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ABSTRACT
HnRNP L is a ubiquitous splicing-regulatory protein that is critical for the development and function of mammalian T cells.
Previous work has identified a few targets of hnRNP L-dependent alternative splicing in T cells and has described
transcriptome-wide association of hnRNP L with RNA. However, a comprehensive analysis of the impact of hnRNP L on
mRNA expression remains lacking. Here we use next-generation sequencing to identify transcriptome changes upon depletion
of hnRNP L in a model T-cell line. We demonstrate that hnRNP L primarily regulates cassette-type alternative splicing, with
minimal impact of hnRNP L depletion on transcript abundance, intron retention, or other modes of alternative splicing.
Strikingly, we find that binding of hnRNP L within or flanking an exon largely correlates with exon repression by hnRNP L. In
contrast, exons that are enhanced by hnRNP L generally lack proximal hnRNP L binding. Notably, these hnRNP L-enhanced
exons share sequence and context features that correlate with poor nucleosome positioning, suggesting that hnRNP may
enhance inclusion of a subset of exons via a cotranscriptional or epigenetic mechanism. Our data demonstrate that hnRNP L
controls inclusion of a broad spectrum of alternative cassette exons in T cells and suggest both direct RNA regulation as well
as indirect mechanisms sensitive to the epigenetic landscape.
Keywords: alternative splicing; functional genomics; hnRNP L; RNA-seq; RASL-seq

INTRODUCTION
Alternative pre-mRNA splicing is a nearly ubiquitous mechanism by which eukaryotic cells generate multiple proteincoding mRNAs from a single genetic locus (Nilsen and
Graveley 2010). As many as 95% of human multiexon genes
generate more than one processed product by alternative
pre-mRNA splicing (Pan et al. 2008; Wang et al. 2008).
Alternative mRNA isoforms may differ in open reading
frames, thus impacting the function of the encoded protein,
or may alter the presence of regulatory sequences in untranslated regions (UTRs) thereby influencing RNA stability,
transport, or translational control (Nilsen and Graveley
2010). Importantly, tissue-specific differences in alternative
splicing (AS) have been suggested to shape cell-fate decisions
(Gehman et al. 2012; Licatalosi et al. 2012; Xue et al. 2013; Raj
et al. 2014; Quesnel-Vallieres et al. 2015), while signal-in-
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duced changes in AS have been observed in response to metabolic, neuronal, or immune cues (Patel et al. 2001; Xie and
Black 2001; Shin and Manley 2004; An and Grabowski 2007;
Lynch 2007; Heyd and Lynch 2011; Martinez et al. 2012;
Fu and Ares 2014). Moreover, mutations that alter splicing
have been causally linked to cancer, neurodegenerative diseases, and autoimmune disorders, among others (Jacobsen
et al. 2000; Cartegni and Krainer 2002; Cooper et al. 2009;
David and Manley 2010; Xiong et al. 2014).
Given the prevalence and importance of alternative splicing, it is critical to understand the factors and mechanisms
that dictate alternative splicing patterns. The process of splicing itself requires multiple RNA–RNA, RNA–protein, and
protein–protein interactions to identify splice sites and join
them within the catalytic spliceosome complex (Wahl et al.
2009; Fu and Ares 2014). This complex assembly process
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provides many opportunities for regulation, both through altering the affinity of these numerous protein and RNA interactions and through control of the kinetics of spliceosome
assembly at a particular site relative to competing processes
(Wahl et al. 2009; Fu and Ares 2014). Typically, the study
of alternative splicing has focused on the regulatory influence
of trans-acting RNA-binding proteins that associate with the
substrate pre-mRNA near the sites of alternative splicing.
However, it is increasingly apparent that other RNA processing events such as 5′ and 3′ end formation as well as epigenetic marks and transcription elongation rate also can influence
splicing patterns (Braunschweig et al. 2013; Fu and Ares
2014).
One family of RNA-binding proteins that has been
strongly implicated in alternative splicing regulation is the
hnRNP proteins. The hnRNP proteins were originally identified by their coassociation with pre-mRNA (Pinol-Roma
et al. 1988), although these proteins share little sequence homology with one another other than containing one or more
RRM or KH-type RNA-binding domains. Most hnRNP family members have been shown to regulate alternative splicing
as well as other RNA processing steps such as 3′ end processing, mRNA translation, and mRNA stability (Bomsztyk
et al. 2004; Martinez-Contreras et al. 2007; Licatalosi et al.
2008). Moreover, global comparisons of transcriptomewide binding of individual hnRNPs with their effect on transcriptome expression have led to the general model that the
functional consequence of a particular hnRNP on a given
transcript is highly dependent on where it binds within an
RNA (Licatalosi and Darnell 2009; Fu and Ares 2014; Shi
and Manley 2015).
One hnRNP for which global comparison of binding and
function is still lacking, however, is hnRNP L. HnRNP L is a
highly abundant nuclear protein comprised of four RRM domains, a glycine-rich N-terminal domain and a proline-rich
sequence separating RRMs 2 and 3 (Shankarling and Lynch
2013). Although ubiquitously expressed, hnRNP L is critical
for the proper development and function of the mammalian
immune system. The first connection between hnRNP L and
the immune system was the discovery that hnRNP L regulates
the splicing of the gene encoding the hematopoietic-specific
protein tyrosine phosphatase CD45 (Rothrock et al. 2005).
HnRNP L binds to, and represses, the three variable exons
of the CD45 pre-mRNA, leading to the expression of the
smallest isoform of CD45 essential for maintaining T-cell homeostasis (Rothrock et al. 2005; Tong et al. 2005; MottaMena et al. 2010; Preussner et al. 2012). Furthermore, lymphoid-specific knockout of hnRNP L in mice causes significant defects in thymic development and reduced migration
of hnRNP L−/− T cells to the periphery (Gaudreau et al.
2012). Importantly, hnRNP L is expressed at consistent levels
throughout T-cell development and activation and CD45
misregulation is insufficient to account for all of the physiological defects observed in the hnRNP L−/− T cells (Gaudreau
et al. 2012). Together these data indicate that hnRNP L plays
2
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a critical role throughout T-cell maturation and function via
more than one target or mechanism.
A handful of additional targets of hnRNP L splicing-regulatory activity have been identified in both T cells and other
cell types (Hung et al. 2008; Gaudreau et al. 2012; Shankarling et al. 2014); however, validated targets of hnRNP L splicing activity remain relatively few. Moreover, a transcriptomewide comparison of the binding and function of hnRNP L
has not been performed. A comparative study of the physical
and functional targets of hnRNP L is of particular interest as
studies with model substrates suggest that hnRNP L binding
can either enhance or repress exon inclusion, in a manner dependent not on location but rather on splice site strength and
associated proteins (Motta-Mena et al. 2010; Shankarling
et al. 2014). The fact that the location of hnRNP L-RNA interaction is not sufficient to predict splicing-regulatory outcome differs from the position-dependent effects of many
other hnRNPs. Thus, further investigation of the correlation,
or lack thereof, between hnRNP L binding and splicing activity is predicted to reveal novel rules governing the regulation
of alternative splicing.
In previous studies, we have carried out UV crosslinking
and immunoprecipitation (CLIP-seq) in a cultured T-cell
line (Jurkat) to identify the transcriptome-wide association
of hnRNP L with RNA (Shankarling et al. 2014). Here we
report the genome-wide analysis of alternative splicing and
mRNA expression upon depletion of hnRNP L in this
same cellular system. We identify ∼1300 targets of hnRNP
L-dependent alternative splicing; however, we detect few if
any mRNAs that differ in overall abundance upon hnRNP
L depletion. Thus, at least in Jurkat T cells, hnRNP L appears
to act as a dedicated splicing regulator, with little impact on
total mRNA expression. Of further interest, upon comparing isoform expression with hnRNP L CLIP signals, we
made the unanticipated discovery that while we observe
both exon enhancement and repression by hnRNP L, only
those exons repressed by hnRNP L exhibit significant binding of hnRNP L within or flanking the regulated exon. In
contrast, exons whose inclusion is enhanced in an hnRNP
L-dependent manner share common sequence features,
most notably GC-rich motifs in and around the alternative exons. A class of exons flanked by short GC-rich introns have been described previously and shown to lack
the clear nucleosome occupancy typically observed over exons and correlates with efficient exon inclusion (Amit et al.
2012). Indeed, our data indicate that nucleosome occupancy over hnRNP L-enhanced exons is generally less than
hnRNP L-repressed or unresponsive exons. Moreover, we
observe at least several instances in which nucleosome binding at hnRNP L-enhanced exons is decreased upon depletion of hnRNP L. Therefore, we propose a model in
which hnRNP L regulates splicing in at least two ways; either
through direct repression of exons when bound to an RNA
substrate, or indirectly through exploiting the chromatin
landscape.

Targets of hnRNP L splicing regulation in T cells

RESULTS
HnRNP L has a widespread impact on the inclusion
of cassette exons, but not intron retention or transcript
abundance
HnRNP L is critical for proper T cell development and function (Gaudreau et al. 2012); however, only a relatively few
confirmed targets of hnRNP L-dependent splicing regulation have been identified. To determine the full breadth of
hnRNP L regulated splicing in T cells, we used complementary knockdown and sequencing approaches to generate high
depth- and breadth-analysis of hnRNP L-dependent mRNA
expression in Jurkat T cells. To obtain a global view of the
effect of hnRNP L on the transcriptome, we analyzed poly
(A)-selected mRNA from wild-type and hnRNPL-depleted
Jurkat cells by paired-end mRNA sequencing (RNA-seq).
For these experiments, hnRNP L was depleted by transfection
with a translation-blocking antisense morpholino oligonucleotide (AMO) (Fig. 1A,B). In addition, to increase sequencing depth at known alternative splice junctions and leverage
an orthogonal method for knockdown, we also performed
RASL-seq of RNA from Jurkat cells depleted of hnRNP L
by inducible expression of an shRNA (Fig. 1A,B). RASL-seq
uses a pool of junction-specific primer pairs to interrogate
and quantify changes in ∼5600 known alternative splicing
events (Li et al. 2012; Zhou et al. 2012).
Both the AMO and shRNA reduced the hnRNP L protein
level by over 50% (Fig. 1B), with little to no effect on the expression of the paralog hnRNP LL (Supplemental Fig. S1A).
The use of two depletion methods allows us to control for
technique-specific biases or off-target effects. Furthermore, in
each case we analyzed hnRNP L depletion in both unstimulated (unstim) and phorbol myristal acetate (PMA)-stimulated (stim) cells, providing independent physiological
conditions for the identification of hnRNP L-responsive
pre-mRNA processing events (Fig. 1A). PMA-stimulation
mimics T cell receptor signaling and is known to induce widespread changes in transcript abundance and alternative splicing (Ip et al. 2007; Martinez et al. 2012); however, the
expression and activity of hnRNP L is not altered by PMA
(Rothrock et al. 2005; Topp et al. 2008). Thus, we predict
hnRNP L to have a similar impact on splicing in both unstimulated and PMA-stimulated cells, as we observed previously
in our studies of CD45 (Rothrock et al. 2005; Topp et al.
2008); although the targets of hnRNP L activity may differ
in these two cell states due to differences in what genes are
expressed.
We first focused on the impact of hnRNP L on the splicing
of cassette exons, the most common class of alternative splicing. Using the rMATS algorithm (Shen et al. 2012) to analyze
the RNA-seq data, we observe 826 cassette exons that differ
significantly (change in Percent Spliced In [ΔPSI] > 10, P <
0.05) upon hnRNP L depletion in unstimulated cells, while
635 cassette exons meet this threshold upon hnRNP L deple-

tion in PMA-stimulated cells (Table 1; Supplemental Tables
S1–S3). This represents ∼1%–2% of the ∼50,000 exons for
which we obtained sufficient read depth to quantify inclusion
(Table 1; Supplemental Tables S1, S2). Similarly, of the
∼3000 cassette exons for which we obtained >10 RASL-seq
reads, 113 and 86 cassette exons exhibit a significant (P <
0.05) hnRNP L-dependent change in inclusion of at least
10% PSI in unstimulated and stimulated Jurkat cells, respectively (Table 1; Supplemental Tables S1–S3). Importantly, the
statistically significant alternative splicing predictions from
both experiments were well correlated in both unstimulated
(P = 7.45 × 10−16) and stimulated (P = 7.41 × 10−13) conditions (Fig. 1C; Supplemental Fig. S1B), confirming that our
assays have identified bona fide targets of hnRNP L-regulated
splicing. The slightly dampened ΔPSI calculated by rMATS
versus RASL-seq could be due either to methodology differences or to the reduced efficiency of knockdown by the AMO
as compared to the shRNA. For genes expressed in both cell
states we also observed a high degree of correlation between
the effect of hnRNP L on a given exon (Fig. 1D), consistent
with our prediction that hnRNP L-regulation of alternative
cassette exon splicing is largely shared between conditions.
Finally, 48 of 54 events (∼90%) tested by low-cycle RTPCR yielded ΔPSI measurements that are highly consistent
with the sequencing results (Fig. 1E; Supplemental Table
S4), further demonstrating the robustness of both the
RASL-seq and rMATS platforms.
To gain initial insight into the functional impact of hnRNP
L-regulated alternative splicing in Jurkat cells, we used GO
analysis to identify functional categories enriched within the
set of genes that contains repressed exons and the set of genes
within enhanced exons. HnRNP L-enhanced exons showed
little bias toward any functional category, with only weak significance observed for genes encoding proteins with RNAbinding activity (Fig. 1F; Supplemental Table S5). This is consistent with a well-reported tendency of RNA-binding proteins to be targets of splicing regulation (Lareau et al. 2007;
Huelga et al. 2012). In contrast, genes containing hnRNP
L-repressed exons are largely enriched in functions related
to chromatin structure and transcription (Fig. 1F; Supplemental Table S5). The potential implication of this enrichment is discussed below.
Recent reports have suggested that a second class of alternative splicing, intron retention, is more abundant than previously recognized (Braunschweig et al. 2014). Furthermore,
hnRNP LL, a paralog of hnRNP L, has been shown to regulate at least some intron retention events in primary mouse
T cells (Cho et al. 2014). However, our rMATS analysis only
predicted ∼100 intron retention events impacted by hnRNP
L, many fewer than the number of cassette exons that are regulated (Table 1). Since rMATS requires a minimal number of
reads to quantify splicing changes, we considered that this
algorithm might miss hnRNP L-induced intron retention if
the intron is never retained in wild-type cells. Therefore,
we also counted the raw number of reads in wild-type and
www.rnajournal.org
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FIGURE 1. Complementary high-throughput sequencing approaches identify hnRNP L-dependent alternative splicing events in Jurkat T cells. (A)
Experimental design in which Jurkat T cells were depleted of hnRNP L by transfection of antisense oligonucleotides (AMO) or transduction with a
lentiviral-based shRNA, then grown under unstimulated conditions or stimulated with PMA for 48 h prior to RNA and protein extraction. (B)
Western blot of hnRNP L depletion by AMO or lentiviral shRNA. HnRNP A1 is used as a loading control. (C) Regression analysis comparing the
ΔPSI (hnRNP L KD-WT) determined by RASL-seq versus rMATS for cassette exons queried by both methods. Only ΔPSI with P < 0.05 are shown.
In C–E, the gray lines in graph indicate an absolute value of ΔPSI = 10. (D) Scatterplot of significant (P < 0.05) inclusion level changes in unstimulated
and stimulated conditions, as calculated by either sequencing methods. (E) Regression analysis comparing RASL/rMATS inferred values of ΔPSI versus RT-PCR-determined values for 48 cassette exons exhibiting either stringent non-responsiveness (ΔPSI < 3, P > 0.05) or significant responsiveness
(ΔPSI > 10, P > 0.05) upon hnRNP L depletion (see also Supplemental Table S4). In cases in which both rMATS and RASL-seq provide evidence of a
significant change, the ΔPSI value from the RASL-seq analysis is used. (F ) GO categories for genes housing cassette exons that are significantly enhanced or repressed by hnRNP L (as defined in E). Top five categories that meet the threshold of P < 0.05, fold enrichment >1.5 are shown (see also
Supplemental Table S5). (G) Regression analysis comparing RPKM for introns in wild-type versus hnRNP L-depleted cells. Slope of best-fit line is 0.98
(R 2 = 0.92) for unstimulated conditions and 1.08 (R 2 = 0.86) for stimulated conditions. Shown are only values for ∼800 introns identified in
Braunschweig et al. (2014) to be retained in 20%–80% of messages. See Supplemental Figure S1B for regression analysis of all ∼200,000 introns (slope
is 1.1 [R 2 = 0.99] for both cell conditions).

hnRNP L-depleted cells that map to a set of ∼200,000 introns
defined in a recent study of intron retention (Braunschweig
et al. 2014). Consistent with the rMATS data, we observe a
close correlation in the number of reads that map to introns
(RPKM) in wild-type and hnRNP L-depleted cells, whether
we look at all introns (Supplemental Fig. S1C) or a set of
∼27,000 introns shown previously to be susceptible to retention (Fig. 1G; Braunschweig et al. 2014). Thus, while there
4
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may be isolated instances of intron removal regulated by
hnRNP L, we conclude that intron retention is not broadly
altered by the loss of hnRNP L. Similarly, we observe relatively few alternative 5′ and 3′ splice site-switching events that are
dependent on hnRNP L (Table 1).
Finally, since many splicing factors have been shown to
also influence other steps in RNA biogenesis such as transcription or mRNA stability (Braunschweig et al. 2013;

Targets of hnRNP L splicing regulation in T cells

TABLE 1. Summary of transcriptome analysis
HnRNP L-regulated
Condition
Unstimulated—RNA-seq
Stimulated—RNA-seq
Unstimulated—RASL-seq
Stimulated—RASL-seq

Total exons queried

Cassette exons

Intron retention

Alternative 5′ ss

Alternative 3′ ss

Transcript

54,287
45,321
3287
3287

826
635
113
86

86
94
N/D
N/D

44
43
7
5

63
65
0
0

154
185
N/D
N/D

For further information on read depth see Supplemental Table S1. (N/D) RASL-seq data set does not permit determination of this class of
regulation.

Yarosh et al. 2015), we leveraged the transcriptome-wide coverage of RNA-seq data to ask if hnRNP L controls transcript
abundance in addition to, or coupled with, isoform choice.
We first confirmed our ability to accurately detect transcript
changes in our RNA-seq data by comparing our RNA-seq
data from unstimulated and PMA-stimulated wild-type cells
with the limma package (Ritchie et al. 2015). Consistent with
published data on gene expression during T-cell signaling (Ip
et al. 2007), we observe a widespread increase of transcript
abundance upon PMA-stimulation of Jurkat cells (Fig. 2A).
Furthermore, the extent of PMA-induced change in gene-expression inferred by limma was strongly corroborated by
qRT-PCR (Fig. 2B). In contrast, the same pipeline identified
very few transcripts that differ >1.5-fold between wild-type
and hnRNP L depleted cells, regardless of cell growth condition (Fig. 2C,D). Moreover, most of the few predicted hnRNP
L-dependent changes in gene expression were deemed to be
false positives, as they were not substantiated by qPCR analysis
of independent knockdown samples (Supplemental Fig.
S2A). Importantly, we also observe no correlation between
the expression level of a given transcript and the extent of regulation of exon splicing within the transcript by hnRNP L
(Supplemental Fig. S2B). Taken together, our data indicate
that the primary impact of hnRNP L on the transcriptome
of T cells is through controlling inclusion of cassette exons,
and that hnRNP L plays a limited role in regulating other
forms of alternative splicing or transcript abundance.

hnRNP L-unresponsive exons (n = 250) were defined as
those that did not respond to hnRNP L knockdown in either
condition (|ΔPSI| < 3) and were queried by both the RASLseq and RNA-seq techniques (Supplemental Table S2D–F).
Previous studies from our group have suggested that splice
site strength plays a role in determining the directionality
of hnRNP L-regulated alternative splicing, with extremely
weak splice sites prone to enhancement while splice sites
of moderate strength prone to repression by hnRNP L
(Motta-Mena et al. 2010; Chiou et al. 2013; Shankarling
et al. 2014). To compare splice site strengths among

HnRNP L uses distinct modes of enhancement
and repression of exon splicing
Given the pervasive role of hnRNP L in regulating cassette
exon inclusion in T cells, we wanted to understand the determinants of hnRNP L function. Specifically, we are interested
in features that may correlate with hnRNP L-dependent exon
inclusion versus skipping. We first defined sets of exons that
met a rigorous definition as an exon that is hnRNP L-repressed, hnRNP L-enhanced or hnRNP L-unresponsive.
Stringent hnRNP L-repressed (n = 352) or enhanced (n =
177) exons were defined as exhibiting a significant change
(|ΔPSI| ≥ 10, P < 0.05) in the same direction upon knockdown in both unstimulated and stimulated conditions; while

FIGURE 2. Gene-expression analysis of hnRNP L-responsive differential gene expression. (A) Volcano plot of differential mRNA expression
following PMA stimulation of Jurkat cells as determined by limma analysis of RNA-seq data. Vertical lines represent a 1.5-fold log2 change in
expression. (B) Regression analysis of qPCR validation of PMA-induced
differential transcript levels compared with limma inferred values from
the RNA-seq data. (C) Volcano plot of hnRNP L depletion-induced differential mRNA expression in unstimulated Jurkat cells. (D) Volcano
plot of hnRNP L depletion-induced mRNA gene expression in PMAstimulated cells. Vertical lines in A,C,D represent an absolute log2 change in mRNA expression of 1.5-fold.
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responsive and unresponsive cassettes, we extracted splice
site scores for each of the four splice sites involved in the inclusion of a cassette exon (Fig. 3A). Consistent with our previous studies as well as published analyses of general
alternative cassette exons, we observed that both hnRNP
L-repressed and hnRNP L-enhanced exons have weaker

3′ splice sites (ss) than those found in unresponsive cassettes
(repressed P = 0.0293, enhanced P = 6.51 × 10−6, t-test), and
that enhanced exons have even weaker 3′ ss than repressed exons (P = 0.013). In contrast, we observe no general bias in the
strength of either the 5′ ss of L-regulated cassette exons or
their flanking splice sites (Fig. 3A).

FIGURE 3. Exon repression by hnRNP L correlates with direct binding, while exon enhancement does not. (A) Box plots of splice site scores calculated by MaxEnt (Yeo and Burge 2004) for the 5′ and 3′ splice sites of hnRNP L-responsive cassette exons and their flanking exons, compared with
hnRNP L-unresponsive cassette exons. hnRNP L-responsive and unresponsive categories are as defined in the text. Median values for each category are
given above the plots. (B) Fraction of cassettes containing hnRNP L binding sites defined by CLIP-seq at single-nucleotide resolution within and
around hnRNP L-repressed (red) and unresponsive (gray) cassette exons (top) or hnRNP L-enhanced (green) or unresponsive (gray) cassette exons
(bottom). (C) Total percent of stringently defined (see text) hnRNP L-responsive and unresponsive cassette exons that contain a CLIP-seq signal for
hnRNP L binding anywhere within the exon, or within a 300-nt region of flanking intron. (D) Representative RT-PCR gels of splicing changes observed in wild-type (WT) and hnRNP L-depleted conditions (KD) under unstimulated (U) or stimulated (S) conditions. Mean PSI and standard
deviation (SD) are given below gels. In all cases (∗ ) P < 0.05, (∗∗ ) P < 0.01, (∗∗∗ ) P < 0.001.
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We next investigated the possibility of positional dependence of hnRNP L occupancy on splicing outcomes.
Previously, we published CLIP analysis of hnRNP L binding
to mRNA transcripts in Jurkat cells (Shankarling et al. 2014).
We therefore generated an RNA map by computing the fraction of instances in which each nucleotide around a cassette
exon is encompassed within a CLIP-defined peak of hnRNP
L-binding (Fig. 3B). Notably, we observed a general increase
in hnRNP L occupancy surrounding hnRNP L-repressed exons relative to exons that are unresponsive to hnRNP L expression, with similar enrichment around the 3′ ss and 5′ ss
of hnRNP L-repressed exons (Fig. 3B,C). In contrast, we observe no significant enrichment of hnRNP L binding around
exons it enhances (Fig. 3B,C), even when the entirety of the
flanking introns was considered (Supplemental Fig. S3).
Importantly, we independently confirmed by RT-PCR several examples of hnRNP L-dependent enhancement of exons
that lack evidence of surrounding hnRNP L binding, as
well as repression of exons with surrounding hnRNP L binding (Fig. 3D; Supplemental Table S4). It is common for splicing-regulatory proteins to function as both enhancers and
repressors of exon inclusion; however, in most instances in
which it has been studied, this differential activity has been
attributed to location of binding of the splicing factor relative
to the exon (Fu and Ares 2014). Strikingly, the above data reveal no evidence for such position-dependent activity of
hnRNP L. Instead, our data suggest that, at least in T cells,
hnRNP L functions primarily as a repressor of exon inclusion when bound to a transcript and that enhancement of
exon inclusion may largely occur in an indirect manner
that does not require close association of hnRNP L with the
RNA target.
HnRNP L enhanced exons share common sequence
and context features
To better understand the apparent indirect enhancement of a
subset of exons by hnRNP L, we next looked for enriched sequence motifs within and around hnRNP L-regulated exons
(Fig. 4A). Consistent with the binding data in Figure 3, we
observe an enrichment of CA-rich hexamers, the optimal
binding site for hnRNP L, within or flanking hnRNP L-repressed exons but not hnRNP L-enhanced exons (Fig. 4A,
left). We next partitioned all regulated exons based on the absence (defined as “unbound”) of any hnRNP L CLIP-seq
binding site within the cassette exon or flanking introns
and exons (n = 180 enhanced, n = 239 repressed). We identified hexamers enriched in regions upstream of, downstream
from, or within the “unbound” enhanced or repressed exons
as compared with cognate sequences extracted from all
RefSeq internal exons. No sequence features were found to
be significantly enriched upstream of, within, or downstream
from “unbound” hnRNP L-repressed exons (Fig. 4B). In
contrast, GC-rich sequence features were found to be significantly enriched upstream of and within enhanced unbound

exons (Fig. 4B, logo of all significant hexamers is displayed,
see Supplemental Table S6 for all enriched hexamers). A further comparison of all hnRNP L-repressed, -enhanced, and
-unresponsive exons demonstrates that GC-rich motifs are
uniquely enriched within or flanking hnRNP L-enhanced exons, but depleted around hnRNP L-repressed exons (Fig. 4A,
right).
The enrichment of a GC motif around hnRNP L-enhanced
exons suggested that perhaps a GC-binding protein is itself
regulated by hnRNP L that, in turn, directly mediates the
splicing changes observed upon knockdown of hnRNP
L. We considered this less likely as we detect little impact of
hnRNP L depletion on gene expression. Nevertheless, we tested the expression of three RNA-binding proteins for which
there is some evidence of GC-binding, namely RBM4, Y14,
and SRSF2 (Ray et al. 2013). In no case did we observe any
change in the expression of these proteins upon depletion
of hnRNP L (Supplemental Fig. S4). Moreover, using publicly
available CLIP and RNA-seq data for RBM4 (Uniacke et al.
2012; Wang et al. 2014), we find no evidence for significant
binding or regulation of hnRNP L-enhanced exons by this
protein. Therefore, while we cannot fully rule out the possibility that hnRNP L enhances exon inclusion through regulation
of a secondary splicing factor, we find no evidence to support
this model.
We thus considered other possible mechanisms for indirect exon enhancement by hnRNP L. In particular, we note
that exons flanked by short GC-rich introns have previously
been described as a distinct class of exons with unique properties (Amit et al. 2012; Braunschweig et al. 2014). To investigate if hnRNP L-enhanced exons might correlate with this
exon population, we analyzed the length of the genomic features surrounding hnRNP L-regulated exons. Strikingly, we
find that the introns upstream (I1) and downstream (I2) of
enhanced exons are significantly shorter than those flanking
repressed exons (median I1 length for repressed = 3.8 kb versus enhanced = 1.6 kb; P = 0.00077, median I2 length for repressed = 2.8 kb versus enhanced = 1.3 kb; P = 0.03924) (Fig.
4C). In contrast, exon lengths are only marginally different
between L-responsive and unresponsive populations (median exon lengths for unresponsive = 99 nt, repressed = 116
nt, enhanced = 117 nt). We also asked whether the short
flanking introns that characterize enhanced exons co-occur
with the presence of the GC-rich motif. We used the presence
(with GC motif) or absence (no GC motif) of the enriched
hexamers from Figure 4B within or upstream of the exon
to segregate enhanced, repressed, and unresponsive cassettes
and compared flanking intron lengths. Consistent with other
reports, in all cases the presence of GC-rich motifs correlated strongly with shorter introns (Fig. 4D), including the
particularly short introns flanking hnRNP L-enhanced exons. Taken together, these findings provide evidence that
hnRNP L preferentially enhances a subset of exons flanked
by short GC-rich introns. Indeed, we find significant mutual
enrichment of hnRNP L-enhanced exons with a genomewww.rnajournal.org
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FIGURE 4. HnRNP L-enhanced exons are preferentially flanked by short GC-rich introns. (A) Fraction of repressed, enhanced, and unresponsive
cassette exons that have an CA-repeat hexamer (left) or one of the enriched GC-rich hexamers (right) (see Supplemental Table S6) within the exon or
the flanking 300 nt. (B) De novo motif enrichment analysis of sequence features enriched in exonic and exon-proximal regions for repressed and
enhanced exons within cassettes that do not contain hnRNP L CLIP-seq peaks. Logo of enriched hexamers is shown. See Supplemental Table S6
for all enriched hexamers. (C) Box plots of exon and intron lengths in hnRNP L-repressed, hnRNP L-enhanced, and unresponsive cassettes. (D)
Length of upstream intron (I1, left) and downstream intron (I2, right) of repressed, enhanced, and unresponsive cassettes partitioned by presence
or absence of the GC-rich motif in the upstream 300-nt interval or within the exon. “Total” represents all exons in the class irrespective of GC content.
In all cases (∗ ) P < 0.05, (∗∗ ) P < 0.01, (∗∗∗ ) P < 0.001.

wide set of exons flanked by short GC-rich introns (Supplemental Table S7).
HnRNP L impacts nucleosome occupancy of enhanced
exons
Typically, exons contain a high GC-content relative to their
flanking introns. This “GC-differential” has been suggested to
promote nucleosome positioning over the exons (Tillo and
Hughes 2009; Brown et al. 2012). In contrast, exons flanked
by short GC-rich introns have been shown to lack such a GCdifferential and correspondingly, exhibit reduced nucleosome occupancy (Amit et al. 2012). Strikingly, we observe a
similar lack of GC-differential (Fig. 5A) and reduced nucleo8
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some occupancy (Fig. 5B) for the hnRNP L-enhanced exons
relative to exons that are repressed by, or unresponsive to,
hnRNP L.
Previous studies have also shown that exons with a strong
GC-differential are more highly included as compared to exons that do not differ in GC-content from their surrounding
sequences (Amit et al. 2012), presumably due to the lack in the
latter population of nucleosome positioning and/or other epigenetic marks that promote splicing (Kornblihtt et al. 2009;
Schwartz and Ast 2010; Brown et al. 2012). Therefore, it is
possible that hnRNP L enhances inclusion of low GC-differential exons through promoting their marking by nucleosomes and/or other epigenetic features. Consistent with this
model, we find that depletion of hnRNP L reduces signal
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In sum, our data indicate that binding
of hnRNP L to a pre-mRNA generally
leads to exon repression, while the ability
of hnRNP L to enhance exon inclusion is
likely not through direct binding to the
RNA. Although the exact mechanism
by which hnRNP L indirectly enhances
exon inclusion remains to be determined, the data we present here demonstrate that hnRNP L enhances a set of
exons that share unique sequence and
context features, suggesting that hnRNP
L may either manipulate or exploit the
epigenetic landscape to achieve splicing
regulation.
DISCUSSION
Previous studies have demonstrated pervasive association of hnRNP L with RNA
in human T cells as well as a critical role
for hnRNP L in proper T-cell development and function (Gaudreau et al.
2012; Shankarling et al. 2014). Here we
expand the understanding of the biologic function of hnRNP L by identifying
changes in transcriptome expression
upon knockdown of hnRNP L in a human T-cell line. We find that hnRNP L
primarily regulates cassette-type alternaFIGURE 5. HnRNP L-enhanced exons share epigenetic features that are altered upon hnRNP L tive splicing, with minimal impact on
depletion. (A) Percentage of GC dinucleotides as a function of distance away from the 3′ ss (left) or
5′ ss (right) of hnRNP L repressed, enhanced, or unresponsive alternative exons. (B) Similar to A transcript abundance, intron retention,
but plotting nucleosome occupancy derived from ENCODE data on K562 cells. (C) Relative qPCR or other modes of alternative splicing.
signal of DNA corresponding to indicated hnRNP L-enhanced (green), repressed (red) or unre- Specifically, we identify ∼1300 exons
sponsive (gray) exons following ChIP with an antibody that recognizes H3.3 and H3.1. Signal that are regulated by hnRNP L, with
from H3 ChIP in hnRNP L depleted cells (+L-KD) is calculated relative to bead-alone control
and then normalized by the H3/bead signal in wild-type Jurkat cells (−L-KD), which is set to about two-thirds of these exons exhibit100. On right is a Western blot showing hnRNP L knockdown relative to U2AF35 loading controls. ing hnRNP L-dependent repression.
These hnRNP L-regulated exons are enriched in genes involved in controlling
for bulk H3, a marker for nucleosomes (Grimaldi et al. 2013),
gene expression and other core cellular functions. Therefore,
over hnRNP L-enhanced exons, with less effect observed for
our work indicates a primary role of hnRNP L in repressing
hnRNP L-repressed or unresponsive exons (Fig. 5C). This lothe splicing of alternative cassette exons in T cells and highcal alteration in H3 occupancy is unlikely to result from, or inlights numerous targets of hnRNP L-dependent splicing
duce, changes in transcription, as we observe no correlation
that are likely to have broad relevance in T cell biology.
between hnRNP L-mediated exon inclusion and transcript
In comparing the pattern of hnRNP L binding to RNA
expression (Supplemental Fig. S2B). Notably, we also find
with the functional impact of hnRNP L on mRNA processno evidence in Jurkat cells for the regulation of H3K36 trimeing, we made the unexpected discovery that, atypically, the
thylation by hnRNP L (Supplemental Fig. S5), as has been relocation of hnRNP L binding relative to an exon does not preported in other cell types (Yuan et al. 2009). However, as
dict function. Location-dependent activity has been observed
discussed above, we do observe hnRNP L-dependent alternafor many splicing-regulatory proteins, such as NOVA and
tive splicing of several genes encoding enzymes involved in
ESRP2, in which different effects on exon inclusion are obhistone and/or DNA modifications (Fig. 1F) that could potenserved when a protein binds intronic sequences upstream
tially impact nucleosome positioning (Chodavarapu et al.
versus downstream from the regulated exon (Ule et al.
2010; Gelfman and Ast 2013; Portela et al. 2013; Venkatesh
2006; Warzecha et al. 2010). In contrast, we observe that
and Workman 2013).
binding of hnRNP L to any location within or flanking an
www.rnajournal.org
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exon primarily correlates with exon repression, suggesting
that hnRNP L binding may interfere with the assembly of
various splicing complexes on an alternative exon. Indeed,
studies of individual genes have already revealed several
mechanisms through which hnRNP L can repress splicing,
including competition with enhancers, competition with
core splicing machinery and trapping of catalytically inactive
spliceosome intermediates (Hui et al. 2005; House and Lynch
2006; Hung et al. 2008; Motta-Mena et al. 2010; Chiou et al.
2013).
Importantly, however, we do observe that about a third of
exons are up-regulated upon depletion of hnRNP L, specifying these as hnRNP L-enhanced exons. Strikingly, these
hnRNP L-enhanced exons generally lack any direct association of hnRNP L with the pre-mRNA in their vicinity; indicating that exon enhancement by hnRNP L most likely occurs
through a distinct mechanism(s). Notably, the hnRNP L-enhanced exons share sequence and context features, particularly the presence of GC-rich exonic motifs and being
flanked by short GC-rich introns.
Exons flanked by short GC-rich introns have been identified as a distinct functional group in previous studies (Amit
et al. 2012; Gelfman et al. 2013; Braunschweig et al. 2014).
One attribute ascribed to these exons is the potential tendency to be spliced through intron-definition mechanisms, as
opposed to the exon-definition pathway more typical of
mammalian splicing (Amit et al. 2012). Since hnRNP L has
been proposed to increase intron-definition (Hui et al.
2005; House and Lynch 2008), an appealing model is that
hnRNP L-enhanced exons are regulated through hnRNP
L-dependent intron definition. However, we consider a model of hnRNP L-regulated intron definition to be insufficient
for two reasons. First, the median length of introns flanking
the hnRNP L-enhanced exons is much greater than the
length maximum for intron-definition (>1.2 kb versus
250 nt) (Fox-Walsh et al. 2005). Secondly, if hnRNP L regulated exons through intron-definition, loss of hnRNP L would
be predicted to lead to intron retention rather than exon skipping. Indeed, one study has shown that short GC-rich introns
are overrepresented among retained introns (Braunschweig
et al. 2014). However, we observe little intron retention relative to exon skipping upon depletion of hnRNP L (Fig. 1).
Therefore, we predict that the features of exons flanked by
short, GC-rich introns that are most relevant to enhancement
by hnRNP L are separate from their propensity toward introndefinition.
The initial study to highlight a class of exons flanked by
short GC-rich introns demonstrated that the primary determinant of exon inclusion is the differential in GC content between an exon and its flanking introns (“GC-differential”)
(Amit et al. 2012). Specifically, a greater GC-differential
was shown to result in greater exon inclusion (Amit et al.
2012). This study and others have further shown that reduced
GC-differential between an exon and flanking introns results
in less optimal positioning of nucleosomes over exon-encod10
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ing DNA (Amit et al. 2012; Brown et al. 2012; Gelfman et al.
2013). Importantly, nucleosome positioning at exons is well
established to correlate with increased exon inclusion during
splicing, through mechanisms including local slowing of
transcription elongation and/or increased local recruitment
of splicing factors or other regulatory proteins via interaction
with histones (Brown et al. 2012; Braunschweig et al. 2013).
Thus, while other mechanisms may be at play, reduced nucleosome occupancy may account for the weaker inclusion observed for exons with reduced GC-differential.
We propose that hnRNP L enhances inclusion of exons
with reduced GC-differential by promoting the recognition
of these poorly marked exons. Given that hnRNP L does
not associate with the RNA in the vicinity of the enhanced
exons, we suggest that hnRNP L may impact these sensitized
exons through direct or indirect interaction with the transcription machinery. For example, in other cases of alternative splicing, changes to the DNA polymerase complex or
alterations in histone or DNA modifications have been
shown to facilitate the recognition of poorly defined exons
(Zhang et al. 2006; Luco et al. 2010; Pradeepa et al. 2012;
Gelfman and Ast 2013). Alternatively, or in addition,
hnRNP L may promote nucleosome occupancy on otherwise
poorly nucleosome-associated exons. Interestingly, previous
studies have implicated hnRNP L as a component of the mediator complex (Huang et al. 2012). Furthermore, we show
here that the most enriched class of genes containing
hnRNP L-repressed exons are those with functions in chromatin regulation, DNA modification and transcription, raising the possibility that hnRNP L-repressed splicing events
may alter the epigenetic landscape to manifest broader splicing regulation. In sum, there are many potential mechanisms
by which hnRNP L may link transcription, epigenetics, and
alternative splicing. The results we present here lay the foundation and motivation for future studies to unravel these important connections.
MATERIALS AND METHODS
Cell culture, cell stimulation, and hnRNP L depletion
The clonal Jurkat T-cell line, JSL1, has been described previously
(Lynch and Weiss 2000). JSL1 Jurkat cells were cultured in RPMI
medium with 5% heat-inactivated fetal bovine serum (FBS).
Stimulation of JSL1 Jurkat cells was achieved by supplementing culture medium with the phorbol ester PMA (Sigma-Aldrich) at a final
concentration of 20 ng/mL. Depletion of hnRNP L by antisense
morpholino oligonucleotide (AMO) was achieved by electrotransfection of 20 million cells with 10 µL of 1 nmol/µL translationblocking AMO. Electroporated cells were allowed to recover in
RPMI medium supplemented with fetal bovine serum for 24 h before stimulation. For shRNA depletion of hnRNP L, JSL1 Jurkat cells
were transduced with a lentivirus that expresses an shRNA against
nucleotides 1499–1509 of the hnRNP L ORF, then grown under
neomycin selection for 3 wk to establish clonal lines in which the
shRNA expression cassette is stably integrated. For depletion of
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hnRNP L, expression of the shRNA was induced with doxycycline
(1 mg/mL) for 48 h prior to cell harvest.

RNA-seq library preparation
Illumina TRU-seq v2 paired-end high-throughput polyA mRNA sequencing libraries were prepared according to the manufacturer’s
protocol. Briefly, 1 μg of total RNA was diluted to 50 µL with water,
mixed with 50 µL of RNA purification beads [poly(dT) beads provided with kit], and incubated for 5 min at 65°. Beads magnetically
separated and washed, then mRNA was eluted from the beads with
50 µL of elute-preime-fragment buffer in a 2-min 80° incubation
followed by bead extraction with provided bead-binding buffer. Purified mRNAs were then fragmented to a median size of
160 nt as per the manufacturer’s protocol and then subjected to
first-strand and second-strand synthesis. Products were then purified with Ampure beads, repaired, and eluted. Adapters were individually added to each sample according to a unique barcoding
strategy in which each sample received its own barcode. Barcoded
products were then amplified by 13 cycles of amplification with
the manufacturer’s provided PCR cycling program, then repurified
by a single round of Ampure bead purification. The resulting libraries were submitted to the Next-Generation Sequencing core at the
University of Pennsylvania for normalization, pooling, and highthroughput sequencing on the Illumina HiSeq 2000 apparatus.

Splicing analysis from RNA-seq data
Alternative splicing was inferred from the RNA-seq data using the
Multivariate Analysis of Transcript Splicing (rMATS) software for
replicates, which takes raw sequence reads in FASTQ format as
the input (Shen et al. 2012; Park et al. 2013). Parameter values for
rMATS were set by optimizing the accuracy of the MATS estimation
of splicing difference of known standards (genes previously analyzed
by RT-PCR). The final rMATS analysis of hnRNP L-responsive alternative splicing was done using replicate support, –c 0.001, -analysis P, and the ReadsOnTargetAndJunctionCounts scoring method,
comparing duplicate hnRNP L-depleted to mock-depleted sample
groups in unstimulated and stimulated conditions separately. The
output from rMATS was then filtered for the same criteria as were
applied to RASL-seq output: P-value <0.05 and absolute value of
ΔPSI ≥ 10%. Intron retention was analyzed as described in
Braunschweig et al. (2014). Briefly, RNA-seq reads were aligned
against an index generated from a set of 202,972 human introns
and separately against a set of introns that are commonly included
(20% ≤ retention ≤ 80%) in at least 20 cell types (n = 815).
Differential intron retention was analyzed by the limma package
as described above for gene-expression analysis

RASL-seq
RASL-seq was performed as previously described using a set of
probes that interrogate ∼5600 specific splicing events (Li et al.
2012). In brief, total RNA was harvested from biologic triplicate
samples of wild-type and hnRNP L-depleted JSL1 Jurkat cells grown
under unstimulated or PMA-stimulated conditions. These RNA
samples were individually hybridized to the probe set and selected
by oligo(dT). Juxtaposed probes annealed to selected RNAs were
then ligated and amplified and barcoded by PCR for subsequent

multiplexed sequencing on a HiSeq2000. On average, 2 million
reads were obtained for each RNA sample. Splicing events were filtered for a minimum of 10 reads average across all biologic replicates
and conditions and then isoform ratios were calculated by comparing number of reads representing the longest isoform to the number
of total reads for that splicing event (PSI = percent spliced in of variable exon). The change in PSI (ΔPSI) was then calculated as the difference between the average PSI across the three biologic replicates
of RNA from wild-type versus hnRNP L-depleted cells grown under
the same condition. HnRNP L-dependent splicing events were identified as splicing events for which the absolute value of ΔPSI comparing wild-type or hnRNP L-depleted cells was ≥10, with P <
0.05 (unpaired Student’s t-test).

Differential gene-expression analysis
To analyze gene-expression changes from RNA-seq alignments,
aligned reads were analyzed by the limma package (Ritchie et al.
2015). Transcripts were discarded if they did not have at least
1 read per million in at least half of the replicates under comparison.

RNA map generation
To examine CLIP-seq binding patterns within responsive and unresponsive cassettes, coordinates for 350-nt intervals containing 50 nt
of exonic sequence and 300 nt of exon-proximal intronic sequence
were generated for the C1 exon 5′ ss (the exon upstream of the alternative exon), both splice sites of the alternative exon, and the 3′ ss of
the C2 exon. Next, for each nucleotide in each of these intervals, the
fraction of cassettes containing a CLIP-seq peak at that position was
computed. This analysis normalizes variable peak size by allowing a
given position to only be either considered occupied (value of 1) or
unoccupied (value of 0).

Binomial motif enrichment analysis of exonic
and periexonic intervals
To investigate potentially enriched sequence features within and
around exons of interest, we compared the fraction of intervals of
interest containing each kmer to the fraction of analogous intervals
containing that kmer of the same type from all internal RefSeq exons. Sequences were extracted from intervals −300 to −20 nt upstream of the exons’ 3′ splice sites, from the entire exon excluding
the three outermost nucleotides, and from +6 to +300 nt downstream from the 5′ splice sites. Binomial test P-values were computed using hexamer frequencies obtained from analogous intervals
from all RefSeq internal exons. To control for multiple hypothesis
testing a Bonferroni α level was computed as 0.05/4∗∗ k, or 1.22 ×
10−5 for k = 6. All kmers with P-values below this corrected α level
were then aligned together with ClustalW2 and the multiple sequence alignments were used to generate sequence logos with
WebLogo version 2.8.2.

RNA extraction, RT-PCR splicing assay, and qRT-PCR
gene-expression assay
RNA was isolated with the RNA-bee (Tel-Test) reagent and protocol. Low-cycle radiolabeled RT-PCR assay was carried out as
www.rnajournal.org
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described previously (Lynch and Weiss 2000) as an orthogonal
method to quantify splicing changes. Gene-expression changes
inferred by limma were independently tested by qRT-PCR.
Total RNA isolated as described above was reverse transcribed
with a cDNA reverse transcription kit (Applied Biosystems) using
random 9-mer primers. cDNA was then mixed in optical plates
(Applied Biosystems) with SYBR green PCR master mix (Applied
Biosystems) and primers that span exon–exon junctions to minimize
the possibility of genomic DNA amplification. After amplification
on a SDS7000 qRT-PCR thermal cycler (ABI), standard curves
were inspected for linearity and PCR products were analyzed by
1.5% agarose gel electrophoresis to confirm expected amplicon
size. Quantification was by ABI Prism software and normalized
to ACTB quantification achieved by qRT-PCR from the same
RT-PCR reactions. Gene-expression changes were computed as the
average of the log2 (knockdown/mock-depleted) for hnRNP L depletion and as log2 (stimulated/unstimulated) for stimulation-responsive differential gene-expression analyses. Primer sequences for all
RT-PCR and RT-qPCR primers are listed in Supplemental Table S8.

Chromatin immunoprecipitation
Briefly, 5 × 106 cells were fixed with 1% formaldehyde at room temperature for 10 min. Cross-linked cells were sonicated at 40% amplitude (30 sec on, 90 sec off, for a total of 24 min) using a Branson
101-135-126 Sonifier. ChIP was performed using 2 µL of a polyclonal anti-Histone H3 antibody (Abcam, ab1791) and 5 µL protein A
agarose (Roche, 11719408001). ChIPed samples were then reverse
cross-linked at 65°C for 16 h. ChIPed DNA was purified using
SpinSmart columns (Denville Scientific, CM-500-50) and eluted
twice with 50 µL water. qPCR analysis of DNA from H3 ChIP was
done with primers in Supplemental Table S7 and normalized to signal obtained from ChIP with protein A beads alone.

DATA DEPOSITION
The raw sequence reads supporting the results of this article are
available in the NCBI SRA repository under accession number
SRP059357 (alias PRJNA285906) at http://www.ncbi.nlm.nih.gov/
Traces/sra/sra.cgi?study=SRP059357.

SUPPLEMENTAL MATERIAL
Supplemental material is available for this article.
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