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SUMMARY

Alternative splicing is a prevalent mechanism of gene
regulation that is modulated in response to a wide
range of extracellular stimuli. Stress-activated pro-
tein kinases (SAPKs) play a key role in controlling
several steps of mMRNA biogenesis. Here, we show
that osmostress has an impact on the regulation of
alternative splicing (AS), which is partly mediated
through the action of p38 SAPK. Splicing network
analysis revealed a functional connection between
p38 and the spliceosome component SKIIP, whose
depletion abolished a significant fraction of p38-
mediated AS changes. Importantly, p38 interacted
with and directly phosphorylated SKIIP, thereby
altering its activity. SKIIP phosphorylation regulated
AS of GADD45a, the upstream activator of the p38
pathway, uncovering a negative feedback loop
involving AS regulation. Our data reveal mechanisms
and targets of SAPK function in stress adaptation
through the regulation of AS.

INTRODUCTION

Cells respond and adapt to environmental changes through acti-
vation of stress-activated protein kinases (SAPKs). Activation of
the p38 SAPK has a pivotal role in the regulation of cellular re-
sponses to diverse kinds of stresses, thereby controlling prolifer-
ation, differentiation, and development of specific cell types
(Kyriakis and Avruch, 2012). Interest in the p38 pathway has
increased since its deregulation has been implicated in the
development of many pathological conditions such as cancer,
inflammation-related diseases, and cardiovascular dysfunction
(for review, see Corre et al., 2017; Gupta and Nebreda, 2015; Yo-
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kota and Wang, 2016). Activation of p38 coordinates essential
physiological functions such as cell-cycle progression and
gene expression (de Nadal and Posas, 2015; Gubern et al.,
2016; Joaquin et al., 2012). A comprehensive program of gene
expression is required for cell adaptation to stress (Amat et al.,
2019; Ferreiro et al., 2010b; Nadal-Ribelles et al., 2012), and
p38 regulates multiple steps of the mRNA biogenesis and stabil-
ity (Borisova et al., 2018; Degese et al., 2015). Upon stress, p38is
recruited to chromatin via its interaction with specific transcrip-
tion factors, allowing recruitment of the RNA Pol Il machinery
(Chow and Davis, 2006; Edmunds and Mahadevan, 2004; Ferre-
iro et al., 2010a; Simone et al., 2004). Moreover, the p38 SAPK
phosphorylates several transcription and chromatin remodeling
factors, thereby modulating their stability and localization, as
well as their interaction with DNA and other regulatory proteins
(Cuadrado and Nebreda, 2010; de Nadal and Posas, 2015; For-
cales et al., 2012; Rampalli et al., 2007; Yang et al., 2013).
Alternative splicing (AS) is modulated in response to a wide
range of extracellular stimuli, including oxidative stress, heat
shock, osmostress, and ultraviolet radiation (Biamonti and Ca-
ceres, 2009; Goncalves et al., 2017; Kim Guisbert and Guisbert,
2017; Shalgi et al., 2014; Shkreta and Chabot, 2015). Examples
of modulation of the activity of proteins involved in splicing
through the activation of p38 have been reported. Thus, upon os-
mostress and UV irradiation, p38 phosphorylates the heteroge-
neous nuclear ribonucleoprotein hnRNPA1, a regulator of RNA
splicing, leading to its relocalization into the cytoplasm where it
concentrates into stress granules (Guil et al., 2006; van der
Houven van Oordt et al., 2000). Cell exposure to UV leads to
phosphorylation of the splicing factor SPF45 by ERK and p38
(Al-Ayoubi et al., 2012). Another example of an RNA binding pro-
tein targeted by p38 is the Hu antigen R (HuR), which induces
changes in Tra2f alternative splicing profiles in response to
oxidative stress (Akaike et al., 2014). Although the above exam-
ples indicate that stress adaptive responses lead to the regula-
tion of splicing by SAPKs, the effects and mechanisms of p38
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activation on AS modulation remain poorly understood. Here, we
examined the genome-wide contribution of p38 activation to AS
regulation upon osmostress. Moreover, a functional splicing
network analysis revealed connections between p38 and the
splicing machinery, through p38-mediated regulation of the
SKIIP protein. Finally, we describe a molecular mechanism
underlying AS regulation upon osmostress and the functional
consequences of differential isoform expression under stress
conditions.

RESULTS

p38 SAPK Regulates Stress-Mediated Alternative
Splicing

We initially investigated the potential role of p38 in osmostress-
induced splicing regulation in mammals using a custom splicing-
sensitive microarray platform that contained exon and exon-
junction probes covering 1,920 AS events in 491 genes encoding
splicing factors and cancer-related proteins (Munoz et al., 2009).
The comparison of RNAs from non-treated, stressed (100 mM
NaCl, 2 h), and stressed cells pre-treated with the SB203580
p38 inhibitor resulted in the identification of 9 genes containing
p38-dependent alternative splicing events (Table S1; see STAR
Methods for details). To validate these results, a number of
p38-induced splicing isoforms were assessed by semiquantita-
tive RT-PCR followed by capillary electrophoresis using primers
hybridizing to the flanking constitutive exons, as well as by gPCR
using oligonucleotides covering exons and exon junctions (see
Table S3). A representative example is the regulation of an alter-
native 5’ splice site (5’ss) event on the exon 10 of the dual-spec-
ificity tyrosine phosphorylation-regulated kinase 1A (DYRK1A)
(Figure S1A). While the upstream 5’ss was preferentially selected
in basal conditions (DYRK1AB), a switch in 5'ss usage to the
downstream site was observed under stress (DYRK1AS). The
regulation of this event was dependent on p38 activity, as it
was reduced by the addition of SB203580. Interestingly, stress
effects were recapitulated using minigenes corresponding to
the alternatively spliced region of DYRK1A (Figure S1B, left),
suggesting that regulation of DYRK1A AS by p38 depends on
its primary sequence. To confirm that the modulation of DYRK1A
AS was directly mediated by p38 activation, we co-transfected
the DYRK1A minigene with constructs expressing p38 and a
constitutively active form of MKK®6, the upstream activator of
p38 (MKK6PP). The constitutively active MKK6 mutant MKK6PP,

where the Ser207 and Thr211 has been replaced with Asp co-
dons, is commonly used to specifically activate the p38 MAPK
irrespectively of stress (Takekawa et al., 1998). AS regulation
of DYRK1A minigene upon genetic activation of p38 was similar
to that observed upon stress (Figure S1B; right). In summary,
these initial results revealed a role for p38 SAPK in stress-
induced AS and prompted us to further investigate the global
impact of p38 SAPK in alternative splicing regulation upon
stress.

We therefore examined splicing transcriptome-wide by RNA
sequencing (RNA-seq) analysis of untreated and stressed
(NaCl 100 mM) cells in the presence or the absence of
SB203580 (Figure 1; Table S2). Stress-induced changes in 793
AS events were detected (|APSI| > 15), of which 70% corre-
sponded to negative APSI and 30% to positive APSI values,
distributed as follows: cassette exons (58%), alternative 3'ss
(7%), alternative 5’ss (8 %), and intron retention (27 %) (Figure 1A,
striped bars). Approximately half of the stress-dependent
splicing events were attenuated in the presence of the
SB203580 inhibitor (Figures 1A, filled-bars, and 1B), indicating
a prevalent role for the p38 SAPK in splicing regulation upon
stress. Remarkably, all the changes affected by SB203580
reduced the effect of stress on splice site selection, with no
changes exacerbated by the inhibitor.

We next validated a set of selected p38-mediated AS events
by RT-PCR (Figure 1C). Follistatin (FST), which plays a protective
role under a variety of stresses (Zhang et al., 2018), displays
alternative 3’ splice sites in exon 6. In basal conditions, the
mRNA that encodes the long FST 315 protein isoform (FST®)
was preferentially expressed. However, the production of
FSTS, which encodes the FSTE 288 protein lacking the acidic
C-terminal tail (Shimasaki et al., 1988), was induced upon stress
depending on p38 activation. We also observed a p38-depen-
dent change in the inclusion of cassette exon 5 in FBXO32
(also known as MAFbx or Atrogin-1), originally identified as a
muscle-specific gene involved in muscle atrophy (Bodine et al.,
2001; Gomes et al., 2001). Skipping of FBXO32 exon 5 upon
stress generates a shorter mRNA isoform (FBX0325) containing
an in-frame premature termination codon predicted to reduce
total mRNA transcript levels by nonsense-mediated mRNA
decay (NMD). Osmostress also induced skipping of exon 4 of
chromobox 4 (CBX4), a member of the Polycomb group (PcG)
that functions as a regulator of cell proliferation and apoptosis
(Luis et al., 2011; Wang et al., 2016; Zheng et al., 2015). The

Figure 1. Transcriptome-wide Analysis of Stress-Induced p38-Mediated Splicing Events

(A) Barplot representing stress-induced AS events (NaCl-induced, 100 mM NaCl for 3 h) and those that are reverted in the presence of the p38 inhibitor SB203502
(p38-dependent). On the y axis, the number of events displaying higher PSI upon osmostress (DPSI > +15%, top), or lower PSI after NaCl treatment (DPSI <
—15%, bottom) are indicated. On the x axis, different categories of events are shown. Striped bars represent NaCl-induced events, filled bars represent
p38-dependent events.

(B) Heatmap representation of p38-dependent events. The color gradient indicates PSI values of each event in each duplicate sample, ranging from 0 to 100.
Events are separated into negative and positive APSI changes relative to the basal splicing state. n = number of events detected in each splicing category.
Detailed information for each event can be found in Table S2.

(C) Examples of validation of p38-dependent AS changes identified by the RNA-seq analysis. HelLa cells were treated as in (A) and AS changes were assessed by
RT-PCR followed by capillary electrophoresis. Schematic diagrams show constitutive exons (gray boxes) and alternative exons (colored boxes) for FST
(HsaALTA0003478), FBOX032 (HsaEX0025293), CBX4 (HsaEX0012775), and LATS2 (HsaEX0035466). Percentage of stress-induced isoforms (S) was calculated
over the total of stress (S) and basal (B) isoforms.

Three treatment replicates were analyzed for each condition. Error bars represent SD from the mean value. Statistical significance refers to the results of
two-sided t test (*p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 2. Analysis of Transcript Features Associated with NaCl and p38-Induced AS Events

(A) Proportion of events disrupting the transcript open reading frame (CDS-disrupting), preserving it (CDS-preserving), mapping in 3'/5" untranslated regions
(UTR) or in non-coding RNA, classified as in Irimia et al. (2014). Numbers of events are shown for each category: background alternative events, NaCl-induced
events (ALL) and subsets of NaCl-induced events with APSI > 15 or APSI < —15.

(B) Number of transcripts per gene containing background, NaCl-induced and p38-dependent AS events. Top and bottom represent exons displaying higher
inclusion or skipping upon NaCl treatment, respectively.

(legend continued on next page)
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p38-dependent isoform of CBX4 (CBX4°%) also contains a prema-
ture stop codon. Last, expression of a p38-dependent isoform of
the large tumor suppressor kinase 2 (LATS2), a serine or threo-
nine kinase involved in cell-cycle regulation (Furth and Aylon,
2017), was observed upon stress. In this case, skipping of
exon 7 (LATS25) encoded a shorter protein isoform lacking the
AGC-C-terminal domain. Collectively, microarray and RNA-seq
data validations provided multiple examples of p38-induced,
in-frame and out-of-frame, alternatively spliced isoforms.

In order to assess the global impact on the coding sequence
(CDS) of p38-mediated AS, we compared NaCl-induced and
p38-dependent events to a background set of AS events that
were not affected by osmostress (JAPSI| NaCI-Ctrl < 15%) and
had an intermediate PSI in the dataset (30 < PSI < 70 across
all samples) (Figures 2A and S2A). Remarkably, NaCl-induced
events, as well as p38-dependent events, showed a higher pro-
portion of CDS-disrupting events compared to control, suggest-
ing a significant impact on protein expression through AS regu-
lation. AS events with higher PSI in stressed cells also showed a
higher proportion of exons mapping in the 5 untranslated re-
gions (UTR) of genes, which might be relevant for translational
regulation of the mRNAs.

To gain insight on potential regulatory AS mechanisms
induced by osmostress, we examined using MATT (Gohr and Iri-
mia, 2019) the distribution of sequence features on NaCl-
induced cassette exons and their flanking introns, compared
with the background described above. NaCl-induced cassette
exons were typically part of simpler transcriptional units
compared to background alternative exons (Figure 2B). Introns
surrounding NaCl-dependent exons tended to be shorter,
whereas exons included after NaCl treatment showed a ten-
dency toward being longer than the control set (Figure 2C).
Exons included after osmostress typically had lower GC content,
while the upstream introns tended to display higher GC content.
On the contrary, exons skipped after NaCl treatment featured
lower GC content in the upstream and downstream introns (Fig-
ure S2B). Furthermore, NaCl-dependent exons were typically
flanked by weaker splice sites compared to control alternative
exons, with the exception of stronger branch points in exons
included upon NaCl and stronger 5’ splice sites in skipped exons
(Figures S2C and S2D). Moreover, p38-dependent AS events
showed a higher SF1-BBP binding score (an approximation of
branch point strength) and a higher number of predicted branch
point sequences (Figure S2C, bottom), pointing to a special
dependence on efficient branch point recognition.

Splicing Network Analysis Revealed a Functional
Connection between p38 and the Prp19-Related
Splicing Factor SKIIP

p38 SAPK phosphorylates hnRNPA1 and SPF45 splicing fac-
tors, with consequences in certain AS decisions (Al-Ayoubi
etal., 2012; van der Houven van Oordt et al., 2000). We therefore

asked whether the stress-induced, p38-mediated AS events
described above are regulated through these spliceosomal com-
ponents. To test this hypothesis, we subjected hnRNPA1- and
SPF45-depleted cells to osmostress and assayed p38-depen-
dent isoforms by RT-PCR (Figure S3A). Although relative expres-
sion of stress and basal isoforms was affected by hnRNPA1 and
SPF45 knockdown in some cases, there was a significant induc-
tion of FST, FBXO32, CBX4, and LATS2 stress isoforms in
hnRNPA1- and SPF45-depleted cells (Figure S3B). These results
suggest that additional spliceosomal components are involved
in p38-mediated AS upon stress.

To identify functional targets of p38 SAPK in the splicing ma-
chinery, we took advantage of an unbiased functional splicing
network platform in which connections between 270 spliceoso-
mal components and splicing regulators are established based
upon the comparison between the profile of effects of their indi-
vidual knockdown on 36 AS events (Papasaikas et al., 2015).
Functional links between any perturbation that affects these
events and its potential targets within the splicing machinery
can thus be established by comparing the profile of AS changes.
To define only specific p38-mediated events, we compared the
splicing profiles in the network with those induced in response
to p38 activation by the constitutively active MKK6"P. As
referred above, MKK6PP is commonly used to specifically acti-
vate p38 independently of stress conditions (Takekawa et al.,
1998). Hela cells were co-transfected with plasmids expressing
p38 and MKKBPP and exon inclusion was compared to that of
GFP-transfected control cells by RT-PCR. The most pronounced
AS change induced by MKK6PP and p38 overexpression within
the set of 36 events monitored in this assay occurred in the
growth arrest and DNA damage-inducible 45 (GADD45a) gene.
GADD450 has been described as an upstream activator of the
p38 SAPK pathway, because it interacts and activates the
MAP3K MTK1 (Takekawa and Saito, 1998) (Figure 3A). Variations
in GADD45¢. alternative exons 2 and 3 were assessed by
RT-PCR using primers complementary to exons 1 and 4 (Fig-
ure 3B). In cells transfected with a control vector, the full-length
mRNA isoform was preferentially expressed (GADD45u)
whereas in cells overexpressing MKK6"®, two splicing variants
were generated either by skipping of exon 2 (GADD455) or skip-
ping of both exons 2 and 3 (GADD454°"). The expression of both
isoforms was p38-dependent, as their accumulation was
reduced in the presence of SB203580 (Figure 3B). Importantly,
both isoforms were induced upon NaCl treatment (events
HsaEX6031508 and HsaEX0026819, Table S2). Skipping of
exon 2 maintains the reading frame and codes for an isoform
with a 34-amino acid deletion (Zhang et al., 2009), while skipping
of exons 2 and 3 triggers the inclusion of a premature termination
codon.

Assessment of the perturbation profiles of splicing caused
by MKK6PP expression revealed functional links between
p38 and several splicing factors involved in different steps of

(C) Distribution of length and ratio of intron/exon length in NaCl-induced and p38-dependent exons. Top and bottom represent exons displaying higher inclusion
or skipping upon NaCl treatment, respectively. Boxplots corresponding to each feature represent the inter-quantile range (IQR) with median values shown by the
black line. Outliers were discarded. Significant changes were calculated by Mann-Whitney-Wilcoxon test comparing each set of exons versus the background set

(*p < 0.05).
See also Figure S2.
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pre-mRNA splicing, including the RNA lariat debranching
enzyme (DBR1), C220RF19 (THOC5, a component of the
THO/TREX complex), the related-U5snRNP components
SYNCRIP (heterogeneous nuclear riboprotein Q), and SKIIP
(SNW domain-containing protein 1) (Figure 3C). Of note, deple-
tion of SYNCRIP and SKIIP specifically promoted GADD45¢.
AS, while depletion of DBR1 and C220RF19 had more modest
effects (Figure 3C, inset table). To validate the functional link
between SYNCRIP and SKIIP upon p38 activation, we as-
sessed GADD45q. AS in small interfering RNA (siRNA)-medi-
ated SYNCRIP or SKIIP knockdown cells (Figures 3D and
S4A). While SYNCRIP and SKIIP depletion did not significantly
affect the AS pattern of GADD45a under basal conditions, they
efficiently suppressed induction of GADD45a exon 2 skipping
(GADD454° isoform) by genetically activated p38 (Figures 3E,
left, and S4B). Similarly, GADD45¢° isoform expression upon
osmostress was also prevented in siRNA-mediated SKIIP
knockdown cells (Figure 3E, right). These data support the
notion that SYNCRIP and SKIIP are essential mediators of
p38-dependent GADD45a. AS. Of note, both splicing factors
interacted with each other by immunoprecipitation experi-
ments (Figure S4C).

Of SKIIP and SYNCRIP, only SKIIP contains putative sites of
p38 phosphorylation (S/T-P). We therefore selected SKIIP for
further analysis as a potential direct target of p38. To globally
assess the role of SKIIP in p38-dependent stress-induced AS
events, we performed RNA-seq experiments comparing RNAs
from SKIIP knockdown versus control cells under basal or
stressed (100 mM NaCl) conditions. As described before,
stress induced 793 splicing events, approximately half of
which were mediated by p38 (i.e., affected by the SB203580
p38 inhibitor) (Figure 1; Table S2). Of those, a total of 155
events (43%) showed involvement of SKIIP before and/or after
NaCl addition and were thus defined as SKIIP-dependent (Fig-
ure 4). Specifically, 103 of the 793 events changed after SKIIP
knockdown, while 79 osmostress-induced changes could not
be observed in the SKIIP knockdown cells treated with NaCl
(Table S2). These data support a prominent role for SKIIP in
p38-mediated splicing upon stress.

p38 Interacts with and Phosphorylates Thr180, Ser224,
and Ser232 of SKIIP to Mediate Alternative Splicing

Most SAPKs directly interact with their substrates. We therefore
assessed whether p38 could interact with SKIIP by performing
immunoprecipitation experiments using extracts from HelLa cells
expressing flag-tagged p38 and HA-tagged SKIIP. FLAG-p38
co-immunoprecipitated when HA-SKIIP was pulled down using

anti-HA antibodies (Figure 5A), indicating that both proteins
indeed interact with each other.

To assess whether SKIIP was a direct target for p38 SAPK, we
analyzed the phosphorylation of SKIIP in an in vitro kinase assay
using purified proteins. p38a activated by MKK6PP was found to
phosphorylate SKIIP (Figure 5B, left). The SKIIP protein contains
three putative MAPK consensus sites, all of them located in the
SNW1 domain. The potential phosphosites Thr180, Ser224, and
Ser232 were mutated to alanine (SKIIP-3A) and SKIIP phosphor-
ylation by p38 was then assayed in vitro. Combined mutation of
Thr180, Ser224, and Ser232 strongly reduced p38 phosphoryla-
tion of SKIIP (Figure 5B, right).

SKIIP localizes into the nucleus in basal conditions (Abankwa
etal., 2013; Brés et al., 2009; Makarova et al., 2004; Zhang et al.,
2003). To assess whether p38 phosphorylation induced changes
in SKIIP localization upon stress, we performed immunofluores-
cence assays of Hela cells stably expressing doxycycline-
inducible T7 tag wild type and SKIIP-3A non-phosphorylatable
mutant. Both protein were nuclear in basal and stress conditions,
indicating that p38-mediated phosphorylation of SKIIP does not
affect its subcellular localization (Figure S5).

To assess whether SKIIP phosphorylation by p38 altered
SKIIP activity, we stably expressed, under the control of the
Tet promoter, siRNA-insensitive forms of wild type (WT) SKIIP
or containing mutations in the three phosphorylation sites (3A)
in HelLa cells depleted of endogenous SKIIP by means of an
siRNA or in cells treated with scrambled siRNAs as control (Fig-
ure 5C, left). Transfected SKIIP was induced by doxycycline, and
the cells were subjected to osmostress as before. Expression of
the GADD450° stress-dependent isoform was measured by
gPCR. As previously shown, induction of GADD45¢« exon 2 skip-
ping upon osmostress was strongly impaired in SKIIP knock-
down cells. Notably, when endogenous SKIIP was depleted,
expression of wild-type SKIIP was sufficient to significantly
restore GADD454° induction upon stress. In contrast, induction
of the stress-dependent GADD450° isoform was impaired upon
expression of the non-phosphorylatable SKIIP-3A mutant under
the same conditions (Figure 5C, right). Moreover, other p38-
dependent splicing changes mediated by SKIIP that were iden-
tified in the RNA-seq analysis, such as the splicing of CBX4 and
LATS2, were also dependent on SKIIP phosphorylation (Fig-
ure 5D). Of note, induction of the SKIIP-3A mutant (as well as
the WT version) was sufficient to rescue the effect of the
SKIIP knockdown in non-stress responsive SKIIP-dependent
alternative splicing events such as exon 17 skipping in the
AACS gene (van der Lelij et al., 2014) (Figure 5E), indicating
that the SKIIP-3A mutant showed effects specifically in

(C) Network connectivity. Lines connecting RNA processing factors and MKK6PP expression indicate similar effects on the profile of AS changes by the indicated
protein knockdown or induction of p38. Inset table: effects of the indicated protein knockdowns on GADD45a AS. The percentage of exon 2 inclusion (% inc),

p values, and Z score values are indicated.

(D and E) SKIIP is essential for p38-dependent GADD454° induction. HelLa cells were treated with scrambled or SKIIP stealth siRNA (D) and subsequently
transfected with an empty vector or with MKK6BPP and p38 expression vectors (left) or were treated for 2 h with 100 mM NaCl (right) (E). GADD454° AS was
assessed by RT-PCR and gPCR. Levels of GADD45a. stress-induced isoform (S) and basal isoform (B) were determined by gPCR using primers targeting exon-
junctions. Relative expression of stress isoform was quantified as fold change over non-treated cells. Data are shown as means + SD of at least four independent
experiments. Significant changes were calculated by Student’s t test comparing transfected or treated versus non-transfected or non-treated samples (*p < 0.05).

Western blot analysis of HelLa cells expressing control or SKIIP siRNA is shown.

See also Figure S3.
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stress-dependent AS events. Therefore, our data confirm that
phosphorylation of SKIIP by p38 mediates alternative splicing
of several genes in response to stress.

Expression of the GADD454° Isoform upon Stress
Impairs SAPK Activation

In addition to being induced upon stress, GADD45 proteins have
been implicated in activation of the p38 SAPK pathway by inter-
action with the N-terminal region of MTK1 MAP3K, an upstream
activator of p38. GADD45-like proteins activate MTK1 kinase ac-
tivity and induce apoptotic cell death (Takekawa and Saito,
1998). We therefore reasoned that stress-induced GADD45
AS might have an impact on the activation of the MTK1 upstream
kinase. To elucidate the biological relevance of the induction
of the new GADDA45q isoform upon stress, we assessed
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sample, ranging from 0 to 100. Events are sepa-
rated into negative and positive APSI changes
relative to the basal splicing state. n = number of
events detected in each splicing category.
Detailed information for each event can be found
in Table S2.

SAPK signaling dynamics in the presence
of the wild-type and stress-induced
GADDA45¢, splicing isoforms (GADD450°
or GADD45¢®). For this purpose, we
used a highly sensitive system based on
a kinase translocation reporter (KTR) that
measures Kinase activity in single cells
(Regotetal., 2014). KTR reporters change
their nucleocytoplasmic shuttling upon
phosphorylation, which can be followed
by fluorescence microscopy, allowing
quantitative and simultaneous measure-
ment of kinase activity at single-cell reso-
lution. 3T3 cell lines stably expressing a
p38 KTR were transiently transfected
with either GADD4505- or GADD450°-
expressing isoforms (Figure 6, top), and
kinase activity was monitored upon
osmostress by fluorescence time-lapse
microscopy. Osmostress induced similar
stress-activation of p38 in control and
GADD454° cells, while cells expressing
the stress-induced GADD454° isoform
showed more limited kinase activation
upon NaCl treatment (Figure 6, bottom).
These data suggest that the activation of
p38 can be tuned down by induction
of the stress-mediated GADD454° iso-
form upon stress, thereby establishing a
negative feed-back loop of p38 activity regulated by the expres-
sion of a GADDA45 splicing isoform.

NaCl

SKIIP KD NaCl

DISCUSSION

The p38 SAPK plays a major role in the regulation of gene
expression upon stress (de Nadal and Posas, 2015; Klein
etal., 2013; Yang et al., 2013). However, although some splicing
events are known to be regulated by p38 (Al-Ayoubi et al., 2012;
Robbins et al., 2008), a comprehensive picture of the impact of
this SAPK on the modulation of AS in human cells is lacking.
Here, we assessed the transcriptome-wide AS profile mediated
by p38 activation. In response to stress, changes in more than
700 splicing events, involving all types of AS patterns, are
induced. Approximately half of these events are dependent on
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were purified from E. coli and subjected to an in vitro
kinase assay using activated p38a.

(C) Hela cells stably carrying siRNA-resistant pLVX-
TetOne T7-SKIIP WT or pLVX-TetOne T7-SKIIP-3A
were incubated with doxycycline (500 ng/mL) when
indicated and transfected with SKIIP siRNA or
scrambled siRNA (20 nM) to deplete endogenous
SKIIP. Left: T7-SKIIP and endogenous SKIIP levels
were analyzed by western blotting with anti-T7 and
anti-SKIIP antibodies. Right: After 72 h, cells were
stimulated for 2 h with 100 mM NacCl, and the relative
expression of GADD454° was analyzed by gPCR.
Statistical significance refers to the results of two-
+ sided t test comparisons between relative expres-
+ sion of GADD454° values of NaCl-treated versus
non treated cells. **p < 0.001. n.s., non-significant
(p > 0.05). A minimum of three biological replicates
was used for each condition. Error bars represent
SD from the mean value.

(D) Regulation of CBX4 and LATS2 upon stress
also depends on SKIIP phosphorylation. Hela cells
stably carrying siRNA-resistant pLVX-TetOne T7-
SKIIP WT or pLVX-TetOne T7-SKIIP-3A were
incubated with doxycycline (500 ng/mL) when
indicated and transfected with SKIIP siRNA or
scrambled siRNA (20 nM). After 72 h, cells were
stimulated for 2 h with 100 mM NaCl, and splicing
changes compared to basal state were assessed
by RT-PCR as in Figure 1C. Data are shown as
means + SD of at least three biological replicates.
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B NaCl
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Significant changes were calculated by Student’s t test comparing NaCl treated versus non-treated samples (*p < 0.05; **p < 0.01).

(E) Induction of SKIIP expression is sufficient to rescue the effect of SKIIP knockdown on AS. Hela cells stably expressing siRNA were incubated with
doxycycline and transfected as in (D). Relative levels of AACS exon 17 skipping were analyzed by gPCR. Data are shown as means + SD from three inde-
pendent experiments. Significant changes were calculated by Student’s t test comparing transfected or treated with doxycycline versus non-transfected or

non-treated samples (**p < 0.01).
See also Figure S8.

p38 SAPK activity, indicating a major role for this kinase in
splicing regulation upon stress. NaCl-dependent exons,
embedded in simpler transcription units, showed specific char-
acteristics in length and GC content compared to control alter-
native exons. These length and GC content features may reflect
the previously described different architectures of exon and
intron definition (Amit et al., 2012). We also found that AS events
induced by osmostress, as well as p38-dependent events, are
predicted to disrupt their ORF in significantly higher proportions,
compared to a control set of alternative splicing events (Fisher’s
exact test p values < 0.001). This suggests that SAPK-depen-
dent alternative splicing regulation might decrease the coding
potential of stressed cells to increase translation efficiency of
genes indispensable for stress-adaptation and survival.

To understand how p38 regulates splicing in response to
stress, we systematically correlated the AS changes induced

by p38 activation with those promoted by depletion of splicing
factors by means of a network analysis (Papasaikas et al,
2015). Using this approach, we functionally linked p38 SAPK
signaling with the Prp19-related splicing factor SKIIP (Bessonov
et al., 2008) and demonstrated that p38 regulates AS through
SKIIP phosphorylation. SKIIP is known to affect the splicing of
specific introns in a subset of cell cycle- and apoptosis-related
genes (Chenetal., 2011; van der Lelijet al., 2014) and its ortholog
is required for AS and mRNA maturation of several salt-tolerance
genes in Arabidopsis (Feng et al., 2015). Indeed, under salt-
stress conditions in plants, SKIIP controls proper splicing of
these genes, while skip-7 mutants accumulate aberrantly
spliced transcripts as well as mRNAs harboring open reading
frame (ORF)-disrupting intron retention events (Feng et al,
2015). It will be of interest to assess whether the p38-like
SAPK in Arabidopsis also regulates salt-tolerance genes through
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Figure 6. Activation of the p38 Pathway upon Stress Is Tuned Down
by Expression of the Stress-Induced GADD454° Isoform

NIH 3T3 mouse fibroblasts constitutively expressing a p38 kinase trans-
location reporter (KTR) were transiently transfected with pcDNA3 (mock),
pcDNA3 GADD45¢%, or pcDNA3 GADD454°. Two days post-transfection, the
cells were seeded into 12-well glass-bottom plates coated with fibronectin.
The following day the cells were subjected to time-lapse microscopy as
described in the STAR Methods.

(A) Western blot displaying the expression of pcDNAD3, pcDNA3 GADD454°,
and pcDNA3 GADD45¢° isoforms.

(B) Time-lapse microscopy. The arrow indicates the time point when 100 mM
NaCl was added. Data represent the median of the cytoplasm/nucleus fluo-
rescent ratio over time. The colored shadows represent SEM from more than
30 independently tracked individual cells.

phosphorylation of SKIIP. Although plants deficient in SKIIP are
hypersensitive to both salt and other osmotic stresses (Feng
et al., 2015), we were not able to detect clear defects on cell sur-
vival upon osmostress in human cells deficient in SKIIP under the
conditions of our experimental set up (data not shown). The
changes induced by SKIIP on stress-splicing might be not as
critical for cell fate and be more relevant for fine tuning of the
adaptive response to stress. Another possible explanation could
be redundancy in gene regulation by different splicing factors, as
suggested by the transcriptome-wide data showing that half of
the AS events induced by p38 in response to stress are indepen-
dent of SKIIP. Thus, although the p38-SKIIP axis contributed to
the stress-adaptive response, it may not by itself be enough to
make a difference for cell survival.

Environmental insults can alter splicing decisions through
multiple molecular mechanisms, including the activation of
post-translational modifications, the induction of subcellular
redistribution of splicing factors, or modulating the interplay be-
tween the splicing and transcription machineries (Dutertre et al.,
2011; Shang et al., 2017). For instance, p38 regulates the nucleo-
cytoplasmic transport of hnRNPA1, a well-known AS regulator
(van der Houven van Oordt et al., 2000), and the splicing factor
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SF3B1 acts as a regulator of the heat shock response by modu-
lating both the concentration and the activity of the HSF1 heat
shock transcription factor (Kim Guisbert and Guisbert, 2017).
Phosphorylation represents an important regulatory process
for both core splicing components and auxiliary splicing factors
(Naro and Sette, 2013). Here, we showed that the p38 kinase
directly phosphorylates SKIIP in response to osmostress and
revealed the relevance of such phosphorylation to AS. p38 phos-
phorylates SKIIP at the Thr180, Ser224, and Ser232, which are
located within the SNW1 domain. The SNW1 domain contains
the highly conserved motif SNWKN that is essential for its inter-
action with several transcriptional regulators and with the
splicing factors Brr2 and Snu114 (Folk et al., 2004; Sato et al.,
2015). Although neither Brr2 nor Snu114 alter their association
with SKIIP in response to stress based on co-immunoprecipita-
tion experiments (data not shown), SKIIP phosphorylation could
modulate its association with other spliceosomal components,
favoring the selection of specific splice sites. Indeed, SKIIP as-
sociates with SYNCRIP and the effect of depletion of SYNCRIP
is similar to that of depletion of SKIIP in GADDA45 splicing events.
SKIIP has been proposed to modulate expression and splicing
of the cell-cycle regulator p21°®" upon stress, by recruiting the
3’ splice site-recognizing factor U2AF65 to p21°P! gene and
transcripts (Chen et al., 2011). Other SKIlIP-associated factors,
including Prp19, are also selectively required for p21°®! expres-
sion under stress (Chen et al., 2011). Thus, despite the Prp19
(TNC) complex being incorporated at late stages of spliceosome
assembly, right before splicing catalysis, changes in the levels
and/or activity (e.g., through phosphorylation) of its components
can modulate splice site selection, consistent with the concept
that AS can be regulated at many steps of the spliceosome cycle
(Papasaikas et al., 2015; Tejedor et al., 2015) through a large
number of potential interactions. It is also important to consider
that both SKIIP and Prp19 have been implicated in other pro-
cesses, including transcription, DNA damage response, mRNA
stability, and even signaling events, which can also contribute
to their roles in the stress response. For instance, Prp19 cooper-
ates with the transforming growth factor B (TGF-p)-activated
kinase 1 (TAK1) to promote the activation of p38 in hepatocellular
carcinoma (Yin et al., 2016) which, in turn, can regulate the activ-
ity of SKIIP (this manuscript), another component of the Prp19
complex, to exert effects in AS and protein isoform expression
that also modulate p38 signaling, establishing an intricate regu-
latory circuit.

Our results demonstrate that phosphorylation of SKIIP by p38
is essential for stress-dependent skipping of GADD45¢. exon 2
(GADD45¢°). Previous studies showed that expression of the
GADD45q isoform lacking exon 2 differentially regulates cell pro-
liferation and cell-cycle transition in response to arsenic treat-
ment (Zhang et al., 2009). However, the role of the GADD454°
isoform in additional biological processes was not defined.
GADD45 proteins have been implicated in mediating regulation
of the p38 and JNK SAPK pathways. GADD458 interacts directly
with MTK1 (MEKK4), a MAP3K upstream of p38 and JNK, result-
ing in apoptosis through activation of the JNK and p38 SAPKs
(Mita et al., 2002; Miyake et al., 2007; Takekawa and Saito,
1998; Tamura et al., 2012). Here, we showed that expression
of the stress-mediated GADD454° isoform partially impaired



the activation of p38 upon osmostress, suggesting that this
splicing isoform could be acting as a negative regulator of
MTK1 activation. This mechanism could establish a negative
feed-back loop to downregulate the activity of the SAPK
signaling pathways through AS of a downstream target. Of
note, other studies have pointed out that activation of signaling
pathways can be modulated through AS of genes encoding
signaling proteins; for instance, AS regulation of MNK2 influ-
ences the p38 pathway (Maimon et al., 2014), and expression
of different isoforms of MKK7 modulates JNK signaling re-
sponses (Martinez et al., 2015). Furthermore, AS can provide
molecular mechanisms for crosstalk between insulin and wing-
less signaling in Drosophila (Hartmann et al., 2009).

Therefore, the combined data suggest that splicing modula-
tion upon stress can be an additional control mechanism that
complements the regulation of gene induction to maximize cell
survival upon environmental insults. Although several regulatory
elements are likely to mediate such changes in AS, the p38 SAPK
plays a key role by targeting different components of the central
core of the splicing machinery such as SKIIP. While SKIIP regu-
lation cannot explain all the effects of p38 observed in transcrip-
tome-wide analyses, it does illustrate how SAPK can have a
direct impact on the function of spliceosome components to
mediate splicing changes upon p38-mediated stress. Collec-
tively, our data indicate that control of the splicing machinery
by post-translational modifications can provide a fast mecha-
nism for the generation of new isoforms upon external insults
and establish regulatory circuits that modulate stress responses.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

mouse monoclonal anti-a-Tubulin Sigma-Aldrich Cat. No. S9026

mouse monoclonal anti-GAPDH

mouse monoclonal anti-hnRNPA1

mouse monoclonal anti-Flag

mouse monoclonal anti-HA

rabbit polyclonal anti-SKIIP

rabbit monoclonal anti-p38a SAPK

rabbit polyclonal anti-T7 epitope tag antibody
rabbit polyclonal anti-GADD450.

Santa Cruz Biotechnology

Santa Cruz Biotechnology
Sigma-Aldrich

House-made from the 12CA5 hybridoma
Santa Cruz Biotechnology

Santa Cruz Biotechnology

Novus

Santa Cruz Biotechnology

Cat. No. sc-32233, RRID:AB_627679
Cat. No. sc-32301, RRID:AB_627729
Cat. No. S2220

N/A

Cat. No. sc-30139, RRID:AB_2302187
Cat. No. sc-535, RRID:AB_632138

Cat. No. NB 600-372, RRID:AB_527035
Cat. No. sc-792, RRID:AB_2108185

anti-rabbit 1gG-Alexa488 Life technologies A11008
rabbit polyclonal anti-SPF45 Provided by Dr. Valcarcel, Centre for N/A
Genomic Regulation, Barcelona.

rabbit polyclonal anti-SYNCRIP Cell Signaling Cat. No. 8588

Chemicals, Peptides and Recombinant Proteins

SB203580 Calbiochem Cat. No. 559389

Lipofectamine RNAIMAX ThermoFisher Cat. No. 13778030

FuGENE 6 Promega Transfection Reagent Cat. No. E2691

Hoechst 33342 Sigma 14533-100MG

GST-MKK6PP Gubern et al., 2016 N/A

GST-p38a Gubern et al., 2016 N/A

GST-SKIIP This paper N/A

GST-SKIIP-3A This paper N/A

Deposited Data

RNA seq data GSE117699 https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE117699

Splicing-sensitive microarray GSE117996 https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE117996

Experimental Models: Cell Lines

Hela CCL-2 ATCC Cat. No. CCL-2, RRID:CVCL_0030

HEK293 ATCC Cat. No. CRL-1573, RRID:CVCL_0045

3T3 cell lines stably expressing KTRs

Provided by Dr. Covert, Shriram Center
for Bioengineering and Chemical
Engineering, Stanford.

N/A

Hela cells stably expressing This paper N/A
doxycycline-inducible T7-SKIIP

Oligonucleotides

Primers for construct generation, see Table S3 This paper N/A
Primers for semiquantitative PCR analysis, This paper N/A
see Table S3

Primers for gPCR analysis, see Table S3 This paper N/A
Primers for semiquantitative PCR analysis Papasaikas et al., 2015 N/A

of network alternative splicing events,
see Table S3

ON-TARGETplus Non-targeting siRNA #2

el Cell Reports 27, 847-859.e1-e6, April 16, 2019

Dharmacon

Cat. No. D-001810-02-05
(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
SMARTpool: ON-TARGETplus SNW1 siRNA Dharmacon Cat. No. L-012446-00-0005
(SKIIP)
ON-TARGETDplus siRNA - Human HNRPA1 ORF Dharmacon Cat. No. J-008221-11
stealth SKIIP 774: caggtctctccaaagtgaatgaact Invitrogen Custom
stealth scrambled 774 Invitrogen Custom
Recombinant DNA
pcDNA3 Invitrogen Cat. No. V79020
pPEGFP-C1 Clontech N/A
pGEX-6P-1 GE Healthcare Cat. No. 28-9546-48
pEFmIink-MKK6PP Alonso et al., 2000 N/A
pcDNAS-3HA-p38a Provided by Dr. Engelberg, The N/A

Hebrew University of Israel, Jerusalem.
pPcDNABS-flag-p38a Enslen et al., 1998 N/A
pcGT7 Provided by Dr. Valcarcel; Centre for N/A

Lenti-X Tet-One Puro Inducible Expression System
pPMDG2 envelope vector

Psp2 envelope vector

Genomic Regulation, Barcelona.
Clonetech

Cat. No. 631847

Provided by Dr. Moffat, University of N/A

Toronto, Toronto.

Provided by Dr. Moffat, University of N/A

Toronto, Toronto.

PGEX2T1-MKK6PP Gubern et al., 2016 N/A
PGEX5x3-p38a Gubern et al., 2016 N/A
pPGEX-SKIIP This paper N/A
pPGEX-SKIIP-3A This paper N/A
HA-SKIIP This paper N/A
T7-SKIIP This paper N/A
T7-SKIIP-3A This paper N/A
pLVX-TetOne T7-SKIIP This paper N/A
pLVX-TetOne T7-SKIIP-3A This paper N/A
DYRK1A minigene This paper N/A
PCDNA3-GADD454B This paper N/A
PCDNA3-GADD450S This paper N/A
Software and Algorithms

VAST-TOOLS, version 2.0.0 Irimia et al., 2014; Tapial et al., 2017 https://github.com/vastgroup/vast-tools
MATT Gohr and Irimia, 2019 N/A
MATLAB THE MATHWOKS INC N/A
NIS elements AR software NIKON INSTRUMENTS INC N/A
Other

rabbit polyclonal T7-Tag® Antibody Agarose
Splicing sensitive microarray platform
FluoroBrite DMEM

Millipore
Mufoz et al., 2009
GIBCO

Cat. No. 69026-3, RRID:AB_10947861
N/A
Cat. No. A1896701

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Francesc

Posas (francesc.posas@irbbarcelona.org).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells were maintained in Dulbecco’s modified Eagle’s medium (Biological Industries) containing 10% fetal calf serum (Sigma) and
supplemented with 1 mM sodium pyruvate, 2 mM L-glutamine, 100 U/ml Penicillin and 100 ug/ml Streptomycin (GibCO)and were
cultured in a 5% CO, humidified incubator at 37°C.

HeLa (human, cervical epithelial, female) and HEK293 (human, embryonic kidney epitelial, female) cells were purchased from the
American Type Culture Collection (ATCC). NIH 3T3 (mouse, embryonic, male) cell lines stably expressing JNK and p38 KTRs were
provided by Dr. Covert’s lab. Hela cells stably expressing doxycycline-inducible T7-SKIIP proteins were constructed using the
Lenti-X Tet-One Inducible Expression System. Briefly, lentiviral particles were generated by co-transfecting HEK293T cells with
the lentiviral vectors pLVX-TetOne T7-SKIIP or pLVX-TetOne T7-SKIIP-3A along with the lentiviral packaging and envelope vectors
pMDG2 and Psp2 and were incubated for 72 hours before harvesting the media. After a brief centrifugation to remove cell debris,
virus-containing supernatant was used to infect HelLa cells in the presence of 8 pug/ml polybrene. Infected cells were selected
with puromycin (2 pg/mL) for 48 hours.

Cells were transiently transfected with the indicated plasmids or with small interference RNAs (siRNAs) using the FUGENE 6 trans-
fection reagent or Lipofectamine RNAIMAX respectively, according to the manufacturer’s instructions.

When specified, cells were treated with 100 mM NaCl and with 10 pM SB203580 for 30 minutes prior to the treatments.

METHOD DETAILS

Splicing-sensitive microarray analysis

Hela cells were not treated (c1), treated for 2 hours with 100 mM NaCl (c2) or pre-treated for 30 minutes with SB203580 before stress
(c3). RNA was isolated, reverse transcribed, labeled with Cy5 or Cy3 fluorochromes and hybridized to custom a splicing sensitive
microarray platform (Munoz et al., 2009). A reciprocal experiment using switching of fluorochromes was also carried out. Two inde-
pendent differential hybridization microarray assays (na) were performed: Osmostress pa (combining ¢1 with ¢2) and SB pa
(combining c2 with c3). Exon-junction probes with log2 (ratio) changes higher than 0.4, and changes in gene expression higher
than 1.3, p value < 0.01, z-score > 3 were considered.

Minigene assays

HelLa cells (150000 cells/well) were seeded in 6-well plates and transfected with 0.5 ug of minigene/well. After 24 hours, cells were
treated as indicated in legend figures, RNA was extracted, reverse transcribed and minigene splicing patterns were analyzed by
gPCR (primers in Table S3).

RNA-seq analysis

100000 Hela cells/well were grown and 20 nM SKIIP 774 stealth scrambled siRNA was used. 72 hours after siRNA transfection cells
were treated with NaCl (100 mM) in the presence or not of SB203502 (10 uM). Stranded mRNA-seq libraries (TruSeq) were prepared
from 0.5 ng RNA. Libraries were pooled and sequenced on two lllumina HiSeq 2500 lanes using 125 bp paired-end reads, yielding
around 150 million read pairs per sample. Duplicates were sequenced for each condition. Library preparation and sequencing was
done in the CRG Genomics Unit. Splicing analyses of RNA-Seq data were performed using Vertebrate Alternative Splicing and
Transcription Tools (VAST-TOOLS, version 2.0.0) (https://github.com/vastgroup/vast-tools) (Irimia et al., 2014; Tapial et al., 2017).
For all events, a minimum read coverage was required as described in Irimia et al. (2014): only events with a minimum of 10 actual
reads in each sample were considered. PSI values for single replicates were quantified for all types of alternative events, including
single and complex cassette exons (S, C1, C2, C3), microexons (MIC) alternative 5’ and 3’ splice sites (Alt5, Alt3) and retained introns
(IR-S, IR-C). For cassette exon events, PSI values of all annotated exons was also quantified with VAST-TOOLS Annotation module
(ANN). To detect differentially spliced events upon NaCl treatment, we required a APSI of at least 15% between the merged replicates
of untreated and stressed cells. To define the AS events that were p38-dependent, we required an AS change after treatment with
NaCl + SB203502 inhibitor to be at least 25% lower than the change caused by the salt treatment (APSI NaCl-NaCl SB > (APSI NaCl-
Mock) / 4 for events with higher PSI in NaCl-treated cells, APSI NaCl-NaCl SB < (APSI NaCl-Mock) / 4 for events with lower PSI in
NaCl-treated cells). To define AS events affected by SKIIP knockdown, we required a APSI of at least 15% between the merged rep-
licates of control and SKIIP-knockdown, in both conditions of untreated (abs (APSI SKIIPctrl-SCRctrl) > 15%) and osmostress (abs
(APSI SKIIPNaCI-SCRNaCl) > 15%). Heatmaps were obtained using the pheatmap R package.

In the following analyses, NaCl-induced events and p38-dependent sets described above were compared to a background set of
alternative events (n = 1421) that were not affected by osmostress (APSI NaCl-Ctrl < 15%) and had an intermediate PSI in the dataset
(80 < PSI < 70 across all samples). ORF-disrupting potential was predicted as described in Irimia et al. (2014): briefly, exons were
mapped on the coding sequence (CDS) or 5’ / 3’ untranslated regions (UTR) of genes. CDS-mapped events were subsequently clas-
sified as ORF-disrupting events if predicted to cause frameshift upon exclusion or inclusion or if containing a premature stop codon.
Alternative sequences inserting an in-frame stop that would generate a truncated protein at least 300 amino acids shorter than the
reference protein were also considered as ORF-disrupting events. Sequence feature analysis was performed with MATT (Gohr and
Irimia, 2019), comparing NaCl-induced and p38-dependent cassette exons to background exons (n = 581). Splice site strength were

e3 Cell Reports 27, 847-859.e1-e6, April 16, 2019


https://github.com/vastgroup/vast-tools

determined according to Yeo and Burge (2004). Branch point features were calculated according to Corvelo et al. (2010) on the
150 nucleotides at the 3'end of each intron, excluding the first 20 nucleotides at their 5'end. SF1 binding motif, as a prediction of
branch point strength, was obtained from Corioni et al. (2011).

In vitro p38 kinase assay

GST-p38a was activated in vitro in a small volume (15 pl/assay) by mixing with constitutively active GST-MKK
is a constitutively activated form of MKK®6 (Takekawa et al., 1998)) in 1x kinase assay buffer (50 mM Tris—HCI pH 7.5, 10 mM MgCl,,
2mM DTT) with 100 uM cold ATP in the presence or absence of 10 uM SB203580 for 20 minutes at 30°C. This activated GST-p38a was
used to phosphorylate in vitro either eluted GST-fused proteins. The reactions were carried out in 1x kinase assay buffer in the pres-
ence of 1 pCi/assay of radiolabeled 32P-y-ATP (3000 Ci/mmol, Perkin-Elmer) in a final volume of 40 pl/assay for 20 minutes at 30°C.
Reactions were stopped by adding SB 5x (250 mM Tris-HCI pH 6.8,0.5 M DTT, 10% SDS, 20% glycerol, 0.5% Bromophenol Blue) and
boiling at 100°C for 5 minutes. Phosphorylated proteins were subjected to SDS-PAGE and were Coomassie blue-stained or were
transfer-blotted onto a PVDF membrane and exposed to KODAK BIOMAX XAR films or a phosphorimager.

6DD (M KK6Ser207D Thr211D

Network analysis

To integrate the effects of p38 activation in the functional splicing network, HeL a cells were seeded in 6-well plates (200000 cells/well)
and were either transfected with a control expression vector (pEGFP-C1; 1ug) or co-transfected with vectors encoding the
constitutively active mutant MKK6 (pEFmlink-MKK6PP; 0,5 ug) and p38 (pcDNA3-3HA-p38e; 0,5 ug). After 24 hours, total RNA
was isolated by an automated procedure using oligo-dT-coated 96-well plates (NRNA catcher PLUS, Life Technologies) following
the manufacturrer’s recommendations and reverse transcribed to cDNA in 96-well plates using Superscript lll (Life Technologies)
in teh poresence of oligo-dT (Sigma-Aldrich) and random primers (Life Technologies). PCR reactions for the 36 alternative splicing
events included in the splicing network (Papasaikas et al., 2015) were carried out using the primer pairs listed in Table S3 and re-
agents provided in the GoTaq DNA polymerase kit (Promega) in a Zephyr compact liquid handling workstation (Perkin Elmer), and
alternative isoform ratios were determined by high throughput capillary electrophoresis using a HT DNA High Sensitivity LabChip
chip (Perkin Elmer) as previously described (Tejedor et al., 2015).

Immunocytochemistry

Hela cells were grown in 8-chamber glass slides. The expression of T7-epitope tagged SKIIP and SKIIP 3A was induced upon the
addition of doxyciclin to the cell culture media at at 12.5 ug/ml concentration for 24 hours. Cells were then stressed with 100 mM NaCl
for 60 minutes. After treatment, HelLa cells were fixed with BD CytofixTM Fixation Buffer and permeabilized with BD PhosflowTM
Perm Buffer Il (BD Biosciences) following the manufacturer’s indications. Fixed cells were then blocked with 3% BSA/TBS for
30 minutes. Rabbit anti T7 antibody (Novus) was incubated at a 1/500 dilution in blocking buffer overnight. The secondary anti-rabbit
IgG-Alexa488 antibody (Life technologies) was incubated at a1/1000 dilution in blocking buffer for 1 hour in the presence of 8 uM
Hoechst 33342 (Sigma) to stain the nuclei. Images were taken on an epifluorescense Nikon Eclipse Ti miscroscope.

Time-lapse microscopy

NIH 3T3 mouse fibroblasts constitutively expressing the KTRs were transiently transfected with pcDNADS3 (mock), pCDNA3
GADDA450B or pPCDNA3 GADD454S. Two days post-transfection the cells were seeded (100000 cells/well) into 12-well glass-bottom
plates previously coated with fibronectin. The following day the cells were washed twice with 1x PBS and cultured with 1 mL of
FluoroBrite DMEM supplemented with 1% fetal calf serum (Sigma) for 1 hour prior to imaging. Cells were imaged with a Nikon Eclipse
Ti fluorescence microscope controlled by the NIS elements AR software. Temperature (37°C), CO2 (5%), and humidity were held
constant during the entire time-lapsed experiment. Cells were imaged for a period of four hours with captures every 3 minutes.
The fluorescent channels for the cerulean p38KTR and iRFP-Histone H2B were acquired. Four independent background fields,
taken from a well containing media only, were imaged for every fluorescent channel and used for the flat fielding of the time lapse
images.

Plasmids and constructs

pGEX-SKIIP was obtained by cloning the SKIIP open reading frame into the BamHI/Xhol sites of the pGEX-6P-1 vector in-frame with
the GST N-terminal tag. pGEX-SKIIP-3A (where T180, S224 and S232 were mutated to A) was generated by sequential site-directed
mutagenesis of pGEX-SKIIP. T7-SKIIP and T7-SKIIP-3A were generated by PCR amplification using pGEX-SKIIP and pGEX-SKIIP-
3A as atemplate, respectively. The obtained PCR product was cloned into the Xbal/BamH] restriction sites of the pcGT7 expression
vector. HA-SKIIP was generated by subcloning SKIIP from pGEX-SKIIP into the BamHI/Xhol sites of the pCDNAS3-3HA
pcDNA vector. For construction of the T7-tagged SKIIP inducible lentiviral vectors (pLVX-TetOne T7-SKIIP and pLVX-TetOne
T7-SKIIP-3A) cDNAs were amplified by PCR from the corresponding T7-SKIIP vectors. These fragments were cloned into the
pLVX-TetOne-Puro Vector between the Agel/BamHI restriction sites. GADD450B and GADD450S constructs were generated by
PCR ampilification using cDNA from Hela cells subjected to stress as a template and were cloned into the EcoRV/Xhol sites of
the pcDNAS3 vector. For minigene constructs, DYRK1A and MIB1 minigenes were obtained by overlap PCR and were cloned into
the EcoRI/Xhol restriction sites of pcDNA3. The GADD454 minigene was constructed by PCR amplification of the indicated region
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between exon 1 and exon 4 that was inserted into the pcDNA3 EcoRV/Xhol restriction sites. Primers used for construct generation
are listed in Table S3.

RNA Extraction and Reverse Transcription

Total RNA was isolated using the QIAGEN RNeasy mini kit (Cat. No. 74104) and was resuspended in RNase-free water (Ambion). First
strand cDNA synthesis was performed with 500 ng of RNA, 50 pmol of oligo-dT (Sigma-Aldrich), 75 ng of random primers (Life
Technologies), and superscript Il reverse transcriptase (Life Technologies) in a 20 puL final volume, following the manufacturer’s
instructions.

PCR and qPCR
GoTaq DNA Polymerase (Promega) was used for semiquantitative PCR amplification according to the manufacturer’s instructions.
After 30 cycles of 15 at 95°C, 30” at 57°C and 1’ at 72°C the PCR products were resolved by capillary electrophoresis using the
Labchip GX Caliper workstation (Caliper, Perkin Elmer) and HT DNA 5K LabChip chip (Perkin EImer) or analyzed on 2% agarose gels.
Inclusion/skipping levels of specific alternative exons were validated by quantitative PCR using exon-exon junction and exon
specific primers (Table S3). gPCR amplification was carried out using 1 pL of 1:20 diluted cDNA with 5 pL of 2X SYBR Green Master
Mix (Roche) and 4 pmol of specific primer pairs in a final volume of 10 uL in 384 well-white microtiter plates (Roche). gPCR mixes were
analyzed in triplicates in a Light Cycler 480 system (Roche).

Western blotting and immunoprecipitation assays

After the indicated treatments, cells were washed with ice-cold PBS and scraped into 500 pL of IP/lysis buffer (10 mM Tris HCL pH
7.5, 1% NP40, 2 mM EDTA, 50 mM NaF, 50 mM b-glycerophosphate, 1 mM Sodium Vanadate, supplemented with the protease
inhibitors 1 mM PMSF, 1 mM Benzamidine, 200 png/ml Leupeptin and 200 png/ml Pepstatin). The lysates were cleared by centrifuga-
tion. For immunoprecipitation assays, 10% of the total lysate was retained as input. Remaining lysates were subjected to immuno-
precipitation with either 50 pL anti-T7-Tag Antibody Agarose or 50 pL Sepharose-protein A beads (GE Healthcare, 50% slurry
equilibrated in IP buffer) coupled to specific antibodies by mixing overnight at 4°C. Immune complexes were collected by brief centri-
fugation and were rapidly washed five times with IP buffer. Immunoprecipitates, input samples or total lysates were subjected to
SDS-PAGE and western blotting.

Bacterial expression and purification of recombinant proteins

E. coli cells transformed with pGEX2T1-MKK6PP, pGEX5x3-p38a, pGEX-SKIIP or pGEX-SKIIP-3A constructs were grown at 37°C
until they reached an ODggq of 0.5 absorbance units. At this point, GST-tagged proteins were induced for 4 hours by adding
1 mM IPTG and switching the culture temperature to 25°C. After induction, cells were collected by centrifugation and resuspended
in 1/50 volume of STET 1X buffer (100 mM NaCl, 10 mM Tris-HCI pH 8.0, 10 mM EDTA pH8.0, 5% Triton X-100 supplemented with
2 mM DTT, 1 mM PMSF, 1 mM Benzamidine, 200 mg/ml Leupeptin and 200 mg/ml Pepstatin). Cells were lysed by ice-cold brief
sonication and cleared by high speed centrifugation. GST-fused proteins were pulled down from supernatants with 300 ul of
glutathione-Sepharose beads (GE Healthcare, 50% slurry equilibrated with STET) by mixing for 45 minutes at 4°C. The gluta-
thione-Sepharose beads were collected by brief centrifugation and were washed four times in STET buffer and twice in 50 mM
Tris-HCI pH 8.0 buffer supplemented with 2 mM DTT. The GST-fused proteins were then eluted in 200 pl of 50 mM Tris-HCI
pH 8.0 buffer supplemented with 2 mM DTT and 10 mM reduced glutathione (Sigma) by mixing for 45 minutes at 4°C and stored
at 80°C.

QUANTIFICATION AND STATISTICAL ANALYSIS

PCR and gPCR analysis

Results are expressed as the mean + SD unless otherwise specified. P values were calculated using a Student’s two-tailed t test
with Welch’s correction (GraphPad) or using mean + standard error, t test 2 tails (Excel); *, P value between 0.01 and 0.05; **, P value
between 0.001 and 0.01; ***, P value less than 0.001. Statistical details of experiments can be found in Figure legends and Method
Details section.

Splicing-sensitive microarray analysis
Exon-junction probes with log2 (ratio) changes higher than 0.4, and changes in gene expression higher than 1.3, p value < 0.01,
z-score > 3 were considered.

RNaseq analysis

Splicing analyses of RNA-Seq data were performed using Vertebrate Alternative Splicing and Transcription Tools (VAST-TOOLS,
version 2.0.0) (https://github.com/vastgroup/vast-tools) (Irimia et al., 2014; Tapial et al., 2017). See RNA-seq analysis in METHOD
DETAILS for detailed information.
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Network analysis

Robust estimates of isoform ratios upon p38 activation were obtained using the median PS| values of biological triplicates for p38 and
MKK6PP-transfected cells relative to control GPF-transfected cells. Computational data analysis to integrate these results into the
splicing network was performed as described in Papasaikas et al. (2015).

Time-lapse microscopy analysis

Image analysis comprising flat fielding, image registration, object identification and cell tracking were performed using custom
software as described in Regot et al. (2014). Quantification and graphics were performed using custom MATLAB scripts.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA seq reported in this paper is GEO: GSE117699

The accession number for the Splicing-sensitive microarray platform reported in this paper is GEO: GSE117996
Vertebrate Alternative Splicing and Transcription Tools (VAST-TOOLS, version 2.0.0): https://github.com/vastgroup/vast-tools
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