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ABSTRACT T cells are nodal players in the adaptive immune response against patho-
gens and malignant cells. Alternative splicing plays a crucial role in T cell activation,
which is analyzed mainly at later time points upon stimulation. Here we have discov-
ered a 2-h time window early after stimulation where optimal splicing efficiency or,
more generally, gene expression efficiency is crucial for successful T cell activation.
Reducing the splicing efficiency at 4 to 6 h poststimulation significantly impaired
murine T cell activation, which was dependent on the expression dynamics of the
Egr1–Nab2–interleukin-2 (IL-2) pathway. This time window overlaps the time of peak
IL-2 de novo transcription, which, we suggest, represents a permissive time window
in which decreased splicing (or transcription) efficiency reduces mature IL-2 produc-
tion, thereby hampering murine T cell activation. Notably, the distinct expression ki-
netics of the Egr1–Nab2–IL-2 pathway between mouse and human render human T
cells refractory to this vulnerability. We propose that the rational temporal modula-
tion of splicing or transcription during peak de novo expression of key effectors can
be used to fine-tune stimulation-dependent biological outcomes. Our data also
show that critical consideration is required when extrapolating mouse data to the
human system in basic and translational research.
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T cells are crucial players in eliciting and orchestrating immune responses under a
wide variety of pathophysiological conditions, ranging from pathogenic encounters

to cancer immunity. The small, G0-arrested naive T cells undergo a multistep process
upon activation to orchestrate an optimal response (1–3). The early phase of T cell
activation is characterized by rapid gene expression changes and induction of multiple
signaling pathways, resulting in cytokine production, initiation of cell growth and
proliferation, cell lineage commitment, and differentiation (4). Defects in early T cell
activation are often associated with immune disorders (5–8). Given the importance of
the early T cell response, this process is tightly regulated in multiple layers, ranging
from regulation to transcriptional and metabolic reprogramming, which, however,
remain incompletely understood. Temporal gene expression analysis upon T cell
activation showed the rapid de novo transcription of �2,000 genes during the first 4 h
of T cell activation, which is mostly coupled to changes in translation (�90%) (9).
Temporal proteomics analysis showed a rapid reprogramming of protein phosphory-
lation in the early phase (in the first 2 h) followed by reprogramming of the global
proteome and phosphoproteome (8 to 16 h) (10). While these rapid changes in the
transcriptome and the proteome in the early activation phase of T cells are docu-
mented, a role for posttranscriptional mechanisms in mediating these changes remains
largely elusive.
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Splicing is a posttranscriptional process where introns are removed from pre-mRNAs
to produce protein-coding mature mRNA. Additionally, by alternative splicing, a single
pre-mRNA can produce multiple functional protein isoforms, thereby increasing the
functionality and diversity of the proteome (11). A growing body of work shows a
crucial role of splicing for optimal T cell function (12). Several studies have used a
candidate approach to explore the role of specific splice isoforms in T cell activation
(13–18). In addition, several groups have also explored global splicing changes upon T
cell activation, but these studies focused on later phases of T cell activation (mostly
at 24 h or 48 h postactivation) (19–22). Therefore, the role of splicing in early T cell
activation, within hours after stimulation, is still enigmatic.

Here, we used a systematic approach to investigate the importance of splicing in the
early phase of T cell activation. Using splicing inhibitors, we reversibly reduced the
splicing efficiency consecutively for 2-h time windows in the first 10 h of activation in
murine T cells. Our data show that T cells are vulnerable to splicing modulation at 4 to
6 h poststimulation, as hampering splicing during this time window significantly affects
T cell activation at later time points. This time window overlaps with peak interleukin-2
(IL-2) production in activated mouse T cells, which we suggest becomes limiting if
splicing or other steps in gene expression are temporally inhibited. Surprisingly, a
human T cell line and primary human T cells were not susceptible to early splicing
inhibition. We suggest that this is due to the differential expression kinetics of the
Egr1–Nab2–IL-2 pathway between mouse and human, with a slower and prolonged
IL-2 induction in humans. Therefore, IL-2 is not limiting for human T cells in the early
activation phase and human T cells can tolerate a reduced splicing efficiency in this
time window.

RESULTS
Reduced splicing efficiency in an early phase of T cell activation reduces

proliferation specifically in mouse T cells. To explore the role of splicing in early T cell
activation, we performed a temporal reversible splicing modulation in the EL4 mouse
T cell line. We stimulated EL4 cells with phorbol myristate acetate (PMA) and reduced
splicing reversibly in consecutive 2-h time windows using small-molecule splicing
inhibitors until 10 h postactivation (0 to 2 h, 2 to 4 h, 4 to 6 h, 6 to 8 h, 8 to 10 h). More
precisely, cells were treated with the splicing inhibitor for each 2-h time window, spun
down, and resuspended, and the cells were plated in fresh medium. The cells were then
allowed to grow, and at 48 h poststimulation, live cells (propidium iodide [PI] negative)
were counted via flow cytometry. The data were normalized to those for the dimethyl
sulfoxide (DMSO)-treated control at 0 to 2 h to give the relative live cell population.
Impaired T cell activation results in defects in cell proliferation (23) and/or increased
apoptosis (24), and therefore, measuring the live cell population is a simple and
straightforward readout for T cell activation. We found that reducing the splicing
efficiency specifically in the h 4 to 6 time window poststimulation caused an �50%
reduction in the live cell population assessed at 48 h poststimulation, whereas this was
not the case for the other time windows (Fig. 1A). As different splicing inhibitors have
an intrinsic bias toward distinct kinds of splicing modulation and may have off-target
effects, we used two different classes of splicing inhibitors (isoginkgetin and pladieno-
lide B [Pld B]), and we observed the same time-dependent sensitivity for both inhibitors,
further validating the results (Fig. 1A). A similar result was obtained when PMA and
ionomycin were used for stimulation (Fig. 1B); for simplicity, we performed further
experiments with PMA stimulation alone, unless mentioned otherwise. Next, we
used mouse primary T cells and anti-CD3/anti-CD28 stimulation to investigate the
dependence of T cell activation on splicing in a more physiologically relevant
system. It clearly confirmed our cell line results (Fig. 1C), where we again observed
fewer viable cells at 48 h poststimulation if the splicing efficiency was reduced at 4
to 6 h after stimulation.

As splicing happens either co- or posttranscriptionally, we were intrigued to inves-
tigate whether there exists a similar time window that is particularly sensitive to
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inhibition of transcription. To address this, we used the same experimental setup with
the transcription inhibitor actinomycin D (Act D) in EL4 cells and found a broader 4-h
time window at between 2 and 6 h poststimulation that was especially sensitive to
inhibiting transcription (Fig. 1D). This partially overlaps the time window susceptible to
splicing inhibition, suggesting that interfering with gene expression in general within
this defined time frame causes a defect in T cell activation.

To check whether the splicing sensitivity is general to immune activation, we
performed temporal splicing modulation assays in RAW264.7 cells (a mouse macro-
phage cell line) stimulated with lipid A but did not observe a similar vulnerability (data
not shown), indicating that it is, at least to some extent, T cell specific. We further
wanted to extrapolate our finding to the human context and used temporal splicing
modulation in the human Jurkat T cell line and primary human T cells. To our surprise,
we did not find a similar temporal sensitivity to splicing modulation (Fig. 1E and F). This

FIG 1 Reduced splicing efficiency in a defined time window early after stimulation hampers optimal T cell activation specifically in
the murine system. (A) Temporal splicing modulation analysis in PMA-stimulated mouse EL4 T cells; (B) temporal splicing modulation
analysis in PMA- and ionomycin-stimulated EL4 cells; (C) temporal splicing modulation analysis in mouse primary T cells; (D)
temporal transcription inhibitor analysis of PMA-stimulated EL4 cells; (E) temporal splicing modulation analysis in PMA-stimulated
human Jurkat T cells; (F) temporal splicing modulation analysis in human primary T cells. ***, P � 0.0001 (Student’s unpaired t test,
done using GraphPad software).
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finding intrigued us, and so we explored the underlying molecular mechanism and the
cause for species specificity.

To address the molecular mechanism behind this reduced cell number, we checked
cell proliferation, cell cycle, and apoptosis. To assay cell proliferation, we labeled cells
with carboxyfluorescein diacetate succinimidyl ester (CFSE), which irreversibly binds to
cytoplasmic proteins and which gets evenly distributed during cell division. We indeed
found a significant decrease in cell proliferation after 48 and 72 h of activation (a higher
CFSE intensity), if splicing was inhibited in the h 4 to 6 time window poststimulation
(Fig. 2A and B). Further, the reduced cell proliferation may be due to a slightly increased
percentage of cells in the G0/G1 cell cycle phase, which we observed concomitantly
with a reduction in G2/M phase (Fig. 2C). Additionally, inhibiting splicing in the h 4 to
6 time window also increased apoptosis, as shown by annexin-PI staining, where we
found an �20% increase in early apoptotic cell populations compared to the h 0 to 2
and 8 to 10 time windows (Fig. 2D). Together, these data suggest that reducing splicing
efficiency in the h 4 to 6 time window interferes with T cell activation via defective cell
proliferation and slightly increased apoptosis.

Differential expression dynamics of Egr1-Nab2 in activated murine and human
T cells. To understand the underlying molecular pathway(s), we performed global
profiling of gene expression in EL4 cells upon PMA stimulation in a temporal manner.
To measure transcriptional dynamics, we isolated chromatin-associated RNA from EL4
cells treated with PMA for 0, 2.5, 5, and 9 h and performed RNA sequencing. Expression
analysis identified a small cluster of genes with increased de novo transcription in a
small time window, 2.5 h postactivation, which was quickly switched off at later time
points (Fig. 3A). Upon filtering on the read count, the strongest representatives of this
group turned out to be early growth response protein 1 (Egr1) and NGFI-A-binding
protein 2 (Nab2). This is of special interest, as both have well-described functions in T
cell activation and are part of the same signaling cascade (25, 26). Egr1, being an
immediate early transcription factor, activates the expression of the Nab2 gene (among
others) (27, 28) which in turn acts as a transcriptional coactivator (29). Additionally,
Nab2 inhibits Egr1 in a negative-feedback loop, thereby controlling and limiting Egr1-Nab2
signaling (30). As our sequencing data indicated that their de novo expression peak falls

FIG 2 Effect of temporal splicing inhibition on T cell proliferation, the cell cycle, and apoptosis. (A) Cell proliferation of CFSE-labeled mouse T cells at 48 h and
72 h poststimulation (the diagram is representative of those from 4 experiments); (B) quantitative analysis of cell proliferation at 48 h and 72 h poststimulation,
as shown in panel A (mean � SD; n � 4); (C) cell cycle analysis of mouse primary T cells (mean � SD; n � 4); (D) apoptosis analysis of mouse primary T cells
(mean � SD; n � 6). GRN-HLog indicates green fluorescence intensity in log scale, and RED-HLog indicates red fluorescence intensity in log scale. ***, P � 0.0001;
**, P � 0.001 (Student’s unpaired t test, done using GraphPad software).
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within the transcription-sensitive window, we wondered whether they are the up-
stream modulators of an effector responsible for susceptibility to splicing inhibition.
Therefore, we checked the temporal expression kinetics of Egr1 and Nab2 in both
stimulated EL4 and Jurkat cells, where the former responds to splicing inhibition but
the latter is refractory to it. We indeed found differential expression dynamics of Egr1
and Nab2 between EL4 and Jurkat cells. Egr1 and Nab2 RNA levels peaked at 30 min
and 2.5 h poststimulation, respectively, in EL4 and Jurkat cells, but in EL4 cells their
expression was more transient than it was in Jurkat cells (Fig. 3B). These Egr1 and Nab2
temporal transcription dynamics in EL4 cells also correlated with previously reported
findings obtained by expression analysis and ribosome profiling analysis done in mouse
primary T cells (9). The differences in dynamic expression became even more evident
when comparing the temporal protein levels of Egr1 and Nab2. Egr1 was detectable in
EL4 cells only at 2.5 h poststimulation, while in Jurkat cells it was present until 9 h
poststimulation. Nab2 similarly showed a prolonged expression in Jurkat cells com-
pared to EL4 cells (Fig. 3C). These differential expression dynamics of Egr1 and Nab2
between murine and human T cells led us to explore their potential role in mediating the
vulnerability to splicing inhibition at 4 to 6 h poststimulation.

The Egr1-Nab2 pathway makes murine T cells susceptible to splicing inhibi-
tion. We used small interfering RNAs (siRNAs) against Egr1 and Nab2 to investigate the

FIG 3 Role of Egr1 and Nab2 in mediating the sensitivity to splicing inhibition. (A) Temporal gene expression analysis in EL4 cells using
RNA-Seq of chromatin-associated RNA; (B and C) temporal RNA level (mean � SD; n � 3) (B) and protein level (C) of Egr1 and Nab2 in EL4
and Jurkat cells; (D) siRNA knockdown efficiency for Egr1 and Nab2 in EL4 cells (mean � SD; n � 3); (E) cell viability analysis in Egr1 and
Nab2 knockdown EL4 cells at 48 h poststimulation (relative to nonstimulated [NS] cells) (mean � SD; n � 3); (F) temporal splicing
modulation analysis (with Pld B) in siRNA-transfected EL4 cells. **, P � 0.001 (Student’s unpaired t test, done using GraphPad software).
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potential role of Egr1 and Nab2 in mediating the effect of splicing inhibition in murine
T cells. The siRNAs reduced the expression of Egr1 and Nab2 to �50% (Fig. 3D), and as
Egr1 and Nab2 are important for T cell activation, their knockdown also reduced the live
cell population poststimulation compared to that for control siRNA-treated cells (Fig. 3E).
Next, we transfected EL4 cells with control siRNA or Egr1 or Nab2 siRNA and at 24 h
posttransfection stimulated the cells, followed by temporal splicing modulation. As
before, the data were normalized to those for the DMSO control at 0 to 2 h to give
relative live cell populations. While the control siRNA-transfected cells retained their
sensitivity to splicing inhibition at between 4 and 6 h, this was lost in the Egr1 and Nab2
siRNA-transfected cells (Fig. 3F), indicating that the Egr1-Nab2 pathway plays a role in
mediating this effect. Since Egr1 and Nab2 are expressed and spliced before the h 4 to
6 time window susceptible to splicing modulation, we hypothesized that expression
and splicing of a downstream effector of the Egr1-Nab2 pathway make the cell sensitive
to splicing modulation. Based on this model, early inhibition of Egr1/Nab2 transcription
and inhibition of transcription and/or splicing of a downstream effector molecule lead
to inhibition of T cell activation at later time points.

Distinct IL-2 expression kinetics between mouse and human T cells. To explore
for a potential downstream modulator(s), we used a literature survey and the STRING
database to find potential Nab2 interactors. We choose five candidates (TRAIL, inter-
leukin 2 [IL-2], ZFP384, ZFP362, and Erdr1) and checked their temporal expression upon
stimulation of EL4 cells in the presence or absence of Nab2 (data not shown). IL-2 drew
our attention, as its expression was Nab2 dependent and it peaked at between 5 h and
9 h poststimulation (Fig. 4A). We went further on with IL-2 and compared its temporal
expression kinetics between EL4 and Jurkat cells. Indeed, we found a striking difference
in the temporal total IL-2 level between murine and human T cell lines. In mouse EL4
cells, IL-2 mRNA peaked at 5 h, plateaued until 9 h, and strongly decreased at 12 h
poststimulation, while in human Jurkat cells, the IL-2 level increased until at least 24 h
poststimulation (Fig. 4B). This difference in temporal IL-2 mRNA levels suggested that

FIG 4 IL-2 mediates the sensitivity to splicing inhibition sensitivity. (A) Relative IL-2 expression in the presence and absence of Nab2 (mean �
SD; n � 3); (B) temporal IL-2 total mRNA level in EL4 and Jurkat cells (mean � SD; n � 3); (C) IL-2 de novo transcription dynamics in EL4
and Jurkat cells (mean � SD; n � 3); (D) siRNA knockdown efficiency for IL-2 in EL4 cells (mean � SD; n � 3); (E) cell viability analysis in
IL-2 knockdown EL4 cells at 48 h poststimulation (relative to that in nonstimulated cells) (mean � SD; n � 3); (F) temporal splicing
modulation analysis (with Pld B) in siRNA-transfected EL4 cells; (G) temporal splicing modulation analysis in mouse primary T cells in the
presence of growth medium supplemented or not supplemented with IL-2. We used the data from the assay whose results are presented
in Fig. 1C for direct comparison of conditions with or without IL-2 supplementation. Experiments were performed in parallel. *, P � 0.01;
***, P � 0.0001 (Student’s unpaired t test, done using GraphPad software).
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it is a candidate to mediate the species-specific differences in the sensitivity to splicing
inhibition.

As the total RNA level of a transcript is affected by both the transcription rate
and mRNA stability, we had a closer look at the de novo transcription dynamics. To
this end, we analyzed the de novo expression kinetics of IL-2 in EL4 and Jurkat cells
using reverse transcription-quantitative PCR (RT-qPCR) with chromatin-associated
RNA as the template. This gave an even clearer result; while de novo IL-2 expression
peaked at 5 h poststimulation and then gradually decreased in EL4 cells, in Jurkat
cells the expression peaked at 9 h and then stayed constant for at least 24 h
poststimulation (Fig. 4C). Thus, the time window where mouse T cells are suscep-
tible to splicing inhibition overlaps a narrow peak of IL-2 de novo expression in
mouse T cells, and therefore, splicing inhibition in that window most likely affects
IL-2 expression and function.

To confirm this, for IL-2 to be the effector molecule, we used siRNA-based IL-2
knockdown, which was effective in reducing the IL-2 mRNA level down to �40% (Fig.
4D). Next, we did siRNA-based knockdown of IL-2 followed by temporal splicing
modulation using Pld B. Reducing IL-2 levels reduced overall live cell populations
poststimulation (Fig. 4E) and made stimulated EL4 cells refractory to the splicing
inhibition (Fig. 4F). We further did a compensation experiment in primary mouse T cells,
where the growth medium was supplemented with IL-2 in the temporal splicing
modulation experiment. We did not observe an effect of splicing inhibition under the
IL-2-supplemented condition, showing that exogenous IL-2 in the growth medium
compensated for the reduced splicing efficiency in mouse primary T cells (Fig. 4G).
Therefore, defective splicing of IL-2 appears to be the major reason for the susceptibility
of murine T cells to splicing inhibition at 4 to 6 h poststimulation. IL-2 is antiapoptotic
and plays an essential role in activation-induced T cell proliferation. Dysregulated IL-2
production has been reported to induce G1 cell cycle arrest and increased apoptosis
(31). We found similar effects when reducing splicing efficiency in the h 4 to 6 window
(Fig. 2), which further points to IL-2 as the key mediator of the temporal sensitivity to
splicing modulation.

Splicing modulation reduces IL-2 expression and thereby affects T cell activa-
tion. To investigate how splicing modulation affects mature IL-2 formation, we
stimulated EL4 cells with PMA for 6 h in the presence and absence of Pld B in the
last 2 h (i.e., 4 to 6 h postactivation). IL-2 contains 4 exons and 3 introns; while we
did not find any novel splice isoforms in the presence of Pld B (data not shown), we
observed an approximately 60% decrease in mature IL-2 mRNA levels when reduc-
ing splicing between 4 and 6 h poststimulation (Fig. 5A). Using an intron-exon-

FIG 5 Splicing inhibition increases intron retention and reduces mature mRNA formation. (A) Relative mature IL-2 level in EL4 cells after
6 h of PMA stimulation in the presence or absence of Pld B in the last 2 h (i.e., 4 to 6 h) after PMA stimulation (mean � SD; n � 6); (B)
relative level of IL-2 intron-retained transcripts under the same experimental conditions described for panel A (mean � SD; n � 3); (C)
relative mature Tnfsf11, IL-4a, and CPEB4 levels in EL4 cells after 6 h of PMA stimulation in the presence or absence of Pld B in the last
2 h (i.e., 4 to 6 h) after PMA stimulation (mean � SD; n � 3). ***, P � 0.0001; **, P � 0.001; *, P � 0.01 (Student’s unpaired t test, done using
GraphPad software).
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spanning RT-qPCR, we found that splicing inhibition by Pld B increased the relative
level of all three introns, indicating that the effect is general and does not affect a
specific intron (Fig. 5B). We further observed that inhibiting splicing reduced the
formation of mature mRNA of multiple transcripts (Fig. 5C), showing that this effect
is not specific to IL-2. However, as IL-2 is a critical activator, for example, for clonal
expansion, we postulate that interfering with mature IL-2 production during its
peak de novo expression is the main cause for the defect in T cell activation that we
observed upon early splicing inhibition.

Along this line, we performed a temporal profiling of secreted IL-2 in EL4 cells using
an enzyme-linked immunosorbent assay (ELISA) and found that secreted IL-2 levels
plateaued at about 16 h poststimulation (Fig. 6A). Next, we stimulated EL4 cells with
PMA, inhibited splicing in the h 0 to 2, 4 to 6, and 8 to 20 time windows, and checked
for secreted IL-2 levels after 20 h using ELISA. We found an approximately 3-fold
decrease in secreted IL-2 levels when blocking splicing in the h 4 to 6 time window.
Blocking splicing in the h 0 to 2 or in the h 8 to 20 time window also reduced secreted
IL-2 levels, but the effect was less strong (Fig. 6B), which is consistent with a slightly
reduced cell number when reducing splicing efficiency in these time frames (e.g., see
Fig. 1A). In parallel, we also performed temporal profiling of secreted IL-2 in Jurkat cells
and found a different temporal kinetics, where human secreted IL-2 levels plateaued at
about 32 h poststimulation (Fig. 6C). Furthermore, there was no effect on secreted IL-2
levels from Jurkat cells (32 h after stimulation) while doing the splicing inhibition at the
above-mentioned time points (Fig. 6D). This again indicates that human IL-2 is refractory to
early splice inhibition.

IL-2 secreted from activated T cells binds to its cell surface receptor, IL-2R, on other
activated T cells, thereby boosting T cell activation. IL-2R is composed of �, �, and �

chains. IL-2R� (also known as CD25) is the key player in mediating a high-affinity IL-2
and IL-2R interaction and thereby eliciting optimal T cell activation. The expression of
CD25 strongly increases upon T cell activation in an IL-2-dependent manner (32), and

FIG 6 Differential IL-2 production kinetics between murine and human T cells render murine cells
vulnerable to splicing modulation early after activation. (A) Quantification of secreted IL-2 in EL4 cells
(n � 2); (B) quantification of IL-2 levels at 20 h poststimulation with splicing inhibition by Pld B in the h
0 to 2, 4 to 6, and 8 to 20 time windows (mean � SD; n � 4) in EL4 cells; (C) quantification of secreted
IL-2 in Jurkat cells (n � 3); (D) quantification of IL-2 levels at 32 h poststimulation with splicing inhibition
by Pld B in the h 0 to 2, 4 to 6, and 8 to 20 time windows (mean � SD; n � 4) in Jurkat cells. mIL-2, mouse
IL-2; hIL-2, human IL-2.
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hence, it is used as a standard T cell activation marker. Therefore, we checked the
expression of CD25 upon splicing modulation by Pld B in mouse primary T cells as a
readout for T cell activation. As before, we stimulated mouse primary T cells with
anti-CD3/anti-CD28, added Pld B in the h 0 to 2, 4 to 6, and 8 to 10 time windows, and
finally, used fluorescence-activated cell sorting to quantify the expression of CD25 at
48 h poststimulation. We found a sharp increase in CD25 intensity in stimulated T cells
compared to naive T cells, and splicing modulation during the h 4 to 6 time window
showed the strongest reduction in CD25 intensity, again indicating improper T cell
activation (Fig. 7A and B) and further validating that optimal splicing efficiency is
required, especially in the h 4 to 6 time window after stimulation of murine T cells. We
also performed the same experiment under IL-2-supplemented conditions and found
that the CD25 expression sensitivity to splicing inhibition was basically absent in the
presence of exogenous IL-2 in the medium (Fig. 7C and D).

Taking our data together, we suggest a model in which mouse T cells are dependent
on optimal IL-2 production during a narrow peak of de novo expression and that
inhibiting its proper pre-mRNA processing in this time frame, e.g., through reducing
splicing efficiency, has a significant impact on T cell activation.

DISCUSSION

This study provides new insight about the importance of optimal transcriptional
and splicing regulation in the early phase of murine T cell activation. We show that
inhibiting splicing in a specific 2-h time window from 4 to 6 h poststimulation signif-
icantly interferes with T cell activation. We also show that there is a broader time
window sensitive to the inhibition of transcription, namely, 2 to 6 h poststimulation.
Inhibiting transcription showed a stronger effect on cell viability than inhibiting splicing
did (Fig. 1A versus Fig. 1D), likely due to a more complete block of gene expression.
While exploring the molecular mechanism, we identified IL-2 to be the prime target of
this sensitivity to splicing modulation. IL-2 works in both an autocrine and a paracrine

FIG 7 Splicing modulation affects murine T cell activation in an IL-2-dependent manner. (A) Relative
expression of IL-2 receptor � (CD25) in naive mouse primary T cells, 48 h poststimulation T cells, and 48
h poststimulation T cells treated with Pld B in the first 0 to 2 h, 4 to 6 h, and 8 to 10 h; (B) quantitative
analysis of the experiment whose results are presented in panel A (n � 4); (C) Relative expression of IL-2
receptor � (CD25) in mouse primary T cells under IL-2-supplemented conditions as described in the
legend to panel A; (D) quantitative analysis of the experiment whose results are shown in panel C (n � 4).
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fashion and plays a multifaceted role in T cell biology (33–38). A potent T cell response
requires the orchestrated production of different cytokines, including gamma inter-
feron (IFN-�) and IL-2. Activation-induced IL-2 production entirely depends on de novo
transcription rather than the use of preformed mRNAs for early production, as is
observed, e.g., for IFN-� (39). The transient IL-2 expression in murine T cells (compared
to sustained expression in human T cells) therefore renders cells vulnerable to reduced
splicing (or transcription) efficiency, as they are unable to compensate for a reduction
of mature IL-2 formation (Fig. 5A) during its peak de novo transcription. This transient
IL-2 expression has also been shown previously in activated mouse primary cells,
indicating that these IL-2 kinetics are characteristic of murine T cells and not a cell
line-specific effect (39, 40). Evidence for sustained IL-2 expression in activated human
CD4� T cells has also been published, supporting our results (41). Our study highlights
how different temporal expression dynamics between human and mouse in the early
phase of T cell activation confers selective sensitivity to splicing modulation in murine
T cells. Although the intrinsic molecular differences between the mouse and human
immune systems have been explored for the last few decades, we present evidence for
the distinct temporal expression of not only a single gene but also an overall pathway
during early T cell activation between human and mice. It will now be interesting to
explore why different expression kinetics have evolved and how different IL-2 expres-
sion dynamics impact robust immune activation. Additionally, the Egr1/Nab2 pathway
is not T cell specific but plays a crucial role in different physiological and disease
conditions, including cancer (42). Egr1/Nab2 is an external stimulation-dependent
signaling pathway that impacts cell proliferation but that also plays a role in other
physiological processes, ranging from peripheral nerve myelination (43) to angiogen-
esis (44). Therefore, distinct Egr1/Nab2 temporal dynamics upon activation may have
additional, potentially more global effects in mediating molecular differences between
human and mouse.

Taken together, the findings of our study provide another example for a molecular
difference between mouse and human immune systems and highlight that careful
consideration is required when extrapolating data from mouse models to the human
system. Furthermore, temporarily reducing splicing efficiency during the peak expres-
sion of key mediators of this and other activation-responsive pathways also in other
cellular systems may prove to represent a general concept to alter cellular responses
upon activation.

MATERIALS AND METHODS
Activation of murine and human T cells. EL4 and Jurkat cells were cultured in RPMI medium

(BioWest) supplemented with 10% fetal bovine serum (FBS; Biochrom) and 1% penicillin-streptomycin
(BioWest) and were activated with PMA (20 ng/ml). Mouse primary T cells were isolated from lymph
nodes, and human T cells were isolated from the blood of healthy volunteers following university policies
(MACSprep HLA T cell isolation kit, human). They were cultured in RPMI medium (containing 2 mM
glutamine, 1 mM pyruvate, nonessential amino acids, and 50 �M 2-mercaptoethanol) supplemented with
10% FBS and 1% penicillin-streptomycin. Cells at a density of �2 � 105 cells/ml were activated with
coated anti-CD3 antibody (1 �g/ml) and anti-CD28 antibody (1 �g/ml).

Splicing modulation assay. Cells were activated as described above, and splicing was inhibited
using either isoginkgetin (30 �M) or Pld B (20 nM) for every 2 h consecutively until 10 h poststimu-
lation. Precisely, cells were treated with the inhibitor or the DMSO control for 2 h and then spun
down and resuspended in fresh medium. At 48 h poststimulation, cells were stained with propidium
iodide (PI) and were counted using a Guava easyCyte8 cytometer, and PI-negative populations were
used to calculate the relative live cell population. For siRNA transfection, siRNAs (20 pmol) (Table 1)
were transfected in EL4 cells using a Gene Pulser electroporation system (Bio-Rad), and at 24 h
posttransfection, cells were stimulated with PMA and splicing modulation analysis was done. For the

TABLE 1 siRNAs

Serial no. Protein name Sequence

1 Egr1 GACUAUCUGUUUCCACAACAACAGG
2 Nab2 AGAGAGCACCUAUCUUUCUUCCUUG
3 IL-2 AUGUUCUGGAUUUGACUCAAAGCAA
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IL-2 complementation assay, cells were resuspended in RPMI containing 40 units of IL-2 after the 2-h
splicing inhibitor treatment.

Cell proliferation and cell cycle and apoptosis analysis. Cell proliferation was measured using
CFSE staining, which was done as described previously (45). Mouse primary T cells were labeled with
CFSE, followed by stimulation and a splicing modulation assay. At 48 and 72 h poststimulation, CFSE
signals were measured using a Guava easyCyte8 cytometer, and the median CFSE intensity was used for
quantification. For cell cycle analysis, mouse primary T cells were stimulated, followed by the splicing
modulation assay. Cell cycle analysis was done as described previously (46) at 48 h poststimulation.
Apoptosis analysis was done using a fluorescein isothiocyanate annexin V apoptosis detection kit (BD
Biosciences) according to the manufacturer’s protocol.

RNA and RT-qPCR. Total RNA isolation, reverse transcription, and quantitative PCR (qPCR) were done
as described previously (47). For transcriptome sequencing (RNA-Seq) analysis and qPCR of nascent
transcripts, chromatin-associated RNA was isolated as described previously (48). The primers used are
listed in Table 2.

RNA-Seq analysis. Reads were aligned to the mm10 genome using the STAR (version 2.5.3a)
program (49) with the option to count the number of reads per gene enabled. Further analysis was
performed using custom Python scripts and the SciPy and Matplotlib modules. For each sample, the
number of reads per gene was normalized to the total read numbers multiplied by 1 million (the number
of reads per million [RPM]), and RPM values for replicates were averaged. For clustering, the expression
values per gene were further normalized so that the sum of each gene row equaled 1. Clustering by
expression over the time course was subsequently performed, and the most prominent cluster with an
expression peak at 2.5 h was selected. For genes in this cluster, expression values were produced as the
output.

Western blotting. Protein extracts were prepared in standard lysis buffer (60 mM Tris [pH 7.5],
30 mM NaCl, 1 mM EDTA, 1% Triton X-100). SDS-PAGE and Western blotting were done using standard
protocols. The antibodies used for Western blotting were as follows: anti-Egr-1 (sc-515830; Santa Cruz),
anti-Nab2 (sc-23867; Santa Cruz), and anti-GAPDH (anti-glyceraldehyde-3-phosphate dehydrogenase;
GT239; GeneTex).

ELISA. EL4 and Jurkat cells were stimulated with PMA, followed by the splicing modulation assay (as
described above). At 20 h or 32 h poststimulation (for EL4 and Jurkat cells, respectively), cells were spun
down, supernatants were collected, and ELISA was carried using a mouse or human IL-2 ELISA Max
Deluxe set (BioLegend) according to the manufacturer’s protocol.

Flow cytometry. For CD25 expression analysis, mouse primary T cells were spun down after
stimulation and splicing modulation, washed 2 times with cold phosphate-buffered saline (PBS), stained
with allophycocyanin (APC)-Cy7 anti-mouse CD25 antibody (BioLegend) in PBS, and analyzed using an
easyCyte8 cytometer, and median APC-Cy7 intensities were used for quantification.
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TABLE 2 Primers for qPCR

Serial no. Protein name

Sequence

SpeciesForward primer Reverse primer

1 Egr1 GGAGCAAAGCCAAGCAAAC ACGGAACAACACTCTGACAC Mouse
2 Nab2 GAGGAGGGGTTGCTGGACC GGCTGGAGGCAAAGTCCG Mouse
3 IL-2 CCTGAGCAGGATGGAGAATTACA TCCAGAACATGCCGCAGAG Mouse
4 TRAIL CCTCTCGGAAAGGGCATTC TCCTGCTCGATGACCAGCT Mouse
5 Erdr1 CAGTGATGTCACCCACGAAA GGCATTTCTGTACGCAGTCA Mouse
6 ZFP384 CCCTGACCTCTCCAAGAAGG GGTTTAGGAGGAGCCACAGT Mouse
7 ZFP362 CCCTGCTGTGAGTACATCTGA TGGCCCTGGATTGTCTTGAT Mouse
8 Tnfsf11 TGTACTTTCGAGCGCAGATG AGGCTTGTTTCATCCTCCTG Mouse
9 IL-4a ACACTACAGGCTGATGTTCTTCG TGGACCGGCCTATTCATTTCC Mouse
10 CPEB4 GGGCTGAACGGTGGAATAAC TGTCAGCCCTGTTCAAGCTA Mouse
11 Egr1 CTCTCCAGCCTGCTCGTC AGCAGCATCATCTCCTCCAG Human
12 Nab2 ACCAATCCAGGGCTCTTCAG GTGCCATGATCTCCAGAAACTCCTCCT Human
13 IL-2 GAATCCCAAACTCACCAGGATGCTC TAGCACTTCCTCCAGAGGTTTGAGT Human
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