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SUMMARY

Akt activation is a hallmark of human cancers. Here,
we report a critical mechanism for regulation of Akt
activity by the splicing kinase SRPK1, a downstream
Akt target for transducing growth signals to regulate
splicing. Surprisingly,wefind that SRPK1has a tumor
suppressor function because ablation of SRPK1 in
mouse embryonic fibroblasts induces cell transfor-
mation. We link the phenotype to constitutive Akt
activation from genome-wide phosphoproteomics
analysis anddiscover that downregulated SRPK1 im-
pairs the recruitment of theAkt phosphatasePHLPP1
(pleckstrin homology (PH) domain leucine-rich repeat
protein phosphatase) to Akt. Interestingly, SRPK1
overexpression is also tumorigenic because excess
SRPK1 squelches PHLPP1. Thus, aberrant SRPK1
expression in either direction induces constitutive
Akt activation, providing a mechanistic basis for pre-
vious observations that SRPK1 is downregulated in
some cancer contexts and upregulated in others.

INTRODUCTION

Increasing evidence suggests that splicing factors and regula-

tors are multitasking in mammalian cells. In particular, the SR

family of splicing factors integrates multiple steps in gene

expression, from transcription to mRNA export to translation

(Zhong et al., 2009b). Individual heterogeneous nuclear ribonu-

cleoproteins (hnRNPs) seem to target themselves and influence

the levels of many other regulatory proteins, resulting in complex

responses in gene expression (Huelga et al., 2012). Many of
378 Molecular Cell 54, 378–391, May 8, 2014 ª2014 Elsevier Inc.
these splicing regulators appear to function beyond the splicing

control. For instance, SRSF2, an SR protein, plays a direct role in

transcriptional activation at gene promoters (Ji et al., 2013); the

abundant U1 small nuclear ribonucleoprotein particle (snRNP)

functions to prevent premature Pol II termination (Berg et al.,

2012); the classical splicing regulator polypyrimidine tract bind-

ing protein (PTB) modulates microRNA targeting during neuronal

induction (Xue et al., 2013); and SRSF1 regulates p53 stability by

sequestering the p53 E3 ligase Mdm2 (Fregoso et al., 2013).

These findings highlight critical contributions of splicing factors

and regulators to diverse biological pathways.

We recently demonstrated a central role of SR protein-specific

kinases (SRPKs) in transducing growth signals from the cell

surface to the nucleus to regulate splicing (Zhou et al., 2012).

SR proteins are extensively phosphorylated by two families of

kinases, SRPKs and Clks (Zhou and Fu, 2013). SRPKs aremainly

sequestrated in the cytoplasm by molecular chaperones (Zhong

et al., 2009a; Zhou and Fu, 2013), while Clks are largely

distributed in the nucleus; these kinases act together to catalyze

consecutive phosphorylation on SR proteins (Velazquez-Dones

et al., 2005). Like many signaling molecules, cytoplasmic SRPKs

are activated in response to upstream signals and translocate to

the nucleus to regulate splicing (Zhou et al., 2012). A key event is

induced binding of activated Akt to SRPKs, and global analysis

indicates that this Akt-SRPK-SR pathway is responsible for the

majority of induced splicing events in EGF-treated cells (Zhou

et al., 2012). An outstanding question is how this signal transduc-

tion pathway might contribute to a plethora of Akt functions in

cell survival, proliferation, and oncogenic transformation.

Akt plays critical roles in diverse cellular signaling pathways

(Manning and Cantley, 2007). Akt is cotranslationally phosphor-

ylated at T450 by mammalian target of rapamycin complex 2

(mTORC2) (Oh et al., 2010). In response to EGF or insulin, acti-

vated phosphatidylinositol 3-kinase (PI3K) increases the produc-

tion of phosphatidylinositol-3,4,5-trisphosphate (PI3P), which
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recruits Akt to the plasma membrane. This unmasks T308 in

its activation loop for phosphorylation by PDK-1, which triggers

additional mTORC2-mediated phosphorylation at S473. Akt

phosphorylated at both T308 and S473 is maximally activated.

The Akt pathway is subjected to various feedback controls, re-

sulting in quick attenuation of growth signals in normal cells,

and constitutive activation of Akt is a hallmark of many human

cancers (Carracedo and Pandolfi, 2008).

A major mechanism to counteract Akt activation is the conver-

sion of PIP3 back to PIP2 by the lipid phosphatase Phosphatase

and tensin homolog (PTEN), a well-known tumor suppressor

(Maehama and Dixon, 1999). Activated Akt can also be attenu-

ated by dephosphorylation at critical activation sites. PP2A has

been implicated as an Akt phosphatase for T308 (Kuo et al.,

2008), and pleckstrin homology (PH) domain leucine-rich repeat

protein phosphatases (PHLPP1/PHLPP2) have been shown to

function as Akt phosphatases that primarily act on S473 (Brog-

nard et al., 2007; Gao et al., 2005). Interestingly, while PHLPPs

appear to also function as tumor suppressors (Chen et al.,

2011), little is known about how PHLPP-mediated Akt dephos-

phorylation might be regulated (O’Neill et al., 2013).

Here, we report an unexpected tumor suppressor function

of SRPK1, which is linked to constitutive activation of Akt

in SRPK1 knockout mouse embryonic fibroblasts (MEFs). We

show that only activated Akt forms a tight complex with

SRPK1, and within the complex, Akt dephosphorylation is

potently induced. This turns out to result fromSRPK1-dependent

recruitment of the Akt phosphatase PHLPP1. Strikingly, overex-

pressionof thesplicing kinasealsoactivatesAkt by sequestrating

the Akt phosphatase. Therefore, either under- or overexpression

of SRPK1, as frequently observed in human cancers, leads to

constitutive Akt activation. Together, these findings reveal an un-

usual regulatory paradigm in the well-studied Akt pathway and

suggest that SRPK1 may function as an oncogene or tumor

suppressor in different cellular contexts, a paradox frequently

encountered with other signaling molecules (Feng, 2012).

RESULTS

SRPK1 Is Essential for SR Protein Phosphorylation and
Embryonic Development
SRPK1 has been extensively characterized as an SR protein-

specific kinase to relay external growth signals to the nucleus

to regulate alternative splicing (Zhou and Fu, 2013). To deter-

mine its biological function, we generated conditional SRPK1

knockout mice by using the Cre-LoxP technology (Figure S1A

available online). The knockout construct targeted the SRPK1

locus in mouse 129 embryonic stem cells (ESCs), confirmed by

Southern blotting with both 50 and 30 primers outside the DNA

fragments used to construct the targeting vector (Figure S1B).

Germline-transmitted mice could be conveniently genotyped

by PCR using a set of primers flanking the targeted exon 3 (Fig-

ure S1C). Both hetero- and homozygous floxed mice (SRPK1w/f

and SRPK1f/f) were phenotypically normal compared to wild-

type mice in different genetic backgrounds.

By using an oocyte-specific ZP3-Cre transgenic mouse (Wang

et al., 2001), conditional knockout SRPK1 mice were first con-

verted to germline-deleted females, which were further crossed
with wild-type males in order to generate heterozygous

(SRPK1+/�) and null (SRPK1�/�) mice. We recovered both wild-

type and heterozygous mice in the Mendelian frequency but

detected no null mice among live-birth animals. By genotyping

mouse embryos at embryonic day 14.5 (E14.5) and E21 stages,

we detected a rough 1:2 ratio of SRPK1+/+ and SRPK1+/�

fetuses, but no SRPK1�/� embryos (Figure 1A). These data indi-

cate that SRPK1 is essential for early embryonic development in

the mouse.

The functional requirement of SRPK1 in development is

consistent with its central role in phosphorylating SR proteins,

important for early steps of spliceosome assembly (Cho et al.,

2011). As such lethal phenotype prevented further biological

studies at the animal level, we derived MEFs from littermates

of conditional knockout mice with different genotypes, which

were converted to hetero- and homozygous SRPK1 knockout

by using a Cre recombinase expressed from a retrovirus (Fig-

ure 1B). Western blotting analysis showed that SRPK1 protein

was reduced in SRPK1+/� MEFs and abolished in SRPK1�/�

MEFs, accompanied by a modest induction of SRPK2, a

SRPK1 homolog normally expressed in the nervous system

(Wang et al., 1998) (Figure 1C). Despite SRPK2 induction,

however, multiple SR proteins showed significantly reduced

phosphorylation when blotted with a pan-SR protein phospho-

antibody (mAb104) (Figure 1D). These data demonstrate unique

contribution of SRPK1 to both SR protein phosphorylation and

embryonic development in the mouse.

Ablation of SRPK1 Induces Premature Cell Senescence
and Transformation
Upon SRPK1 ablation in MEFs, we did not detect obvious cell

lethality; instead, we observed retarded cell growth upon Cre

viral infection. This prompted us to determine whether SRPK1

deletion induced cell senescence. Indeed, by staining the cells

with the senescencemarker b-galatosidase (SA-b-gal), we found

that both SRPK1+/� and SRPK1�/� MEFs showed significant

b-gal staining compared to SRPK1+/+ MEFs (Figure 1E), and

the levels of induced premature senescence appeared to

depend on the degree of SRPK1 deficiency (Figure 1F). The

premature senescent response, a well-known cellular defense

mechanism against oncogenic transformation (Prieur and

Peeper, 2008), raised an intriguing possibility that SRPK1 might

have a tumor suppressor activity.

Since the induction of cell senescence is well known to

depend on p53 (Rufini et al., 2013), we explored the potential

tumor suppressing property of SRPK1 on immortalized MEFs.

By using p53 RNAi (Figure S2) or via expressing the SV40 large

T antigen, which is known to downregulate p53 (Ahuja et al.,

2005), we found that immortalized MEFs no longer showed cell

growth arrest after SRPK1 removal (Figure 2A). Strikingly, these

immortalized SRPK1 knockout MEFs appeared to be trans-

formed, as indicated by their anchorage-independent growth

on soft agar (Figure 2B). Both SRPK1+/� and SRPK1�/� MEFs

were transformed, although SRPK1 null MEFs showed a more

potent transformation phenotype, as indicated by the higher

number of colony induced (Figure 2B).

To further demonstrate that these transformed MEFs have the

capacity to develop into tumors, we subcutaneously injected
Molecular Cell 54, 378–391, May 8, 2014 ª2014 Elsevier Inc. 379



Figure 1. Induction of Premature Cell Senescence in SRPK1-Deleted MEFs

(A) Genotypes of progenies from crosses ofSRPK1 heterozygousmice. Genomic DNA from embryos at E14.5 and E21 were genotyped by PCR. No homozygous

embryos were detected, indicating that SRPK1 is essential for embryonic development.

(B) Generation of hetero- and homozygous SRPK1 deletion MEFs. Embryos of conditional SRPK1 knockout mice with different genotypes were used to derive

MEFs, followed by deletion of the floxed allele(s) with a Cre recombinase-expressing retrovirus. Successful conversion was confirmed by PCR.

(C)Western blot analysis of SRPK1 and SRPK2 expression onwild-type andSRPK1 hetero- and homozygousMEFs. SRPK2was expressed at a low level inMEFs

and modestly induced in response to SRPK1 knockout.

(D) Analysis of phosphorylation levels of SR proteins in wild-type and SRPK1-deleted MEFs by using a pan-SR protein phospho-antibody (mAb104). The

assignment of individual SR proteins was based on relative molecular weights. Total levels of three representative SR proteins (SRSF2, SRSF3, and SRSF6) were

quantified with specific antibodies reactive to nonphosphorylated regions in these proteins. a-tubulin was probed as a loading control.

(E) Representative images of SA-b-gal staining, showing induced premature cell senescence on SRPK1+/� and SRPK1�/� MEFs (cells in blue) relative to the

background on SRPK1+/+ MEFs.

(F) The results in (E) were quantified in. Data are shown asmean ± SD, and statistical significance (p value) was determined by Student’s t test. See also Figure S1.
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MEFs with different genotypes into nude mice. While wild-type

MEFs immortalized by the T antigen alone were not tumorigenic,

both Tg-immortalized SRPK1+/� and SRPK1�/� MEFs devel-

oped full-bloom tumors (Figure 2C). Again, tumor development

appeared to depend on the dose of remaining SRPK1 in the

MEFs, as tumors from SRPK1+/� MEFs grew much slower in

nude mice than those from SRPK1�/� MEFs (Figure 2C, right

panel). These data strongly suggest that SRPK1 has a tumor

suppressor function in vivo, and the deficiency in SRPK1 expres-

sion quantitatively contributes to tumorigenesis in immortalized

cells.

Our observation agrees with reduced SRPK1 expression in

certain cancer cell lines (Hayes et al., 2006) or tumors (Krishna-

kumar et al., 2008; Odunsi et al., 2012; Schenk et al., 2004).

Examination of a panel of human colon cancers revealed that

SRPK1 was undetectable in multiple tumors compared to sur-

rounding noncancerous tissues (Figure 2D). However, similar

to other reports of SRPK1 overexpression in different types of
380 Molecular Cell 54, 378–391, May 8, 2014 ª2014 Elsevier Inc.
human cancers (Hayes et al., 2006, 2007; Wu et al., 2013;

Zhou et al., 2013), we also detected SRPK1 overexpression

in multiple other colon tumors (Figure 2D). This indicates that

SRPK1 expression is dramatically altered in human cancers,

which begs the question of what might be the mechanism(s) un-

derlying the potential contribution of aberrant SRPK1 expression

to tumorigenesis.

Inactivation of SRPK1 Leads to Constitutive Akt
Activation
Because SRPK1 is largely responsible for transducing growth

signals to regulate alternative splicing in the nucleus, thus pre-

dicting a critical contribution of kinase-dependent splicing

events to cell proliferation (Zhou et al., 2012), it appears counter-

intuitive to suspect that certain splicing defects in SRPK1-defi-

cient MEFs might account for the transformation phenotype.

Furthermore, many SRPK1 substrates are known to exert

important dephosphorylation-dependent functions beyond the



Figure 2. Oncogenic Transformation Induced by SRPK1 Deletion

(A) Immortalization of wild-type and SRPK1�/� MEFs by the large T antigen (Tg). Growth of early passage (passage 2) wild-type and SRPK1 null MEFs with or

without Tg immortalization was monitored by the MTT assay based on absorbance at 590 nm. SRPK1 deletion retarded cell growth, and Tg immortalization

prevented such an effect. See also Figure S2 for p53 RNAi-induced immortalization of SRPK1+/+ and SRPK1�/� MEFs.

(B) Soft agar analysis of anchorage-independent cell growth of Tg-immortalized MEFs of different SRPK1 genotypes. Colonies on each plate were stained with

crystal violet after 16 days in culture. A representative area from each plate is shown, and the colony number under each conditionwas quantified as an average of

nine areas in a grid and presented as number per cm2 ± SD at the bottom.

(C) Tumor development in nudemice subcutaneously injectedwithMEFs of differentSRPK1 phenotypes. Tumor formation on a pair of micewith each genotype is

shown on the left, and tumor volumes (mean ± SD) from each group of six mice during the period of 6 weeks after injection are plotted on the right.

(D) Western blotting analysis of SRPK1 expression in multiple pairs of human colon cancer and adjacent normal tissues. T, tumor sample; N, surrounding normal

tissue. The data were randomly selected from a large number of tissue pairs surveyed to illustrate aberrant SRPK1 expression in human cancers.
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splicing control. For example, dephosphorylated SR proteins

appear to be more efficient in enhancing translation in the cyto-

plasm (Sanford et al., 2004, 2005). A recent study revealed

another function of the SR protein SRSF1 in the regulation of

p53 stability (Fregoso et al., 2013). For these reasons and others,

we decided to focus on characterizing SRPK1 null-induced

cellular transformation on MEFs by using unbiased approaches

before pursuing specific pathways.

Using the stable isotope labeling by amino acid in cell culture

(SILAC) technology (Chen et al., 2010), we labeled Tg-immortal-

ized SRPK1+/+ and SRPK1�/� MEFs with isotopically heavy and

light amino acids, respectively, for at least five cell divisions.

Cells of different genotypes were next serum starved for

16 hr and then induced with serum for 15 min. Equal numbers

of cells were pooled to extract proteins for purification of phos-

phopeptides by liquid chromatography and tandem mass
spectrometry (LC-MS/MS). The initial mass-to-charge ratio

(m/z) of individual peptides was measured, and the light (for

knockout) and heavy (for WT) chromatographic elution profiles

of each peptide pair were used to compute the differences (see

representative MS profiles in Figure 3A). We detected various

changes in specific signal transduction pathways, some of

the most prevalent changes being those associated with

the Akt/mTOR pathway, such as Akt1/2-T450, IRS1-S999,

Rictor-S1281, etc. (Figures 3A and S3). Some changes in the

mitogen-activated protein kinase (MAPK) pathway (i.e., Raf1

and ERK2) were also evident, but the magnitude of such

changes appears small and variable between duplicated exper-

iments (Figures 3A and S3).

We paid particular attention to the Akt/mTOR pathway

because our previouswork established SRPK1 as a downstream

target for activated Akt (Zhou et al., 2012). Based on initial clues
Molecular Cell 54, 378–391, May 8, 2014 ª2014 Elsevier Inc. 381



Figure 3. Constitutive Activation of the Akt Pathway in Response to SRPK1 Deletion

(A) Representative phosphopeptides detected by SILAC as indicated. The y axis shows the relative intensity of different peaks, and the x axis indicates the mass-

to-charge (m/z) ratio. Each graph shows a pair of light (KO) and heavy (WT) peaks. The corresponding phosphorylation site in each specific gene is shown at

bottom. The ratio of light versus heavy is indicated in the parentheses in each case. See also Figure S3 for a comprehensive list of SILAC results on some common

signaling pathways.

(B andC)Western blotting analysis ofmultiple components in the Akt pathwaywith a panel of phosphospecific antibodies onMEFs of differentSRPK1 genotypes.

In this analysis, cells were initially maintained in normal growth media, serum starved for 16 hr, and then stimulated with serum for 15 min before harvest for

western blotting.

(D) Few effects of SRPK1 knockout were detected on the major components of the JNK, p38, and MAPK pathways. These analyses were carried out with the

same cell lysates as in (B) and (C).
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from the phosphoproteomic analysis, we used various available

phosphospecific antibodies against key components in the Akt

pathway, including those that escaped detection in our SILAC

experiments, to determine the activation status of the pathway.

We found that multiple key players in the Akt pathway were acti-

vated in both SRPK1+/� and SRPK1�/� MEFs, including PDK1,

Akt (at T308, S473, and T450), mTOR, 4E-BP1 (at S65 and

T37/46), and S6K (Figures 3B and 3C), but SRPK1 knockout
382 Molecular Cell 54, 378–391, May 8, 2014 ª2014 Elsevier Inc.
had little or no effects on JNK, p38, and MAPK pathways (Fig-

ure 3D). As the Akt pathway is known to be subject to complex

feedback and feedforward regulation (Carracedo and Pandolfi,

2008), our data suggest that SRPK1 deficiency may have some-

how induced the activation of the Akt pathway, but may be insuf-

ficient to trigger extensive crosstalks with several other major

signal cascades in MEFs. As the Akt pathway is central for cell

proliferation and survival, the constitutive activation of the



Figure 4. SRPK1-Dependent Recruitment of the Phosphatase PHLPP to Akt

(A) CoIP/western blotting analysis, showing that only EGF-activated Akt becomes associated with SRPK1 in HEK293T cells. A monoclonal anti-SRPK1 was used

for IP and polyclonal anti-pan-Akt for western.

(B) Coimmunoprecipitation (coIP)/western blotting analysis of HEK293T cells treated with EGF for 2 hr, showing that Akt is largely inactivated within the complex

containing SRPK1 or SRPK2.

(C) In vitro kinase assay using either immunoprecipitated or purified kinases. The top panel shows little activity of SRPK-associated Akt in phosphorylating its

canonical substrate GSK3b. The lower panel indicates unappreciable activity of a highly active recombinant SRPK1 on GSK3b.

(D) Relative phosphatase activity associated with immunoprecipitated SRPK1 before and after EGF treatment from two independent experiments, showing

increased phosphatase activity associated with SRPK1 from EGF-treated HEK293T cells relative to mock-treated cells.

(E) CoIP/western analysis showing that Myc-tagged SRPK1 was associated with PHLPP1, but not PP2A, and the kinase-dead version of SRPK1 (KD) efficiently

trapped both PHLPP1 and PHLPP2 in transfected HEK293T cells cultured under regular growth conditions.

(F) Increased phosphatase activity associated with kinase-dead SRPK1 relative to wild-type SRPK1.

(G) CoIP/western blotting analysis of the association between Akt and PHLPP1 in EGF-treated HEK293T cells with or without knocking down SRPK1,

demonstrating that SRPK1 plays a critical role in facilitating PHLPP1 recruitment to Akt.
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pathway may directly contribute to SRPK1 deficiency-induced

cell transformation.

Akt Is Potently Dephosphorylated within SRPK-
Containing Complexes
Both SRPK1 and SRPK2 have been shown to be direct down-

stream targets of activated Akt (Jang et al., 2009; Zhou et al.,

2012). Importantly, these published studies demonstrated that

only activated Akt is able to bind SRPKs to induce the activa-

tion of the splicing kinases, which we further confirmed on

human embryonic kidney 293T (HEK293T) cells in response to

EGF treatment (Figure 4A). We next used specific anti-SRPK1

and anti-SRPK2 to detect their association with Akt in different

functional states on EGF-stimulated HEK293T cells. Surpris-

ingly, we found that the coimmunoprecipitated Akt was largely

dephosphorylated in complex with either SRPK1 or SRPK2

(Figure 4B). Neither anti-SRPK immunoprecipitated Akt nor

purified SRPK1 was efficient in phosphorylating its canonical

substrate GSK3b in in vitro kinase assays (Figure 4C). These

observations indicate that binding of activated Akt to SRPKs

appears to be a suicidal mission, leading to its rapid and nearly

quantitative inactivation within SRPK-containing complexes.

These data suggest that SRPKs may also serve as regulators

of Akt in mammalian cells.
SRPK1 Is Required for the Recruitment of Akt-Specific
Phosphatases
To understand how Akt might be quickly inactivated upon form-

ing a complex with an SRPK, we suspected that there might be a

phosphatase(s) involved. To test this hypothesis, we immuno-

precipitated SRPK1 before and after EGF treatment and then

measured general phosphatase activity associated using a syn-

thetic phosphatase substrate. We observed from two indepen-

dent experiments that SRPK1 brought down from EGF-treated

HEK293T cells was indeed associated with a higher level of

phosphatase activity compared to mock-treated cells (Fig-

ure 4D), indicating that an Akt phosphatase(s) might be recruited

for inactivating Akt in the complex.

There are two major classes of characterized Akt phos-

phatases, PP2A and PHLPP1/PHLPP2 (Beaulieu et al., 2005;

Gao et al., 2005). To determine which was specifically associ-

ated with the SRPK1-containing complex, we used a myc-

tagged SRPK1 to perform immunoprecipitation followed by

western blotting in transfected HEK293T cells, identifying

PHLPP1, but little PP2A, in the complex (Figure 4E). We next

took advantage of the previous observation that Akt induces

SRPK1 autophosphorylation, which is required for releasing

the splicing kinase from activated Akt (Zhou et al., 2012),

by testing a kinase-dead (KD) SRPK1 for its ability to
Molecular Cell 54, 378–391, May 8, 2014 ª2014 Elsevier Inc. 383



Figure 5. Time Course Analysis of the Akt Pathway on MEFs

(A) Time course analysis of Akt activation in response to EGF treatment on MEFs, showing that SRPK1 deficiency induced the basal levels of activated Akt and

prolonged Akt activation in response to EGF, while the total level of PHLPP1 remained constant in the cell. Quantified data are presented on the right.

(B) Similar analysis of the immediate Akt substrates (TSC2, PRAS40, and GSK3b) in the same time course experiment as in (A), showing reduced basal levels of all

three Akt substrates examined before EGF treatment (0 point). Their induction was compromised in SRPK1+/� and more so in SRPK1�/� MEFs relative to wild-

type MEFs. Quantified data are presented on the right.

(C) Similar analysis of critical components of mTORC1 (Raptor), mTORC2 (Rictor), and AMPK in the same time course experiment as in (A), showing that while

none of these targets were activated before EGF treatment (0 point), both mTORC1 and mTORC2 were induced by EGF treatment on SRPK1+/�, and more so in

SRPK1�/� MEFs relative to wild-type MEFs. AMPK phosphorylation was significantly reduced in SRPK1�/� MEFs. Quantified data are presented on the right.
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retain PHLPP1 in the complex. The kinase-dead mutant indeed

showed increased association with PHLPP1, and interestingly,

the mutant kinase also efficiently trapped PHLPP2 (Figure 4E).

Consistently, the kinase-dead SRPK1 brought down a higher

level of the phosphatase activity from two independent

experiments (Figure 4F). Finally, to directly demonstrate that

SRPK1 is required for the recruitment of PHLPP1 to acti-

vated Akt, we showed that Akt was efficiently associated

with PHLPP1, but upon SRPK1 RNAi, such association

was lost (Figure 4G). We conclude from these experiments

that SRPK1 is required for the recruitment of PHLPP1 to acti-

vated Akt.
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SRPK1 Dynamically Modulates the Akt Pathway
To demonstrate the physiological relevance of SRPK1-depen-

dent recruitment of the Akt phosphatase PHLPP1, we analyzed

the kinetics of Akt activation and attenuation in response to

EGF treatment on wild-type and SRPK1 knockout MEFs. Rela-

tive to wild-type MEFs, both SRPK1+/� and SRPK1�/� MEFs

displayed elevated basal levels of activated Akt before EGF stim-

ulation, and SRPK1 deficiency significantly prevented attenua-

tion of activated Akt after the EGF treatment (Figure 5A, see

quantified data on the right). The effect of SRPK1+/� was less

potent compared to SRPK1�/�. The level of PHLPP1 remained

relatively constant under these conditions.
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We next examined the status of a set of immediate Akt

downstream targets, such as TSC2, GSK3b, and PRAS40. Sur-

prisingly, relative to wild-type MEFs, these Akt targets were

somewhat suppressed in SRPK1+/� and SRPK1�/�MEFs before

EGF treatment, and furthermore, they showed a much reduced

response to EGF stimulation, which is opposite to the induction

of Akt activation in these cells (Figure 5B). These data, while

initially puzzling, indicate that SRPK1 deficiency-induced Akt

activation in the cytoplasm may be quite distinct from EGF-acti-

vated Akt at the plasmamembrane, the latter of which is respon-

sible for phosphorylating multiple immediate Akt substrates.

Additionally, activated Akt in the cytoplasm likely trigger various

feedback pathways, resulting in weakened responses of various

immediate Akt targets to EGF treatment.

The question is what happened tomore downstream targets in

the Akt pathway. Our phosphoproteomic analysis and subse-

quent confirmation with phosphospecific antibodies had de-

tected activation of multiple components in the Akt pathway

(see Figure 3). To carefully examine the status of these further

downstream Akt targets under serum-starved followed by

EGF-stimulated conditions, we analyzed the induction kinetics

of Raptor and Rictor. We found that, while their basal levels in

serum-starved MEFs were similar, they became quite resistant

to decay after EGF treatment (Figure 5C).

As these responses correlated to Akt activation, but not to

TSC2 activation, we suspected some TSC2-independent mech-

anisms that might contribute to mTOR activation. One of these is

AMP-activated protein kinase (AMPK), a separate pathway

involved in the regulation of mTOR activity through sensing the

AMP/ATP ratio in the cell (Hahn-Windgassen et al., 2005; Inoki

et al., 2006). Indeed, we found that AMPK phosphorylation was

greatly reduced in SRPK1�/� MEFs under both serum starvation

and EGF induction conditions (Figure 5C). As AMPK is an estab-

lished inhibitor of mTOR, reduced AMPK activity likely caused

mTOR activation and induced feedback responses in SRPK1�/�

MEFs. We noted, however, that the AMPK activity remained

largely unaltered in both wild-type and SRPK1+/� MEFs, indi-

cating that additional mechanisms, including less-potent feed-

back responses that might not have met a required threshold,

could contribute to increased mTOR activity when SRPK1 was

only partially compromised. In aggregate, these data suggest

that SRPK1 deficiency induces dynamic and differential re-

sponses of various components in the Akt pathway, which

appear to be quite distinct from those induced by growth factors

at the cell surface.

SRPK1 Overexpression Squelches PHLPP from Akt
It has been reported that SRPK1 was downregulated in a subset

of human cancers while overexpressed in others (Hayes et al.,

2006, 2007; Zhou et al., 2013). Using two large published data

sets on normal human tissues and cancers, we found that

SRPK1 expression is more tightly controlled than b-actin in

most normal human tissues but becomes highly variable with

general overexpression in diverse cancer types (Figure S4). In

fact, overexpressed SRPK2 has been shown to enhance cell

proliferation on a leukemia model (Jang et al., 2008). While an

overexpressed SRPK likely causes complex changes at the

levels of alternative splicing (Amin et al., 2011), our current
finding of SRPK-dependent recruitment of an Akt phosphatase

suggests yet another intriguing possibility that overexpression

of the splicing kinase might squelch such Akt phosphatase,

thus serving as a synergistic event with other oncogenic activ-

ities. This possibility would also provide a unifying mechanism

to explain the paradox where both under and overexpression

of the splicing kinase might be oncogenic.

To test this possibility, we engineered an SRPK1 expression

unit under a tetracycline-inducible promoter. Indeed, SRPK1

overexpression was also able to induce Akt phosphorylation at

T308 and S473 as well as activation of Raptor and Rictor (Fig-

ure 6A, left). Interestingly, while there was no effect on the p38

and JNK pathways, the immediate Akt targets were progres-

sively suppressed, a response similar to that after SRPK1

knockout (Figure 6A, right panel). We made similar observations

on HEK293T cells, suggesting a general response regardless of

cell type (Figure 6B). We next asked whether overexpressed

SRPK1 could sponge PHLPP1, thereby preventing the associa-

tion of the Akt phosphatase with Akt. We found that, while the

overall level of PHLPP1 remained constant in transfected

HEK293T cells, the association of PHLPP1with Akt was progres-

sively reduced, and conversely, the association of the Akt phos-

phatase with SRPK1 was gradually increased (Figure 6B, both

right panel). These data strongly suggest the ability of overex-

pressed SRPK1 to titrate PHLPP1 away from Akt.

SRPK1 Overexpression Promotes Anchorage-
Independent Cell Growth
Our previous studies showed that transient overexpression of

SRPK1alonewas inhibitory to cell growth, especially after translo-

cation of an excessive amount of the kinase to the nucleus (Ding

et al., 2006),whichwealsoconfirmedonMEFswith three separate

SRPK1 overexpression MEF lines in the presence of increasing

doses of Dox (Figure 6C). Notably, however, the engineered

MEFs appear to express an elevated level of SRPK1 even in the

absence of Dox, and a modest increase in SRPK1 expression

with low levels of Dox did not seem to severely compromise cell

growth. We took this window of opportunity to determine whether

SRPK1 overexpression (from line #2) was able to generate

some recordable oncogenic effects. By placing the cells on soft

agar, we indeed detected a significant increase in anchorage-

independent cell growth, although cell growth was inhibited

when treated with a higher dose of Dox (Figures 6D and 6E).

Having observed the induction of anchorage-independent

growth by both SRPK1 knockout and overexpression and linked

both to Akt activation, we next asked whether Akt activation is

essential for the detected oncogenic property. We repeated

the soft agar assay on both SRPK1 knockout and overexpress-

ingMEFs in the presence of the Akt inhibitor GSK690693, finding

that the drug potently inhibited the induced anchorage-indepen-

dent growth under both conditions (Figures 6D–6F). We thus

conclude that Akt activation is essential for conferring the onco-

genic property in both SRPK1 knockout and overexpressing

MEFs.

Collectively, our results suggest a model where SRPK1 pro-

vides a key regulatory function in Akt activation (Figure 6G): the

Akt-specific phosphatase PHLPP1 may be dynamically parti-

tioned among various protein complexes, including those
Molecular Cell 54, 378–391, May 8, 2014 ª2014 Elsevier Inc. 385
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associated with an SRPK, which is also known to contain various

molecular chaperones (Zhong et al., 2009a; Zhou et al., 2012).

When activated Akt is engaged with an SRPK in such a complex,

a PHLPP is responsible for Akt inactivation within the complex.

SRPK deficiency would cause inefficient recruitment of a

PHLPP, whereas excessive SRPK would titrate the PHLPP

away from Akt. Therefore, aberrant SRPK expression in either

direction would induce constitutive Akt activation and cellular

transformation.

SRPK1 Overexpression Is Tightly Linked to Akt
Activation in Human Colon Cancers
Through basic research on cell lines and on nude mice, our data

establish that dysregulated SRPK1 expression is oncogenic. To

obtain such evidence on human cancers, we again turned to

colon cancers, as a previous study showed that �80% of this

cancer type is linked to Akt activation, and interestingly, acti-

vated Akt is largely distributed in the cytoplasm, rather than at

the cell surface, suggesting multiple mechanisms that may be

responsible for Akt activation (Rychahou et al., 2008). Strikingly,

from a total of 47 colon cancer tissues, we found that 19 (40%)

showed both strong SRPK1 expression and Akt activation

(based on p-Akt-S473 signals), as exemplified in Figures 7A–

7C. If some modest, but still significant, signals were also

considered, this number went up to 83% (Figure 7G). In compar-

ison, little SRPK1 overexpression or Akt activation was evident

in normal sigmoid colon tissues (Figure 7E) and normal rectum

tissues (Figure 7F). Interestingly, we also identified one strong

(Figure 7D) and three modest (Figure 7G) cases for negative cor-

relation, i.e., Akt activation linked to little SRPK1 expression.

These observations are entirely consistent with the induction of

Akt activation by either SRPK1 overexpression or downregula-

tion, although SRPK1 overexpression appears quite predomi-

nant among colorectal cancers.

DISCUSSION

While largely unexpected in the initial phase of this study, the

findings in the end tie together diverse biological phenotypes

and biochemical responses to a unified molecular mechanism.

As SRPK1 is either downregulated or overexpressed in human

cancers, our results provide critical insights into its tumor sup-

pressing and promoting functions, which is converged on consti-

tutive Akt activation. The Akt kinase system is known to be

widely involved in the regulation of cell proliferation, transforma-
Figure 6. PHLPP1 Squelched from Akt by Overexpressed SRPK1

(A) Overexpression of SRPK1 in doxycycline (Dox)-treated MEFs, resulting in the

on the p38 and JNK pathways, and the immediate Akt substrates were somewhat

(B) Similar analysis and responses on HEK293T cells as in (A) onMEFs. Importantl

increase in the SRPK1 immunoprecipitant (bottom right panel).

(C) Cell growth detected by MTT assays on wild-type MEFs and three independ

proliferation in response to increasing doses of doxycycline (DOX).

(D–F) Anchorage-independent cell growth induced by either SRPK1 overexpre

overexpression (row 2) induced colony formation on soft agar. The Akt-specific in

induced by SRPK1 overexpression (row 3), which also suppressed colony formati

rows 1–3 were quantified and shown as mean ± SD in (E), and the data in (D) for

(G) Model for constitutive activation of Akt in response to under- or overexpressio

but when SRPK1 is high, PHLPP may be titrated away from Akt, thus resulting in
tion, and apoptosis in mammalian cells. While Akt activation by

upstream signaling events has been well elucidated, relatively lit-

tle is known about its attenuation in normal cells and sustained

activation in cancer cells. Our data now elucidate a key role of

SRPK1 in the recruitment of the Akt phosphatase PHLPP1 for

Akt attenuation.

ASuicidalMission for Akt to Activate the SplicingKinase
SRPK1 and SRPK2 have been shown to act as downstream tar-

gets for activated Akt to transduce growth signals to the nucleus

to activate key cell-cycle genes (Jang et al., 2009) and induce

widespread changes in alternative splicing (Zhou et al., 2012).

Only activated Akt is able to form complexes with an SRPK in

this process. For SRPK1, the interaction with Akt triggers its au-

tophosphorylation, thereby inducing rearrangement with various

molecular chaperones to facilitate its subsequent nuclear

translocation. We now show that the formation of such com-

plexes is also a key event for Akt inactivation. If Akt were not

released fast enough from an SRPK-containing complex, a re-

cruited PHLPP would rapidly inactivate Akt within the complex.

The elucidated mechanisms for both SRPK1 activation and Akt

inactivation within such complex thus suggest a strategy for

Akt to transduce a signal, and in the same time receive a

feedback control, which is fundamentally distinct from typical

kinase-substrate interactions.

At this point, we do not know how exactly a PHLPP is recruited

to the Akt-SRPK1 complex. Preliminary immunoprecipitation

(IP)-mass spectrometric (MS) experiments suggest the associa-

tion of numerous cellular proteins with a hemagglutinin (HA)-

tagged SRPK1, including multiple molecular chaperones we

characterized earlier (Zhong et al., 2009a). As the kinase-dead

SRPK1 appears to be able to attract more PHLPP (both PHLPP1

and PHLPP2) to the complex, the recruitment of a PHLPP likely

occurs before SRPK1 autophosphorylation-induced rearrange-

ment of the complex. Future experimentation will address

whether PHLPP interacts with SRPK1 directly or via its asso-

ciated molecular chaperones by characterizing the SRPK1

proteome and protein-protein interaction networks within the

SRPK1-containing complex.

Multiple Feedback Control Mechanisms in Response to
Altered SRPK1 Expression
The Akt pathway is notorious for complex feedback controls in

mammalian cells (Carracedo and Pandolfi, 2008). It is well known

that activated mTOR, a key downstream effector in the Akt
activation of Akt, Raptor, and Rictor (left). In contrast, no effects were detected

repressed, similar to the responses to SRPK1 knockout, as shown in Figure 5B.

y, PHLPP1 showed a progressive decrease in the Akt immunoprecipitant but an

ent SRPK1-overexpressing MEF lines, showing progressive inhibition of cell

ssion or knockout. Relative to mock-treated MEFs (row 1), modest SRPK1

hibitor GSK690693 abolished the induction of anchorage-independent growth

on with SRPK1 null MEFs (compared between rows 4 and 5). The data in (D) for

rows 4 and 5 were quantified and shown as mean ± SD in (F).

n of SRPK1. When SRPK1 is low, PHLPPmay not be efficiently recruited to Akt,

Akt activation when SRPK1 is aberrantly expressed in either direction.
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Figure 7. SRPK1 Expression and Akt Activation in Human Colon Cancer Tissues

(A–C) Three representative pairs of human colon cancers (Colorectal Cancer #1, A; Colorectal Cancer #2, B; and Colorectal Cancer #3, C), showing significant

elevation of both SRPK1 overexpression and Akt activation in cancer cells. Immunohistochemistry was carried out with the VECTASTAIN ABC Kit and HRP-

conjugated secondary antibody in the presence of the peroxidase substrate DAB and counterstained by hematoxylin.

(D) An example of colon cancer with strong Akt activation but little SRPK1 expression.

(E and F) Examples of SRPK1 expression and p-Akt-S473 levels in normal sigmoid colon tissue (E) and normal rectum tissue (F).

(G) Summary of colorectal cancer tissue array results from a total of 47 colon cancer tissues examined. ++, strong positive; +, positive; �, weak or negative.
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pathway, is able to induce suppression of multiple Akt down-

stream targets (Shah et al., 2004). Indeed, we observed the

same responses in both SRPK1 knockout and overexpressing

cells. Interestingly, the mTOR downstream targets were more

resistant to such feedback regulation. We provided initial evi-
388 Molecular Cell 54, 378–391, May 8, 2014 ª2014 Elsevier Inc.
dence that compromised AMPK might be one of the key path-

ways for maintaining active mTOR in SRPK1 null MEFs, but

this ATP-sensing kinase still showed comparable activity in

wild-type and SRPK1+/� MEFs. However, we noted early on

that the effect of heterozygous SRPK1 deletion is more variable
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in SR protein phosphorylation, as were the induced feedback

responses. In any case, it is likely that additional feedback and

feedforward mechanisms might be triggered in SRPK1-deficient

cells to account for sustained mTOR activation after active TSC2

was quickly attenuated during EGF treatment.

In fact, based on our findings, we may envision one of such

positive feedforward mechanisms for Akt activation in SRPK1-

deficient cells where elevated SRPK1 expression may first

induce Akt activation by interfering with PHLPP recruitment, af-

ter which activated Akt then gains the ability to bind and activate

more SRPK1. This mechanism may account for such a tight

correlation between SRPK1 overexpression and Akt activation

in human colon cancers.

Oncogenic and Tumor Suppressing Function of SRPK1
Similar to many signal molecules that appear to have both tumor

suppressing and promoting functions in different cellular con-

texts (Feng, 2012), our results suggest that SRPK1 also has

such dual roles, but within the same cells. Given its essential

function for embryonic development, we were initially surprised

to see such a tumor suppressor phenotype on MEFs, especially

when heterozygous deletion of SRPK1 showed partial activation

of Akt activation, cellular transformation, and tumor growth in

nude mice. This raises the potential for coupling partial loss of

function of SRPK1with defects in other signal transduction path-

ways to jointly promote tumorigenesis, a possibility to be sys-

tematically investigated on animal models in the future.

The ability of SRPK1 to squelch an Akt-specific phosphatase

also provides mechanistic insights into the biological conse-

quence of SRPK1 overexpression in many human cancers.

Although augmented expression of SRPK1 in primary cells

(MEFs) is inhibitory to cell growth, which may be related to the

observed premature mitosis induced by overexpressed SRPK2

in neurons (Jang et al., 2009), wewere able to detect a significant

gain of anchorage-independent growth with modest SRPK1

overexpression, suggesting a degree of cellular transformation.

In real tumors, SRPK1 overexpression may be coupled with

other defects in cell-cycle checkpoints, thus synergistically

promoting tumorigenesis. Once such interdependency is estab-

lished, SRPK1 may even become essential for multiple onco-

genic properties of the tumor, which may even include Akt

activation, as indicated by a recent SRPK1 overexpression/

knockdown study on a human hepatocellular carcinoma cell

line (Zhou et al., 2013).

Synergizing Aberrant SRPK1 Expression with Other
Tumorigenic Events
Although Akt activation is essential for some oncogenic proper-

ties of SRPK1-deficient cells, it is likely that this is also coupled

with other distinct activities induced by under- and overexpres-

sion of SRPK1 to promote tumorigenesis. For example, SRPK1

deficiency causes hypophosphorylation of SR proteins, which

is known to enhance translation in the cytoplasm (Sanford

et al., 2004, 2005). This may synergize with activated mTORC1

to increase protein synthesis in cancer cells.

Compared to SRPK1 deficiency-induced tumorigenic events,

SRPK1 overexpression may be coupled with a different set of

cellular pathways. In fact, Akt activation has been long sug-
gested to induce SR protein hyperphosphorylation to promote

cellular transformation (Liu et al., 2003). More recently, SRPK1

was found to be overexpressed in Wilms’ tumors, where

SRPK1 is transcriptionally repressed by the tumor suppressor

geneWT1, and derepressed SRPK1 inWT1mutant cells induces

SRSF1 phosphorylation and nuclear translocation, leading to the

increased production of proangiogenic VEGF165 (Amin et al.,

2011). Therefore, dysregulation of SRPK1 may fundamentally

alter diverse pathways in RNAmetabolism, which may synergize

with activated Akt to induce cellular transformation and promote

tumorigenesis.

EXPERIMENTAL PROCEDURES

Generation of Conditional SRPK1 Knockout Mice and MEFs

Specific restriction fragments containing SRPK1 genomic sequences were

isolated from amouse 129SV/J l clone and cloned into the pBKSII vector (Fig-

ure S1A) as previously described (Wang et al., 2001; Ding et al., 2006). Char-

acterization of knockout mice, development of corresponding MEFs, and

various biochemical and computational assays, including western blotting,

immunoprecipitation, RNAi, measurements of kinase and phosphatase activ-

ities, and analysis of published gene expression profiling data, were detailed in

Supplemental Experimental Procedures.

Assays for Cell Senescence, Anchorage-Independent Cell Growth,

and Tumor Development in Nude Mice

SRPK1 MEFs (�1 3 104) with different genotypes (+/+, +/�, or �/�) were

seeded in 12-well plates in triplicates, and cells were stained 8 days post-

transduction for senescence-associated b-gal activity using X-gal solution,

as described previously (Serrano et al., 1997). For anchorage-independent

growth, �5,000 cells were resuspended in the culture media containing

0.32% low-melting-point agarose and plated onto a solidified bottom layer

containing 0.53% agarose in 6-well plates. Colonies were stained with crystal

violet, photographed, and counted after 2–4 weeks. For tumor formation

assay, 2 3 106 MEFs of different genotypes were subcutaneously injected

into the flanks of 6-week-old female HSD:athymic nude mice in 100 ml of

serum-free Dulbecco’s modified Eagle’s medium (DMEM). Tumor growth

was monitored weekly for 6 weeks.

SILAC Analysis

To analyze changes in global phosphorylation profile, MEFs were cultured in

DMEM plus 10% dialyzed fetal bovine serum (FBS) supplemented with either

isotopically heavy (on WT MEFs) or light (on SRPK1�/� MEFs) lysine and

arginine, respectively, for at least five doublings to ensure complete isotopic

labeling of all cellular proteins. Afterward, cells were serum starved for 16 hr

followed by serum stimulation for 15 min. After the treatment, cells were lysed

to extract proteins, followed by extensive trypsin digestion to yield peptides.

Phosphopeptides were purified using immobilized metal affinity column and

analyzed by the LC-MS/MS method as described (Chen et al., 2010). MS/

MS data were analyzed using SEQUEST to identify phosphopeptides, which

were quantified using the XPRESS software based on the human protein

database, as previously detailed (Chen et al., 2010).

Analysis of Primary Tumor Samples

Pairs of colon tumors and adjacent nontumorous tissues were obtained

from anonymized excess colon tissues from the University of Maryland

Medical Center and Baltimore Veterans Affairs Medical Center that were

no longer needed for diagnostic or clinical purposes. Colorectal cancer

and normal colon tissue slides were purchased from Imgenex. Immunohis-

tostaining was performed with the VECTASTAIN ABC Kit (Vector Labora-

tories) and HRP-conjugated secondary antibody in the presence of the

peroxidase substrate DAB. Use of these tissues was approved by the

University of Maryland Medical Center and Baltimore Veterans Affairs Med-

ical Center Human Studies Committees and by the NIH Office of Human

Subjects Research.
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