body’s ability to respond to foreign antigens. Previously, we have identified ⬃180 exons for which inclusion is significantly regulated upon T cell stimulation (24). While there is no
evidence that the activity of hnRNP L is altered in response to T
cell activation or directly drives these activation-induced changes
in splicing, this protein has been shown to critically influence the
expression of at least three of these exons (CD45 exons 4 to 6) in
both resting and activated T cells. Furthermore, loss of hnRNP
L-dependent repression of these exons contributes to autoimmune defects (9, 54, 55).
Importantly, we find common sites for hnRNP L binding
around CD45 (PTPRC) exons 4 to 6 under all four cell conditions
tested here (Fig. 3d; see also Table S8 in the supplemental material). We also observe common hnRNP L binding sites in 25 other
signal-regulated genes, including 4 for which we have validated
the function of hnRNP L in regulating exon inclusion in at least
one cell state (the genes for TAK1, PTK2B, LUC7L, and FYN [Fig.
4 and 6; see also Table S8 in the supplemental material]). Interestingly, in three of these cases (TAK1, LUC7L, and FYN), depletion
of hnRNP L is observed to influence splicing only under one cell
condition, despite the fact that robust binding is observed under
both conditions. Such condition-specific function was also observed for hnRNP L-dependent regulation of Bcl11A and SS18
despite the presence of common binding sites. Importantly, condition-specific effects of hnRNP L depletion are an expected result
due to the combinatorial regulation of splicing. In other words,
most splicing events are determined by the interplay of multiple
regulatory proteins. Therefore, the requirement for any one protein is influenced by the presence or absence of other proteins. For
instance, the stimulation-specific requirement for hnRNP L in
repressing the LUC7L exon likely reflects the presence of a more
efficient repressor protein that specifically associates with LUC7L
in resting cells and compensates for the loss of hnRNP L under
resting conditions. Alternatively, condition-specific effects of hnRNP L might reflect regulation of the intrinsic activity of hnRNP L
upon T cell activation, although such regulation has not been
described and would have to be gene specific.
Finally, in addition to the correlation of common binding sites
with condition-specific function in some cases, we also detect a
subset of binding sites that are apparent only in resting or stimulated T cells and cannot be explained solely by differences in the
availability of transcripts. Notably, there are ⬃40 genes with condition-specific binding events among the previously defined signal-responsive splicing targets (see Table S8 in the supplemental
material). While further study will be required to determine the
biological relevance of these and other apparently condition specific binding sites, we note that a subset of hexamers enriched
among the JSL1 stimulation-specific binding sites are distinct
from the typical CA repeat element and are not enriched in the
resting-state-specific or total binding site sets (see Table S4 in the
supplemental material). Interestingly, these stimulation-specific
hexamers contain motifs, such as TCT repeats and poly(C) elements, similar to those of known binding sites of other hnRNPs,
such as PTB (hnRNP I) and hnRNP K and hnRNP E2, respectively
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lates T cell biology, and they set the stage for further investigation
of the determinants of hnRNP L binding and function.
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