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HuR controls apoptosis and activation response without effects on cytokine 3’ UTRs
Fedor V. Karginov
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ABSTRACT
RNA binding proteins regulate gene expression through several post-transcriptional mechanisms. The
broadly expressed HuR/ELAVL1 is important for proper function of multiple immune cell types, and has
been proposed to regulate cytokine and other mRNA 3′ UTRs upon activation. However, this mechanism
has not been previously dissected in stable cellular settings. In this study, HuR demonstrated strong anti-
apoptotic and activation roles in Jurkat T cells. Detailed transcriptomic analysis of HuR knockout cells
revealed a substantial negative impact on the activation program, coordinately preventing the expres-
sion of immune response gene categories, including all cytokines. Knockout cells showed a significant
defect in IL-2 production, which was rescued upon reintroduction of HuR. Interestingly, the mechanism
of HuR regulation did not involve control of the cytokine 3′ UTRs: HuR knockout did not affect the
activity of 3′ UTR reporters in 293 cells, and had no effect on IL-2 and TNF 3′ UTRs in resting or activated
Jurkats. Instead, impaired cytokine production corresponded with defective induction of the IL-2
promoter upon activation. Accordingly, upregulation of NFATC1 was also impaired, without 3′ UTR
effects. Together, these results indicate that HuR controls cytokine production through coordinated
upstream pathways, and that additional mechanisms must be considered in investigating its function.
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Introduction

HuR/ELAVL1 is an abundant and ubiquitously expressed
RNA binding protein (RBP) that is essential for many devel-
opmental and homeostatic processes. HuR knockout (KO)
mice die in embryogenesis, where HuR is necessary for pla-
cental, skeletal and splenic development [1]. Postnatal dele-
tion of HuR causes depletion of bone marrow, thymic, and
intestinal progenitor cells through apoptosis [2]. Similarly,
HuR is necessary for neuronal survival [3,4] and in sperma-
togenesis [5], and is upregulated in many cancers [6,7]. In the
immune system, HuR is required for thymocyte maturation
and exit to the periphery [8], for T cell proliferation and
migration [9–11], and for B cell antibody response [12,13];
HuR deletion and overexpression impacts inflammatory
responses in vivo [14,15].

The dynamic control of cytokine and other mRNAs upon
activation of immune cells has been closely examined both at the
transcriptional and post-transcriptional level. Their transcrip-
tion is robustly induced by the NFATC homologs and other
factors [16,17], best characterized at the interleukin (IL)-2 pro-
moter. In addition, IL-2, tumor necrosis factor (TNF), interferon
(IFN)-gamma, colony stimulating factor 2 (CSF2) and other
mRNAs are extremely labile in resting cells, and are strongly
post-transcriptionally stabilized after stimulation [18]. The
destabilization is caused by a group of RBPs (AUF1/HNRNPD,
TTP/ZFP36 and others) that bind to ‘class II’ AU-rich elements
(AREs) – tandem copies of AUUUA – found in many cytokine
mRNA 3′ UTRs [19,20].

Several lines of evidence have led to a model where HuR
stabilizes cytokine mRNAs through interactions with the 3′
UTR AREs [reviewed in 20–22]. HuR is induced in T cells
upon activation, translocates from the nucleus to the cyto-
plasm, and binds to the ARE regions of many cytokine
mRNAs. Overexpression of HuR has been shown to upregu-
late 3′ UTR reporters and to increase the half-life of ARE-
containing mRNAs. Thus, HuR has been proposed to posi-
tively affect mRNA stability by competing with the destabiliz-
ing RBPs mentioned above for binding at the ARE sites. An
alternative model for these observations is that HuR promotes
decay, but its overexpression titrates away necessary complex
components, resulting in protection [22]. However, these and
other molecular mechanisms of cytokine mRNA control, as
well as HuR’s overall cellular roles, have not been examined in
KO T cell line models.

In the context of mouse models, the effects of HuR on
cytokine production vary greatly, likely due to the complex
in vivo physiological feedback, developmental transitions, and
timing of the HuR deletion. Upon conditional knockout of
HuR in late-stage thymocytes, activated peripheral CD4+

T cells showed transcriptionally elevated IL-2 levels, but sub-
stantially reduced IL-4, IL-5, and IL-13 [10]. In another
model, conditional HuR KOs in activated T cells, after Th2
polarization, exhibited transcriptional upregulation of IL-4
and increased IL-2 and IL-13 mRNA stability [23]. Th17
polarization of the same knockouts resulted in decreased IL-
17 mRNA stability and protein levels [9]. HuR deletion in
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early thymocytes did not change IL-3 mRNA levels, and
increased those of TNF [8]. Finally, in an inducible mouse
overexpression model, upregulation of HuR in macrophages
increased TNF mRNA stability, but strongly downregulated
its translation [14]. Thus, while animal models are undoubt-
edly necessary to examine the relevant biological roles of
HuR, they provide fewer avenues in deciphering its direct
molecular functions.

Like many other RBPs, HuR has been implicated in post-
transcriptional control of gene expression through several
mechanisms, and their relative importance in regulating
each target is mostly unknown. Aside from roles in 3′ UTR
control, HuR is strongly associated with splicing: a major
portion of HuR binding sites determined by CLIP-seq are
intronic, found near splice sites, show sequence conservation,
and affect expression of the target gene [24,25]. Alternative
splicing of hundreds of mRNAs is suggested to facilitate
HuR’s role in ensuring a proper B cell response [12]. HuR
also downregulates inclusion of Fas mRNA exon 6, and con-
trols alternative splicing of Eif4enif1 [26,27]. Furthermore,
positive and negative effects of HuR on translation have
been identified [14,28–31], and HuR has been shown to
impact alternative polyadenylation [32,33].

In this study, the cellular role and molecular mechanism of
HuR function was addressed using stable KO cell line models.
HuR prevents apoptosis and establishes an activated expres-
sion program in Jurkat cells; interestingly, it does so without
regulating cytokine expression through the 3′ UTR, coordi-
nately controlling upstream transcriptional events instead.

Results

HuR KO Jurkat cells exhibit a strong apoptotic phenotype

The RNA-binding protein HuR is important for multiple
aspects of T cell development and activation, and several
specific functions, molecular modes of action, as well as
many targeted mRNAs have been identified. To examine its
cellular roles and molecular mechanism in a T cell setting in
detail, a CRISPR/Cas9-mediated HuR KO model was created
in Jurkat cells. Following transient sgRNA/Cas9 plasmid
transfection and clonal screening by dot immunoblot, two
clones (generated with independent sgRNAs targeting HuR
exons 5 and 3) were identified, and validated by western blot
to completely lack HuR protein (Figure 1(a)). The use of two
targeting sites ensures lack of common off-target mutations
between the clones that can complicate phenotypic analysis.
The resulting cell lines propagated slower than the parental
WT, and had a substantial fraction of blebbing, apoptotic cells
(Figure S1(a)). These cells resembled the apoptotic process
induced in WT Jurkats by staurosporine (Figure S1A). The
apoptotic phenotype was reproducibly confirmed by Annexin
V/7AAD staining and flow cytometry (Figure 1(b)), with the
knockout lines demonstrating 2.5–4.9 fold higher percentages
of cell death (Figure 1(c)). Thus, deletion of HuR in two
independent Jurkat clones resulted in substantially higher
apoptosis. Extended passage of the KO lines diminished the
apoptotic phenotype, indicating ongoing adaptation/selection
in the clonal cell lines (Figure S2). In addition to cell death,

a smaller fraction of large, multinucleated cells was observed
in the populations (Figure S1(a) and Figure S3). For the non-
apoptotic KO cells, phase-contrast microscopy and staining of
the actin cytoskeleton with phalloidin, along with a nuclear
7AAD stain, revealed an otherwise normal size and morphol-
ogy (Figure S1 and Figure S3).

HuR controls the expression of a large set of mRNAs

In T cells, HuR is known to bind to a large set of mRNAs
[34,35], and to control mRNA fates during the activation
program [36]. To elucidate the global and specific effects of
HuR on mRNA expression as a function of activation, RNA-
Seq measurements were carried out in WT and HUR KO1 cells
in resting and PMA/ionomycin-activated states, allowing for
multiple pairwise comparisons between the datasets. Consistent
with the expected substantial changes in gene expression upon
activation, the largest differences between the resulting four
groups of samples were attributable to the activation state by
principal component analysis (PC1, Figure S4(a)) and hierarch-
ical clustering (Figure S4(b)), while the three biological repli-
cates in each group showed high reproducibility. Interestingly,
the second principal component, accounting for 26% of the
variance, corresponded to presence of HuR, with particularly
significant differences in the activated state (Figure S4(a)). This
separation indicated that HuR controls the levels of a large set
of mRNAs in Jurkat cells. Accordingly, differential expression
(DE) analysis with stringent cutoffs (4-fold change and 5%

Figure 1. Generation and apoptosis phenotype of HuR KO Jurkat cells. (a)
Western blot of a HuR-positive clone isolated during KO generation, along
with two independent KO clones. (b) Representative measurement of WT and
HuR KO apoptosis rates by Annexin V and 7AAD staining, followed by flow
cytometry. (c) Relative apoptosis of early-passage HuR KO1 and KO2 clones,
n = 4. WT Jurkat cell cultures contained 7.4 ± 1.7% apoptotic cells. Error bars
represent standard error of the mean. *, p-value < 0.05, paired two-tailed
Student’s t test of apoptotic percentages between WT and KO.
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FDR) identified 553 DE genes in resting KO vs WT cells, and
1398 DE genes in activated KO vs WT cells (Figure 2(a)).
Notably, these gene sets contained considerably more mRNAs
that are upregulated, rather than decreased, in the KO.
Together, these observations demonstrate that HuR is a broad
post-transcriptional regulatory factor that substantially impacts
the gene expression program.

Hur controls a major portion of the activation response

Activation of T cells upon antigen encounter elicits a massive
transformation in gene expression leading to changes in pro-
liferation state, morphology, and other characteristics. To assess
the involvement of HuR in the activation program, the DE
gene sets were examined in detail. As reported above, stimula-
tion of WT Jurkat cells caused extensive expression changes,
mostly in the direction of upregulation (Figure 2(a,b)).
Strikingly, this activation response was largely negated or pre-
vented in the absence of HuR: genes that were upregulated
upon activation in WT cells were significantly downregulated
in the activated KO vs WT comparison; conversely, genes that
were repressed upon WT cell activation were significantly

higher in KO vs WT activated cells (Figure 2(b)). The substan-
tial overlap between genes impacted by cell stimulation and
HuR KO, and their opposing directions of change (Figure 2(c)),
indicates involvement of HuR in establishing the activated
expression program. Examination of the gene ontology (GO)
category enrichment of the DE gene sets provided further
insight into the role of HuR in the reprogramming.
Stimulation of WT cells upregulated genes involved in immune
responses, including chemotaxis and production/secretion of
cytokines, as well as their regulatory factors (Figure 2(d), first
column). Remarkably, nearly all of these categories were also
enriched in genes that were downregulated in activated KO vs
WT cells (Figure 2(d), fourth column). Additionally, genes that
positively regulate cytokine production were downregulated in
HuR KO cells. In summary, HuR is responsible for enacting
a major part of the gene expression changes upon activation in
Jurkat cells.

HuR is necessary for cytokine production upon activation

Cytokine production is a key consequence of T cell activation.
Prompted by the GO enrichment results, expression of

Figure 2. Profiling of mRNA levels in resting vs. activated, WT vs. HuR KO1 cells (n = 3) reveals a substantial defect in the activation program of HuR KOs. (a) Number
of differentially expressed (upregulated and downregulated) genes passing a 4-fold change and 5% false discovery rate (FDR) cutoff, comparing the indicated sample
groups. (b) Heatmap of mRNA level changes for differentially expressed genes in WT cells between activated and resting states (left), and in the activated state
between KO and WT cells (right). (c) Overlap between genes upregulated upon activation in WT cells, and those downregulated in KO relative to WT in activated
cells. (d) clusterProfiler analysis of Gene Ontology category enrichment in upregulated and downregulated mRNA sets defined by the comparisons indicated at the
bottom.
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cytokine mRNAs was investigated in HuR KO Jurkat cells.
Comparing activated KO to WT cells, RNA-seq data showed
a strong reduction of levels for practically all cytokines that
are induced by stimulation in this cell line (Figure 3(a)),
ranging from 11-fold (IL-13) to 259-fold (IL-2) downregula-
tion. To validate the mRNA expression data, secreted IL-2
levels after 24 hours of PMA/ionomycin activation were mea-
sured by ELISA (Figure 3(b)). Again, the robust activation
seen in WT cells was diminished 45-fold in HuR KO1, con-
firming the RNA-seq results. Furthermore, IL-2 production in
the independently derived HuR KO2 was also 15-fold attenu-
ated relative to WT, demonstrating that the phenotype was
not a consequence of off-target mutations or clonal differ-
ences. It should be noted that the KO cells still underwent
morphological changes upon stimulation (rounding up), sug-
gesting that PMA/PKC-mediated aspects of the activation
program are intact (Figure S1(b)). Next, HuR’s role in cyto-
kine production was definitively addressed with a rescue
experiment. HuR KO1 cells were transduced with
a retroviral vector encoding HuR (along with an empty vector
control), stable integrant populations were selected, and
expression of HuR was confirmed (Figure S5). Measurement
of secreted IL-2 levels showed robust rescue of this cytokine’s
production upon reintroduction of HuR (Figure 3(c)).
Overall, these results establish that HuR is essential for cyto-
kine expression upon activation in Jurkat cells.

HuR does not significantly regulate cytokine mRNA 3′
UTRs in Jurkat and 293 cells

Early studies implicated HuR, along with other ARE-binding
proteins, in interactions with the 3′ UTRs of several cytokine
mRNAs or their fragments, including IL-2, IL-3, IL-13,
CSF2/GMCSF, TNF [37–45]. Overexpression of HuR caused
stabilization of CSF2, TNF and IL-13 3′ UTR or IL-3 mRNA-
containing reporters [43,44,46,47], and recombinant HuR
prevented degradation of TNF ARE RNA in an in vitro
assay [42], leading to a model of post-transcriptional
mRNA stabilization by binding their 3′ UTRs and competing
with other, destabilizing factors. The established knockout
cell lines provide a stable system to examine this and other

regulatory mechanisms mediating HuR’s role in mRNA
expression. To evaluate HuR’s effect on cytokine expression
through their 3′ UTRs, full-length UTR sequences were
cloned into a dual-luciferase reporter vector. Initially,
a panel of six cytokine UTRs was screened in the easily
transfectable human embryonic kidney T-REx-293 cells and
a derived HuR KO cell line [48]. Previously, we have demon-
strated a significant, albeit mild, regulation of an AUUUA-
containing reporter by HuR using these lines [49]. Relative
to empty vector controls, all of the constructs showed sub-
stantial downregulation in T-REx-293 cells, ranging from
2.4-fold (IL-3) to 30-fold (TNF), consistent with the known
destabilizing role of the UTRs (Figure 4(a)). Strikingly,
reporter activity in the absence of HuR was not statistically
significantly decreased for any of the UTRs. These results
indicate that HuR does not directly or indirectly regulate the
tested cytokine 3′ UTRs in 293 cells. Next, activity of the IL-2
and TNF 3′ UTR reporters was tested in resting and acti-
vated Jurkat cells, as well as HuR KO derivatives. Both
reporters showed substantial repression relative to empty
vector controls in resting WT Jurkats, and were de-
repressed to varying extents upon activation (Figure 4(b)),
confirming the previously known activities of these UTRs.
However, deletion of HuR in two independent clones did not
show consistent differences from WT for the IL-2 UTR, and
demonstrated small, statistically insignificant further repres-
sion of the TNF UTR. Notably, de-repression of the IL-2
UTR upon activation was still observed in HuR KO cells
(Figure 4(b)), indicating that HuR is dispensable for stabili-
zation of the reporter. Altogether, HuR does not substan-
tially participate in post-transcriptional regulation of the
tested cytokine UTRs in Jurkat or 293 cells.

HuR controls NFATC1 levels and IL-2 promoter activity
upon activation

Upon activation, T cell cytokine production is upregulated
and maintained by transcriptional and post-transcriptional
mechanisms. Since HuR affected cytokine levels, but post-
transcriptional control through the 3′ UTR was minimal,
transcriptional pathways were examined. Stimulation-

Figure 3. HuR regulates cytokine production in Jurkat cells. (a) RNAseq mRNA level log2 fold changes (FC) of expressed cytokines in activated KO1 vs. WT Jurkat cells.
(b) Secreted IL-2 levels in WT and HuR KO cells after stimulation with PMA/ionomycin, n = 3. (c) Rescue of IL-2 production in HuR KO1 cells transduced with MSCV-
MPIG-HuR retrovirus, compared to empty vector retrovirus, n = 3. Error bars represent standard error of the mean. *, p-value < 0.05, paired two-tailed Student’s t test
of normalized ELISA spectrometry measurements.
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induced activation of the IL-2 promoter is one of the most
characterized features of T cell activation [50]. Accordingly,
activity of a murine IL-2 promoter luciferase reporter [51] was
tested in WT and HuR KO Jurkat cells. As expected, activa-
tion of WT cells elicited a robust IL-2 transcriptional response
(Figure 5(a)). Interestingly, this response was strongly dimin-
ished in the absence of HuR, with 26-fold reduction in KO1
cells, and 2.7-fold decrease in KO2 cells. The reduced activity
indicates that HuR is necessary for IL-2 mRNA transcription
in Jurkat cells, and explains the impaired endogenous IL-2
secretion in HuR KO cells.

The coordinated attenuation of all expressed cytokines in
KO cells suggested that HuR may affect their expression
through a common upstream factor, since HuR itself does
not have appreciable DNA binding activity [52]. The
NFATC1/C2 transcription factors are master regulators of
cytokine production upon activation [53,54], and their levels
were investigated next. Upon stimulation, NFATC2 protein is
activated by dephosphorylation and nuclear import, while
NFATC1 mRNA transcription is also turned on in an auto-
regulatory loop. NFATC2 showed a mild (1.6-fold) but sig-
nificant upregulation in the RNA-seq mRNA levels in
activated KO vs WT cells, but NFATC1 demonstrated
a strong, 5.1-fold downregulation, suggesting that HuR may
regulate NFATC1 expression. When tested by Western blot,
NFATC1 levels were substantially (4.2-fold) increased upon
stimulation in WT cells, and this induction was significantly

reduced in HuR KO cells (Figure 5(b,c)). Thus, HuR affects
the accumulation of the induced NFATC1 transcription factor
upon activation in Jurkat cells. Finally, regulation of the
NFATC1 3′ UTR by HuR was examined. NFATC1 is tran-
scribed in two UTR isoforms, where the shorter UTR is
associated with NFATC1 induction. Interestingly, when both
isoforms were tested in luciferase assays in activated Jurkat
cells, the presence or absence of HuR had no statistically
significant effect on activity (Figure 5(d)), indicating that
HuR does not impact NFATC1 expression through its
3′ UTR.

Discussion

HuR is necessary for many biological processes, and has been
found to act through several molecular mechanisms. In this
study, knockout cell lines were used as defined, tractable
models to characterize its cellular roles, and perhaps more
importantly, its mechanisms of action. Two independent KO
lines in Jurkat cells demonstrated increased cell death and
defective activation phenotypes (Figures 1 and 3). The anti-
apoptotic role of HuR is consistent with its regulation of
apoptosis/survival-relevant transcripts [55], as well as results
from mouse KO models: deletion of HuR shows increased
apoptosis in placental development [1] and mature neurons
[4]. Additionally, recent studies in pancreatic cancer cell lines
indicated that HuR knockdown reduces proliferation and
migration [56], and HuR KO leads to apoptosis and abrogates
xenograft tumor growth [57]. The significance of the observed
phenotypes is also in line with the large number of mRNAs
bound by HuR in T cells [34]. Accordingly, stable elimination
of HuR in Jurkat cells lead to profound differences in the
mRNA expression profile, comparable in extent to the
changes due to stimulation (Figure 2(a)). The higher number
of upregulated (compared to downregulated) genes upon HuR
KO, both in resting and activated states, suggests that HuR
may carry an underappreciated repressive function for many
mRNAs, or it indirectly affects mRNA levels through other
factors. In this regard, most of the indirect changes are not
likely to be mediated by several known post-transcriptional
factors, since their levels are largely unperturbed in the RNA-
seq data (Supplementary Table 1).

Strikingly, many of the genes affected by activation in WT
cells were also differentially expressed, but with the opposite
direction of change, in the HuR KO vs WT comparison in the
activated state (Figure 2(b, c)). In other words, the activation
expression program is in large part controlled by HuR, and
does not properly ensue in its absence. Stimulation-induced
genes involved in cytokine secretion and its regulation, as well
as inflammatory/defensive responses and chemotaxis, are
among the transcripts that fail to be upregulated in HuR KO
cells (Figure 2(d)). The lack of upregulation was particularly
noticed for the cytokines themselves (Figure 3(a)).
Confirming the mRNA level observations, IL-2 secretion was
severely disrupted in HuR KO Jurkat cells, and rescued by
reintroduction of HuR (Figure 3(b,c)).

Early studies pointed to a positive role for HuR in cytokine
control, in general agreement with the observed defect in
cytokine expression signatures and the IL-2 production

Figure 4. HuR does not regulate IL-2 and TNF levels through their 3′ UTR. (a)
Activity of luciferase reporters containing cytokine mRNA 3′ UTRs measured in
WT and HuR KO T-REx-293 cells, n = 2. (b) Activity of IL-2 and TNF 3′ UTR
reporters in WT, HuR KO1 and HuR KO2 Jurkat cells in resting and activated
states, n = 3. Renilla luciferase activity was normalized to co-expressed firefly
luciferase activity and to empty (no 3′ UTR) control reporters.
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phenotype in HuR KO Jurkat cells (Figures 2 and 3).
However, the regulatory mechanism in Jurkat and 293 cells
is a surprise that is inconsistent with some of the previous
data: HuR does not appreciably regulate the 3′ UTRs of CSF2,
IFNG, IL-2, IL-3, IL-13, and TNF mRNAs in 293 cells, and
the major IL-2 and TNF cytokine mRNAs in Jurkats.
Previously, HuR was shown to bind AU-rich sequences in
TNF, CSF2 and IL-3 UTRs [38–43,45,58] and HuR immuno-
precipitation was shown to enrich IL-2, IL-13, INFg, and TNF
mRNA from lysates relative to IgG controls [8,35,44,59,60].
Together with reporter data demonstrating that overexpres-
sion of HuR causes stabilization of TNF, IL-13, and CSF2
UTR fragment or IL-3 whole mRNA reporters [43,44,46,47],
these observations generated a prevailing model that HuR
regulates mRNA stability through the 3′ UTR. HuR has also
been shown to bind and/or stabilize several other mRNAs
[28,61–64]. It should be noted that the majority of the earlier
studies necessarily used overexpression as a means of mod-
ulating HuR levels, and its effect on 3′ UTR reporter assays

may be more difficult to interpret than a knockout state.
Nevertheless, HuR knockdown in a fibrosarcoma line caused
reduction of IL-3 UTR reporter levels, and decreased half-
lives of the reporter mRNA [65]. HuR KD in Jurkat cells
prevented activation-induced stabilization of INFg mRNA
and decreased IL-13 mRNA half-life, although it is not estab-
lished whether it occurred directly through the 3′ UTR
[45,66].

However, other experimental evidence suggests that HuR
does not substantially regulate certain cytokine 3′ UTRs. For
example, overexpression of HuR did not stabilize CSF2 and
IL-3 ARE reporters, while a fos ARE reporter was stabilized
[67]. Knockdown of HuR in Jurkat cells produced a very mild
(1.2 fold) destabilizing effect on a IL-3 UTR reporter [58],
likely insufficient to explain the drastic decrease in its mRNA
levels seen in the HuR KO. Studies with IL-2 showed that
HuR overexpression failed to stabilize GFP-IL-2 reporter half-
life, and HuR did not bind to IL-2 mRNA affinity resin [68].
HuR also didn’t bind IL-2 UTR fragments efficiently [39]. An

Figure 5. HuR controls IL-2 production transcriptionally and regulates NFATC1 levels upon activation. (a) Activity of a firefly luciferase reporter under the IL-2 gene
promoter in WT, HuR KO1 and KO2 Jurkat cells under resting and activated conditions, n = 4. Activity was normalized to co-transfected renilla luciferase and
expressed relative to WT activated cells. (b) Representative western blot of NFATC1 levels in resting and activated WT and KO cells. (c) Quantification of NFATC1
protein levels under the above conditions, n = 4. (d) Relative luciferase activity of the NFATC1 3′ UTRs, measured as in Figure 4, n = 3.
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additional report found that HuR binds the IL-2 3′ UTR, but
this binding event does not impact IL-2 mRNA stability [37].
Finally, a transcriptome-wide method to detect HuR-
associated mRNAs in Jurkat cells identified no enrichment
for cytokine gene categories, and showed strong depletion for
IL-2 and IL-3 mRNAs (although some binding of CSF2 and
TNF), and none of the above cytokine mRNAs were enriched
in a RIP-seq study in activated T cells [34,35]. It should be
noted that HuR-bound transcripts as a group do show slower
decay rates upon activation [36]. However, when the role of
HuR in controlling the cytokine UTRs was directly assessed
by comparison of UTR reporter activities in two stable and
tractable WT vs HuR KO cell systems in this study (Figure 4),
no regulation was observed. Thus, HuR does not always lead
to direct stabilization of transcripts containing ARE elements,
and other mechanisms should be investigated. Some of the
above discrepancies likely stem from the differences in the
interrogated cell types.

Instead of regulating the cytokine response through the 3′
UTR in Jurkat cells, the data indicates that HuR exerts broad
control through upstream factors. The coordinated and pro-
found lack of cytokine induction pointed to a transcriptional
response, and the induction of the IL-2 promoter was indeed
strongly impaired in HuR KO cells (Figure 5(a)).
Transcriptional control of the CCL5 chemokine has been
shown to depend on HuR in MCF-7 cells [69]. Induction of
the major cytokine transcription factor NFATC1 was
impaired upon stimulation in HuR KO cells (Figure 5(b,c)),
strongly suggesting that the IL-2 transcriptional response was
abrogated at least in part due to this deficiency. In similarity
to the cytokine mRNA results, 3′ UTR isoforms of NFATC1
were not coherently regulated by HuR (Figure 5(d)), indicat-
ing regulation through other modes. Here, control of splicing
is a likely mechanism, since HuR is found to associate with
intronic sites as much as or more than 3′ UTRs, comprising
30–35% of CLIP sites in HeLa cells, and 40–45% in 293T cells
[24,49]. Additionally, HuR regulates alternative splicing of Fas
pre-mRNA [26]. Interestingly, differential exon usage analysis
of the RNA-seq data indicates that the NFATC1 mRNA
undergoes substantial alternative splicing upon activation in
WT cells (Figure S6, left), and this splicing program is largely
negated (not enacted) in the absence of HuR (Figure S6,
right). Thus, it can be hypothesized that HuR directly affects
alternative splicing of NFATC1 upon activation, with subse-
quent effects on its mRNA and/or protein stability and func-
tion. However, other post-transcriptional modes that do not
involve the UTR, including regulation of target mRNA trans-
lation, cannot be ruled out and require further examination.
Overall, further insight into HuR’s modes of action and tar-
gets of regulation will be gained as additional knockout mod-
els amenable to mechanistic dissection become available, such
as the pancreatic and colon cancer cell lines [57].

Materials and methods

CRISPR/Cas9-mediated generation of HuR KO clones

Knockouts in Jurkat cells were obtained by selection-free
immunoblot screening as previously described [48]. Jurkat

cells were cultured in RPMI1640 media with 10% FBS and
1x penicillin/streptomycin at 37°C with 5% CO2. Three
pSpCas9(BB) plasmids co-expressing Cas9 and sgRNAs tar-
geting the third, fourth, and fifth exons of HuR were inde-
pendently transiently transfected into cells by electroporation
in a 0.4 mL cuvette (300V, infinite resistance, 960 µF capaci-
tance). Clonal populations were grown and screened by dot
immunoblot with anti-HuR antibodies (Santa Cruz
Biotechnology, clone 3A2, sc-5261). HuR KO1 (clone 1A8,
targeting the 5th exon) and HuR KO2 (clone 1F3, targeting the
3rd exon) were validated by western blot. KO cells were
cultured on WT Jurkat-conditioned media to reduce adapta-
tion to the absence of HuR.

Cellular and molecular characterization of KO clones

For confocal microscopy, cells were resuspended in 50 µL
PBS, fixed at room temperature for 20 minutes by addition
of 250 µL 4% PFA in PBS, washed in PBS + 1% BSA, and
permeabilized in 0.3% Triton-X100 in PBS + 1% BSA at r.t.
for 10 minutes. Cells were spun and resuspended in PBS + 1%
BSA, and 50 µL of suspension were labeled with 1 µL of 50 µg/
mL 7AAD (Invitrogen) and 2 µL of 200 U/mL Phalloidin-CF
488A (Biotium) at r.t. for 20 minutes. For RNAseq material
collection and IL-2 production measurements, WT and HuR
KO early-passage cells at a density of 0.5 × 106 cells/mL were
activated with 20 ng/mL PMA + 500 ng/mL ionomycin or left
untreated for 24 hours. Total RNA from cell pellets was
collected with RiboZol. Three biological replicates were per-
formed. RNAseq libraries were produced using the NEBnext
Ultra Directional RNA library prep kit and sequenced on an
Illumina NextSeq instrument. Note that the RNA-seq data
confirms biallelic deletion at the sgRNA-targeted site (Figure
S7), and a 5–7-fold reduction in HuR transcript levels in the
activated and resting states, respectively. Read processing and
R analysis was carried out using the systemPiper [70] work-
flow. Transcriptome and genome alignment was performed
by tophat2/bowtie2 [71,72] to the Gencode v27/GRCh38
annotations. Differential expression analysis was performed
using DESeq2 [73] and DEXSeq [74]. Gene ontology enrich-
ment analyses were carried out using the GOstats [75] and
clusterProfiler [76] packages. The raw and processed RNA-seq
data are deposited in GEO under accession GSE121966. For
IL-2 production measurement, supernatant media after cell
activation were spun down and frozen. IL-2 amounts were
measured by ELISA (R&D Systems Quantikine) using the kit
standard controls. The following antibodies were used in
western blot: HuR (Santa Cruz, clone 3A2), GAPDH
(ThermoFisher, clone 6C5), NFATC1 (Biolegend, clone
7A6), ERK2 (Santa Cruz).

Re-expression of HuR in KO cells

HuR ORF was cloned into a modified retroviral MSCV-PIG
vector (containing an MluI site between XhoI and EcoRI) using
BglII-XhoI. MSCV-PIG (Puro IRES GFP) was a gift from Scott
Lowe (Addgene plasmid # 18751). HuR-encoding retrovirus
(along with empty vector control retrovirus) was produced
using Phoenix-AMPHO packaging cells co-transfected with
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VSVG pseudotyping plasmid. WT and HuR KO1 Jurkat cells
were transduced with the viral media by spinfection at 800 rpm
for 1 hour at r.t. with 8 µg/mL polybrene. Two to three days
later, cells were placed on selection with 4 µg/mL puromycin to
obtain stable integration populations.

Luciferase reporter assays

For 3′ UTR testing, all full-length UTR regions except
NFATC1(long) were cloned into a modified psiCHECK-2
(Promega) vector containing BsmBI sites [49] using Golden
Gate cloning (see Supplementary File 1 for oligonucleotide
sequences). The NFATC1(long) 3′ UTR, which contained
BsmBI sites, was analogously cloned using SapI. First, an
existing SapI site in psiCHECK-2 was altered by site-
directed mutagenesis (NEB, Q5), and SapI sites were intro-
duced into the MCS by a short insert with XhoI/NotI ends.
Luciferase assays in T-REx-293 and derivative HuR KO cells
were performed at 50–70% confluency, transfected with 10 ng
plasmid using Mirus Trans-IT-LT1 as previously described
[49]. Luciferase reporter activity of the 3′ UTR constructs in
Jurkat and derivative HuR KO cells was also measured in a 96
well format. Cell aliquots (100 µL of cells at 0.5 × 106 cells/
mL) were transfected with Trans-IT-LT1 (1 µL of 30 ng/µL of
reporter plasmid, 0.3 µL Trans-IT-LT1, 9 µL Opti-MEM
media). Eighteen hours after transfection, cells were activated
with 20 ng/mL PMA + 500 ng/mL ionomycin or left
untreated, and 24 hours after transfection cells were harvested
and lysed in 10 µL passive lysis buffer. Each biological repli-
cate consisted of three technical replicates (wells). For pro-
moter activity testing, the IL-2 promoter luciferase plasmid
was a gift from Anjana Rao (Addgene plasmid # 12194). Due
to the lower firefly luciferase activity of the plasmid, transfec-
tions were carried out by electroporation of 2.5 × 106 cells in
250 µL of Opti-MEM + 2 µg IL-2 promoter plasmid + 2 µg
renilla luciferase transfection control plasmid (pRL-TK) in
a 0.4 mL cuvette (280V, infinite resistance, 960 µF capaci-
tance). Twenty four hours after transfection, cells were split
into two 100 µL wells, and activated with PMA/ionomycin as
above or left untreated for 6 hours. Cells were lysed in 20 µL
of passive lysis buffer, and 7–15 µL of lysate were assayed with
50 µL of Promega Dual-Luciferase reagents on a Turner 20/20
luminometer with 10 second integration. Averaging and sta-
tistical analysis (two-tailed paired Student’s t-test) were done
after logarithmic transformation. Data in graphs are displayed
in the original scale.
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