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Summary

Pre-mRNA splicing is regulated by developmental and environmental cues, but little is known
about how specific signals are transduced in mammalian cells to regulate this critical gene
expression step. Here, we report massive reprogramming of alternative splicing in response to
EGF signaling. By blocking individual branches in EGF signaling, we found that Akt activation
plays a major role, while other branches, such as the JAK/STAT and ERK pathways, make minor
contributions to EGF-induced splicing. Activated Akt next branches to SR protein-specific
kinases, rather than mTOR, by inducing SRPK autophosphorylation that switches the splicing
kinases from Hsp70- to Hsp90-containing complexes. This leads to enhanced SRPK nuclear
translocation and SR protein phosphorylation. These findings reveal a major signal transduction
pathway for regulated splicing and place SRPKSs in a central position in the pathway, consistent
with their reputed roles in a large number of human cancers.
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Introduction

Alternative splicing is a prevalent phenomenon in mammalian cells (Nilsen and Graveley,
2010). Because the process is tightly coupled with transcription for co-transcriptional RNA
processing as well as post-splicing steps for mRNA transport and stability control (Maniatis
and Reed, 2002; Pandit et al., 2008; Moore and Proudfoot, 2009), it is widely anticipated
that alternative splicing is subject to regulation by a variety of cellular signaling events.
However, compared to numerous signal-induced gene expression events that are regulated at
the transcriptional and translational levels, little is known about how specific signals are
transduced to regulate alternative splicing in the nucleus (reviewed by Shin and Manley,
2004; Lynch, 2007).

The data collected, to date, suggest that many signaling molecules, particularly protein
kinases and phosphatases, may directly modify and regulate activities of specific splicing
regulators. One of the best examples is the modification of Samé8 in the MAP kinase
pathway to regulate CD44 splicing (Konig et al., 1998; Weg-Remers et al., 2001). In another
well-studied case, phorbol esters or cytokines activate Ras to regulate CD45 splicing during
T cell development (Lynch and Weiss, 2000). In this pathway, GSK3 phosphorylates the
splicing regulator PSF to promote its interaction with TRAP150 in resting T cells; upon T
cell activation, GSK3 is decreased, which leads to PSF release from the inhibitory complex
with TRAP150, allowing PSF to bind and repress CD45 exon 4 in mature T cells (Heyd and
Lynch, 2010; reviewed by Heyd and Lynch, 2011).

The Akt pathway appears to modulate the function of the SR family of splicing factors and
regulators that act on exonic splicing enhancers (Liu et al., 2003; Shultz et al., 2010).
Activated Akt has been further implicated in directly acting on SR proteins (Blaustein et al.,
2005; Jiang et al., 2009), or indirectly relaying its signal to the nucleus through SR protein-
specific kinases, such as SRPK2 (Jang et al., 2009) or Clk/Sty (Jiang et al., 2009).
Interestingly, GSK3 appears to act both upstream and downstream of Akt (Lu et al., 2011)
and is able to phosphorylate SR proteins once they are primed by other SR protein kinases
(Hernandez et al., 2004). While these studies have introduced potential players, systematic
analysis has been lacking in connecting upstream signal transducers to downstream effectors
to regulate the splicing program in the nucleus.

We have been focusing on the SRPK family of kinases in regulated splicing, which are
highly specific for the SR family of splicing factors (Lin and Fu, 2007). Mammalian
genomes encode two such kinases with SRPK1 being ubiquitously expressed in most cell
types and tissues and SRPK2 being relatively restricted in neurons (Wang et al., 1998).
Interestingly, while SRPK1 and SRPK2 share similar enzymatic activities towards SR
proteins, they each associate with distinct complexes in the spliceosome (Mathew et al.,
2008; Hegele et al., 2011). Most SRPK molecules are localized in the cytoplasm until the
cell is simulated by a signal (Ding et al., 2006; Jang et al., 2009). We recently showed that
this is because SRPKs are anchored by molecular chaperones in the cytoplasm, a common
mechanism for restricting signal transducers in some specific cellular compartments, and
that a stress signal is able to trigger SRPK nuclear translocation to regulate the
phosphorylation state of SR proteins and alternative splicing (Zhong et al., 2009). Therefore,
SRPKs appear to fulfill the classic definition of signal transducers for regulated splicing in
mammalian cells.

In the present work, we systematically dissected EGF-induced alternative splicing. By
monitoring global response to EGF signaling at the level of alternative splicing, we found
that SRPKSs are the central transducers of EGF signaling, while all other previously
established branches in the EGF pathway play relatively minor roles, suggesting that the
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Akt-SRPK-SR axis constitutes a major branch in transducing EGF signaling to regulate the
splicing program in the nucleus. Interestingly, unlike classic signal transduction pathways,
we found that activated Akt binds and stimulates SRPK1 autophosphorylation to trigger a
series of switches in its interaction with molecular chaperones, which leads to nuclear
translocation of the splicing kinase and hyper-phosphorylation of SR proteins. These
findings, coupled with altered expression of SRPK1 in diverse human cancers (Hayes et al.,
2007; Krishnakumer et al., 2008) and its direct contribution to renal failure and development
of Wilms’ tumors (Amin et al., 2011), place the signal branch involving Akt, SRPKs and SR
proteins in a strategic position for growth control in metazoans.

EGF regulates pre-mRNA splicing via activated Akt and SRPKs

Prior studies have demonstrated a key role of the PI3 kinase pathway in regulated splicing
based on analysis of splicing reporters or a limited number of endogenous genes (Liu et al.,
2003; Blaustein et al., 2005; Jiang et al., 2009). This system thus serves as a good model for
mechanistic dissection of the signaling cascade that leads to regulated splicing in the
nucleus. Using an E1A splicing reporter (Fig. 1A), we found that EGF induced a dramatic
switch in splice-site selection towards the production of 9S and 10S ELA mRNA isoforms in
transfected HEK293T (Fig. 1B) and HeLa cells (Fig. S1A). This effect depends on PI3K
activation because the PI3K inhibitor Wortmannin prevented the switch, while a PKC
inhibitor showed no effect (Fig. 1B and Fig. S1A). As expected, Akt is activated in response
to EGF treatment (Fig. 1B), and a constitutively active (CA) Akt, but not the kinase dead
(KD) mutant, mimicked the EGF effect (Fig. 1C and Fig. S1B). These results demonstrate a
critical role of Akt in EGF-induced alternative splicing, thus establishing a cellular system to
dissect the pathway(s) involved in transducing EGF signaling to regulate the splicing
program in the nucleus.

Since SRPKSs appear to occupy a strategic position in the cell to relay external signals to the
nucleus, we determined whether SRPKs were involved in EGF-induced E1A splicing. We
found that overexpression of either SRPK1 or SRPK2 in HEK293T cells caused a similar
switch in E1A splicing whereas the kinase dead mutants had no effect (Fig. 1D and Fig.
S1C). To determine if SRPKSs are essential for transducing EGF signaling to regulate E1A
splicing, we performed siRNA knockdown of SRPK1, SRPK2 or both in EGF-treated
HEK?293T cells, finding that these treatments abolished EGF-induced splicing despite full
activation of Akt (Fig. 1E). While these results demonstrate the essential role of SRPKs in
EGF-induced splicing, we were surprised by the nearly complete effect when either kinase
was inactivated by RNAI since SRPK1 and SRPK2 are thought to have redundant kinase
activities on SR proteins (Wang et al., 1998). These findings suggest that the two kinases
may be coordinately regulated by some common mechanisms, such as sequestration by heat
shock proteins as shown previously (Zhong et al., 2009). As a result, reduction of one kinase
may induce the shielding of the other, and consequently, the ability to transduce EGF
signaling may depend on the overall level of both kinases in the cell.

SRPKs mediate the global response to EGF in regulated splicing

To initially determine the position of SRPKs in the EGF pathway, we tested EGF and
SRPK-induced E1A splicing in the presence of specific inhibitors against some key
components in the EGF pathway. We observed that EGF-induced splicing could be blocked
by Wortmannin, an inhibitor to PI3K, but not by Rapamycin, an inhibitor to mTOR (Fig.
S1D). Similarly, Wortmannin, but not Rapamycin, prevented induction of E1A splicing in
SRPK1 or SRPK2 overexpressed cells (Fig. SIE-F). These data suggest that SRPKs act
below PI3K, but above mTOR in the EGF pathway.
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We next addressed how EGF signaling might elicit a global effect on alternative splicing of
endogenous genes and the role of SRPKs in such response. For this purpose, we coupled the
oligonucleotide-mediated RNA Annealing, Selection, and Ligation assay (Yeakley et al.,
2002) with high throughput sequencing (referred to as RALS-seq as diagrammed in Fig.
S2A) to target 3726 alternative splicing events that are conserved between human and mice.
Although this technology focuses on annotated targets, as opposed to completely unbiased
profiling of alternative splicing by RNA-seq, we found that RASL-seq is robust in detecting
quantitative differences in mRNA isoform expression. We detected 954 alternative splicing
events that expressed both isoforms in HEK293T cells (by requiring a minimal of 5 counts
for each isoform in a given event). This allowed us to compute isoform ratio change for each
alternative splicing event under two biological conditions (Fig. S2B, see Du et al., 2010).
The splicing ratio changes deduced by RASL-seq were highly consistent with the RT-PCR
results (Fig. S2C).

Based on analysis of biological triplicates, we found that EGF-induced splicing switches
with the ratio change = 2 are highly statistically significant with p-value <0.05. Based on
this cut-off, we scored 398 splicing events (41.7% out of the total 954 detectable alternative
splicing events) that were responsive to the EGF treatment, indicating that EGF triggered
dramatic splicing reprogramming in the cell (Fig. 2A-B). Significantly, inactivation of
SRPKs by RNAI diminished EGF-induced splicing response (p<2.2e-16 based on two-sided
Kolmogorov-Smirnov (KS) test in comparison between EGF-induced splicing in control
SiIRNA- and siSRPK1/K2-treated cells) (Fig. 2A-B). These results suggest that SRPKs are
largely responsible for transducing EGF signaling to regulate alternative splicing in the cell.

SRPKs are the major branch in the EGF pathway for global regulation of alternative

splicing

Because EGF is known to activate multiple signal transduction pathways, we used a panel of
specific kinase inhibitors to block each of the major pathways, including WP1066 against
the JAK/STAT pathway, Wortmannin against the PI3K/Akt pathway, U0126 against the
ERK pathway, and Rapamycin against the mTOR pathway. GF109203X is an inhibitor of
PKC, which was included as a negative control. Each of these inhibitors was able to block
the respective pathway (Fig. 2C). Wortmannin was the most potent inhibitor to EGF-
induced alternative splicing among all inhibitors tested based on the significance of the
global impact determined by KS test (Wortmannin: p<3.386e-14; Rapamycin: p=0.6087;
WP1066: p=0.2201; U0126: p=0.4928; GF109203X: p=0.2089) (Fig. S2D and Table S1) or
simply on the reduction of EGF-responsive alternative splicing events in the presence of
individual kinase inhibitors (Fig. 2D). This is further illustrated on a panel of specific EGF-
induced splicing events validated by RT-PCR, showing that sSiRNAs against SRPK1/K2
blocked EGF-induced splicing, and in comparison, only Wortmannin showed similar effects
to SRPK RNA.i (Fig. 2E).

Relatively to the PI3K/Akt pathway, inhibition of other signaling branches in the EGF
pathway each reduced a subset of EGF-induced splicing events below the cut-off and
blocking the PKC pathway had a similar effect (Fig. 2D and Fig. S2E). Out of these
suppressed alternative splicing events (113 by WP1066, 109 by U0126, 108 by Rapamycin,
and 104 by GF109203X), 49 were commonly affected by all 4 inhibitors, and we further
noted that most of these events were affected to a much less degree compared to
Wortmannin treatment (Table S1). These observations indicate some general effects on cell
fitness by these kinase inhibitors, although each may have some specific, but limited
contribution to the overall EGF-induced splicing program. We conclude from these analyses
that the PI3K/Akt branch transduces the EGF signal through SRPKSs, rather than the well-
established downstream effector mTOR, to induce large-scale splicing responses in the
nucleus.
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Activated Akt acts as a regulatory factor in inducing SRPK1 autophosphorylation

Having established a key role of SRPKSs in transducing EGF signaling to regulate splicing in
the nucleus, we next wished to determine how EGF regulates the activity of SRPKs. A
previous study showed that activated Akt can directly phosphorylate SRPK2, thereby
inducing catastrophic neuronal death by forcing differentiated neurons to re-enter mitosis
(Jang et al., 2009). This study mapped the Akt phosphorylation site to Thr491 in the
HDRSRT motif located in the spacer region of SRPK2, which only loosely fits the Akt
consensus RXRXXS/T. We scanned the amino acid sequence of SRPK1 and found no such
Akt consensus sequences in the kinase, raising the question of whether SRPK1 is a direct
substrate for Akt. We therefore took a proteomics approach to first determine whether
SRPK1 could be phosphorylated in response to EGF treatment or overexpression of a
constitutively activated Akt. Analysis of phosphopeptides by mass spectrometry from
immunoprecipitated SRPK1 revealed multiple phosphorylation sites in SRPK1 that could be
induced by EGF or activated Akt (Fig. 3A and S3A). This observation suggests that SRPK1
may be extensively phosphorylated in vivo, despite the fact that recombinant SRPKs
expressed from bacteria are highly active in phosphorylating SR proteins in vitro (Nolen et
al., 2001; Aubol et al., 2003; Ngo et al., 2005), indicating that some of these
phosphorylation events may regulate other aspects of the kinase function in the cell.

To determine which of the in vivo mapped sites might be direct targets for activated Akt, we
used highly purified Akt to phosphorylate bacterially expressed SRPK1. We found that
activated Akt could indeed induce SRPK1 phosphorylation in vitro, which could be blocked
by the Akt-specific inhibitor MK2206 (Fig. 3B). Unexpectedly, we noted that the SRPK1
kinase dead mutant lost the ability to be phosphorylated by Akt, even though it could
compete with WT SRPK1 for binding (Velazques-Dones et al., 2005) and phosphorylating
an SR protein (Fig. S3B). Also surprising was the observation that MK2206 alone was able
to induce SRPK1 autophosphorylation in the absence of Akt, although it could efficiently
suppress SRPK1 phosphorylation by Akt (Fig. 3B). This may be related to the fact that
MK2206 is a non-ATP competitive allosteric inhibitor of Akt (Hirai et al., 2010), which may
occupy a regulatory pocket on SRPK1 to induce its autophosphorylation. These observations
strongly suggest that SRPK1 is regulated by an Akt-dependent allosteric mechanism.

Akt induces two critical autophosphorylation events in SRPK1

The ability of activated Akt to induce SRPK1 autophosphorylation permitted us to
determine the in vitro phosphorylation sites by mass spectrometry and compare them to
those in EGF-treated cells. This led to the identification of two autophosphorylation sites
(Ser33 and Ser309) and two additional sites that were induced only in the presence of active
Akt, one (Thr326) located in the spacer domain and the other (Ser587) in the C-terminal
region of SRPK1 (Fig. 3A). Further consistent with the possibility that these
phosphorylation events result from autophosphorylation is the observation that a fragment of
SRPK1 containing T326 could not be phosphorylated with purified Akt (data not shown).
Importantly, T326 matches the in vivo site in EGF-treated cells. However, phosphorylation
at S587 escaped the detection in our in vivo experiments, which might be due to two lysines
(K) that flank this site, making it difficult to detect after extensive trypsin digestion of the
limited amount of immunoprecipitated SRPK1. In any case, these in vivo and in vitro
mapping studies indicate that T326 and S587 might be the major sites that were induced by
activated Akt. We therefore mutated both sites to Alanine, either individually or in
combination, finding that only the double mutation abolished Akt-induced SRPK1
autophosphorylation in vitro, even though the mutation had no effect on the kinase activity
of SRPK1 towards an SR protein (Fig. 3C).
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Akt-induced SRPK phosphorylation appears to require binding of activated Akt to the
splicing kinases because only activated Akt could efficiently co-immunoprecipitate with
SRPK1 and SRPK2, which could be blocked by Wortmannin (Fig. 3D). We further
confirmed binding of only activated Akt to SRPKZ1 by co-IP (Fig. 3E). This is consistent
with the observation that even highly purified constitutively active Akt from a commercial
source appears to contain both Akt and SR kinase activities. We further tested this
possibility by using a well-characterized Akt substrate GSK3p to suppress the authentic Akt
activity towards another Akt substrate H2B. We found that, while GSK3 was able to
suppress H2B phosphorylation, it enhanced the associated kinase activity towards the SR
protein SRSF1 (Fig. S3C), which is consistent with the reported effect of GSK3p in
phosphorylating primed SR proteins (Hernandez, et al., 2004). Conversely, a synthetic
SRPK substrate containing 16 Ser/Arg repeats (SR16) was able to suppress the kinase
activity towards SRSF1 (Fig. S3C). These data provide a plausible explanation to a previous
observation that immunopurified Akt could phosphorylate SR proteins, which led to the
suggestion that SR proteins might be direct substrates for activated Akt (Blaustein et al.,
2005). The evidence presented here strongly indicates that this SR protein kinase activity is
due to the association of SRPKs with purified Akt.

Akt-induced SRPK phosphorylation relays EGF signaling to the nucleus

The evidence presented above indicates that, while SRPK1 may be phosphorylated on
multiple sites in response to EGF signaling, two such sites appear to be directly induced by
activated Akt. To determine the biological significance of such Akt-induced phosphorylation
events, we asked whether phosphorylation at T326 and S587 is critical for SRPK1-
dependent splicing activity. We therefore mutated both sites to either Alanine (A) or
Aspartic Acid (D), the latter mimicking Akt-induced phosphorylation on SRPK1, and tested
both 326 A587A and 326D587D mutants in E1A splicing. We found that, while the
326A587A mutant lost the ability to trigger switch in E1A splicing, the 326D587D mutant
was more potent than WT SRPKZ1 in inducing E1A splicing (Fig. 3F). Importantly, we found
that the phospho-mimicking mutants of SRPK1 and SRPK2 rendered both kinases
insensitive to Wortmannin inhibition, suggesting that the mutations bypassed the
requirement for Akt activation in inducing alternative splicing (Fig. 3G—H). Therefore,
although it remains to be seen whether multiple other phosphorylation events on SRPK1
have a biological function, two of these sites induced by activated Akt appear to be
necessary and sufficient to transmit EGF signaling to the nucleus to regulate alternative
splicing.

To further understand how activated Akt relays EGF signaling through SRPKSs to the
nucleus and in light of our previous observation that SRPKs could be induced to relocate
from the cytoplasm to the nucleus in response to a stress signal (Zhong et al., 2009), we
asked whether EGF signaling and Akt-mediated phosphorylation might trigger nuclear
translocation of SRPKs. Indeed, we found that EGF treatment induced nuclear translocation
of both SRPK1 and SRPK2, which could be blocked by Wortmannin (Fig. 4A and S4A).
Again, a constitutively activated Akt was able to trigger a similar response (Fig. S4B), and
as expected, none of the inhibitors against other branches in the EGF pathway showed
detectable effect on blocking SRPK1 nuclear translocation (Fig. S4C). Consistently, while
the phosphorylation-defective mutant SRPK1 (326 A587A) was restricted to the cytoplasm,
the Akt phosphorylation-mimicking mutant (326D587D) was constitutively localized in the
nucleus in the absence of EGF treatment (Fig. 4B). EGF treatment showed little effect on the
constitutive localization of these SRPK1 mutants in the cell (Fig. S4D). Together, these
findings established signal-induced SRPK nuclear translocation under physiological
conditions and demonstrated that activated Akt is both necessary and sufficient for this
EGF-induced event.
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In agreement with induced translocation of SRPKSs to the nucleus, SR proteins became
hyperphosphorylated, as detected by a pan-phospho-SR antibody (mAb104), which could be
effectively blocked by Wortmannin (Fig. 4C). SRPKs appear to be responsible for such
EGF-induced increase in the steady-state phosphorylation of SR proteins because RNAI-
mediated knockdown of SRPK1/K2 abolished this effect (Fig. 4D). As expected, the
Alanine mutant of SRPK1 lost the effect in enhancing SR proteins phosphorylation while
the Aspartic Acid mutant of the kinase potently induced SR protein phosphorylation, similar
to the WT kinase, in transfected HEK293T cells (Fig. S4E). Interestingly, both Wortmannin
treatment and SRPK siRNA accelerated SR protein dephosphorylation, indicating that the
steady-state level of SR protein phosphorylation is dynamically regulated by both kinase and
phosphatase systems, as previously noticed (Shi and Manley, 2007). Together, these results
connect a series of causal events downstream of EGF signaling from Akt activation to SRPK
nuclear translocation to SR protein hyperphosphorylation, leading to regulated splicing in
the nucleus.

SRPKs are subject to multi-layer control before and after activation by Akt

To further understand the mechanism for phosphorylation-induced nuclear translocation of
SRPKs, we examined dynamic interactions of SRPKs with their molecular chaperones,
which we previously showed to be responsible for anchoring the splicing kinases in the
cytoplasm (Zhong et al., 2009). We first confirmed that both SRPK1 and SRPK2 are
associated with Hsp70 and Hsp90 as well as their respective co-chaperones Hsp40 and Ahal
in HEK293T cells (Fig. 5A). To determine how EGF might modulate such interactions, we
preformed a time-course co-immunoprecipitation experiment. We found that the association
of Hsp70 and its co-chaperone Hsp40 with SRPK1 and SRPK2 was progressively reduced
(Fig. 5B). We noted that the association of Hsp70 with both kinases was less sensitive than
Hsp40 to EGF treatment, likely due to multiple members of the Hsp40 family expressed in
the cell, thus providing redundant functions in mediating Hsp70 binding. In contrast, EGF
signaling progressively induced the association of Hsp90 and its co-chaperone Ahal with
both kinases (Fig. 5B). Furthermore, the reduced association with Hsp70 and enhanced
binding with Hsp90 were sensitive to Wortmannin, but not the PKC inhibitor GF109203X
(Fig. 5C). These data indicate that EGF signaling induces a cascade of switches in the
interaction of SRPKs with their molecular chaperones.

An additional layer of SRPK sequestration in the cytoplasm is likely provided by the 14-3-3
family of proteins, particularly 14-3-3p, as previously demonstrated on SRPK2 (Jang et al.,
2009). Indeed, we found that, like SRPK2, SRPK1 was also associated with 14-3-3p, which
could be blocked by Wortmannin, but not the PKC inhibitor GF109203X (Fig. 5D), and the
interaction with 14-3-3p was progressively enhanced in response to EGF signaling (Fig.
5E). Conversely, in EGF-treated cells, 14-3-3p overexpression effectively blocked the
interaction of SRPK1 with both Hsp70 and Hsp90 (Fig. 5F). Together, these data suggest
that SRPKSs are tightly regulated by heat shock complexes and by 14-3-3 family members
during the course of EGF signaling. These results explain why SRPKs are not fully relocated
to the nucleus in EGF-induced cells (Fig. 4A and Fig. S4A). This tight control of SRPK
nuclear translocation is likely biologically important because our early studies showed that
constitutive localization of the kinases in the nucleus caused a severe cell lethal phenotype
in both yeast and mammalian cells (Siebel et al., 1999; Ding et al., 2006). 14-3-3 proteins
might thus function to prevent excessive localization of SRPKs even under strong
stimulation conditions, which may cause toxic effects in the nucleus.

It is curious that Hsp90 became increasingly associated with SRPKs in response to EGF
signaling, which was coincident with the kinetics of nuclear translocation of the kinases
(Fig. 4A and Fig. S4A). As Hsp90 has been implicated in facilitating nuclear translocation
of many cellular factors, such as p53 (Zylicz et al., 2001) and the nuclear receptor GR
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(Zhang et al., 2006), we asked whether the interaction of SRPK1 with Hsp90 in EGF-treated
cells plays a critical role in SRPK1 nuclear translocation. We first showed that the phospho-
mimicking mutant of SRPK1 caused increased association with Hsp90 (Fig. 6A). RNAI-
mediated knockdown of Hsp90 (Fig. 6B) effectively blocked EGF-induced nuclear
translocation of SRPK1 (Fig. 6C) as well as nuclear translocation of the phospho-mimicking
mutant SRPK1-326D587D (Fig. 6D). These data strongly support a key role of Hsp90 in
facilitating nuclear translocation of SRPK1 in response to EGF signaling.

Discussion

The data presented here reveal a major signal transduction pathway for regulated splicing in
mammalian cells. As depicted in Fig. 6E, EGF treatment activates the PI3K and then Akt.
Although EGF is well known to activate multiple other signaling branches, including the
ERK and JAK/STAT pathways (Jorrissen et al., 2003), our data indicate that activated Akt
plays a dominant role in transducing EGF signaling to the nucleus for regulated splicing.
Although mTOR is a major downstream effector in the Akt pathway (Inoki et al., 2005), we
found that activated mTOR has a limited contribution to EGF-induced alternative splicing
events. Instead, EGF signaling branched from activated Akt to SRPKSs to regulate most of
EGF-induced alternative splicing events. Therefore, SRPKSs represent an important branch
of the EGF signal transduction pathway for regulated splicing in the nucleus.

Previous work has placed SR proteins in growth factor-induced splicing pathway (Liu et al.,
2003). However, it has been suggested that activated Akt may directly act on SR proteins
(Blaustein et al., 2005) and/or relay through the Clk family of kinases that are constitutively
localized in the nucleus (Jiang et al., 2009). Our current data suggest that the ability of
immunopurified Akt to phosphorylate SR proteins is likely due to associated SRPKs. With
respect to the Clk family of kinases, it is interesting to note that the SRPK and CIk families
of kinases can act in a synergistic fashion to control the phosphorylation state of SR proteins
and alternative splicing in mammalian cells (Ngo et al., 2005; Cho et al., 2011). This
synergy may be further enhanced by other kinases, such as GSK3, either directly through
additional phosphorylation events on SR proteins (Hernandez et al., 2004) or via GSK3-
dependent feedback regulation of the Akt pathway (Lu et al., 2011). Therefore, it is entirely
possible that multiple kinases are involved in EGF-induced alternative splicing.

The data presented in the current work strongly support that Akt activates SRPKs in EGF-
treated cells by employing an unusual allosteric mechanism. Instead of directly transferring
phosphates to its targets, like in most signal transduction cascades, we found that activated
Akt binds and induces SRPK1 autophosphorylation because Akt-mediated phosphorylation
depends on the kinase activity of SRPK1 and an allosteric kinase inhibitor could also induce
SRPK1 autophosphorylation. This explains why Akt is able to trigger SRPK1
phosphorylation in the absence of any consensus motif in SRPK1. It also explains a previous
observation that the kinase activity of SRPK1 is required for its nuclear import (Ding et al.,
2006). Although published data suggest that Akt can directly transfer phosphates to SRPK2
(Jang et al., 2009), it remains to be determined whether activated Akt could also induce
other phosphorylation events on SRPK2 through the autophosphorylation mechanism.

Since SR proteins are efficiently phosphorylated by bacterially expressed SRPKSs, attainment
of an active kinase conformation is not dependent on Akt. Instead, Akt-mediated
phosphorylation appears to induce a series of re-arrangements with molecular chaperones
and other regulatory factors to regulate the cellular distribution of the splicing kinases.
Although the signal-dependent interaction of SRPK1 with molecular chaperones has been
established in our previous studies (Zhong et al., 2009), we have now further extended the
work by showing that the Hsp70-containing complexes are responsible for anchoring the
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splicing kinases in the cytoplasm, whereas the Hsp90-containing complexes actually
facilitate SRPK translocation to the nucleus. This cascade of events is reminiscent of the
regulatory p53 nuclear import pathway where the Hsp70/Hsp90-containing complex first
assists p53 folding; subsequently, correctly folded p53 is imported to the nucleus in a Hsp90
dependent manner (King et al., 2001; Song et al., 2001; Zylicz et al., 2001).

The recognition of SRPKSs as key signal transducers in mammalian cells paves the way to
understand the role of this important family of kinases in a variety of human diseases,
particularly cancer. Multiple components in the Akt pathways have been shown to function
as oncogenes or tumor suppressors (Inoki et al., 2005; Carracedo and Pandolfi, 2008). Our
current findings add a dimension in understanding diverse disease phenotypes from the
prospective of regulated splicing, because dysregulation of RNA splicing has been attributed
to many different kinds of human diseases (Cooper et al., 2009). Potential roles of SRPKSs in
cancer are underscored by the observed overexpression of SRPK1 in adult T-cell leukemia
(Hishizawa et al., 2005) as well as in several types of solid tumors, such as colon,
pancreatic, and breast carcinomas (Hayes et al., 2006; 2007; Plasencia et al., 2006). A more
recent study demonstrated that SRPK1 is transcriptionally repressed by WT1, a well-known
tumor suppressor, and overexpression of SRPK1 directly contributes to angiogenesis
through induced VEGF alternative splicing that causes renal failure and Wilms’ tumors
(Amin et al., 2011). Interestingly, SRPK1 down regulation has also been linked to
tumorigenesis in male germ cell tumors (Schenk et al., 2004) and late stage retinoblastoma
(Krishnakumar et al., 2008). These observations suggest that altered SRPK expression in
either direction may contribute to tumorigenesis in different biological contexts. By placing
SRPKSs in a central position in the Akt pathway, we can now begin to dissect key molecular
events from Akt activation to regulated splicing in understanding the etiology and
progression of human cancers.

Experimental Procedures

Reagents

EGF, Wortmannin, GF109203X, WP1066, U0126, GSK3p, H2B, Rapamycin, anti-a.-
Tubulin, and anti-Myc were from Sigma. Anti-phospho-Akt, anti-JAK2, and anti-phospho-
JAK2 were from Cell Signaling. Antibodies against Akt, HSP70, HSP40, 14-3-3p, p-
ERK1/2, ERK1/2, HA, and IgG were from Santa Cruz. MK2206 was from Selleck
Chemicals. Antibodies against HSP90, SRPK1 and SRPK2 were from BD Pharmingen.
Anti-Ahal was a gift from the laboratory of William E. Balch. The mAb104 hybridoma was
from ATCC and 1:4 dilution of culture supernatant was used for Western blotting.

Protein A/G Sepharose was from GE Healthcare. Ni-resin and On-column DNase kit were
from Qiagen. Lipofectamine 2000, trizol, SuperScript 111 First-Strand Synthesis System and
RNase-free DNase | were from Invitrogen. SiISRPK1 and siSRPK2 were from Dharmacon.
SiHsp90 was from Bioneer. Activated Aktl was from Millipore. Applied Biosystem
AmpliTag® Gold kit was from Applied Biosystems.

Cell culture, transfection, and drug treatment

Cells were cultured in Dulbecco’s modified Eagle’s medium plus 10% fetal bovine serum.
Transient transfections were performed using Lipofectamine 2000. Cells were first starved
for 12 hrs and pretreated with various pharmaceutical inhibitors (20 nM Wortmannin, 10
pM GF109203X, 100 nM Rapamycin, 10 M U0126 or 3 .M WP1066) for 30 min,
followed by EGF treatment (100 ng/ml) from various time points as indicated in the text.
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Minigene analysis of regulated splicing

Cells were cotransfected with the ELA minigene plasmid along with different plasmids.
Total RNA was extracted and reverse-transcribed to cDNA and then was used for PCR
amplification as previously described (Zhong et al., 2009; Yang et al., 1994).

RASL-Seq analysis of alternative splicing

A pool of oligonucleotides was designed to detect 3726 alternative splicing events. The
RASL reaction (Fig. S2A) was carried out as previously described (Li et al., 2012).

Two-sided Kolmogorov-Smirnov statistics

Two-sided Kolmogorov-Smirnov statistics (in the R package, http://cran.r-project.org/) was
used to determine the significance of SRPK knockdown and various kinase inhibitors in
blocking EGF-induced alterative splicing (Conover, W. J. 1971).

Expression of recombinant proteins and in vitro phosphorylation assay

Different SRPK1 mutants were individually cloned into pRSET-A and expressed as His-
tagged proteins in BL-21 DE3. After incubated with IPTG at 20°C for 12 hrs, cells were
harvested and disrupted in a lysis buffer (20 mM MES-pH6.5, 150 mM NacCl, 20% glycerol,
1 mM PMSF, protease inhibitor, 1 mg/ml lysozyme, RNAse A (1500 U), and DNase | (1000
U)) by sonication. The supernatant was loaded onto the Nickel resin and was washed three
times. Individual His fusion proteins were eluted with the lysis buffer containing 300 mM
imidazole. Purified proteins were dialyzed and stored in the kinase reaction buffer (20 mM
Tris-pH 7.5 and 10 mM MgCl5).

The kinase assay was carried out in a 25 pl kinase reaction containing 25 M ATP and 2.5
pCi of [y-32P]-ATP and incubated for 20 min at 30 °C. Reactions were terminated by
boiling in 10 pl 2x SDS sample buffer for 5 min followed by SDS-PAGE and
autoradiography.

Co-immunoprecipitation analysis

Cells were lysed in 1 ml of lysis buffer (10 mM Tris-pH 7.4, 100 mM NaCl, 2.5 mM MgCl,,
0.5% Triton-100, 1x phosphate, protease inhibitors), and was added to 40 ! slurry (1:1
ratio) of protein A/G Sepharose pre-bound with various antibodies. After incubation for 5
hrs at 4°C with rocking, antigen/antibody beads were collected. After elution in 30 pL SDS
loading buffer and separation by SDS-PAGE, the samples were transferred to nitrocellulose
membrane. The membrane was blocked in buffer TBST plus 5% nonfat milk and then
incubated with individual primary antibodies. After extensive rinse with TBST, the blot was
incubated with appropriate HRP-conjugated secondary antibody and analyzed by ECL.

Phosphopeptide generation and LC-MS/MS analysis

Protein samples were prepared as described previously (McCormack et al. 1997). After
prepared protein samples were digested with trypsin (trypsin:protein ratio=1:50) overnight at
37°C, the peptides were extracted and desalted using Aspire RP30 desalting columns
(Thermo Scientific). Then, trypsin-digested peptides were analyzed by high pressure liquid
chromatography (HPLC) coupled with tandem mass spectroscopy (LC-MS/MS) using nano-
spray ionization. Finally, the collected data were analyzed using MASCOT® (Matrix
Sciences) and Protein Pilot 4.0 (ABSCIEX) for peptide identifications.
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Fluorescence Microscope Analysis

Cells were grown onto coverslips and were fixed with 3.7% paraformaldehyde in PBS for 10
min. The cells were then permeabilized with 0.2% Triton X-100 for 10 min and blocked
with 1% fetal bovine serum in PBS for 20 min. After washing with PBS three times, the
coverslips were loaded with primary antibodies, incubated for 1 hr, washed with PBS three
times, and treated with fluorescence-conjugated secondary antibodies with 1hr. Washed
coverslips were mounted in a solution containing 4,6-diamidino-2-phenylindole (DAPI) and
images captured on a Zeiss Axiophot microscope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

EGF regulates E1A splicing via activated Akt and SRPKSs. (A) Structure of the E1A
minigene. The common three isoforms (13S, 12S, and 9S) are products of three alternative
5’ splice sites in competition for the same downstream 3” splice site. Additional splicing
events produce the 11S and 10S isoforms, which are much less abundant compared to the
three common isoforms. (B) E1A splicing in response to EGF treatment. EGF signaling
induced the switch from the proximal 5” splice sites (for 13S and to some extent 12S) to the
distal 5” splice site (for 9S). The switch could be blocked by the PI3K inhibitor
Wortmannin, but not by the PKC inhibitor GF109203X. The effects of EGF and
Wortmannin on Akt activation were determined by Western blotting on the lower panels.
The ERK/MAPK pathway was unaffected in HEK293T cells by either inhibitor. (C)
Induced E1A splicing switch by a constitutively activated (CA) Akt, but not by a kinase
dead (KD) Akt. (D) Overexpression of SRPK1, but not the kinase dead mutant, induced a
similar switch in E1A splicing to favor the production of the 9S isoform. (E) Requirement
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for SRPKs in EGF-induced splicing. The effect of EGF on E1A splicing was blocked by
siRNA-mediated knockdown of either SRPK1 or SRPK2 or both (upper panel). The
knockdown was efficient and specific as determined by Western blotting (lower panel).
Control siRNA had no effect and Akt was still active after SRPK knockdown in EGF-treated
cells.
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SRPKSs are the major branch in the EGF pathway for global regulation of alternative
splicing. (A) EGF induced widespread splicing changes from a global scale, which was

largely diminished in SRPK1/2 knockdown cells (p<2.2e-16 according to KS-test). Red dots

in the left panel represent splicing ratio changes = 2. Although some changes were

detectable in response to double knockdown of SRPK1 and SRPK?2 (green dots in the right
panel), the magnitude of ratio changes in those cases was much lower. (B) EGF-induced
alterative splicing before and after knocking down SRPK1/2. (C) EGF activated multiple
signaling branches, including the JAK/STAT, PI3K/Akt, ERK/MAPK and mTOR pathways,
each of which could be blocked by a specific inhibitor. (D) Wortmannin effectively blocked
EGF-induced splicing, while inhibition of all other pathways had much less effects (see the
degree of individual responses in Table S1). (E) A selective panel of splicing events induced
by EGF was examined by RT-PCR under different treatment conditions. SRPK knockdown
and Wortmannin treatment showed a similar effect in each case, while other inhibitors had
minor, if any, effects. The efficiency of SRPK knockdown was shown at bottom.
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Figure 3.

Activated Akt triggers SRPK1 autophosphorylation. (A) Schematic presentation of SRPK1
domains with two candidate Akt-mediated phosphorylation sites highlighted in bold, which
were deduced from in vivo and in vitro phosphorylation experiments analyzed by mass
spectrometry (Fig. S3A). (B) In vitro kinase assay. Purified activated Akt phosphorylated
WT SRPK1, which could be blocked by Akt inhibitor MK2206 (1 M). Activated Akt was
unable to phosphorylate the kinase dead SRPK1 mutant while MK2206 alone could induce
SRPK1 autophosphorylation. (C) Akt-mediated phosphorylation of SRPK1 at T326 and
S587. Double Alanine mutations on these two sites abolished Akt-mediated
phosphorylation, but had no effect on the kinase activity of SRPK1 on the SR protein
SRSF1. (D) Interaction of both SRPK1 and SRPK2 with Akt only after Akt activation by
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EGF. (E) Co-IP experiments further showed the interaction of SRPK1 only with activated
Akt. (F) Akt-mediated phosphorylation in SRPK1 is necessary and sufficient to induce
splicing switch on the E1A reporter. The 326A587A mutant appears to act in a dominant
negative fashion whereas the phospho-mimicking 326D587D mutant was more potent than
WT SRPK1 in inducing the splicing switch. (G and H) The phospho-mimicking SRPK
mutants bypassed the requirement for Akt signaling in regulated splicing. In both cases, the
phospho-mimicking mutants (K1-326D587D or K2-T491D) could induce E1A splicing in
the presence of Wortmannin.
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Figure4.

Induction of SRPK nuclear translocation and dynamic regulation of SR protein
phosphorylation in response to EGF signaling. (A) EGF induced SRPK1 translocation to the
nucleus and Wortmannin blocked the translocation. (B) Phospho-mimicking SRPK1 entered
the nucleus in the absence of EGF signaling. (C) EGF induced SR protein phosphorylation
whereas blockage of EGF signaling by Wortmannin triggered extensive dephosphorylation
of SR proteins. (D) SRPKSs are responsible for EGF-induced SR protein phosphorylation. In
the absence of EGF treatment, SRPK knockdown had a detectable but modest effect on the
steady state of SR protein phosphorylation (compare lane 1 with lane 3). EGF induced
dramatic reduction of SR protein phosphorylation in SRPK knockdown cells (compare lane
2 with lane 4). These data suggest increased competition by SR protein phosphatases when

SR protein kinases were reduced by RNAI in EGF-treated cells.
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EGF signaling modulates the interaction of SRPKs with heat shock and 14-3-3 proteins. (A)
Co-immunoprecipitation of SRPK1 and SRPK2 with Hsp70 and Hsp90 along with their co-
chaperones in the presence of serum. (B) EGF-induced release of Hsp70 and its co-
chaperone Hsp40 from SRPKs while enhanced the association of the splicing kinases with
Hsp90 and its co-chaperone Ahal. (C) The differential interaction of SRPKs with heat
shock proteins required the activation of the PI3K pathway. (D-F) EGF induced the
interaction of SRPKs with 14-3-3p. Both SRPKSs showed similar association in proliferating
HEK293T cells (D). Interestingly, SRPK2 seems to be more inducible than SRPK1 in
association with 14-3-3f in response to EGF signaling (E). Increased 14-3-3p was able to
progressively suppress the interaction of SRPKs with both Hsp70 and Hsp90 in EGF-treated

cells (F).
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Figure®6.

A critical role of Hsp90 in facilitating SRPK nuclear translocation in response to EGF
signaling. (A) The phospho-mimicking mutant K1-326D587D gained elevated association
with Hsp90 compared to WT SRPK1 and the double Alanine mutant K1-326A587A. (B)
RNAi-mediated knockdown of Hsp90. (C) Hsp90 knockdown blocked EGF-induced
SRPK1 nuclear translocation. (D) The phospho-mimicking SRPK1 mutant entered the
nucleus in the absence of EGF signaling (upper panel), but in an Hsp90-dependent fashion
(lower panel). (E) Summary of EGF signaling through the Akt-SRPK-SR axis to regulate
alternative splicing in the nucleus. Hsp70 is responsible for inhibiting nuclear import of the
splicing kinases, Hsp90 knocks off Hsp70 to facilitate nuclear import, and 14-3-3 functions
to prevent excessive accumulation of the splicing kinases in the nucleus.
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