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The thesis explained

Gene expression in eukaryotic cells is highly ratpd by several
co-transcriptional and post-transcriptional mechians, which
finely tune cellular responses to external andrivdecues. Each
cellular process is indeed the result of a sequehaegulative

events controlling gene transcription, pre-mRNA gassing,
MRNA translation and finally protein activity. Seak different

mechanisms, interplaying with each other, take gartthis

complex regulative network. Among these, pre-mRIpAcgg is

emerging as a key step involved in cell fate deosiand in
physiological and pathological processes (Kornbkhial., 2013).

Splicing mediates removal of intronic sequences jaiing of

exons in the newly synthesized pre-mRNAs, thus emgiuheir

correct maturation in eukaryotic cells (Black, 2p0Bhe majority
of the multiexonic genes of eukaryotic genomes uuks

alternative splicing (AS), thus allowing a singleng to encode
for multiple transcripts, potentially having diféart coding
properties and/or pattern of spatial/temporal esgion. AS thus
represents an important tool for eukaryotic cetisekpand the
coding potential of their genome and for propewutation of gene
expression (Blencowe, 2006).

Although AS has evolved as a powerful genetic wmiferring

advantage to complex organisms, its complex andibfle

regulation also represents a risk factor. Indeedfedas in the
regulation of this molecular step of pre-mRNA pregiag may
have detrimental consequences for the cellular lostasis and
aberrant regulation of AS has been demonstratewrtribute to
the onset of several human diseases, includingecdiazi et al.,
2009).

High-throughput analyses of transcriptomes havehligigted

widespread alterations of AS patterns in severgrdint tumor
types (Venables et al., 2008; Misquitta-Ali et aRp11).

Furthermore, it has been shown that production méci$ic
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oncogenic splice variants of cancer-related genggpats the
neoplastic transformation process by enhancing eraruells
proliferation, metabolism, motility and drug-resiste (David and
Manley, 2010).

Given the well-recognized role of aberrant regolatof AS in
cancer development, it is extremely important tarabterize the
molecular mechanisms underneath this phenomenongchwh
requires a better characterization of the multipigrs of control
of the AS process.

In this PhD project, we investigated the functiorelevance of
the nuclear localization in cancer cells of thetomomal kinase
NEK2. This led to the discovery that this kinaseeiacts with
several splicing factors and it acts as a splidagor kinase in
cancer cells. In particular, we demonstrated thaEKR
phosphorylates and regulates the activity of th@ogenic splicing
factor SRSF1, thereby promoting splice variant$ sgoport cell
survival. Therefore, our results have uncoveredeehfunction
for the centrosomal kinase NEK2 and suggest that gaits
oncogenic activity may be ascribed to its abildyrtodulate AS.
The second part of my study was aimed at investigathe
reciprocal control of AS and chromatin modificasonIn
particular, we have investigated whether the histdeacetylases
inhibitor (HDACIi) LBH589, a new generation anti-can drug,
affects splicing of genes relevant for prostateceamproliferation.
We found that treatment with this HDACI regulateSedent AS
events and in particular the inclusion of the Valgaexons of the
CD44 gene in prostate cancer cells. The splicing remyala
activity of the LBH589 does not rely on the modigatof the
expression levels of common splicing regulatord,ibappears to
affect local changes in the chromatin structurenwithe CD44
locus. This may in turn affect the processivitytioé RNAPII or
the recruitment of splicing regulator, a hypothebat is currently
being evaluated.
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Introduction
1. Alternative splicing

Splicing is the molecular process mediating remafaintronic
sequences and joining of exons in the newly syitbdspre-
MRNASs; it is therefore one of the key event in theltistep
process ensuring correct pre-mRNA maturation iraeyic cells
(Moore and Proudfoot, 2009).

The splicing process is carried out by the splioets, a complex
macromolecular machinery composed of five small learc
ribonucleoprotein particles (U1, U2, U4, U5 and &RNP) and
more than 200 auxiliary proteins. The spliceosonegliates the
recognition of the short consensus sequences dgfithie 5'-
(GU) and 3- (AG) splice sites and it catalyzes theo
transesterification reactions necessary for thectjon of the
selected exons and the removal of the intervemitrgn (Will and
Ldhrmann, 2011).

Even though largely occurring co-transcriptiona(fyingh and
Padgett, 2009), splicing does not remove introrth@énsame strict
5-3’order that they are transcribed (Pandya-Joaed Black,
2009). On the contrary, it has been widely demaitestr that the
majority of the genes of eukaryotic genomes undesgdternative
splicing (AS),which allows a great expansion of their potential
coding (Merkin et al., 2012) (Barbosa-Morais ef 2012). Exons
from a single pre-mRNA can be joined through Adifferent
combinations, thus allowing a single gene to endodenultiple
transcripts, potentially having different codingoperties and/or
pattern of spatial/temporal expression. AS is tloeecone of the
main mechanisms finely tuning gene expression ikasotic
cells (Blencowe, 2006), playing an important role the
regulation of several physiological cellular proses (Kalsotra
and Cooper, 2011). As a matter of fact, severabntspin the
recent literature have highlighted the importanteegulated AS
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events during developmentally highly-regulated psses, such
as the maintenance of pluripotency of embryonims{gS) cells
(Han et al., 2013). For example, it has been rededhat the
muscleblind-like RNA binding proteins (RBPs), MBNLAnd
MBNL2, control a large number of AS events diffdign
regulated between ES and differentiated cells; owaeknocking
down of MBNLs was shown to enhance reprogramming of
somatic cells in induced pluripotent stem cellsS@3 (Han et al.,
2013).

Due to the important role played by AS in the cohtf gene
expression, any alterations of its regulation caofqundly
modify important cellular processes, thus resulimg potential
cause of disease (Cooper et al., 2009). In thiqrdggseveral
evidence have shown that aberrant splicing reguiadif cancer-
related genes supports tumoral transformation bgdyring
protein isoforms enhancing cancer cells proliferatimetabolism,
motility and drug-resistance (David and Manley, @0Moreover
high-throughput analyses of transcriptomes havehligigted
widespread alterations of AS pattern for severékdint tumor
types, as breast, prostate and lung cancer (Venablal., 2008;
Li et al, 2006; Misquitta-Ali et al., 2011), thustrongly
supporting the involvement of dysregulation of A8 the
molecular pathogenesis of cancer.

Deciphering the multiple layers of control reguigtithe AS
process is therefore an important step for a cohgm&ve
understanding of the molecular mechanisms regglatime-
MRNA processing, which is essential for the ratichesign of
future therapies targeting the aberrant AS progessancer and
other human diseases (Singh and Cooper, 2012).

1.1 Alternative splicing regulation

Human genes structure is characterized by shortnsexo
(approximately 200 bp) interspersed among largetroms
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(Sakharkar et al., 2004). Short and degenerateeseqs defining
splice sites are therefore not sufficient to ensilve accurate
recognition and splicing of constitutive and altgime exons, but
both cis-regulatory sequence elements on the pre-mRNA and
trans-acting RBPs are necessary to correctly guide sdmme
on selected exons and facilitate splicing catalyslsuse and
Lynch, 2008).

Moreover, an increasing number of evidence is ggtihg the
influence exerted by chromatin structure and epmten
modifications on the splicing process, by both ragtion
transcription dynamics and recruitment of splicewso and
splicing factors (Schwartz and Ast, 2010).

This multilevel regulation of AS makes it a flexebprocess, able
to efficiently regulate gene expression, but, & shme time, it
makes it susceptible to threatening alterationsenmally
pathological, from several from multiple fronts (Baal., 2012).

1.2 Alternative splicing regulatory sequences and factors

Severalcis-acting regulatory sequence elements rule selection
constitutive and alternative exons, regulatingrthecognition by
the spliceosome (Hertel, 2008).These elements amvik as
exonic and intronic splicing enhancer (ESEs and sISE
respectively) and silencer (ESSs en ISSs respégtivéheir
function is to recruit on specific sites RBPs, whia turn can
promote or inhibit spliccosome assembly and agtiyiiertel,
2008) (Figure 1).

Mutations disrupting splicing regulatory elementsnd/ar
canonical splice sites are highly frequent in canoals, thus
likely favoring the general splicing deregulatidmat correlates
and contributes to tumoral transformation (Ghighale 2008).
An illustrative example of this kind of mutationgeathose
disrupting the activity of ESE elements in the cgdiegion of the
tumor-suppressor BRCA1 gene (Liu et al., 2001).
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Two main classes of splicing factors regulates ASimding to
thesecis-acting regulatory elements: Ser/Arg rich (SR) prate
which mainly exert a positive regulation, and hegeneous
nuclear ribonucleoproteins (hnRNPs), which, on tuatrary,
usually inhibit splicing (Matlin et al., 2005) @tire 1). Other
RBPs not belonging to neither of these two classms also
modulate AS events, as the multifunctional RBP SANBielli et
al., 2011), thus further intriguing the scenaricA& regulation.
Even if SR proteins are generally described agisgliactivators
and hnRNPs as splicing repressors, their splicatiyity, as well
as of the other RBPs, is actually dependent orotaion of their
binding sites and on the outcome of their competitivith other
splicing factors (Matlin et al., 2005). For exampiehas been
shown that the commonly defined splicing repred3®B (also
known as hnRNPI) can also act as splicing activatepending
on the position of its binding site (Llorian et,&010). Indeed, a
microarray analysis has revealed that PTB acts a&pliaing
repressor when its target pyrimidine-rich motife kxrcated within
or upstream an alternative exon, whereas it actspising
activator on target motifs downstream alternatixens (Llorian
et al.,, 2010). PTB also offers a clear example efjulative
competition between different splicing factors, iashas been

ISS ESE  ESS ISE
Figure 1. AS regulatory elements: AS is regulated by cisegulaton
sequences in the pre-mRNA that promote (ESEonic splicing enhanci
ISE - intronic splicing enhancer or inhibit (ESS%xonic splicing silence
ISS - intronic splicing silencer splicing.hese elements are recognizec
two main families of trans-acting factors, the SRteins (SR and th
heterogeneous nuclear ribonucleoproteins (hnRNP)ichwrespectivel
enhance or inhibit spliceosome assembly on 5' argpl&e sites ddapte
from Kornblihtt et al., 2013).
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shown that its repressive activity is due to thaitgldo compete
out from target exons the auxiliary splicing factd2AF, thus
impairing recruitment of the U2 snRNP component thé
spliceosome (lzquierdo et al., 2005) (Sharma eR@0D5).

Activity and expression of splicing factors is fosptly
deregulated in cancer cells and a proper proto-@gemo activity
has been identified for some of them (Grosso ¢2aD8). Indeed,
it has been shown that overexpression of the SRipréRSF1 or
of the hnRNPA2/B1 is sufficient to induce malignant
transformation of immortalized cells (Karni et &#0Q07) (Golan-
Gerstl et al., 2011). Interestingly, these spliciagtors, as many
others RBPs, have been found up-regulated in deddfarent
tumor types, strongly supporting suggestions feirthivotal role
in carcinogenesis (Grosso et al., 2008).

An important layer of control of the activity of thospliceosome
components and auxiliary RBPs is their post-tramsial
modifications, such as ubiquitination (Song et &a2010),
acetylation and phosphorylation (Edmond, et al1,120
Importantly, reversible phosphorylation plays anstanding role
in the modulation of both constitutive and AS, witfany protein
kinases and phosphatases involved in such reguld8tamm,
2008). Both phosphorylation and dephosphorylativents are
required for the proper catalysis of splicing by thpliceosome
(Mermoud et al., 1994). Moreover, phosphorylatian enodulate
the activity of splicing factors by affecting seakaspects of their
functionality, such as their subcellular localipati(Misteli et al.,
1998) (van der Houven van Oordt et al., 2000),rtbaiding to
target pre-mRNAs (Tacke et al., 1997) and thderaction with
other proteins (Cho et al., 2011). On particullae, importance of
reversible phosphorylation in the regulation of ASs on its
ability to modulate gene expression in responsbdib internal
and external cues (Shin and Manley, 2004). Phogtdimn of
splicing factors by both signaling-activated kiresed splicing-
factor specific kinases, as those of the SR-Prot€inases
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(SRPKs) family, allows integration of AS regulationth the
other mechanisms of gene expression modulationaet by the
cells as a response to specific stimuli (Mattealget2002) (Zhou
et al., 2012).

Up-regulation of the kinases and aberrant activatibthe signal-
pathways controlling the phosphorylation statuspicing factors
are among the main causes of the altered splicagylation
observed in cancer cells (Amin et al., 2011) (Leltatand Lange,
2011). For instance, overexpression of the protoySR-protein
kinase SRPK1 has been documented in several diffe@ncer
types (Hayes et al., 2007). In addition, it deserie be noticed
that phosphorylation of splicing factor is also red out by
protein kinases totally unrelated to the splicirrggess, such as
the centrosomal kinase AURKA (Moore et al., 2018)even by
proteins totally unexpected to have a kinase dgfiguch as the
DNA topoisomerase | (Soret et al., 2003); therefdreannot be
ruled out that other protein kinases up-regulated¢ancer cells
could be involved in the dysregulation of AS asatex to
tumoral transformation.

1.3 Transcriptional and epigenetic control of alternative
splicing

It is now well-established that pre-mRNA maturatmecurs co-
transcriptionally, meaning that splicing, as weli acapping,
termination and polyadenylation, takes place whhe RNA
polymerase Il (RNAPII) is still transcribing (Browet al., 2012).
Co-transcriptionality determines a reciprocal cohbtretween the
transcriptional apparatus and the splicing mackirfde la Mata
et al., 2003) (Lin et al., 2008) and it establistas intimate
connection between the nascent pre-mRNA and theplaten
DNA, which allows chromatin structure and epigeneti
modifications to modulate both the transcriptior @he splicing
process (Schwartz and Ast, 2010).
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Currently, two non-mutually exclusive models haveertp
proposed to describe the transcriptional and epigeicontrol of
AS: the “kinetic model” and the “recruitment mod€Figure 2)
(Pandya-Jones, 2011) (Luco et al., 2011).

The “kinetic model” states that variation of thartscriptional
elongation rate of the RNAPII can influence AS dselby
modulating the lapse of time during which each eisoaccessible
to the splicing machinery (Figure 2A) (Carrillo @erseich et al.,
2011). Indeed, a slow elongation rate of the RNA&bws the
recognition by the splicing machinery of the weakce sites of
alternative exons before the synthesis of compealimgnstream
exons, leading to its commitment to the splicingcten (de la
Mata et al., 2010).

A
Kinetic regulation

. fast slow
Elongation rate: m—— | —

_Jj—d?——\fljj%ipolll\;}_\}J_\D 1F;'p’0|7||‘_

Excluded Included
exon exon

B

Adapter function P 'l;‘;’ ,
—\7]_\/?_\7_}%”'" _\E '\b‘\fj F'/polﬂll‘_

Alternative Constitutive
exon exon

Figure 2. Transcriptional and epigenetic control ofAS: Two models, th
"kinetic model"(A) and the "recruitment model" (Bllescribe th
transcriptional and epigenetic control of AS. (AJodulation of th
elongation rate of the RNAPffects AS: a slow elongation rate fav
recognition by the mliceosome of weak alternative exons before
downstream exons are transcribed; on the contafgst elongation ra
favors exon skipping events. Epigenetic modifiaagiocan induce oca
changes in RNAPII processivity. (B) Both the CTD the RNAPII anc
histones modification can act as docking site f@ tecruitment of RBRs
directly or through the mediation of a chromatimding protein(CBP]
(adapted fror Shukla ancOberdoerffe, 2017).
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In this regard, several reports have recently ghied the ability
of chromatin modifications, such as DNA methylati@hukla et
al., 2011) or histone acetylation (Hnilicova et, &011), to
influence AS events by affecting RNAPII dynamicsongover, it
has been displayed that splicing factors can réguksS by
inducing local changes in the chromatin structurd tnereby in
RNAPII processivity, as observed for HU proteinh@d et al.,
2011). These RBPs have indeed been shown to prothete
skipping of their target exons by locally recruggiiDAC2, which
induces a local increase of histone acetylatiohithturn causes a
local acceleration of the RNAPII (Zhou et al., 2DMariations of
the transcription rate of the RNAPII are also agged to changes
in the phosphorylation status of the regulatorye@rinal domain
(CTD) of the RNAPII (Mufioz et al., 2010). For exdmpit has
been shown that the modulation of the AS of sevapalptotic
genes after DNA damage is due to the hyperphosfaimny of
the CTD of the RNAPII and the subsequent inhibitminthe
transcriptional elongation (Mufioz et al., 2009).

According to the “recruitment model” both the CTD the
RNAPII and histone modifications can act as molacplatform
for the recruitment of specific splicing factors their target pre-
MRNAs (Figure 2B) (Mufioz et al., 2010) (Luco et aD11). The
CTD of the RNAPII is indeed reported to interacthwseveral
splicing factors, like SRSF3 (previously known &p30) (de la
Mata and Kornblihtt, 2006) or SAM68 (Cappellariadt, 2013),
and to favor their recruitment on target pre-mRNKsreover, it
has been shown that binding of splicing factorsatget exons can
be facilitated by their interaction with chromatidaptor proteins
recognizing specific histone modifications (Lucaakt 2010). For
instance, PTB recruitment on its target pre-mRNé&®mhanced
by its interaction with the adaptor protein MRG5,high
specifically binds to the H3K36me3, a histone mankiched on
PTB target genes (Luco et al., 2010).
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Since their impact on transcriptional dynamics esxtuitment of
splicing factors, epigenetic modifications defihyteéepresent an
important layer of control of the AS process, whicértainly
deserves future intense studies, aimed at disecaydn which
extent the AS alterations observed in cancer @alts be due to
epigenetic aberrations and whether they could lseued by
chromatin modifying drugs.

2. The serine-threonine kinase NEK2
2.1 NEK2 structure and function

NEK2 is a Ser/Thr-kinase belonging to the family MMA-
related kinases or NEKs. This protein family owssname to the
high homology of its members with the never-in-reito A
(NIMA) kinase, originally identified as a regulatof mitosis in
the filamentous fungusAspergillus nidulans (Fry, 2002) In
human cells the NEKs family is composed of elevesmibers
(NEK1-11), which, with the exception of NEK10, sba similar
catalytic domain at their N-terminus and importaoles in the
cell cycle control, in particular during the mitprogression (Fry
et al., 2012).

NEK2 is the member of the NEKs human family mosisely
related to the NIMA protein, having a 44% of hongytowithin
their catalytic domaiiiFry, 2002).

NEK2 structure is characterized by the prototypisalerminal
catalytic domain and a C-terminal regulatory regiarhere a
proximal leucine zipper domain and a terminal abiteil domain
are located (Figure 3)Fry, 2002). The C-terminal domain of
NEK2 mediates its interaction with its substrat€sy(et al.,
1998a) (Jeong et al., 2007) and, through the |leuzipper motif,
NEK2 homodimerization, which is essential for itstiaating
auto-phosphorylation (Fry et al., 1999).
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NEK2 is mainly localized in the centrosome (Fryaét 1998b);
both its expression and activity are cell cycleutatgd, being low
during the M and G1 phase, progressively increadurghg the S
phase and reaching their maximum levels in the G2ephase
(Fry et al.,, 1995). This temporal pattern of expras well
correlates with the observed NEK2 ability to re¢gileentrosome
separation, a critical event in the G2-M transitigfry et al.,
1998).

Interestingly, the NEK2 transcript undergoes ASjoHeads to
the formation of three main isoforms, NEK2 A, B @gdhaving a
different temporal and spatial pattern of expresgidames and
Fry, 2002) (Wu et al., 2007). NEK2A is the predoarih
canonical splice-variant; its expression peaksnduthhe S and G2
phases of the cell cycle and rapidly decreases wérgaring
mitosis. NEK2A is mainly localized in the centrossmand its
non-centrosomal pool is equally distributed amongleus and
cytoplasm (Hames and Fry, 2002) (Wu et al., 200/ selection
of an alternative polyadenylation signal within ih&on 7 of the
NEK2 pre-mRNA gives rise to a shorter isoform, ndm#K2B.
NEK2B lacks part of the C-terminal region of thencaical
variant (Hames and Fry, 2002) and its non-centr@sqol is
mainly localized in the cytoplasm (Wu et al., 2Q0W) particular,
NEK2B lacks of the cyclin A-like D-box and the KHdX, which
allow NEK2 targeting to proteasomal degradatioriheyanaphase
promoting complex/cyclosome (APC/C) (Hames et aD01)
(Figure 3). Therefore NEK2B protein levels remailevated
during the whole M phase and begin to decline gishe re-entry
in the Gl-phase (Hames and Fry, 2002). The thirdang
NEK2C, differs from the canonical NEK2A just for short
deletion of eight residues in the C-terminal dom@B71-378),
due to the choice of an alternative 3'SS within téeninal exon
8. Lack of these eight residues creates a strongeau
localization signal in the NEK2C protein that caaus$s nuclear
accumulation (Wu et al., 2007).
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NEK2 _
pAlsite 3'5\5 jSS
Exon 7 WI Exon 8

NEK2A EE‘E EE’E
i

---—lExon7| | Exon & I —- Kinase H I

7 445
NEK2B
A---—[Emn7|— s | Kinase I Ilzlg
NEK2C 1I 2|71 370384

NLS

---—|Exnn7| Exon8 I — | Kinase | ‘Ell\_ﬂE'
'II 2;1 A371-378 437

Figure 3. NEK2 protein structure. Three different isoformsf the NEK:
gene are generated through AS: NEK2A, NEK2B, anKRE All three
NEK2 variants are identical in their-terminal kinase domain and leuc
zipper (LZ) dimerization motif. They differ in theiC-terminal domair
NEK2B is the shortest isoformacking of the PP1 binding site, the co
coil (CC) domain and the APC degradation motifsspré in NEK2A an
NEK2C. NEK2C shows a short deletion of eight res&lin the (-terminu:
respect to the longest isoform NEK2A, creatingrarsi nuclear localizeon
signal (NLS). Alternative polyadenylation signal, alternative sgilice site
(SS) and aminoacids number are indicated).

The primary function of NEK2 is the regulation aéntrosome
separation during the G2/M transition, through the
phosphorylation of its specific substrates, C-NARdnd
ROOTELIN (Fry et al., 2012). These two proteins &ey
components of the intercentriolar linkage matenwahich keeps
tethered the duplicated centrioles before splittiijgg and
Stearns, 2011). Several reports have indeed swughekat C-
NAP1 and ROOTELIN dissociation from the centrosoise
triggered by their NEK2-mediated phosphorylatiomy(fet al.,
1998a) (Bahe et al., 2005). The localized actiotyNEK2 at the
centrosome is regulated by the kinase MST2 andstiafold
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protein hSAV1, which target phosphorylated NEK2 tae

centrosome (Mardin et al., 2010). NEK2 activitycsunteracted
by the protein phosphatase PP1: both isoformsoRdti PP

have been found to interact with NEK2 and to cotaue its

activity, by mediating C-NAP1 dephosphorylation [pteet al.,

2000) (Meraldi and Nigg, 2001). Timely activatioh MEK2 at

the G2/M boundary is guided by another centrosdamadse, the
polo-like kinase 1 (PLK1): PLK1 phosphorylation &AST2

weakens the interaction between NEK2 andRRdading to its
dissociation from the complex MST2-NEK2-BRIconsequent
PPly leaving from the centrosome allows NEK2 to phosplate

C-NAP1 and to induce centrosome splitting (Mardimlg 2011).

A correct balance between the activity of both @irokinases and
protein phosphatases is therefore required foopgsrcentrosome
separation (Mardin and Schiebel, 2012).

Other centrosomal proteins, such as NLP and CENTIRQOS&re

target of the kinase activity of NEK2, strongly gegting a
crucial role for this protein for the proper fornaat of the bipolar
mitotic spindle (O'regan et al., 2007). Moreover,K2Ehas been
found to interact with components of the spindleseasbly

checkpoint (SAC), like the kinetochore proteins MAQLou et

al., 2004), MAD2 (Liu et al.,, 2010) and HEC1 (alkoown as
NDC80) (Chen et al., 2002). In particular, NEK2,antagonism
with PP1, regulates HEC1 phosphorylation on Serlg5
kinetochores of misaligned chromosomes, which sprEs a
crucial event for the activation of the SAC signgli(Wei et al.,
2011).

2.2 Role of NEK2 in cancer
NEK2, as well as several other mitotic kinases, hswas

AURORA-A or PLK1, is up-regulated in different tumbypes,
strongly suggesting their involvement in the chreome
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instability and aneuploid phenotype observed inceancells
(Hayward and Fry, 2006).

NEK2 overexpression has been documented for maffgreht
kind of tumors, such as breast carcinomas (Haywtal., 2004),
lung adenocarcinoma (Landi et al., 2008), testicslEminomas
(Barbagallo et al., 2009) and diffuse large B dgithphomas
(Andréasson et al., 2009). The causes of NEK2 gplation in
cancer cells have been suggested to be the amapbiicof its
locus within the chromosomal region 1932 (Haywandl &ry,
2006) and the up-regulation of its transcriptionalgulator
Forkhead box M1B (FOXM1) (Calvisi et al., 2009).

Oncogenic potential of NEK2 overexpression is madhe to the
resulting alterations of the centrosome duplicatiyuole (Fry et
al., 1998b). Indeed, it has been shown that NEK&expression
in non-transformed epithelial cells induces abereanplification
of centrosomes and subsequent aneuploidy (Haywardl.e
2004), which is known to contribute to tumoral sBormation
(Vitre and Cleveland, 2012). Furthermore, a recamort has
suggested that overexpression of NEK2 promotes-disigtance
in cancer cells by activating the AKT pathway andréasing the
nuclear levels of3-catenin, a key factor of the WNT pathway
(Zhou et al., 2013). NEK2 induced deregulation loése two
pathways has been demonstrated to induce in myetethéines
the up-regulation of the ABC transporter family ners (Zhou
et al., 2013), which are drug-efflux pumps conttibg to the
onset of drug resistance in cancer cells (Wu, et 2008a).
Moreover, by using Brosophila melanogaster model, it has been
recently shown that alteration of the AKT and WNatlpways due
to NEK2 overexpression alters the expression df méjration
markers such as RHO1, RAC1 and E-CADHERIN, thus
suggesting a positive role for this centrosomalake in tumor
invasion and metastasis (Das et al., 2013). Inieglg, some of
these recent studies supporting a prognostic role NEK2
overexpression in human cancer have highlightedeeuljar
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nuclear localization for this kinase in differentntor types
(Barbagallo et al., 2009) (Zhou et al.,, 2013), ®sgg the
existence of centrosomal unrelated functions folKRIEwhose
characterization would allow to shed light on itacogenic
activity.

Given the strong correlation between NEK2 expressiod drug-
resistance and poor prognosis in human cancer (&hoal.,
2013), targeting NEK2 activity represents an ativacapproach
for the development of new anti-cancer therapiaslirie with

these suggestions, several studies have shownnthbition of

NEK2 activity (Wu et al., 2008b) or suppressiontefexpression
(Tsunoda et al., 2008) negatively affect cancels qabliferation
and invasion, as it has been demonstrated in ilmotitro andin

vivo models of cholangiocarcinoma (Kokuryo et al., 20and
breast cancer (Cappello et al., 2013). These oasens strongly
suggest that developing new therapies targeting ABktivity

can be a powerful tool in cancer treatment, hidtiigg the
importance of new studies fully deciphering its @genic
potential.
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Aims

AS is one of the key process taking part to theerregulative
network of co- and post-transcriptional mechanisiegulating
gene expression in eukaryotic cells. AS is, indeeglowerful tool
for eukaryotic cells to increase the coding potnbf their
genomes and to finely regulate their gene expressiamrder to
maintain correct cellular homeostasis.

Aims of this project has been to investigate sornthe® multiple
mechanisms controlling AS and their involvementha aberrant
regulation of the AS concurring to tumoral transfiation.

First, we attempted to investigate the nuclear tioncof the
centrosomal kinase NEK2 and its possible involvemanthe
regulation of the AS through its interaction witkveral splicing
factors.

Secondly, we have investigated whether the histtrseetylases
inhibitor (HDACIi) LBH589 can affect the splicing ofienes
relevant for prostate cancer proliferation and \&eehapproached
to the study of the mechanisms underlying this lagun, in order
to shed light on the reciprocal control betweenakd chromatin
modifications.
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Results and discussion

1. The centrosomal kinase NEK2 is a novel splicing
factor kinase involved in cell survival

NEK2 is a serine/threonine kinase belonging tofémeily of the
NIMA kinases, which are well known as key regulatof the cell
cycle (Fry et al, 2012). In particular, NEK2 promes
centrosomes splitting and insures correct chromesom
segregation during the G2/M phase of the cell cyieteugh the
phosphorylation of specific substrates, such asct#mrosomal
protein C-NAP1 (Fry et al., 1998b). Aberrant exgres and
activity of NEK2 leads to dysregulation of the gesbme cycle
and aneuploidy (Hayward and Fry, 2006). Thus, lat tiggulation
of NEK2 activity and expression is needed during cgcle
progression.

NEK2, as other centrosomal kinases, is up-regulateseveral
human cancers, such as breast carcinomas, testsartanomas,
and myelomas and its expression levels have bemoged as an
accurate prognostic marker. In both testicular semias and
myelomas, NEK2 overexpression correlates with itsclear
localization. This observation suggests the exegesf unknown
nuclear functions for NEK2 in cancer cells, whichvé been
object of our further investigation.

1.1 NEK2 isenriched in the nucleus of cancer cells

NEK2 is enriched in the nucleus of human testicslaminoma
cells (Barbagallo et al., 2009). Nuclear locali@aatbf this kinase
was also recently observed in myeloma cells andvshto
correlate with poor prognosis (Zhou et al., 2013).investigate
whether other cancer cells that overexpress NEK&reslthis
nuclear localization, we performed immunohistocletngi
analysis of tissue specimens derived from candeerga. Using a

Pag. 21



Chiara Naro

previously validated antibody (Barbagallo et alQ0%2), we
observed that NEK2 staining was concentrated inntngeus of
breast and lung cancer cells (Figure 1A). In colmmstate and
cervix cancer cells, although it was also deteatdtie cytoplasm,
NEK2 staining was enriched in nucleus (Figure 1&hnfocal
immunofluorescence analyses of NEK2 localizatiorcefi lines
derived from breast cancer (MCF7; Figure 1B), sema
(TCam-2), prostate cancer (PC-3), colon carcinoB@ec¢-2) and
cervix cancer (HelLa) (Supplementary Figure S1) sagghat
nuclear localization of NEK2 is a common feature hafman
cancer cells.

Testicular seminoma Breast cancer

v e Sy .tk . o
i s a9 AR = o Sl
.4_;7_'. 0',""? o = 2 .
g - - 3 o = -
.
P e i 1, e ¢
- “ Fabal i S
v r’ v v .
- - | E i . i ) - oy
(% L i S U — NEK2
bt SR B o B\ BT T mewnals
! O3 a3 - 1 -
[ B3 g lmp - g C
=, & o e o Z 1
s 2%
.

:m‘s(_ .‘ o
: i .
2 SOl N2
=y
S & e,
&hi FOR
= _ - NEK2
Immunohistochemistry of NEK2 in testicular semin@néreast, proate
lung and cervix cancer specimens (scale bar =u2). (B,C) Confoc:
immunofluorescence analysis of MCF7 cells staineih w&ntiNEK2 (red
antibody and Hoechst (blue) (B, scale bar =pH0) or with antiNEK2

(green), anti-SRSF1 (red, upper panel) or 8RBF2 (red, lower panel) |
scale bar = mm). White arrows indicate co-localization in spexskl
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NEK2 Hoechst

TCam-2

PC-3

Caco-2

Hela

Supplementary Figure S1. NEK2 nuclear localizationn cancer cells.(A)
Immunofluorescence analysis of TCam-2 (seminom@)3Rprostate), Caco-
2 (colon) and HelLa (cervix) cancer cells stainethwabbit antiNEK2 (red
antibody and Hoechst (blue) and analysed by fluamese microscop&cale
bar = 10um.

NEK2 is expressed as three alternative splice ntmjanamed
NEK2A, B and C (Supplementary Figure S2A) (Wu et 2007).
NEK2A and B differ in the C-termini because an mtgive
polyadenylation signal in intron 7 is used in NEK2Bwus
preventing inclusion of the last exon 8 (Hayward &mny, 2006).
Notably, exon 8 encodes for protein degradation ifsnain
NEK2A, which mediate its degradation in mitosis yds et al.,
2006). NEK2C is identical to NEK2A with the exceptiof a
small internal deletion of 8 amino acids371-378), due to usage
of a downstream splice acceptor site in exon 8 @wal., 2007).
Although the biochemical features of NEK2C are
undistinguishable from those of NEK2A, deletiortluf sequence
creates a nuclear localization signal (NLS) thatnprtes NEK2C
accumulation in the nucleus (Wu et al., 2007). hoestigate
which splice variant was prevalently expressedamcer cell
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Supplementary Figure S2. NEK2 splicedrariants expression ani
localization. (A). Schematic representation of tiNEK2 gene and of i
alternative splice variants, NEK2A, NEK2B, and NEKZ®see introductio
for details). Black arrows indicate primers usedtfee RT-PCR analysi¢B)
RT-PCR amplification oNEK2 spliced-variants from HelLa (cervix), MCF
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lines, we performed RT-PCR analyses using varipatific

primers (Supplementary Figure S2A). NEK2A and Bewveradily
detected in all cell lines analysed, whereas NEK®43 barely
detectable (Supplementary Figure S2B), suggestimat fts

expression is unlikely to account for the nucleasalization of
NEK2 in cancer cells. Previous results indicateat thsubstantial
fraction of NEK2A localizes in the nucleus when thtein is
overexpressed (Wu et al., 2007). In line with théport, we
observed that overexpression of NEK2A was sufficienallow

its accumulation in the nucleus of HelLa cells, vathocalization
pattern that closely resembled that of NEK2C (Semantary
Figure S2C), whereas NEK2B remained mainly cytapias
(Supplementary Figure S2C). These results sugdest up-

regulation of NEK2A is likely responsible for theuciear

localization of NEK2 in cancer cells.

1.2 NEK2 localizes in nuclear splicing speckles and co-
fractionates with splicing factors

We found that NEK2 accumulated in nuclear granofegariable

size and irregular shape (Figure 1B, Supplemerfagure S1),
which resembled the splicing speckles, the intenctatin regions
enriched in splicing factors (Spector and Lamond)113.

Confocal immunofluorescence analysis in MCF7 cediafirmed

that NEK2 co-localizes in the nuclear speckles VBRSF1 and
SRSF2 (Figure 1C), two SR proteins commonly usethakers
of these structures (Spector and Lamond, 2011).né# used
subcellular fractionation experiments to confirme gesociation of
NEK2 with splicing factors. By using this techniqué was

documented that splicing factors accumulate in thelear
matrix-attached insoluble fraction (Lin et al., B)0OAnalyses of
cytosolic (S), nuclear soluble (NS), and nucleatrix@attached
insoluble (NI) fractions confirmed that splicingcfars were
enriched in the NI fraction isolated from MCF7, B@nd TCam-
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2 cells (Figure 2A). In addition, we observed tN&K2 was also
enriched in both the NS and the NI fraction incall lines tested
(Figure 2A). The molecular weight of this band esponded to
that of NEK2A and C. A faster migrating band cop@sding to
the molecular weight of NEK2B was instead detecitedthe

cytosolic fraction.

NEK2 interacts with substrates and activators tghouhe

carboxyl terminal regulatory region (residues 2454
Supplementary Figure S2A) (Hayward and Fry, 2008us, we
used purified GST-NEK2A (271-445) fusion protein laait in

affinity chromatography of nuclear extracts isatateom MCF7

and PC-3 cells. GST-NEK2A (271-445) selectively cassted

with some splicing regulators, as SRSF1, hnRNPARNPF and
SAMG68, but not others, as SRSF3 and hnRNPC1/C2i1(€igB).

Y N
A B 3 K2 . 29
o > & o
C NS Nl C NS Nl C NS NI & & & &
—— L NEK2A/C & & i
- = ¢ s & ¢ S &
NEK2B IO N &6
= o = = - SAMGE — - - SAM68
S .| SRsF1 F=3 - = SRSF1
= W srsr3 = - SRSF3
- hnRNPC2 hnRNPC2
+« N
- S hnRNPCT — - “~hnRNPCI
—— hnRNPAT = - - hnRNPAT
hnRNPH
= — an o «—hnRNPH
= e 9= nner & - = “~ hnRNPF
- —] s LAMIN B MICF7 PC3
- - - - TUBULIN b -
-
MCF7 PC-3 TCam-2 oy - | GSTNEK2AQ71445)
- -
p— . +— GST

Figure 2. NEK2 associates with splicing factorgA) Cytosolic (C), nucle:
soluble (NS) and nuclear insoluble mataigsociated (NI) fractions of MCF
PC-3, TCam-2 cells were analysed by Western blatguantibodes fol
NEK2 and indicated splicing factors. LAMIN B and BULIN were
evaluated as nuclear matrix and cytosolic marK@&psWestern blot analys
for the indicated splicing factors in pull-down ags of MCF7 and PG-
nuclear extracts with GST-NEK2A (2445) fusion protein and GST
negative control). Coomassie staining shows thefipdr GST and GST-
NEK2A (271-445) fusion protein (lower panels).
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These results suggest that NEK2 interacts with ipesplicing
factors in the cell nucleus.

1.3 NEK2 isa splicing factor kinase

Next, we set out to determine whether splicing dexctwere
substrates for NEK2. We focused on SR proteins usecaheir
splicing activity is finely tuned by phosphorylatiqLong and
Caceres, 2009) (Zhou and Fu, 2013). As first stepdetermined
whether SRSF1 and SRSF7 were directly phosphodyléte
NEK2. Kinase assays using purified full-length HI&- GST-
fusion proteins of these splicing factors showedt tphurified
NEK2 efficiently phosphorylates SRSF1 and SRSF7vitno
(Figure 3A). We focused the rest of our study orS6R because
it was more efficiently phosphorylated by NEK2. thermore,
this splicing factor is a bona fide oncogene (K&ni2007) and it
is upregulated in several human cancers, includirgpst and
prostate carcinomas, where it modulates cancevaete AS
events (Anczukéw et al., 2012) (Olshavsky et &11®.

First, we investigated whether the interaction leevNEK2 and
SRSF1 also occurred in live cells. We found thaP&EK2C
(Figure 3B) and GFP-NEK2A (Supplementary Figure p@#kre
efficiently  co-immunoprecipitated with FLAG-SRSF1n i
HEK293T cells, whereas the cytosolic GFP-NEK2B wax
(Supplementary Figure S2C and S3B). Next, to vehty ability
of NEK2 to phosphorylate SRSF1 in live cells, weespressed
wild type or kinase-dead GFP-NEK2C with GFP-SRSRhen
expressed alone, GFP-SRSF1 yielded two bands, thetHaster
migrating band being more abundant, indicating thatbulk of
the protein is hypophosphorylated (Figure 3C). Egpion of wild
type NEK2C increased the amount of the higher mdéeaveight
band of SRSF1, suggesting its hyperphosphorylatiagnereas
kinase-dead NEK2C was ineffective (Figure 3C). Wikir result

was obtained with NEK2A (Supplementary Figure S3C),
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indicating that both NEK2 splice variants can pliasplate
SRSF1 in live cells.
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Figure 3. NEK2 phosphorylates splicing factors(A) Purified NEK2 wa
incubated with purified GST (as negative contr@RSF1-(His), SRSF1-
GST or SRSF7-(His)proteins and-[*P]ATP. Phosphorylation levels w
detected by autoradiography (* indicates autophogpated NEK2)
Coomassie staining shows the purified proteins ¢lopanel). (B) Weste
Blot analysis with anti-GFP and amfl-AG antibodies of th
immunoprecipitation assay performed with controlus® IgG or antFLAG
antibody of nuclear extracts of HEK293T expresskFIgAG-SRSF1 an
GFP-NEK2C. (C) Western Blot analysis using dBEP antibody
HEK293T cells transfected with GFP-SRSF1, wiige NEK2C (WT) o
kinase-dead NEK2C (KD). ACTIN was used as loadingtiol.
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Supplementary Figure S3. NEK2A phosphorylates SRSFih vivo. (A,B)
Western Blot analysis with anti-GFP and anti-FLAGtilaodies of the
immunoprecipitation assay performed with controlus® IgG or antFLAG
antibody of nuclear extracts of HEK293T expressiHgAG-SRSF1 an
GFP-NEK2A (A) or of total extracts of HEK293T expsing FLAGSRSF:
and GFP-NEK2B (B). (C) HEK 293T cells were transfeic with GFP-
SRSF1, wild-type NEK2A (WT) or kinastead NEK2A K37R (KC
vectors. Cell lysates were resolved on SBXSSE and expression
recombinant proteins was detected by Western BlioiguantiGFP antibody
ACTIN was used as loading control.

1.4 NEK2 behaves as an SR protein kinasein live cells

Having established that NEK2 phosphorylates SR8l asked
whether it behaves as an SR protein kinase (SRP#).these
studies, we focused on NEK2C, which was chosent$oalmost
exclusive localization in the nucleus (Wu et al.p02).
Overexpression of NEK2C induced a pattern of SRtgme
phosphorylation similar to that elicited by SRPHlprototypical
SRPK (20), leading to phosphorylation of SRSF6 (&Rp
SRSF5 (SRp40) and SRSF2/SRSF9 (SRp30) (Figure 4A).
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Figure 4. NEK2 phosphorylates SR proteins and modutas E1A
splicing. (A) Western Blot analysis of SR proteipRosphorylation in Hel
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proteins 1H4 antibody. TUBULIN was detected as ingdcantrol. (B)
Schematic representation of the alternative spliagiants of the E1
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Next, we tested whether NEK2 functionally regulates activity
of SR proteins. Previous reports demonstratedavatexpression
of SRPK1 modulates splicing of the E1A reporter igene
(Zhong et al., 2009), a commonly used splicing dgarthat
contains several 5' and 3' alternative splice fgs}y (Figure 4B).
As expected (Zhong et al., 2009), we observeditita¢asing the
expression of SRPK1 in Hela cells caused a doserumt
switch from the 13S to the 9S 5' splice site of Bi&\ minigene
(Figure 4C). Remarkably, upregulation of NEK2C @lisa
similar switch in E1A splicing. This effect requirghe kinase
activity of NEK2, as the kinase-dead mutant hackfhect (Figure
4C). Thus, NEK2 displays features of an SRPK ig bells.

1.5 NEK2 expression modulates SRSF1-dependent BCL-
X splicing

Phosphorylation of SR proteins regulates theircsmyi activity
(Long and Caceres, 2009) (Zhou and Fu, 2013). Thesasked
whether NEK2 could modulate the AS of an endogenarget of
SRSF1, such as tRCL-X gene (Paronetto et al., 2007) (Moore et
al., 2010). Selection of two alternative 5' ss xore 2 of BCL-X
leads to the production of two splice variants: #méi-apoptotic
BCL-X_ and the pro-apoptotic BCLgX(Boise, 1993). SRSF1
promotes selection of the proximal 5' ss leadingxpression of
BCL-X_ (Paronetto et al., 2007) (Moore et al., 2010). By
performing real time quantitative PCR (gqPCR) usiagon
junction-specific primers for BCL-Xand BCL-X (Figure 5A),
we found that overexpression of NEK2C in Hela celtseased
the BCL-X /BCL-Xs ratio to a similar extent as overexpression of
SRSF1 (Figure 5B).

Importantly, this effect was not due to activatioh SRPK1.
Indeed, while knockdown of SRPK1 promoted the propdotic
BCL-Xs variant, indicating that SRPK1 also modulates th&
event, NEK2C was still capable to enhance spli@hghe anti-
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apoptotic BCL-X variant in SRPK1-depleted cells as observed in
control cells (Figure 5C).
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Figure 5. NEK2 modulatesBCL-X AS affecting SRSF1 activity.(A)
Schematic representation of tBEL-X AS. Black arrows indicate exon-
junction primers used for gRT-PCR analysis. (B,RQ¢PCR analysis of
endogenousBCL-X splice-variants. Bar graphs represent BGUBCL-
Xsratio (mean £ SD, n=3, *p<0,05). HelLa cells weransfected with
mock, GFP-NEK2C or GFP-SRSF1 (B) or with eitherasdble (si-SCR)
or SRPK1 (si-SRPK1) siRNAs and then with or with@EP-NEK2C
(C). Silencing and over-expression efficiency wasegsed by Western
blot analysis. (D) RT-PCR analysis of the in viygicng assay of BCL-
X minigene in HEK293T cells transfected with scréentsi-SCR), NEK2
(si-NEK2), SRPK1 (si-SRPK1) or both NEK2 and SRP(sENEK2/si-
SRPK1) siRNAs and with or without FLAG-SRSF1. Baaggh represents
the densitometric analysis of the BCL/BRCL-X ratio, normalized for
the value obtained in cells transfected with sciengiRNA and empty
vector, set to 1 (mean = SD, n=3, **p<0,01). Silegcand over-
expression efficiency was assessed by WesternaRkdysis (right panel).
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To determine whether NEK2 expression affected thiitya of
SRSF1 to modulat®CL-X AS, we employed a minigene that
recapitulates the splicing of the endogenous getasgiello A. S.,
2004). We found that knockdown of NEK2 in HEK293¢&lls
slightly enhanced splicing of the pro-apoptotic BR§. variant
(Figure 5D). Moreover, while transfection of subopl amounts
of SRSF1 efficiently promoted splicing of the aapieptotic BCL-
X, variant in control cells (si-SCR), this effect waartially
impaired when NEK2 was silenced (Figure 5D). Imamotty,
similar effects were also observed when SRPK1 waschked
down, even though silencing of both NEK2 and SRR not
exert additive effect on SRSF1-inducB@L-X splicing (Figure
5D).

1.6 NEK2 isinvolved in theregulation of apoptosis

Next, we sought out to determine whether AS of kmow
endogenous targets of SRSF1 was affected by thekdpan of
NEK2 in HeLa cells. We examined the splicing paitef SRSF1
target transcripts from three genes with roles ancer and for
which AS variants have been characteriZédt-X, MKNK2 and
BIN1 (Karni R., 2007)(Paronetto et al., 2007Moore et al.,
2010) (Adesso et al., 2013). For comparison, we also kedc
down SRSF1 and SRPK1 in parallel experiments (EigiA,B).
Transient knockdown of NEK2 in HelLa cells resultéal
decreased ratio of BCLXBCL-Xs and MNK2b/MNK2a, and
induces skipping of exon 12A in BIN1 mRNA variantgthout
affecting SRSF1 expression. All the splicing changgerted by
NEK2 depletion favoured pro-apoptotic splice vatsaand were
recapitulated by knockdown of either SRSF1 or SRR#though
to different extent for the three genes (FigureBA,
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Figure 6. NEK2 silencing affects splicing of SRSFfarget genes and
sensitize cells to apoptosigA) Schematic representation of the SRSF1-
regulated ofBCL-X, MKNK2 and BIN1 AS events (left panel). Black
arrows indicate primers used for the qRT-PCR aimlperformed in
Hela cells transfected with scramble (si-SCR), NEKI2ZNEK2), SRPK1
(si-SRPK1) or SRSF1 (si-SRSF1) siRNAs. Ratio of &% variants are
represented in the bar graph (mean £ SD, n=3, §&0*p<0,01) (right
panel). (B) Western Blot analysis assessing NEKRPIS1 and SRSF1
silencing efficiency. (C,D) Western Blot analysisRARP1 cleavage (C)
and quantitative analysis of cleaved-CASPASE 3 imofluorescence
(bar graph represents mean + SD, n=3, *p<0,05) ifDHeLa cells
transfected with either scramble (si-SCR) or NEKRNEK?2) siRNAs
and treated for 24h with increasing doses of ciBp(&€PT). Western Blot
analysis assessing NEK2 silencing efficiency wafopmed (C).

Moreover, as observed for BCL-X overexpression of either
NEK2C or SRSF1 promoted splicing of anti-apoptdikNK2
and BIN1 variants (Supplementary Figure 4A). These results
indicate that NEK2 contributes to the regulation ®RSF1
splicing activity.
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Since NEK2 knockdown induced expression of pro-&mpop
splice variants, we asked whether it also playsla m cell

viability. In line with its effect on AS, depletiorof the

endogenous NEK2 in Hela cells significantly incezhshe basal
level of apoptosis, as monitored by cleavage of PARFigure
6C) and CASPASE 3 (Figure 6D), and enhanced thetapo

response of cells to stress, such as treatmentcigiphatin (Figure
6C,D) or starvation (Supplementary Figure 4B,C)eSé results
suggest that the effect of NEK2 on AS events ragdlay SRSF1
is physiologically relevant.
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Supplementary Figure S4.NEK2 expression promotes cell surviva
(A,B) Western Blot analysis of PARP1 cleavage (A)daquantitativ
analysis of cleaved-C3PASE 3 immunofluorescence (bar graph repre
mean * SD, n=3, *P<0,05) (B) in HelLa cells trantdelcwith either scramk
(si-SCR) or NEK2 (si-NEK2) siRNAs and serwstarved for 8h. Weste
Blot analysis assessing NEK2 silencing efficien@swerformed (A).
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1.7 Discussion

NEK2 is a centrosomal kinase involved in centrosaimglication

in mitosis that is frequently upregulated in humeancers
(Hayward and Fry, 2006). Recent evidence sugghatsniuclear
localization of NEK2 is a predictor for drug resiste and a
marker of poor prognosis in patients (Zhou et &Q013).

Nevertheless, the specific nuclear functions of RE&re still

completely obscure. The present study indicatesNE&?2 acts as
a regulator of AS events by modulating SRSF1 agtivihus

uncovering a previously unknown nuclear functiorr finis

oncogenic kinase.

NEK2 overexpression has been extensively describeskveral
types of tumours (Hayward and Fry, 2006) (Haywand &ry,

2006) (Landi et al., 2008) (Barbagallo et al., 200%dréasson et
al.,, 2009) (Zhou et al., 2013). Its oncogenic attihas been
primarily ascribed to the ability to induce aneugo by

perturbing centrosome duplication and its segregatlynamics
(Hayward and Fry, 2006). However, it was recentdyndnstrated
that in testicular seminomas (Barbagallo et alQ@Q0myelomas
and other types of cancer (Zhou et al., 2013), NEK@rimarily

localized in the nucleus of neoplastic cells. Wevnbocument
that the nuclear localization of NEK2 is also olserin several
carcinomas and cancer cell lines in which the lgnas

upregulated. Thus, although our analysis is toatdidhto draw
conclusions, these results suggest that nucleaalization of

NEK2 is a common feature of neoplastic cells.

The NEK2C splice variant was reported to localizevplently in

the nucleus (Wu et al., 2007), suggesting thatséective up-
regulation in cancer cells might account for thesesled
localization of the kinase. However, our study cades that
NEK2C is expressed at very low levels in all canceitls

analysed, raising doubts on its contribution to lthelization of
NEK2 in primary tumours and in cell lines. Convéyseup-
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regulation of NEK2A, but not NEK2B, is sufficiend induce its
nuclear localization, suggesting that NEK2A is theevalent
isoform in the nucleus of cancer cells.

Characterization of the subcellular distributionNEK2 pointed
out its co-fractionation with several splicing facg in the nuclear-
insoluble material of cancer cells. Moreover, NE&®localized
with two SR-proteins in nuclear splicing speckl&hese inter-
chromatin granules are particularly enriched in @B8&eins and
are supposed to function as nuclear storage tepré-mRNA
processing regulators (Spector and Lamond, 20143embly of
splicing speckles and active recruitment of SRgins from these
sites to the newly synthesized pre-mRNA is stricdgulated by
reversible phosphorylation (Misteli et al., 199Bhosphorylation
represents one of the main mechanisms by whichestdgulation
of the splicing process, and especially of AS cisieved (Stamm,
2008) (Naro and Sette, 2013). These observatiodsuke to
hypothesize the existence of a functional inteosctbetween
NEK2 and splicing. Several results of our study psup this
hypothesis. First, NEK2 interacts with and phosplades SRSF1.
Second, we found that the splicing activity of SR®-modulated
by NEK2. Lastly, silencing of NEK2 negatively affsAS events
that are target of SRSF1 in live cells. Collectyvehese results
point to NEK2 as a novel direct regulator of SRSF1
phosphorylation and activity.

The cellular localization and splicing activity @RSF1 are
regulated by reversible phosphorylation (Zhou and2013) (Cao
et al.,, 1997) (Sanford et al., 2005) (Prasad et 18199). We
observed that NEK2 did not influence the nucleaalization of
SRSF1 in HeLa and HEK293T cells (Supplementary feigsb).
By contrast, our study suggests that NEK2 can naadubRSF1
splicing activity similarly to SRPK1, the prototypgember of the
SRPK family of kinases that mediate phosphorylat@nSR-
proteins (Zhou and Fu, 2013).Indeed, overexpressioeither
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NEK2 or SRPK1 induced a similar pattern of SR prse
phosphorylation and caused a similar modulatioBIA AS.

A
GFP-SRSF1 Hoechst Merge

Empty
vector
o - . .

Hela

GFP-SRSF1 Hoechst Merge

Empty
vector
o . . .

HEK 2937

Supplementary Figure SSNEK2C overexpression does not affect SRS
subcellular localization. Immunofluorescence analysis of HelLa (A)
HEK 293T (B) cells transfected with the GERSF1 vector in presence
not of the pCDNA3N2myc-NEK2C WT véar. Nuclei were stained wi
Hoechst (blue). Scale bar = gon.

Likewise, knockdown of NEK2 or SRPK1 similarly rexhd the
splicing activity of SRSF1 toward the BCL-X minigerAlthough
the effects of NEK2 might be indirect (i.e. meddatey another
kinase), three lines of evidence support a diretiba. First, our
in vitro kinase assays were performed using higbiyified
proteins, strongly indicating that NEK2 can dirggthosphorylate
SRSF1 and SRSF7. Second, although NEK2 was recently
reported to induce activation of AKT in myelomalsdlZhou et
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al.,, 2013), a signaling kinase known to directlyd andirectly
modulate SR proteins phosphorylation (Patel et28lQ5) (Zhou
et al., 2012), overexpression or knockdown of NEK® not alter
the activity of AKT in HeLa cells (Supplementarygkre S6).
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Supplementary Figure S6.Modulating NEK2 expression levels does n
affect AKT activation. (A,B) Western Blot analysis for AK
phosphorylation status, using anti-AKT and anti-pASer473 arnbodies
(A) HelLa cells were transfected with FLAG-SRPK1 GFPNEK2C WT
vectors and harvested 24h after transfection. (8)dicells were transfect
with scramble (si-SCRNEK2 (si-NEK2) orSRPK1 (si-SRPK1) siRNAs ar
harvested 48h after transfection.

Third, the effect of NEK2 oBCL-X splicing was not affected by
knockdown of SRPK1. Thus, these experiments sugtiest
NEK2 behaves as a bona fide splicing factor kinasee cells.
Our study implicates NEK2 in AS regulation of seasleBRSF1
target genes involved in cell viability. We fourttht knockdown
of NEK2 mimicked that of SRSF1, or SRPK1, and iratlc
expression of pro-apoptotiBCL-X, BIN1 and MKNK2 splice
variants. Consistently, NEK2 depletion sensitizeel & cells to
spontaneous and stress-induced apoptosis, suggestipro-
survival function for this kinase. Although protiect from cell
death may also involve other splicing-unrelated cfioms of
NEK2 (Zhou et al., 2013), it is likely that enhadalicing of the
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anti-apoptotic variants dBCL-X, BIN1 and MKNK2 contributes
to this pro-survival effect.

As NEK2, SRPK1 is also overexpressed in human car{etayes
et al., 2007), suggesting that these kinases miajnamncert to
modulate SRSF1 activity. In line with this hypotisesve found
that NEK2 affectedBCL-X splicing independently of SRPK1.
Thus, even if apparently redundant, SRPK1 and NEk@ald
regulate SR-protein phosphorylation and subsegd&nevents in
a coordinate manner. In fact, the subcellular laaéibn of
SRPK1, mainly cytosolic (Zhong et al., 2009), andEK,
predominantly nuclear (this study), suggest a jssioordinated
activity of these kinases in different cellular quantments, as
previously reported for SRPKs and CLKs (Cdc2-likmalses)
(Ngo et al., 2005). Notably, activation of SRPK1rasponse to
AKT-mediated signalling was reported to modulatengge
expression by regulating AS programs (Zhou et24l12). Since
activation of NEK2 by the ERK1/2 pathway was obsenin
germ cells (Di Agostino et al., 2002), and thishpay is often
activated in cancer cells, it is possible that NEHSb participates
to AS regulation in response to environmental ckesally, since
NEK2 expression and activity peak during the lat&Z phase
(Fry et al., 1995), we cannot exclude the possybihat it could
affect SR proteins function in a cell-cycle depemdeaanner, thus
contributing to coordinate gene expression regufatvith cell
cycle progression. Noteworthy, another centrosorkelase,
AURKA, was shown to modulate the apoptotic respotse
mitotic arrest of the cell cycle by regulating stability of SRSF1
(Moore et al., 2010).In conclusion, our study idiieed NEK2 as a
novel regulator of AS, which promotes SRSF1-dependglicing
of anti-apoptotic variants, thus contributing tdl sarvival.
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2. Co-transcriptional control of genic expression in
cancer cells

Mounting evidence has recently highlighted a nowepbortant
layer of control for the AS process exerted by thgomatin
structure (Gomez Acuia et al.,, 2013). As most ef different
steps of the pre-mRNA processing, AS largely occacs
transcriptionally and it is significantly modulatég variations in
the dynamics of the transcription process (Pandyes, 2011).
Therefore, by affecting the accessibility of the Akemplate to
the transcriptional apparatus, epigenetic modificest can
influence RNAPII processivity, thereby modulatinget co-
transcriptional AS process (Schwartz and Ast, 208yveral
studies have shown that recognition and inclusiowesak exons
in the mature transcript is facilitated by a sloangation rate of
the RNAPII, as it increases the lapse of time dushich these
exons are accessible to the splicing machineryth®@rcontrary, a
faster elongation rate favors exon skipping evéadésla Mata et
al., 2010). Moreover, it has been shown that spmedifstone
modifications can act as docking sites for splioeos
components and accessory RBPs, thus directly aftedheir
recruitment on the nascent pre-mRNA (Luco et &1@. In line
with the contribution of epigenetic modificatiorss regulation of
the AS process, it was shown that the AS patteseeéral genes
can be modulated by treatment with agents that tatelu
chromatin structure, such as histone deacetylasésitors
(HDACI) (Hnilicova et al., 2011).

Herein, we have investigated the effect of the H&ACI
LBH589 on the splicing of genes relevant for prtestaancer
proliferation and we have approached the studyhefrholecular
mechanisms underlying this regulation.
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21HDACI induce specific changes in alternative
splicing events

In order to assess whether treatment with HDACisildo
significantly affect the AS process in prostate aancells, we
treated PC-3 cells with different HDACis: LBH589ABA,
trichostatin A (TSA) and valproic acid (VPA). Thsplicing
pattern of cancer-related genes, known to be retefea tumoral
proliferation, such as the HGFL-recep®®ON (Lu et al., 2007),
the apoptotic regulatdBCL-X (Mercatante et al., 2001) and the
adhesion moleculeCD44 (Zoller, 2011), was then analyzed
through RT-PCR. In particular, we analyzed the affef the
treatment with HDACis on the splicing of the provoral
isoforms of these genes, such as the exon-11 skigpéorm of
A B

O
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Figure 1. HDACIs treatment induces specific changeis AS. (A) RT-PCF
analysis of AS oRON, BCL-X andCD44 genes in PC3 cells treated for !
with different HDACIis at following concentration$0 nM LBH589, 2,5 pl!
SAHA, 300 nM trichostatin A (TSA), 5 mM valproic idc(VPA). GAPDH
was evaluated as loading contr@) Densitometric analysis of the re
between the splice variants analyzed (means + SP), n
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the RON gene, known asfRON (Ghigna et al.,, 2005), the
antiapoptotic BCL-Xs (Boise et al.,, 1993) and the exon v5
containing isoforms of th€ED44 gene (Cheng and Sharp, 2006).
Interestingly, we found that almost all HDACis ta$taffected
splicing of the analyzed genes in a similar manadéreit with
different efficiency, by promoting splicing of tHBCL-Xs isoform
and inclusion of the RON exonll a@®44 exon v5 (Figure 1).
These results confirm the previously reported gbof HDCAIs

to induce specific changes in AS events (Hniliceval., 2011).

2.2 LBH589 selectively affects CD44 splicing.

Having highlighted the general ability of HDACistmodulate AS
events, we then focused our study on the charaatem on the
splicing regulatory ability of the pan-HDACi LBH583vhich
among the inhibitors used is the more innovativé @displays the
broader spectrum of activity (Atadja, 2009). As mlodene we
selected CD44, whose peculiar exonic structure makes it a
suitable model for AS studies: the hum&D44 gene is
characterized by nine variable exons (v2-v10) erdbddetween
two sets of constitutive exons (cl-c5 and c6-cApgure 2A)
(zoller, 2011). Alternative inclusion of the varlabexons in the
mature transcript of theCD44 gene is strictly regulated by
different mechanisms, including the activity of ttanscriptional
factors, such as the BRM subunit of the SWI-SNF miem
(Batsché et al., 2006) or the transcriptional attv SND1
(Cappellari et al., 2013), the binding of transagtRBPs, such as
SAM68 (Matter et al., 2002), and the presence afespetic
modifications in theCD44 locus, such as the trimethylation of
Lys9 in histone H3 (H3K9me3) (Saint-André et aQ12).

We initially analyzed the expression©D44 v5-containing splice
variants in PC-3 cells treated with increasing doseLBH589.
Both conventional (Figure 2B) and quantitative RTRP(qPCR)
(Figure 2C) analysis showed that LBH589 treatmeototes the
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Figure 2. LBH589 treatment selectively affects CD44plicing. (A)
Schematic representation of t8®44 gene; constant and variable exons
are shown in light and dark grey respectively. Blagrows indicate
primers used for the PCR analyses. (B,C). RT-PCRafil qPCR (C)
analysis of the expression @D44 C16C17 constant region and of the
CD44 v5 variable exon in PC3 cells treated with indéchtdoses of
LBH589. GAPDH was evaluated as loading control. In (C) thecapdj
fold effect was evaluated by measuring the enrigiinro€CD44 v5 exon
versus the C16C17 constant region, set to 1 irgbeells (means + SD,
n=3, *P<0,05). (D) RT-PCR analysis of the expression lewe#l£D44
v4-v10 variable exons and of C16C17 constant regid?C3 cells treated
for 24h with 10 nM LBH589GAPDH was evaluated as loading control.
(E) gPCR analysis of tot&D44 expression (left bar graph) and@D44
variable exons (v5, v7, v9, v10) inclusion (rightagh) in PC3 cells
treated for 24h with 10 nM LBH589. Total levels @044 mRNA were
evaluated by normalizing values obtained for @244 constant region
C16C17to thcse of GAPDH (means + SD, n=, *P<0,05)
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inclusion of the variable v5 exon in tkk44 transcript in a dose-
dependent manner. Moreover these results suggtdsiedhe 10
nM dose is already sufficient to induce a significaffect on v5
inclusion. Therefore, this dose was chosen forsalbsequent
experiments. Conventional RT-PCR analysis of theabée exons
using primer in the v4-v10 variable exons indidatieat LBH589
treatment preferentially promotes the inclusion wgbstream
variable exons (v4-v7) with respect to those logdatewnstream
in the CD44 gene (v8-v10) (Figure 2D). This selective effeesw
confirmed by quantitative real-time PCR (qPCR) gsial which
showed that the expression of variable exons v5 ahdvas
significantly increased with respect to downstreaxons v9 and
v10. Importantly, exon inclusion was not accompdni® an
overall increase of the transcriptional levels loé CD44 gene
(Figure 2E). These observations suggest that ttreased levels
of CD44 exons v5 and v7 induced by LBH589 treatment arte no
due to a general transcriptional activation follogvi HDAC
inhibition, but it is instead a proper AS respomdieited by the
treatment. The molecular mechanisms underneath Alse
modulation of theCD44 gene induced by LBH589 treatment have
been therefore object of our further studies.

23 LBH589 does not alter expression of splicing
factors.

First of all, we investigated if LBH589 modulatess Aevents in
PC-3 cells by altering the expression levels of egah and
auxiliary splicing factors. Proteins involved inetlRNA splicing
process have been indeed identified as a promiparitof the
cellular “acetylome” (Choudhary et al., 2009) andnhas been
widely demonstrated that LBH589, as well as othBrAgis, can
affect the acetylation status of several of nonemes proteins
thereby directly or indirectly modulating their siigty (Sadoul et
al, 2008). Nevertheless, our Western Blot analgkistal extracts
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obtained from cells treated with LBH589 did not whoany

significant variation in the expression levels dfe tsplicing

regulators analyzed, except for a mild reductiothm expression
levels of the hnRNPF/H and hnRNPI (Figure 3). Altbb there is
no evidence in the literature concerning the ingotent of these
RBPs in the regulation ofCD44 AS, direct experiments of
overexpression of these recombinant proteins ifs ¢edated or
not with LBH589 need to be performed to rule owttthe mild

reduction of these two proteins could be correl&tetthe observed
modulation ofCD44 AS.

& &
T T i : U170
— 1 U2AF6S
— — <GS Figure 3. LBH589 treatment does not
alter expression of splicing factors.
- - Western Blot analysis of indicated splicing
s T | hoRNel factors in PC3 cells treated for 24 h with

SEDe LBH589. ACTIN was evaluated as
Sy ~ " loading control

B hrnpAT

- = ACTIN

2.4 1.BH589 locally affects RNAPII processivity in the
CD44 locus.

One of the main consequences of treatment with HBACthe
global increase in histone acetylation, which uguabrrelates
with an open chromatin conformation, thus renderingnore
accessible to the transcriptional apparatus (Cragtoal., 2006).
Indeed, previous studies have shown that other HBA@uce a
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global acceleration of the RNAPII processivity iffetent genes,
thus favoring exon-skipping splicing events (Hrolid et al.,
2011). This result is in line with several othgnogs showing that
a higher elongation rate of the RNAPII correlateghwthe
exclusion of weak alternative exons (Nogues et24Q2; de la
Mata et al., 2003). Differently from these previaesults about
other HDACIs, our observations show that LBH589 npotes
inclusion of the variable weak exons of t@D44 gene. We
therefore decided to investigate whether the maidulacf CD44
splicing by LBH589 was correlated to changes in FMNA
processivity along the locus. We initially evaluwhatevhether
treatment with the reversible inhibitor of tranption 5,6-
Dichlorobenzimidazole 1-b—D-ribofuranoside (DRB) ulm
impairs the splicing effect of LBH589. We thus exatked the
inclusion of variable exons v5 and v6 in the traipgs newly
synthesized after the release from a transcriptibleeek induced
by DRB treatment. For this analysis, nascent préNé& were
labeled with BrU for 1h after the release from DRBck and
then purified by immunoprecipitation with an antie® antibody.
Analysis of the nascent transcripts revealed higihegusion of the
CD44 variable exons in LBH589-treated cells respectthe
control (Figure 4A), confirming the ability of LBH® to
positively regulateCD44 variable exons splicing, even after DRB
treatment.

Then, we investigated whether LBH589 could affediARII
processivity along the entil@D44 gene. As previously reported,
RNAPII processivity can be indirectly evaluatedrogasuring the
ratio between a promoter-proximal and a promotstatiregion of
the same pre-mRNA, as a slower elongating RNARiti$eto the
accumulation of the proximal over the distal preM#R(de la
Mata et al.,, 2003). Thus we evaluated through gP@GR
accumulation ofCD44 pre-mRNA in intron 1 with respect to
intron 18, 60 minutes after DRB release. This asialigighlighted
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Figure 4. LBH589 affects CD44 splicing by affecting RNAPII
processivity. (A) gPCR analysis of nasce@D44 transcripts labeled in
the presence of BrU. Novel transcripts were immueoipitated by using
specific anti-BrU antibody and analyzed with thedigated primers
(schematic representations over the bar graphd)s @Get treated with
BrU were used as control of the immunoprecipitatideft graph
represents the ratio between mRNA versus pre-mRN&eCD44 v5
region, right panel represents the ratio betw@dA4 v5v6 mRNA versus
the CD44 C16C17 constant region. The value of control cels set as
reference. (B) gPCR analysis of the relative abnodafCD44 proximal
and distal pre-mRNAs after 60’ of release from DBRBck in PC3 cells
treated or not with LBH589 10 nM. Data are presdnas the ratio
betweenCD44 intron 1 and 18 set to 1 in control cells. (C) ¢P&halysis
of CD44 nascent transcripts in PC3 cells treated with ¥DLUBH589,
harvested at 5 minutes intervals after the reléase the transcriptional
block with DRB. The expression of different portsoorof CD44
premRNA was analyzed at the indicated times and ndrethlfor the
expression levels dBAPDH. Values of the no-treatment control were set
to 1 for both CTRL and LBH589 treated cells.
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that LBH589 treatment decreases by approximatedy #ls ratio
(Figure 4B), suggesting that it induces a globak#aration of the
RNAPII along theCD44 gene.

As a faster elongating RNAPII usually correlates thwi
enhancement of exon skipping events, we then iigatst
whether LBH589 treatment induces local variations toe
RNAPII processivity along specific regions of tkk®44 gene
Our approach was to analyze the effect of this dmughe timing
and extent of accumulation of the nascébé4 pre-mRNA after
DRB treatment (Singh and Padgett, 2009; Cappedtaai., 2013).
Using primers spanning different exon-intron juaos or intronic
regions of the CD44 locus, we analyzed the pre-mRNA
expression in control and LBH589 treated cells ifiei@nt time
points from the removal of the drug. This analysigealed higher
and earlier levels of recovery of the transcriptioh the
constitutive CD44 C2 exon in LBH589-treated cells versus
control cells, indicative of an accelerated RNAPRHowever,
despite this initial burst of transcription, LBH588] not induce a
higher elongation rate of the RNAPII along the &hke region of
the CD44 locus, as no differences in the timing and extdrthe
recovery of transcription were observed betweentrobrand
treated cells in this portion of the ger@@d4 exons v2 and v5)
(Figure 4C). On the contrary, along the distal sagof CD44
intl8 LBH589-treated cells showed again higher Ievef
transcription, with an earlier time of recoverydtie 4C). These
preliminary results suggest that LBH589 can indacelobal
acceleration of the RNAPII along theD44 locus, possibly by
increasing histone acetylation levels and facihtt its
recruitment on the promoter region.

However, despite this global increase in the eltogarate,
RNAPII appears to slow-down when entering the \deiaegion
of the CD44 gene, wherein no differences are observed in the
transcription dynamics between control and LBH5@2ted cells.
These observations suggest that LBH589-mediatedase of the
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inclusion ofCD44 alternative exons correlates with a local slow-
down of the RNAPII in the variable region of thenge which
may allow more time for recognition of these weakres by the
spliceosome. Further experiments will be aimedianiifying the
factors that slow-down the RNAPII polymerase aldhg CD44
variable gene and the mechanisms by which LBH58&%camote
them, while concomitantly accelerating RNAPII iretrest of the
gene.

2.5 Discussion

AS represent one of the best example of integratovenection
between the different molecular processes regglatgene
expression in eukaryotic cells, from transcriptimntranslation,
(Kornblintt et al., 2013). In particular, it is #Baintriguing the

reciprocal influence that AS and transcription éxar each other
and the role that chromatin structure plays in thsitual

regulation (Shukla et al., 2012).

In this scenario, our characterization of the abibf the pan-
HDACI LBH589 to modulate the AS of genes in prostaancer
cells represents an attempt to dissect the molecuehanisms
underlying this reciprocal regulation. TreatmenthWHiDACIs is a
powerful tool in the investigation of the epigeretontrol of AS;

indeed, modulation of histone acetylation can aftBmamics of
the transcriptional process (Hnilicova et al., 20athd probably
also the deposition of other histone modificatiodsg to the
extensive crosstalk existing between different dmet marks
(Suganuma and Workman, 2008).

Our results showed that LBH589 treatment affectsoA8ifferent

genes in prostate cancer cell lines, similarly toatvpreviously
reported in other cellular systems for different ATCis

(Hnilicova et al., 2011; Schor et al., 2012). Amahg HDACIs

tested, LBH589 was selected as the agent exentirgffect on AS
of all three genes tested, even at the lowest dog#oyed. These
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results are in agreement with the wide spectruactbn and high
activity of LBH589, which is one of the most inntive HDACI
available (Atadja, 2009). Interestingly, despite tflobal impact
that treatment with LBH589 could have on gene esgon and
its possible impact on protein stability throughdulation of their
acetylation, our observations showed no significartations on
the expression of several different splicing retars suggesting
that its splicing effect could be associated motectl to
epigenetic mechanisms. Notably, it has been recshtbwn that
treatment with TSA induces a substantial redistidsuof several
splicing factors within the nucleus, leading toithdissociation
from chromatin and accumulation in nuclear specki&shor et
al., 2012). It would be therefore interesting towestigate if
LBH589 also modulates the subcellular distributminsplicing
regulators in prostate cancer cells, especiallythmfse RBPs
known to be involved in the regulation of spliciegents that are
affected by the treatment.

Among the splicing targets of LBH589 treatment, @244 gene
certainly represents the most attractive becaugs oélevance for
cancer cells proliferation (Zoéller, 2011) and ofe tlextensive
regulation of its splicing pattern (Batsché et aD06; Cheng et
al., 2006; Cappellari et al., 2013; Saint-André akt 2011).
Notably, our results show that LBH589 treatmentagdes the
inclusion of specific variable exons in theD44 transcript,
without affecting its global transcriptional level.

Deciphering the mechanisms underneath the modnlafi€D44
AS by LBH589 needs a comprehensive dissectionehthltiple
layers of control of AS and it could lead to thentfication of
novel mechanisms involved in the regulation of thiscess. In
particular, it will be interesting to understandnh@BH589 can
enhance, at the same time, inclusion of @&4 variable exons
and an acceleration of the RNAPII along @€i@44 gene, which is
instead usually associated with exon-skipping evéNbgues et
al., 2002; de la Mata et al., 2003). Our prelimynstudies about
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the kinetics of the transcription process sugglst 1 BH589
induces a local slow-down of the RNAPII in proxiyniof the
variable region of theCD44 gene, which could allow variable
exons recognition by the spliceosome. This hypaghgisould be
further confirmed by ChIP experiments analyzing dirsribution
of the RNAPII along theCD44 gene before and after LBH589
treatment. In particular, ChIP experiments for théerently
phosphorylated forms of the RNAPII C-terminal dom&CTD)
should be also performed. Indeed, it has been shdvan
modulation of the CTD phosphorylation status cagdty affects
splicing events (Mufioz et al., 2010) and that skirptomoting
CD44 variable exons inclusion induce a local accumutatbthe
CTD-Ser5 phosphorylated form of the RNAPII (Batsat al.,
2006). If we will detect a stalling of the RNAPIlloag theCD44
variable region after LBH589 treatment, we coulgdoaévaluate
whether it correlates with an increased recruitmeinsplicing
factors known to be recruited by the CTD of the ANIAalong
their target genes (Hsin and Manley, 2012), sucfoagxample
the RBP SAM68 (Paronetto et al., 2011; Cappellaai.e 2013).
Another possibility that will be worth investigagjns the effect of
the LBH589 treatment on the epigenetic status efah44 locus
and its involvement in the splicing effect observEdst of all,
ChIP experiments will be performed to investigdte impact of
LBH589 on the acetylation status of t8®44 locus. Notably, it
has been recently found that BRD2, a protein of BEET
(Bromodomain Extra Terminal) family, is able to nutate AS
events through a mechanism that depends on theadtiten
between its two bromodomains and the acetylate@dnchtin
(Hnilicova et al., 2013). It would be therefore a@rgsting to
analyze the effect of LBH589 on the recruitmentBRD2 or
other BET proteins on th€D44 locus and to verify if treatment
with inhibitors of their binding to acetylated chmatin, such as
JQ1 (Filippakopoulos et al., 2010), can countethet effects of
LBH589 on splicing.
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Recent evidence has highlighted a widespread al&sisetween
histone modifications (Suganuma and Workman, 2008)ich
can strongly impact on the transcriptional proc&sppo et al.,
2009; Zhao et al., 2013). It would be thus intengsto analyze if
other histone marks, beyond histone acetylatioa,adfected by
LBH589 treatment, in particular those modificatiomkich have
already been correlated with increased inclusio@@44 variable
exons, such as H3K9me3 (Saint-André et al.,, 201t)
trimethylation of Lys36 in histone H3 (H3K36me3)e(Almeida
et al., 2011).

Finally it could be interesting to investigate winatthe activity of
some of the known splicing regulators@D44, such as SAM68
(Matter et al., 2002; Cappellari et al., 2013) o6RP1/2
(Warzecha et al., 2009), is modulated by LBH588attreent and if
its effect relies on the activity of these proteiAmalysis of the
effect of LBH589 treatment onCD44 splicing in cells
overexpressing or silenced for these factors aradysis of the
recruitment on theCD44 pre-mRNA of these factors after
LBH589 treatment should be performed in order tdress this
issue.

In conclusion, our observations have highlighted #bility of
LBH589 to modulate the AS of an intriguing ge@®44, paving
the way for further studies which will hopefully toibute to the
characterization of the chromatin control of the A®cess.
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Material and methods
I mmunohistochemistry and immunofluorescence analysis.

Cancer patient’s tissues (14 cases of cryopresetigede from
seminoma, breast, lung, prostate, cervix and cokorcer) were
obtained from the National Cancer Institute “G. da&s’. Ethical
Committee approval was given in all instances. 5-ggutions
were processed for immunohistochemistry with artié® against
NEK2 (Abgent) as described (Barbagallo et al.,, 2009
Immunofluorescence was performed as described égatlo et
al., 2009) (Paronetto et al., 2007) using the foity primary
antibodies (1:500): rabbit anti-NEK2 (Abgent), meusnti-
SRSF1, anti-SRSF2 (Santa Cruz Biotechnology) abditranti-
cleaved CASPASE 3 (Sigma Aldrich). Confocal anadyseere
performed using a Leica confocal microscope asriest (Busa
et al., 2010). Images in Figure 6D, S2 and S5 wadten using a
Leica inverted microscope as described (Barbagalial., 2009).
Images were saved as TIFF files and Photoshop @dwehs used
for composing panels.

Cdll culture, transfections and treatment.

TCam-2 cells were grown in RPMI 1640 (Lonza), HERZ9
HelLa, MCF7, PC-3 cells were grown in DMEM (SigmaiAth),
all supplemented with 10% FBS, gentamycin, pemcihnd
streptomycin. Transfection with the indicated esgren vectors
was performed using Lipofectamine 2000 (Invitrogangording
to manufacturer’s instructions. After 24h, cellsrevbarvested for
protein and RNA analyses. For RNA interference]scelere
transfected with siRNAs (Sigma-Aldrich) using Lipafamine
RNAIMAX (Invitrogen) according to manufacturer’ssimuctions
and harvested 48h later for protein and RNA analyssequences
for SRPK1 siRNAs were previously described (Zhorigak,
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2009). NEK2, SRSF1 siRNAs and scrambled siRNA seces
are listed in Table S1. For apoptosis, HeLa celsewtreated for
24h with the indicated doses of cisplatin or stdrfer 8h in
Earle’s balanced salt solution (Sigma). For treatmevith
HDACIs, PC3 cells were treated for 24h with follogiagents: 10
nM LBH589, 2,5uM SAHA, 330 nM trichostatin A — TSA, and 5
mM valproic acid — VPA).

Protein extracts and Western blot analysis.

Total cellular extracts and cellular fractionationsre processed
and analysed by Western Blot as described (Linl.et2805)
(Paronetto et al.,, 2007) using the following prignantibodies
(1:1000): rabbit anti-NEK2 R31 (generously provideyg Prof.
A.M. Fry); mouse anti-GFP, anti-MYC, anti-SRSF1ti&BRSF3,
rabbit anti-SAMG68; goat anti-lamin B, anti-hnRNRhti-U2AF65
and anti-U170K (Santa Cruz Biotechnology); rabloiti-ACTIN,
mouse anti-FLAG, anti-hnRNPA1, anti-hnRNPC1/C2 adi-
TUBULIN (Sigma-Aldrich); mouse anti-hnRNPF/H (Abcgm
mouse anti-SR proteins (1H4) (Invitrogen), mousé-8RPK1
(BD Pharmingen); rabbit anti-AKT (Novus Biologicglgabbit
anti-pAKT Ser 473 and anti-PARP1 (Cell Signaling).

In vitro kinase assay.

Glutathione S-transferase (GST)-fusion proteinsewexpressed
in Escherichia coli cells (strain BL21-DE3) and purified as
previously described (Sette et al., 1998). (§iayjged proteins
were expressed in Sf9 cells using a baculovirugesysand
purified on a TALON affinity resin (CLONETECH), akescribed
(Dreumont et al., 2010)n vitro kinase assays were performed as
described (Di Agostino S, 2004), using purified KEactive
protein (Millipore).
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GST-pull-down and co-immunoprecipitation assays.

Nuclear extracts were incubated with GST or GST-REK271-
445)adsorbed on glutathione-agarose beads; bound msoteire
eluted and analyzed as described (Sette et al8)1%®r co-
immunoprecipitation, nuclear extracts or total agts from
HEK293T cells, transfected with the indicated vestowere
incubated with mouse anti-FLAG or mouse anti-lgGikadies
adsorbed on Dynabeads protein A (Invitrogen) and
immunocomplexes were eluted and analysed as dedcrib
(Paronetto et al., 2007).

Extraction of RNA, RT-PCR and real-time PCR analysis.

RNA was extracted using TRIzol reagent (Invitrogangording
to the manufacturer’'s instructions. After digestioith RNase-
free DNase (Roche), dg of total RNA was retrotranscribed using
M-MLV reverse transcriptase (Promega), used as lamdor
PCR (GoTaq, Promega) and reactions were analysexhjarose
or acrylamide gels. Quantitative real-time PCRsORP were
performed using LightCycler 480 SYBR Green | Masiad the
LightCycler 480 System (Roche), according to thexafacturer’s
instructions. Control reactions omitting M-MLV rage
transcriptase were also carried out. All primereduare listed in
the Table S1.

Transcriptional ~ eongation  analysis and RNA
immunopr ecipitation

PC-3 cells were treated for 24h with 10 nM LBH589the last
6h of treatment 75 mM DRB was added to inhibit $&iption
and synchronize cells. The cells were washed twitie PBS to
remove the DRB and incubated in fresh medium forous time
periods. Following the incubation period, cells eveirectly lysed
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and total RNA was isolated using TRIzol reagé&ntlabel nascent
pre-mRNAs, after the removal of DRB, 2mM of BrU wasded
to the fresh medium for 60 min. Labeled pre-mRNAsrav
immunoprecipitated with 1 mg of anti- BrdU antibo{®ecton
Dickinson) and isolated as previously describedo(Zlet al.,
2011).

Statistical analysis.

Statistical analysis was performed by the t-Studeedt as
described in the figure legends.

Table 1. Sequence of si-RNAs and primers used in this

study

siRNAs

Oligo name Sequence (5>3)

si-SCR UCUUUCUUCUGCUUUGCGG
GCAGACAGAUCCUGGGCAU

Si-NEK2 GGAUCUGGCUAGUGUAAUU
GGACCUACUUAGAUGAAGA
GCUAGAAUAUUAAACCAUG

si-SRSF1 CCAAGGACAUUGAGGACGU

Primers

Oligo name Sequence (553))

NEK2 FW H1077 GGAACGGAAGTTCCTGTC

NEK2A/C REV

H1220R CACTTGGACTTAGATGTGA

NEK2B REV AF008 GGCGAATTCCATACCGTTAC

HPRT FW TGACCAGTCAACAGGGGACA
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HPRT REV TTCGTGGGGTCCTTTTCACC
E1A-569 FW ATTATCTGCCACGGAGGTGT
E1A-1315 REV GGATAGCAGGCGCCATTTTA
BCL-XExon2 FW | - - A TG GCAGCAGTAAAGCAA
(BCL-X minigene)

BGH REV (BCL-| cAGTGGGAGTGGCACCTTC

X minigene)

GAPDH FW CCCTTCATTGACCTCAACTACATG
GAPDH REV TGGGATTTCCATTGATGACAAGC

BCL-X SHORT FW

(endogenous BCL-X,
gPCR)

GGGACAGCATATCAGAGCTTTGA
ACAGGATAC

BCL-X LONG FW

(endogenous BCL-X,
gPCR)

AGGAGAACGGCGGCTGGGATAC

BCL-X REV

(endogenous BCL-X,
gPCR)

TCATTTCCGACTGAAGAGTGAGC
CCA

hBIN1 ex12 FW GGAAAGGCCCACCAGTCC
hBIN1 ex 12 REV AACGTGTCCTCAAACAGGCT
hBIN1 ex 14 FW CTCTCTTCCTGCTGTCGTGG
hBIN1 ex 14 REV GGGGGCAGGTCCAAGCG

MNK2 ex 12 FW

GCGCTGCCAAAGACCTCATCTCC

MNK2a REV

ACGTGAGGTCTTTGGCACAGCT

MNK2b REV

GGAAGTGACTGTCCCACCTCTGC

BCL-X/ATG/FW
(Endogenous BCL-X,
RT-PCR)

ATGTCTCAGAGCAACCGGGAGCT
G
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BCL-X/TGA/REV

(Endogenous BCL-X,
RT-PCR)

TCATTTCCGACTGAAGAGTGAGC
C

RON 2507 FW

CCTGAATATGTGGTCCGAGACCC
CCAG

RON 2291 REV

CTAGCTGCTTCCTCCGCCACCAGT]
A

CD44 v5 FW TGTAGACAGAAATGGCACCACTG
CD44 v5 REV TTGTGCTTGTAGAATGTGGGGTC
CD44 C17 REV CCAGAGGTTGTGTTTGCTCCACC
CD44 C16 FW AGACACATTCCACCCCAGTG
CD44v4 FW GGCTTTTGACCACACAAAACA
CD44 v6 FW GAGGCAACTCCTAGTAGTAC
CD44 v6 REV CTGTTGTCGAATGGGAGTC

CD44 v7 FW

(RT-PCR) CAGCCTCAGCTCATACCAGC
Cchad v FW CCAATGCAAGGAAGGACAACA
(qPCR)

CD44 v7 REV (QPCR)| GGTTGAAGAAATCAGTCCAGGAA
CD44 v8 FW TCCAGTCATAGTACAACGCT
CD44 v9 FW CAGAGCTTCTCTACATCACA
CDA4 VO REV ?TGTCAGAGTAGAAGTTGTTGGA
CD44 v10 FW GGTGGAAGAAGAGACCCAAA
CD44 v10 REV TCGTGTGTGGGTAATGAGAGGTA
CD44 C2 FW CCACGTGGAGAAAAATGGTC
preCD44 C2 REV GTCGGGTGCTGGTCTCTTA
CD44v2 FW GGTTGTTTCTACCATCAGAGTCA
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preCD44v2 REV

AGGCTGTCAAGAAAACATACGC

preCD44v5 REV

TCCCTATTGCTGGAATGTCTTT

CD44 int 1 FW AGAAGGGATCACAATTCCAAGTG
CD44 int 1 REV CCAGGACCCCTTTCTGGAAA
CD44 int18 FW CACTTTGAGGAGTGCTGGTTGT

CD44 int18 REV

GATTGCAGTGACTCAGGCATCA
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Alternative splicing (AS) is one of the key processes imvolved in the regulation of gene expression in cularyotic cells. AS catalyres
lb:mm:]nfm:eqmmd&gmddxmdm thus ensuring the correct processing of the primary transcript
inio the mature mBENA. The. ] nature of 45 alk ansion of the genome coding potential, as muhtiple splice-
wariarts encoding for diffenent proteins may arise from a single gone. Splicing is mediated by 2 large macmmolecular compler, the
mmummnhewmﬁhmmmaqmd@mmmmmm
IEF). Th Thath core g and accessary splicing fctoes is modulated by theie reversible
ph:pbuyhun]ﬁehnﬂua:ﬂph:mhﬂmnwﬂbﬂimﬂlﬂc dhute to AS
il ion in eokar lz. Hersin, wewill

muﬂzmunnmﬂ]lndnumnmniqﬂnngﬁmhmumdpbnm P - S
ize nenplastic

implicated in the shermnt splicing

1. Introduction

In enkaryotic cells, the expression of each gene is finely mned
by a complex network of regulative processes affecting all
steps of iranscript maturation, from nodear ranscription
to cytosolic export and atilization of the mRMA. A oucial
step in this regulative network is represented by pre-mBNA
splicing, the molecular process that mediates the removal of
intronic sequences and the joining of exons. What makes
splicing an outstanding player in controlling gene expression
is its flexibility, which allows a remarkable increase of the
coding potential of the genome through alternative selection
of exons. Indeed, alternative splicing {AS) allows each pene
to encode for several coding and noncoding mENA variants,
which often display different activities andjor patterns of
expression. AS is, therefore, one of the principal mechanisms
underlying the well-known discrepancy between increasing
organismal complexity and content of genes contained in
the genome [1]. In line with is ceniral coniribution to
genome complexity, it is estimated that up to 9% of human
multiexon genes undergo AS [2], and the importance of this

regulative mechaniem for both developmentally regulated
and pathological cellular processes i now well recognized
(reviewed in [3]).

The splicing process is carried out by the spliceosoms, 8
complex macromalecular machinery of five small
nudear ribonudeoprotein particdes (UL, U2, U4, US, and
U& snRNPs) and mome than 200 suxiliary proteins. The
splicensome mediates the recognition of the short consensos
sequences surrounding the 5'-(GLT) and the 3'-{AG) splice
site and catalyzes the two ification reactions neces-
sary for the removal of the inimon and ligation of the selected
exnns {reviewed in [4]). Due to the degenerate nature of the
sequence elements recognized by the splicecsome, its recruit-
ment to the maturing pre-mRNA requites the action of both
cis-acting RNA sequence elements and frams-acting RNA
binding proteins (REPs), such as Ser/Arg (SR) rich profeins,
heterogencous. nuclear mbonudecproteins (hnRNPs), and
splicing factors belonging to other REF families. In addition,
AS is also regulated by mechanisms acting both co- and

riptionaily, through epi ic modifications of the
dn'mmﬂn.regnhmn ufﬂ:t]lbb\pdylmrmil[mﬁi]
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transcription rate, and postiranslational modifications of
both spliceossome components and auxiliary splicing factors,
among which reversible phosphorylation acts as a major
player

2. Impact of Phosphorylation on
the Catalysis of Splicing

A proper mﬂmmnlmmmrﬁmmmdm
spliceosomal proteins and of accessory splidng factors is
arucial for the comrect regulation of both constitutive and AS
events. Early studies already described the importance of a
correct balance between phosphorylation and dephosphory-
lation events in the splicing by that both
activation |5] and inhibition [6] of the PP1 and PP2A phios-
phatases are required for splicing catalysis. Several reports
have then further highlighted the importance of regulated
phosphorylation events for the correct assembly and catahytic
activation of splicecsomal components, such as PRP2S [7],
PRP&, or PRP3 [8]. Equally, dephosphorylation events, such
a5 those regarding the US and U2 snENP component, US-
156 kDa and SAPISS [9, 10), were shown to be essential for
splicecsome activity, proving the importance of subsequent
mmdsm’phnsptmwhm and dephosphorylation events in

but also some accessory FBPs that cooperate with the
spliceosome in the selection of splice sites. For example,
phosphorylation of the splicing factors 5F1 and SRSF (pro-
totypic SR protein previously known as ASF/SF2) modulates
their intel'acl:i.m with U2AFS5 and UlsnRNF, respectively,
spliceosome assembiy [11, 12]. The dynamic
phosphorylation/dephosphorylation of SR proteins is
particulariy relevant for the regulation of their functions, as
both hypo- and hyperphosphorylation can inhibit splicing
[13). For instance, phosphorylation of SRSFl promotes
spliceosnme assembly, whereas its dephosphorylation is

fior the catalysis of the first transesterification
reaction [14].

3. Phosphorylation and Splicing Factors

SR proteins are a family of nuclear REPs involved in the reg-
ulation of both constitutive and AS, whose activity is greathy
modulated by reversible phosphorylation. Their structure is
generally characterized by two N-terminal EMA recogni-
tion motif (RRM) a C-terminal region enriched in Arg-Ser
residues (RS domain ), which are the main targets of regulative
phosphorylation. Phosphorylation of the RS domain of SR
proteins has a great impact on their functionality, as it may
affect their binding to target mBNAs, their interaction with
other proteins and their intracellular localization. As an
example, binding of SRSFS (previously reported as SRp40)
to its high-affinity RNA-hinding site is strictly dependent

on the phosphorylation of its RS domain [15]. One of the
maost significant examples of how phosphorylation may affect
the splicing activity of SR proteins is represented by SRSFI0
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(previously known as SRp38). This SR protein acts as a
specific splicing activator in its BS-phosphorylated form [16],
whereas dephosphorylation converts it into a potent splicing
repressor [17]. Motably, Aation of SRSFI0 ocours
during the M phase of the cell cyde [I7] or under stress
condition [18], when general inhibition of splicding occurs.

In particular, it was demonstrated that, under normal condi-
tions, phosphorylated SREFID is & sequence-specific splicing
activator, which promotes Ul and U2 snRENP assembly on
target pre-mRMAs endowed with SESF10-dependent exonic
splicing enhancer (ESE) sequences [16]. Conversely, under
stressful cellular conditions, as during heat shock. SRSF10
is rapidly dephosphorylated by PPI, while other SR proteins
are maintained in phosphorylated state by SR protein kinases
(SE.PEs) [19]. Interestingly, during the stress response all SR
proteins are similarly dephosphorylated by PPL. However,
they are rapidly rephosphorylated by SRPKs, while SRSFID,
which is a poor substrate for SRPEs, remains dephospho-
rylated. Under this condition, SRSFI0 can still interact with
the Ul snENP, but in this case the interaction impairs its
ahility to recognuelheS'Ephneﬂle.lhmreﬁulmmsphmu
inhibition [18].

Phosphorylation of the RS domain can aleo dictate
SR protein subcellular localization, by affecting both their
intranuclear localization and their nucleocytoplasmic shut-
tling. In interphase cells, SR proteins are enriched in
interchromatin grannles called nuclear speckles, which are
enriched in factors involved in pre-mPBNA processing and
RNA transport (reviewed in [20]). The recruitment of SR
proteins to nascent pre-mABNAs from these sites of storage
is regulated by their phosphorylation (Figure 1); indeed, it
hsbemﬂmmﬂmp}mmhonhﬁnnnlﬂmﬂsdnmainis

for their recruitment to transcription sites in
vivo [2]. This medification plays also an important role in
the regulation of nuclescytoplasmic shuttling of SR proteins.
For instance, phosphorylation of SE proteins in the cytoplasm
is required for their nudear import [22]. On the other hand,
dephosphorylation of the RS domain is essential for their
translocation to the cytoplasm during mRNP maturation
(Figure 1) [23). Interestingly. dephosphorylation of SRSF1 and
SRSF7 (previously known mEGSJenh.mestheumnchnn
with the export receptor TAF, thereby also the
export of their target mBENAs [24, 25]. Furthermore, SRSFI
translational activity is increased by dephosphorylation of its
RS domain (Figure 1) [26]. Phosphorylation has therefore a
great impact also on the splicing unrelated functions in which
many SR proteins are imvolved (reviewed in [27])

Ser(Thr phosphorylation represents an important regula-
tive process not only for SR proteins but aleo for hnRNPs and
other splicing factors. For instance, hnRNP Al is phosphory-
lated by the mitogen-activated protein kinase (MAPK) p38 in
response to stress conditions (Figure 2), thus causing its cyto-
plasmic translocation and consequent modulation of hnENP
Al-sensitive AS events |28, 29]. Similarly, phosphorylation of
the SB-like protein TRAZ-S by CLK2 induces its relocaliza-
tion into the cytoplasm, thus reducing its ability to bind its
own mRNA and regulate its splicing [30]. For other splicing
factors, instead, Ser/Thr phosphorylation affects the splicing
activity by modulating their interaction with other proteins.
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}:}mpﬂu @mm
& Rboromes B3 Unphosphoryhued SR peotetns
FrGuns: - Phosghorylation-mediated regulsti

SH protein (SRps) activity and subcellular localization.

@ Hypophospharyiated SR proteins

&
Hyperphosphoryiaied S protzins

of ST, proteina activiey. Reversble phosghorylation of their RS damsin profundly affect

SHps nesd SHPK-mediated pl rylation in arder to eoter

the mucleus and assermble in nuclesr specklos. CLKs mediate SRps hyperphospharplation and induce theis relesse from mucear speckles

and their recraitment to transcri

For instance, phosphoryiation of hnRNP L reduces its inter-
action with the UZAFGS subunit of the U2 ssiliary factor [31,
32]. The function of some splicing factors can be influenced
also by Tyr phosphorylation. A well-docomented example in
this sense is SAMGE, 3 member of the signal transduction
and activation of RNA (STAR) family of REPs (reviewed
in [33]). Tyr phosphorylation by SRC- family kinases (5FKs)
caused the accumulation of SAMSS in mucear granules,
named SAMEE nuclear bodies {SNBs) [34, 35]. Moreover, it
was shown that this posttranslational modification negatively
affected the interaction of SAMES with haRNP Al and
with the BCL-X pre-mENA, thus impairing its ability to
promote splicing of this target gene [35]. On the other hand,
SerfThr phosphorylation of SAMGS by the MAFKs EREL2
was reported to increase splicing of the varisble exons in the
CD44 gene [36, 37]. Notably, SAM68 represents an interesting
example of how SerfThr and Tyr-phosphorylation may have
opposite impact on the splicing activity of an REP toward

ription sites. Dephosphorylation o mum:mmhwuﬁmgm}mm
ephospharylaied SHps faciints expart of slioed sHNA in the eyioec, shere iranslation.

they enhance protein

a larget pre-mBNA (Figure 2). This was formally shown by
studying its effect on the CCNDJ gene. Increased expression
of SAMBE promotes splicing of the cyclin Dib variant of
the CCNIM gene in prostate cancer cells. This activity is
further enhanced by activation of the RAS/ERK pathway
and counteracted by SFEs [38]. [n both cases, the effect
was due to modulation of the affinity for RNA, as ERE-
dependent phosphorylation increased binding of SAMES 1o
intron 4, whereas SFK-dependent phosphorylation abolished
it (Figure 2) [38]. Thus, activation of signaling pathways
can indirectly modulate AS events through postiranslational
modification of selected splicing factors (see also later).

4, Splicing Factor Kinases
Phosphoryiation of splicecsomal components and splicing

factors is medisted by numeroos protein kinases. Some of
these kinases, such as the SRPK and CLE families, are
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The PI3 K-AKT pathwray regulaies the activity af several SR proteins both directly r by phosphorylating and modulating
kinases, lilee TNK or p38, can bath modulate splicing factor lscalization, like for

Incalimation of CLKs and SRPKs. Stress signal-activated
hoRNPAL or activity, fike for SPPA5 {see text for details).

specificaily devoted to this function, whereas others also
participate to signal transduction pathways or phosphorylate
distinct primary substrates in addition to the splicing factors.
Herein, we will review the kinases whose ability to influence
splicing decisions has been better dharacterized. For comve-
nience, we will dassify them as SR-protein specific kinases;
signaling-activated splicing kinases, and “stypical” splicing
factor kinases.

5. SR-Protein Specific Kinases

5L SR-Protein Kinases (SRPKs). The first SR protein kinase
identified was SRIK], which was isolated from mitotic cells,
and it was described o phosphorylate Si proteins and to
promate their relesse from nuclear speckles during the G2M
phase of the cell cyde [39]. However, SRPK] is present and
active alwo in interphase cefls. SRPKL is the prototype of
the SRPE family, which also inchades the two homolegoas
SRPEZ and SRPE3 proteins. SRPES are characterized by
& bipantite catalytic domain separated by a unique spacer
sequence (reviewed in [40]) and are mainly localized in the
cytoplasm of mammalian cells. This is due to the presence of
a strong cytoplasmic retention signal localized in the spacer

the activity and

domain [41] and of their interaction with the molecular
chaperones HSP70 and HSP90, which in complex seem
to favor the folding of SRPKs into an active state [42].
However, SEPKs can translocate into the nucleus of cells
under several conditions, such as during the GZ/M phase
of the cell cycle [39), or after osmotic stress [42], or as a
consequence of activation of the epidermal growth factor
(EGF) signal transduction pathway [43]. Due to this dual
Iocalization, SRPKs can phosphorylate SR proteins both in
the muclens and in the cytoplasm, thus affecting several
mspects of their function. SEPE-mediated phosphorylation
of SR proteins in the cyioplasm is necessary to ensure
SR proteins nockear import (Figure 1) [44], as it enhances
their interaction with the specific transportin SR2 [22, 45].
SRPE nuclear activity promotes release of SR proteine in the
nucleoplasm from the nuclear speckles [46). For instance,
several reports suggest that SR PK-mediated phosphoryiation
of SRSFl is essentinl for ils muckear localization and the
resubting splicing activity triggered by stimulation of specific
signafing pathways (Le, IGF-1 and EGF treatments) [43, 47|
However, under conditions that strongly increase nuclear
Bocalization of SRPKS, such as under cellular stress, they can
also induce nuclear specides enlargement [42, 48] Indeed,
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Zhong and colleagues showed that osmotic stress induced by
sorbitol treatment can lead to 8 massive nuclear translocation
of SRIPK], which camses hyperphosphorylation of SR profeins
and inhibits their splicing activity toward the reporter E14
minigene [42]. These studies indicated that SRPK-mediated
phosphorylation of SE prteins can finely tune their splicing
activity in response to external and internal cwes.

52 Cyolin-Dependent Like Kimases (CLKsh The cyclin-
dependent like kinases (CLKI-4) represent the other proto-
typical family of SR protein kinases. They are characterized
by a C-terminal kinase domain, with dual spedficity, and
an N-terminal RS domain, which allows their interaction
with the SR proteins. CLEs colocalize with SH proteins in
muclear speckles, and their overexpression leads to hyper-
phosphorylation of SE proteins and induces speckles dis-
assembly [49]. Several studies reported the ahility of CLKs
to influence splicing events by regulsting the submuclear
localization of SR proteins (Figure 1). In particular,

of SR proteins from nuclear speckles induced by CLKs
overexpression has been reported to modulate splicing of the
ElA reporter minigene [50f and of the exon 10 of the TAL
gene [51], whose aberrant regulation has been implicated
in several m ive diseases. Recently it has been
shown thal CLEs also modulate the aclivity of splicing
factors not related to the SIt-protein family, such as SPF45,
CLE-mediated phosphorylation of SPF45 interferes with ils
proteasomal degradation and enhances exon 6 indlusion of
FAS by promoting binding of this splicing factor to the
FAS pre-mRNA [52]. The nudear localization of CLKs is
one of the major differences between them and SRPKs,
which are instead mainly cytosolic. Becanse of their different
kncalization, CLKs and SRPKs can conperate in regulating S
proteins subceltular bocalization. Indeed, it has been shown
that SRPKI interacts with SRSF] and phosphorylates the N-
mnﬂpm(m)nfdsksdmapmhuumlmnd
ifi ential for its v into nuclear speckles,
mmmmmcmmm(m)d
its RS domain, thereby causing release of SRSF] from the
speckles [53]. Moreover, SRPKs and CLKs have also distinct
substrate specificity, as SRPKs preferentially phosphorylate
Ser-Arg sites, while CLKs have a hroader specificity and can
phosphorylate also Ser-Lys or Ser-Pm sites [54]. Therefore,
even if apparently redundant, the coordinated activity of
SRPEs and CLEs is cudal for correct splicing regulation.
This was well illsstrated by Nowak and colleagues, whose
work highlighted how SR-proteins phosphorylation induced
by these two families of kinases may differently control a
single splicing event [55]. The vascular endothelial growth
factor A (VEGFA) gene, a key regulstor of angiogemcsis,
produces several isoforms by alternative splice-site selection
in the terminal evon 8: proximal splice-sige selection results
in proangiogenic VEGFoor isoforms, whereas distal splice-
site selection results in antiangiogenic isoforms VEG P,
Different growth factors inversely influence these splicing
events by inducing in both cases phosphorylation of SR
proteins. However, IGF-1 and THF-x indwced production
of VEGFoox through activation of SRPEs, whereas TGF-#1
enhanced VEGFoob production by activating CLKs |55

6. Signaling-Activated Splicing Factor Kinases

AS represents a orucal step in the regulation of gene expres-
sion in eokaryotic cefls. Therefore, its regulation needs to
be fincly integraied in the complex network of regulative
mechanizms that allows the cell to modulate gene expression
in response to the different physiological and pathological
stimuli that are received from both the internal and external
environment. In support of this notion, activation of sigral
transduction pathways has been shown to modulate AS in
a large number of sitnations. However, while in some cases
the mechanismis) has been described, in other cases the
transacting factors mediating the response are unknown.
Here we will mview signaling-activated kinases thal can
modulate AS by directly phosphorylating splicing factors or
their regulators, such as the SRPKs or CLEs

6.1 AKT. The Ser/Thr kinase AKT, also known as PEB, is
the hinge molecule of the phosphoinositide-3-ki protein
Kinase (P13 K) signaling pathway, which transduces the signal
of several growth factors and cytokines. Through the phos-
phorylation of its many muclear and cytosolic targets, AKT
can regulate @ multitnde of cellilar processes, such as cell
metsholism, proliferation, and survival (reviewed in [S6]).
T exert its multiple functions, AKT regulates different steps
of the gene expression network, from transcription, to AS
and translation. Indeed, several reports have highlighted the
ahility of AKT to directly and indirectly modulate the func-
tion of many RBPs. AKT phosphorylates both knRNPs and
SR prodeins, which coniain within their RS domain multiple
AKT phosphorylation consensus sequences: RXRXX(S/T)
157). By modulating their phosphorylation status, AKT
regulates both spliding and splicing independent functions
of hnPNPs and SR proteins. For example, AS of a four-
exon cassefte in the CASPASE-? gene allows expression of a
proapoptotic splice variant (exon inclosion, CASPASE-Oq) or
an anfispoptotic splice variant, (exon skipped, CASPASE-95).
AKT-dependent phosphorylation of hnBENP L increases its
affinity for exon 3 and induces expression of e antispoptotic
variant. Indeed, AKT-phosphorylated hoRENP L competes
with hnRNP U for the binding to the mRNA and impairs
itz shility to promote the pm-apoptotic CASPASE-%a [58]
(Figure 2). This is a clear example of how AKT may promoie
cell survival by regulating a key AS event. Om the other hand,
phosphorylation of hnBNP Al by AKT has no effects on
ang, but it mdulates the translational activity of this
RBE Following phosphorylation, hnRNP Al loses its ahility to
promote IRES dependent translation of the CCNDI and the o
MYC mIN As [59]. In the case of SR proteins, AKT was shown
o modulate both splicing and translational activity through
ion. Growth fActor-indwced phosphorylation of
SRSF1 and SRSFT by AKT enhanced their ahility to promote
the indosion of the EDA exon in the fbronectin mENA
and translation of the spliced mENA [60). One of the most
characterized AS events regulated by AKT is affecting PKCE
pre-mBNA after insulin stimulation. This hormone indnces
splicing of the PKCS IT isoform, which enhances insufin-
stimulated ghacose transport better than the PKCE I variant,
even if they differ only for two residues in their C-terminms.
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[61]. Insulin stimulstion induces PI3K-dependent activation
of AKT, which phosphorylates SRSF5 [62, 63], thus pro-
mating PEKCS IT splicing. Furthermore, AKT phosphorylates
CLKI and enhances its activity (Figure 2). In torn, CLEK1
ph yiates SRSF4 (previously named SRp75) and SRSF6
named SRps5), thus contributing to the PKCE
Il splicing regulation [64]. Recently, it has been suggested
that AKT and CLK may also regulate SESFS splicing activity
by affecting iis nuclear localization, which was impaired
when a CLE martant that cannot be phosphorylated by AKT
is expressed [65]. Imporiantly, this concerted regulation of
SRSF5-dependent PRCS 1T splicing by AKT and CLK was
s;aenm] l'u( adypogenetic differentiation, thus providing
relevance for this signaling route.
AKT was also shown to regulate the activity of SHPEs.
A recent work documented that ECF signaling induces a
massive reprogramiming of AS that depends on AKT-induced
muclear translocation of SRPKSs [43]. In fact, AKT binding fo
SRPKs induces their autophosphorylation and dissociation
from the HSP70 chaperone, which normally holds SRPKs
inin the cytoplasm, thus favering their nuclear translocation
guided by HSP90 (Figure 7). Once in the nudeus, SEPKs
can phosphorylate SR proteins and modulate the splicing
pattern of several genes. Thus, given its ability to modubate the
activity of both regulators (SRPKs and CLESs) and effectors
(SE. proteins and hnBNPs) of AS, AKT stands up as a arucial
payer in the modulation of splicing in response to external
cmes, and this activity might represent a primary function of
AKT in the regmlation of multiple cellular processes.

6.2 Mitogen-Activated Protein Kinases (MAPEs). MAFEs are
& family of Ser/Thr kinases that transduce external signals
into the cell and regulate many different ceflular proceses,
such as metabofism, proliferation. survival, differentiation,
and motility {reviewed in [66]). The MAPE family includes
the extracellnkar: bed kinases (ERK 12}, the c-Jun amino
terminal kinases (JNK 1-3), p38 (m, 8, y, and §), and ERKS
family. The role of MAPKs in these cellular processes is
mediated by regulation of protein activity and stebility and
by modulation of gene expression, which also occurs throngh
AS. The first evidence of MAPK-modulated splicing came
from studies on the regulation of AS of the CD44 gene,
which encodes for the extracellular receptor for hyaluronic
acid, a key component of the extracellnlar matrix. The CDJ44
gene is characterized by 2 block of varisble exons (vZ-vl0)
embedded between len constant exons; the induosion of the
variahle exons into the mature transcript modulates D44
protein interaction with its substrate, thus significantly affect-
ing cell adhesion, migration, and proliferation (reviewed in
1677). The inclusion of the variable exon %5 in the mature
mBNA of CD44 upon T-cell activation is dependent by the
RAS-RAF-MEK-ERK signaling cascade [68]. The target of
this pathway is SAMGE, whose ahility to promote exon v5
inclusion is increased by FRKs-mediated phosphorylation
136]. SAMES interacts with the splicing factor UZAFES,
and this interaction seems to enhance the recognition of
the ¥ splice-site. Phosphorylation by ERKs reduces the
affinity of the SAMEIUIAFES comphex to the CIMY pre-
mBEMA, probably favoring the subsequent recruitment of
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other spliceosomal components [69]. SAMESS is not the onky
RBP regulated by ERKI/2. Furthermore, other MAPESs, like
p3E or [NKs, are known to phosphorylate and modulate the
activity of splicing factors. For example, it has been recenthy
demonstrated that phosphorylation of the splicing factor
EPF45 can be mediated by all the three families of MAPKs
in response to different stimali {e.g., oxidative stress activates
ERKLZ and [NK mediated ion, whereas UV-
light induces p38 and INK activity} [70] (Figure 2}. These
kinases phwosphorylate SPE45 on twor residues, Thr 71 and
Ser 222; these posttranslational modifications inhibit SPF45-
dependent exon & inclusion in the FAS gene, thus leading to
the production of 2 dominant negative isoform of this death
Toceptor [70).

Modulation of hnRNP Al activity by p38 is another weil
characterized regulative phosphorylation event operated by
a MAPK. Environmental stresses, such as osmotic siress or
UV irradiation, induce p38 activation and phosphordation
ofinBNP Al leading to the rlocalization of this nudear REP
into the cytop whereit c into discrete phase-
dense particles, called stress granules {SGs) [29] (Figure I).
The nudear exclusion of hnBNP Al s the result of its reduced
conditions mediates its nuclear translocation [71], and leads
o consequent modolation of hn NP Al-dependent splicing
events, which were tested using the ElA minigene meporter
|28]. HnRNP Al phosphorylation is medisted by the p3&
effectors MAP kinase signal-integrating kinases (MNELZ)
|28], which can also regulate the translational activity of this
splicing factor. It was observed that the increase in TNE-
a protein production following T-cell activation relies on
MNE-mediated phosphoryiation of hnRNP AL However, in
this cellular context, phosphorylation of hnRNP Al does nok
aﬁﬂmhmlm:mhnlrﬂhnhmnanﬁnlyim
AU-rich glement (ARE) in the 3'UTR of the TNF-a mRNA,
thnss probably relieving a translation repressive control and
allowing enhanced TNF-z production [72].

Thus, MAPEs can regulate different steps of mRNA pro-
cessing through phosphorylation of several splicing factors,
integrating in this way this complex regulative step of gene
expression with the response of the cell to external coes.

6.3 Tyrosine Kingses. Protein tyrosine kinases {PTEs) cat-
alyze the transfer of a phosphate group from ATP to a
tyrosine residue of their target proteins. FTEs may be clas-
sified in two different classes: the transmembrane receptors.
tyrosine kinases (RTKs) and the nonreceptor tyrosine kinases.
(nRTEs). PTKs mediate the phosphorylation of several pro-
tEins in response to both internal and external cues, leading to
the modification of their activity or affecting their interaction
with other proteins. Transduction pathways triggered by PTE
activation affect pene expression, also at the bevel of AS, even
though onfy a small nmli:urofsplicingflcmlwvebmn
shown to be regalated by Ty . Among these
few REPs, the members of the STAR proteins family, and in
particular $AM68, stand out (Figure 2). In many STAR family
members, the ENA hinding domain is flanked by regulatory
regions, like profine-rich or tyrosine-rich sequences, which
mediate their interaction with the Src Homology 3 (SH3)
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and SH? domains of other proteins, incduding PTKs. For
instance, the breast tumor kinase (BRK) is a nHTEs that
inferacts in the mackeus with a proline rich region of SAMER
through its SH3 domain. BRK-dependent phosphorylation of
SAMES reduces its RNA binding affinity [73]. Analogously,
ERE also the SAMAE homologous proteins
SLM-1 and SLM-2, reducing their affinity to the RNA also
in this case [74]. SAMES is also substrate of FYN, another
soluble niTEs. In this case, it was also shown that Tyr-

i yiation interfered with SAM6S 1t splicing
of the BCL-X and CCNI genes [35, 38]. FYN-dependent
phosphorylation reduced the affmity of SAMES for these tar-
get RNAs and affected its interaction with different proteins,
such as hnRNP Al thereby affecting the outcome of AS events
135, 38]. Tvr-ph viation also i the splicing
activity of the mackear RBP Y T521-B, which can also be elicited
by several nRTKs such as FYN, SRC, or c-ABL |75 76).
This posttranslational modification induces translocation of
YT52+-B from the muclear YT bodies, where i@ normally
resides, to the nudeoplasm. Phosphorylated YT521-B shows
reduced ahility to modulate splice-site selection of different
targets, in association with a redoced binding to their mREN A,
possibly becanse the mudesplasmic translocation distances
YT52-B from the effective sites of pre-mANA processing
[76].

6.4 cAMP-Dependent Prodein Kingse (FEA). Increased
intracellular levels of the second messenger cyclic adenosine
35 .monophosphate  (cAMP) lead to the activation
of the cAMP-dependent protein kinase (PKA), which
transduces the signals of many hormones, growth factors,
and meurotransmitters [77]. PKA is a letrameric prodein,
of two regulatory subunits (R} and two catalytic

subunits {C): binding of cAMP to the R subunits leads to
their dissociation from the C subunit and activation of the
kinase [77]. Activated PEA phosphorylates several effectors,
including transcription factors, ion channels, and metabolic
enzymes, thus influencing muliple cellular functions. PEA
activity is also regulated by interaction of the R subunits with
the PEA-anchoring proteins (AKAPs); AKAPs maintain
PEA in spedfic subcellular compartments and in procimity
of ils substrates, thos retaining PEA activity where it is
needed. The first evid of a possible i of PEA
in the megulation of AS came from the ohservation that
a fraction of the C subunit transhecates into the noceus,
colocalizes with SRSF2 (previously reported as SC35) in
splicing speckles, and phosphorylates several SR profeins, at
Reast i vitro [78). Localization of the C subunit in oacdear
speckles seems to be melated to is interaction with the
C-subunit binding protein HAS5 [78] and to the SR protein
SRSFI7A, which was shown (o be 2 novel AKAP required to
anchor PEA C subunit in splicing speckles [79). Importantly,
modulation of ElA reporter minigene splicing by SRSFITA
is dependent on its interaction with PEA [79]. Moreover,
muclear PEA itselfis able to modulate AS of the EIA reporter
minigene, even in the absence of the cAMP stimulation [7E].
Several stimuli that increase the cAMP infracellolar levels
were shown to affect AS events through phosphorylation of
both SR proteins and hoRNPs by PEA. For example, it was

demonstrated that forskolin, which sti th
of cAMP modulates AS of exon anHheTAU gene (80,
81]. Notsbly, activated PKA affects the activity of two SR
proteins, SESFL and SRSF7, which inversely modulate exon 100
splicing: SREF promotes exon W indusion, whereas SRSF7
prevents it However, PKA-dependent phosphorylation of
SRSF1 enhances its activity [80] whereas it inhibits SRSF7 [81],
thus globally favoring exon 10 inchusion.

PECA is also able to modulate AS of genes that are arocial
for nenronal differentiation, through the phosphorylation of
hnRNP K. After phosphorylation by PKA, hnRNP K shows
higher binding activity to its target mRENAs with respect to its
competitor UZAFAS; this mechanism impairs the recognition
ofthe 3' splice site and leads to the skipping of its target exons
[82). Om a broader view, hnRNP K target motifs are found
in many genes involved in neuronal differentiation and in
neurnlogical diseases [82]. These pieces of evidence sugpest
that PKA mediated regulation of hnRNPs and SR profeins
activity may be an important player in the complex network
of reguilative mechanisms that finefy control AS events during
neuronal development {reviewed in [83]). Although cAMP
and PEA are wsually imvolved in cell differentiation, their
contribution o cancer has abo been demonstrated. 1t will
be interesting to investigate whether PEA-dependent mod-
ulation of AS also occurs in genes with relevance fo human
cancer.

7. Other Kinases

In this section, we will describe the regulative activity of
some profeins that showed an unexpected kinase activity
towards splicing factors, so that they cannot be included in
any of the dasses described previously. Some of these kinases
were known to have other spedific substrates different from
splicing factors, for others, instead, the kinase activity was
totally unpredicted.

7L DNA Topoisomerase I The first of these atypical kinases
1o be described was the DNA topoisomerase |, whose best
known function @ to relieve both positive and negative
DNA mipercoils ensaring correct DNA topology during
transcription, WA replication and repair (reviewed in [84]).
Deespite the shsence of a canonical ATP binding site, DNA
topoisomerase 1 was shown to phosphorylate SE. proteins,
in particular the prototypic SRSFL, within their RS domain
[85]. This phosphoryiation event can significantly affect SR
proteins modulatory activity on AS events. Indeed, it has
been demonstrated that cells deficient for this enzyme show
a general status of hypophosphorylation for the SR prodeins,
which correlates with an impaired reguistion of several AS
events, whereas constitutive splicing results unaffected [86].
Moreover, treatment with & selective inhibitor of the kinase
activity of DNA topoisomerase results in reduced phospho-
rylation levels for SR proteins, which in twrn leads o a
defective spliceosome assembly and alterations in the splicing
pattern of several genes [87]. Az it is now well established that
pre-mBNA splicing ocours cotranscriptionally, it has been
sugpested that this double activity of DNA topoisomerase 1
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cowld be one of the mechanisms the correct coordi-
nation between DINA transcription and splicing [88]. Indeed,
DNA topoi 1 activity is fand I to solve DNA

supercodls generated by RNA pol IT progression along the
DNA template and might simultaneously ensure a reg
splicng factor activity through their phosphorylation.

72 Dugi-Specificity Tyrosine-(¥)-Phosphorylation Regulated
Kinase IA (DIRKIA). Another protein kinase able to mod-
ulate the splicing activity of S proteins is DIRKIA (duai-
specificity fyrosine-(Y)-phosphorylation reguiated kinase
14). This dual-specificity protein kinase autophosphorylates
on Tyr, Ser, and Thr residues but phosphoryiates subsitates
only on Ser or Thr residues (reviewed in [89]). The human
DY RE1A gene maps to chromosome 21, and it is ubiquitousty
expressed in adult and fetal tissues, with high levels of expres-
sion in the brain. DYRKLA is supposed to play a major role
during neuaronal development, through its Interaction with
several cyloskeletal, synaptic, and nudear proteins (reviewed
in [B9]). Several SR proteins were shown to interact with
DYRELA Indeed, DYRKIA has been reported to colocal-
ize with SRSF2 in nuclear speckles, and its overexpressinn
induces the disassembly of this subnudlear structures [90].
Alteration of subcellular localization of the SR proteins phos-
phoryiated by DYREKLA seems to be the main mechanism by
which this kinase regulates the splicing activity of its target
factors. For instance, phosphorylation of SRSF1 and SBESF7
by DYRKLA induces their i translocation [91, 92,
whereas phosphorylation of SRSF2 and SHSF6 causes their
dissociation from nuclear speckles [93, 94]. For each of these
splicdng factors the mislocalization indoced by DYRKIA
impaired their ahility to modolate the indusion of exon 10 of
the TAL gene, thus shifting the splicing balance toward the
exclusion of this exon

73 Fas-Activated SerineThreonine Kinase (FAST). Fas-acti-
vated serinefthreonine kinase { FAST) is a constitutively phos-
phoryiated SerThr kinase, which andergoes rapid dephos-
pharylation after the binding of Fas ligand to its receptor
Fas, en interaction that triggers T-cell apoptosis. It was
known that dephosphorylated FAST was able to interact with
and phosphorylate the REP TIAI [95), bat the functional
relevance of this interaction in the regulstion of the splicing
process remained unknown for a long time 1t was later
discovered that phosphorylation of TIAL by FAST regulates
iits ability to promote the inclusion of exon 6 of the FAS pene
196]. Phosphorylated TIAL enhances Ul snRNP recruitment
to FAS pre-mRNA, thus favoring the recognition of this
varisble exon. Indusion of exon & into the FAS mRENA
favors the production of a proapoptotic isoform of this
gene, suggesting that FAST and TIAL take part to 2 positive
regulative cirouitry that enhances Fas-dependent apoptosis
once activated. Furthermore FAST is also endowed with an
intrinsic splicing activity, independent from TLAL [97]. 1t was
observed that FAST can modulate the splicing of the FGFR?
reporter gene in the same direction of TIAL favoring the
inclusion of exon [T b but independently from this REF. Thus,
FAST can directly and indirectly affect splicing, and it would
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be inleresting to determing how many targets ane influenced
by this kinase in T cells.

74 Asrora Kimase A (AURKA). AURKA was idenlified in
& high-throughput siRNA screening for factors invobved in
the regulation of AS of two apopiotic genes: BCL-X and
MCLI[98]. Among several regulators identified by the screen,
authors noticed a peculiar enrichment for proteins involved
in the regulation of the cell oyde. They focused their study on
AURKA, 2 kinase involved in the regulation of centrosomal
splitting that iz frequently upregulated in cancers, where
it is supposed o promote ancuploidy [99]. AURKA was
demonstrated to positively regulate splicing of the antiapop-
totic variant BCL-X; through stabilization of SESFL Cells
depleted of AURKA showed reduced levels of SRSFL, which
then resulted inincreased levels of the BCL- X pro-apopiotic
variant. Moreover, since AURKA is activated at the GZ/M
phase of the cell cyde, the authors suggested that this kinase
finks BCL-X splicing regulation to cell cycle progression.
These observations suggest that, in addition to the effects on

duplication, up ion of AURKA can favor
meoplastic ation also by | ing antiapoplotic
splice variants.

£. Splicing Factor Kinases In Cancer and
Other Human Diseases

Due to the impartant role played by the AS process in the
control of gene expression, any alterstions of s regulation
an pr maodify i cellular thas
resulting in a potential canse of disease (reviewed in [100]).
Altered expression, activity, or subcellular localization of
splicing factor kinases can be among the canses of the aber-

Aberrant inclusion of exon 10 of the TAL gene is a
well-known example of pathogenetic splicing evenl, caused
by the deregulated activity or expression of splicing factor
kinases. TAU protein is a micotubule asociated protein,
which controls assembly and stability of microtuboles. Exon
10 of the TAL gene encodes for one of the four microtubole
binding domain repeats () of the TAU protein and regulates
its affinity for microtubules and. consequently, its ability to
induce their polymerization. Alternative inclusion of exon
10 leads to the production of either 4R-tau (inchusion) or
3R-tan (exclusion), and equal kevels of these two isoforms.
seem to be essential for normal function of the human
brain. Alteration of the normal ratio 1:1 between the 41
and the 3R isoform, in both directions, has been observed
in several cases of Alrheimers disease (AD}; moreover,

half of the mutations in the TAU pene associated

with FTDP-17 (frontotemporal dementia with parkinsonism
hnhndmdnrnmusumel’?]aﬂ'mzmnmsphnmbum
= strongly suggesting
Itﬁlapmpzrrqlﬂmmufmﬂqjhungmmenualhr
the maintenance of the healthy balance between 4R and 3R
isoforms (reviewed in [10L]). Several reports have highlighted
or suggested a strong correlation between aberrant splicing of
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the exon 10 of the TAU gene in tauopathies and deregulated
activity of the kinases regnlating this splicing event. Stammis
group, for example, observed an increased production of
an inactive isoform of the CLKD kinass in the brain of
AD patients, which correlated with increased inclusion of
TAU exon 10. This observation supgested that the CLE2-
dependent phosphorylation of SR proteins and the SE-like
protein TRAZ-S is required for the correct regulation of this
splicing event [102]. Another kinase supposed to be involved
in the altered regulation of TAL splicing is PEA, which also
promotes the inchusion of the exon 10 of this gene through
the phosphorylation of different SR proteins [80]. As reduced
levels of PEA-Ca have been observed in AD brains [103], it
has been speculated that the lack ofits activity may participate
in the alteration of the normal balance between the 3R and 41
splice variants of TAL [81]. As described in previous section,
the kinase DYRE LA exerts an important regulation on the AS
of the TAL gene, thus strongly suggesting that its increzsed
dosage due to the trisomy of chromosome 21 could be the
main cause of the early onset of tauopathies in patients with
Down syndrome [103]. Modulation of TAU gene splicing is
a very attractive potential Mapeuj:mgetmrmmm
of teuopathies (reviewed in [I04]); since protein kinases
regulate this splicing event and are involved in tauopathy
pathogenesis, targeting the activity of these kinases should be
certainly considered in the development of fsture spproaches
fior the treatment of these pathologies.

Up latbon and/or mi 1activity of splicing kin-
ases are often associated (o cancer development. This has
been widely reported fior SEPK], which is overexpressed in
several cancer types, such as pancreatic carcinomas [105],
breast and colon carcinomas [106], and tung cancer [107].
Muoreover, increased SRPE] levels positively correlate with
tumor grade [106] and are associated with higher resis-
tance to chemotherapentic treatments |105, 108]. Through
modulation of selective splicing events, SRPK] may allow
mncﬁceﬂstnmluucemﬂllluhfeﬂm&mmw.md

angiogenetic For example, in pancreatic, breast,
and colon cancer cells SRPKI promotes the generation of
specific splice variants of the MAFZE? gene, which sustained
higher activity of the MAPK pathway [106]. Recently, SRSFI
mediated splicing of the MNK2b isoform of the MENIZ2 gene
has been correlated with resistance to gemcitabine treatment
in pancreatic cancer cells [109]; since SRPK] is opregulated
in this cancer type and promotes cell survival, it would be
interesting to evaluste whether this kinase contribotes to the
SRSFI-induced prosurvival pathway. A similar regulation has
been described in Wilms Tumor, wherein SRPE] promotes
the production of the proangiogenic isoform VEGFIES of
the VEGFA gene through the phosphorylation and moclear
translocation of SR5F] [48]. In these nephroblastomas tumors
SRPE] transcriptional upregulation is driven by the mutated
transcription factor WTI, and its splicing activity ic fun-
damental for the high levels of vascularization required by
these tumors [48]. Importantly, the physictogical relevance of
SRPE] for angiogenesis has been demonstrated, as injection
ofan SRPK1/2 inhibitor reduced it in a mouse model of retinal

their upstream regulator could be a potential tool to target
pathological angicgenesis in cancer [48].

Several signal Irnmducunn hnm. whose activity is
often ¢ jon, exert their
mugmcmmmpmmmlghmemmr@lwnn
ufspllungmlua hrmmlulhmltpanmwr which
is frequently hyperactivated in tumors, can promote the
goquisiion of an invasive and migratory phenotype by
muosdulating the AS pattern of the cell adhesion moleculs
CD44. In fack, it has been shown that hepatocyte growth
factor (HGF) can indwce cell migration of cancer cefls by
promoting this splicing event, as a consequence of indwced
ERKI/Z-mediated phosphorylation of SAMEE, induced by
Ihc&ETretcplwamlmgpnﬂrmiﬂD] Albso epithelial-

to-mesenchymal transition (EMT), which & crucial for the
invasiveness of cancer cells, is regulated by AS events that
are sensitive to activation of the MAPEK pathway. Indeed,
produoction of the constitutively active ARON splice variant of
the RO oncogene, the extracellnlar receptor for HGE leads
to EMT in colorectal cancer cells [111). This splicing event is
promoted by the up ion of SASFL iy, under
conditions that favor EMT, epithelial cells release soluble
factors that activate the FREI2 pathway: This in turn canses
phosphorylation and activation of SAMES, which causes
menﬁmufnnppﬁchnnnmﬂle!'mﬁmsﬂsﬂ
mRMA, reducing the amount of the monsense-mediated-
decay (NMD¥) targeted splice variant and enhancing expres-
sion of SRSFI [112]. Thus, activation of the ERK1/2 pathway
triggers a cascade of splicing events that culmimate in a
celiular response favoring cancer cell invasion.

Activation of the AKT pathway has also been suggested
o promote cancer cefl survival through the regulation of
specific splicing events. For example, it has been observed
that hyperactivation of AKT through the RAS signaling
pathway is implicated in the production of pro-survival splice
variants of the KLF-6 and CASPASE-9 genes in nonsmall-
cell lung cancer and hepatocellular carcinoma, respectively,
[113, 114]. In both cases, AKT induces SRSF1 phosphoryiation,
enhancing its shility to promote KLF-65V] and CASPASE-9b
isoforms. These observations strongly muggest a primary role
fior this splicing regulatory activity in the oncogenic potential
of AKT.

9, Protein Phosphatase Regulating
Splicing Factors

In the previous paragraphs, we have broadly described the
importance of a proper balance between phosphorylation
and dephosphorylation events in the regulation of the pre-
mRNA splicing process. Therefore, even if this review focuses
primarily on the activity of the numerous kinases involved in
this regulation, a briefdescription of the protein phosphatases
counteracting their activity is also required for a comprehen-
sive overview of the phosphorylative regulation of splicing.
PPl and PPIA were the frst Ser/Thr phosphatases
whose activity was demonstrated to be necessary for splic-
ing catalysis [5, 6]. PPl and PP2A are required for the
Iater steps of the splicing reaction, in particular for the
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10

second transesterification reaction, whose ac

is favored by dephosphorylation of U5 (U5-156 kDa) and
U2 (SAPISS) snRNP components [9]. In particular, PPI-
mediated dephosphor n of SAPISS is favored by the
muclear inhibitor of PP1 (NIPPL). NIPPL is a nuclear regula-
tory subunit of PP, enriched in nuclear speckles [115], known
to interact with several splicing regulators, like CDC5L or
the same SAPI55 [116, 117). In particular, NIPF stimulates
PPl-mediated dephosphorylation of SAPISS by faclitating
the interaction between the phosp and its sub
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which could be used for the therapentic correction of the
splicing defects oocurring in several human diseases.

10. Concluding Remarks

Increasing evidence points out to a key role of misregula-
tion of AS in the cellular transformation process. Cancer-
specific splice variants can potentizlly be uwsed as accu-
ra:edmm‘msh: prognostic markers, as it was recently

[10]. In subsequent studies, PP2Cy was also demonstrated to
be important for the splicing process, as it was shown to be
physically associated with the spliceosome, and its enzymatic
activity was necessary for the early steps of spliceosome
assembly [118].

Ser/Thr phosphatases are important regulators of both
constitutive and AS events, as it was suggested by pioneering
studies showing alternative 5" splice selection after addition
of PP in splicing assay in vitro [119]. Furthermore, PPRCy
was shown to interact with the REP YB-1 and to modulate
AS of the CD44 gene [120], while PPI was demonstrated
to interact with a short motif BVXF motif within the RRM
of several splicing factors, like SRSF1, SRSFY (previously
known as SRp30C), and the SR-like protein TRAZ-S [121].
Dephosphorylation of TRAZ-@ by PPI positively modulates
its dimerization and its interaction with partner proteins, like
SRSFL Moreover, PP regulates alternative splice selection in
TRAZ-§ target mRNAs like the SMN2 gene [121]. Exclusion
of the exon 7 of SMNZ gene, combined with the primary
deletion of SMNI gene, is the cause of the spinal muscular
atrophy (SMA) [122]. Tmﬂpmutesllnuﬂmmofﬂm
exon 7 of SMNZ favoring the prodoction of a functional
full length protein. TRAZ-B splicing activity is enhanced by
inhibition of PP1 activity [121] and, surprisingly, by activation
of PPZA [123]. Indeed. the Stamm's group found that a
dass of compounds derivative from cantharidin {a well-
known phosphatase inhibitors) activates PP2A, which in turn
dephosphorylates TRA2Z-§ on Thr33, favoring inclusion of
exon 7 [123]. These ohservations suggest the possibility to
develop new protein phosphatase inhibitors that could be
used for the therapeutic comrection of the splicing defects
oocurring in neurodegenerative diseases like SMA.

Modulating protein phosphatases’ activity in order to
manipulate pathogenetic splicing events has been suggested
as a potential therapeutic tool alse for cancer treatment.
Indeed, it has been shown that genotoxic agents inducing
apoptosis in cancer cells act through the generation of
ceramide and activation of PPL, which in turn promotes
the formation of the proapoptotic BCL-X; and CASPASE-9k
splice variants [124]. On the other hand, it has been shown
that the proapoptotic activity of synthetic ceramides, like Ca
pyridinium ceramide, is instead associated with activation
of PP1 and the consequent reduced phosphorylation of
several splicing factors and modulation of several splicing
events [125]. These observations underline the importance
of the regulated activity of protein phosphatases for proper
regulation of the splicing process and strongly suggest the
possibility to develop new molecules targeting their activity,

by genome-wide studies [126, 127]. Targeting
the splicing process represents, therefore, an attractive ther-
apentic target for cancer treatment, and it is corrently
under intense investigation. Therapeutic modulation of AS is
mainly realized through RNA-based technologies (reviewed
in [128]) or through chemical reagents inhibiting spliceosome
activity (reviewed in [120]). The RNA-based technologies
exploit antisense oligonudeotide masking sequence
elements to splicing factors andlor the spliceosome [130],
whereas chemical approaches make use of drugs that directly
target the activity of spliceosomal components, as for exam-
ples splicenstatin A, which inhibits the 5F3b subunit of the 12
snRNE thereby moduolating the AS of genes important for cell
cycle control [131].

Considering the important control exerted by protein
kinases on AS, modulation of their activity represents a
potential approach for the development of new drogs target-
ing EMA splicing in cancer therapy. These suggestions are
supported by recent reports highlighting the high efficacy
of SRPEL2 inhibitors in reducing angiogenesis through the
negative modulation of the AS of the proangiogenic splice
variant VEGFoox gene [48). Considering the great impact
that SRPKs have on the splicing activity of SR proteins and the
large number of AS events that they regulate, modulation of
SRPK activity couldbeap toolin the ing field of
splicing-moedulating therapies. It is also important to mention
that SRSF], a well-known target of SRPESs, is upregulated in
human cancers and functions as an oncogene [132). For the
same reasons, CLKs are a fascinating chemotherapentic target
too, and important efforts are being made for the realization
of selective and efficient CLKs inhibitors [133].

Signal-transduction pathways able to modulate the phos-
phorylation status of SR proteins or the activity of other REPs
represent another potential druggable target for RMA splicing
maodulation. For example, it has been recently shown that
amiloride, a well-known diuretic, can reduce proliferative
and invasive properties of both hepatocellular carcinoma and
leukemia cancer cells by inducing hypophosphorylation of
SR-proteins [134, 135]. Genome-wide exon array analysis has
demonstrated that amiloride treatment induces the modula-
tion of a large number of AS events, and, in particular, it neg-
atively regulates protumoral splice variants of several genes,
such as the antiapoptotic BCL-X; or proinvasive ARON.
Peduced phosphorylation levels of AKT and ERKs were
observed after amiloride treatment, suggesting that this dreg
reduces SR protein phosphorylation through inactivation of
these kinases [135].

De ion of signal-transduction p in cancer
cells is a general feature, and much effort has been made
in order to develop chemotherapeutic agents that efficently
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inhibil the activity of the kinases mediating the intracellular
transduction of these signals, such as AKT or kinases of the
MAPK and SRC families {reviewed in [136-138]). As many
of these inhibitors are already in clinical practice, and many
of them are endergoing promising dindcal trials, it would be
very interesting to understand whether their antiproliferative
and cytotonic effects could be partly dus to their ability to
interfere with AS evenis regulsted by these kinases. Even
mare atitactive is the possibility to exploit profein kinase
inhibitors ko selectively affect splicing decisions in order to
rzsmrzmmncerndls:manmmpﬂlmﬂugnlASpmsn

Shed ight on the expr i, structure, and functions
of the kinases regulating the activity of splidng factors is
therefore an important step for & comprehensive under-
standing of the molecular mechanisms regulating pre-mBENA
processing, which is esential for the rational design of futore
therapies targefing the sberrant AS process in cancer and
other homan diseases.
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ABSTRACT

NEKZ s a serine/threonine kinase that promotes
cenfrosome spliting and ensures comrect chromo-
some segregation during the G2/M phase of the cell
cycle, through phosphorylaion of spedcific sub-
strates. Abemant expression and activity of NEK2
in cancer cells lead to dysregulafion of the cenfro-
some cycle and aneuploidy. Thus, a tight regulation
of NEK2 function is needed during cell cycle pro-
gression. In this study, we found that NEK2 localizes
in the nudeus of cancer cedlls derived from several
fissues. In parficular, co-locdlizes in splicing
speckies with SR5F1 and SRS5F2 Moreover, NEK2
interacts with severa splicing factors and phos-
phorylates some of them, including the oncogeanic
SR5F1 protein Overexpression of MEK2 induces
phosphorylstion of endogenous 5R proteins and
affects the splicing activity of SRSF1 toward
mﬂmandmdngamwnimb

of SAPK1. C 1 of

INTRODUCTION

NEK2 iz a member of the NIMA-related family of sering
threonine protein limeses, which shame stroctmral relation-
ships and the involvement in cell cycle regulation (1)
MWEK2 displays eonstitutive catalytic activity and phos-
phorylates proteins involved in centrosome duplication
and cell cycle regulation (2). Consstently, NEK2 hinds
1o microtubules spd & endched in the centrosome,
where it contributes to centrosome splitting during the
G2M phase of the cell cydle (2. Uprgulation of NEK2
iin human ealk camses premature splitting of this organells
{3, whemas overexpression of 3 NEK2? kinase-dead
mutant induces centrosome abnormalities and sneuploidy
{4). Hence, a tight mgultion of NEK2 sbundance and
activity is essential to ensume correct centrosome duplica-
tiom and timely progression of the cell cycle.

Similar to other kinases involved in spindle assembly or
duplication (5), overexpression of NEK2 was reported
in several neoplastic diseases, such as preinvasive and
invasive breast carcinomas (6), lung adenocaminomas
{?} testicular seminomas (R) and diffise 'Is.qg: B cell

MEKZ, ke that of SRSF1, nd.naa upl’mﬂ:ln of

pro-gpoplotic variants from SRSF1-target genes
and sensifizes cells to spopiosis. Our resulis
identify NEK2 as a novel splicing factor kinase and
suggest that part of its oncogenic activity may be
mscribed to its sbiity to modulete alernative
aplicing, & key step in gene expression regulation
that is frequently altered in cancer cella.

1 il (9. Maore recently, NEK2 expresion has
been proposad a3 a strong predictor for drug resistance
and poor prognosis in human cancer, suggesting thart it
might repreacnt a key thempeutic target { 10). In line with
this hypothesis, phamacologic or genetic interfermnoe
with WEK? activity strongly reduced proliferation and
invasiveness of cancer celk (10-12). Mechaniztically, the
oncogenic activity of NEK2 has been mainly Tinked to its
ahbility to regulate centrosome duplication (3,6,13), whose
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aherrant amplification fmqll:nﬂy]ﬂads o muupbl‘]y and
neoplastic tramsf (&) O of NEK2
in non-tramformed breast epithelial | eells was shown
to induce centrosome overduplication (6], and increased
expression of endogenous NEK2 cawsed centrospme
amplification in breast cancer leions expressng the onco-
genic K-RAS(GI2D) mutant protein {13). Furthermore,
NEE *dependent phosphordation was  required  for
proper loealization at the kinetochores of HECL, a
protein imvolved in faithful chromosome segmegation
(14). These observations strongy mgmest that NEK2-
dependent centrosome amplification and aneuploidy can
favour neoplastic tramsfomation.

We previowsly meported that increased empression of
NEK2 in human testicular sminomas correlated with
its accumulbation in the sucleus (8. This obasrvation sup-
gested that muclear functions of WEK 2 might ako contrib-
ube to ita role in cancer cells Herein, we have stadied
in further detail the mwclear localization and function of
this kinase. We found that suclear localization of NEK2
ocours in cancer cells derived from several tissnes. WEK2
localizes to splicing speckles and phosphorylates the onco-
genic splicing factor SREFL Moreover, we found that
NEK2 regubates SRSF] activity and altemative splicing
{AS) of SRSFI target genes similarly to the SR protsin
kinaze SRPKL TIn particular, NEK2 promotes anti-
apoptotic aplice variants and knockdown of its expression
enhsnced apoptosis Our results incover a novel function
for NEK2 in splicing regulation and suggest that phos-
phorylation of splicing factos and modulation of AS
might contribute to its oncogenic activity.

MATERIALS AND METHODS
hemistry mnd analyss
Cancer patient's tfissues | 14 cases of ery: fiasme

from seminoma, breast lung, prostate, cervix and colon
cancer) were obtained from the Mational Cancer Inctitute
‘(3. Pascale’ Ethical Committes approval was given in 2l
instances. Five-micrometer sections weme pmaeassd for
m'unlmhumdnnustry with mbﬁlss againsr NEK2
{Abgent) as described (8). T Was per-
formed as described (8,15 udng ﬂl: fallowing primary
antibodies {1500 rabhit anti-NEK2 (Abgent), mouse
anti-SREF1, anti-SRSF? (Santa Cruz Biotechnology)
and rabhit anti-cleaved CASPASE 3 (Sigma Aldrich).
Confocal analyses were performed msing 2 Leica
confocal micrescope as  described (16). Images in
Figure 6D, 82 and 85 were taken using a Leica inverted
micoscope 33 described (B). Images wene saved as TIFF
files and Photoshop (Adobe) was nsed for composing
panck.

Cell cultwre, ransfections and tre stment

TCam-2? cells were gown in RPMI 1640 {Lonza),
HEK293T, Hela, MCF7, PC-3 eelk wem grown in
Dulbecco's modified Bagl's medium (Sigma Aldrich),
all supplemented with 10% FBS, gentamyein, penicillin
and streptomycin. Tramsfection with the indicated expres-
som vectors was performed wming Lipofectamine XMWy

{Invitrogen) acconding to mamfacturer’s instructions.
After 24h, cells were harvested for protein and RMNA
analyses. For RNA interference, cellh weme tramsfected
with sRMA:z (Sigma-Aldrich) wing Lipofectamine
REMNAIMAX (Invitogen) according to mamufactorer's
imtructions and harvested 48 % later for protein and
BMA analpes. Sequences for SRPE | siRNAs were pre-
viously described (171 NEK2, SRSFl siRNAs and

d siRNA seq are listed in Sup tary
Tahble Si. For apoptosis, Hela celk were treated for 24h
with the indicated doses of ciplatin or starwed for 8 hin
Earle's halanced salt sohition (Sigma).

Protein extracts and western blot analysis

Total eellular extracts and cellular fractionations were
procesaed and amalysed by western blot as described
{15,18) usng the following primary antibodies (110000
rabbit ant-NEK2 R3] {generowsly provided by Prof
AM. Fryl, mouse anti-GFP, anti-MYC, anti-SRSF1,
anti-SRSF3, mbbit ant-SAMGE and geat ant-lamin B
{Santa Criz Bictechnology), rabbit anti-ACTIN, mouss
anti-FLAG, anti-hnRNPAL, anti-lmRNPCLAC2  and
anti-TUBULIN (Sigma-Aldrch), mouse anti-hnRNPF/
H (Abcam); mowme anti-SR proteins (1H4) (Tovitrogen),
mome ant-SRPE1 (BD Pharmingen);, mbbit anti-AKT
{Movis Biologcals); rabbit anti-pAKT Ser 473 and anti-
PARP1 (Cell Signaling),

In vitro kinase asay

Glutathione S-tmafemae ( GST)-fimion proteins were ex-
presed in Esclerichia coll cells {strain BL21-DE3) and
purified as previowsly described (19). (Hisl-tapged
proteing were expressed in S cells wsing 2 baculovims
system and punfied on & TALON affinity man
{CLONETECH), as described {20}, Ir vitm kinase asays
were performed as described (21), wing purified NEK2
active protein (Millipone).

GST-pull-down and co-lmmumopredpliatlon assays
MNuckar extracts were incubatsd with GST or GST-
NEKIA2TI-M5) adsorbed on  glrathione-agarose
beads; bound proteine were eumted and analyzed as
deseribed  (19). For co-immunoprecipitation, muclear
extracts or total extracts foom HEEK 29T cells, tramfocted
with the indicated wectors, were incubated with mose
ant-FLAG or mouse anti-IpG antihodies adsorbed on
Drynabeads protein A (Invitrogen) and immuonocomplenes
were eluted and amalysed 3s described {13).

Extraction of RNA, reverse transor] prase -peol yme rse
chain reaction aml resl-time polymernse chain reacton

analysis

RMA was extracted using TREol reagent {Tovit /o gen) ac-
cording to the manufacturer’s instroctions. After digestion
with RNase-free DNase (Roche), | pg of total RNA was
retrotranserbed wsing M-MLV  reverse transcriptase
{Promepgs), used as template for polymeras chain
reaction (PCR; GoTag, Promege) and reactions were
analysed on agarose or acriamide gels. Realtfime guan-
titative PCRs {gPCR) were parformed ming LightCyeler
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480 SYBR Green 1 Master and the LightCyder 480
Syatem {Roche), according to the manufas turer's instruc-
tions. Control reactions omitting M-MLY reverse tran-
scriptase were abo carried out ATl primers used are
listed in the Supplementary Tahle S1.

Statistical analysk

Statistical analysis was performed by the Stodent i-test as
deseribed in the figare legends.

RESULTS
NEKZ k& eorlched In the nudeus of camcer celle

NEK2? i enriched in the nudem of human tesicular
seminoma cells (B). MNuclear localization of this kinase
was also recently chaerved in myeloma cells and shown
to correlite with poor prognosie (10). To investigare
whether other camcer cells that overexpress WEK? share
this nuclear localization, we performed immunchisto-
chemistry analysis of tsme specimens derved from
cancer patienta Using a previowsly validated antibody
{8, we observed that NEK staining was concentrated in
the nuclens of breast and lung cancer celk {Figure 1A). In
colon, prostate and cerviz cancer cells, although it wasalao
detected in the cytoplasm, WEK? staining was enfiched in
mackums (Figure |A) Confocal immuncfluorescence
analyes of WEK? localization in cell lines derived from
breast cancer (MCFT; Figure 1B}, seminoma (TCam-2),
prostate cancer (PC-3), colon caminoma (Caco-2) and
cervix cancer (HeLa) (Supplementary Figure S1) suggest

A Testicular seminoma

Nucleic Acidk Research, 113 3

that muclear localization of NEK2 & a common feature
of human cancer cell.

WEK2 is expressed as three alemative splice wariants,
named NEK2A, B and C (Supplementary Figure SIA)
{22). NEK2A and B differ in the C-tennini hecanss am al
termative polyadenylation sigmal in intron 7 is meed in
WEKIR, thus preventing inclsion of the last exon 8 (2).
MNotahly, exon 8 encodes for protein degradation maotifs in
MWEK2A, which mediate its degradation in mitosiz (23).
WEKIC is identical to WEK2A with the exception of a
amall intemal deletion of § aming acdds {missng residues
3T1-3T8), due to usage of 3 downstream splice acceptor site
in exon § (22). Although the bioclemical features of
MNEK2C are undistingnishable from those of WEKIA,
deletion of this seguence createss a nuclear localization
signal that promotes NEK2C  accomulation in the
nuclens (37, To investigate which splice varisnt was preva-
lently expresed in cancer cell ines, we performed reveme
tameriptase-polymerse  chain maction  (RT-PCR)
anayses wsing variant-specific primers (Supplementary
Figure 5243 NEK2A and B were readily detected in all
cell Tines analysed, whereas NEK X was barely detectable
{Supplementary Figure S2H), sugoesting that its expreszion
i unlikely to account for the noclear localzation of NEK2
in cancer cells.

Previow results indicated that a substantial fraction of
MWEK2ZA localizes in the nuclens when the protsin is
overexpressed (22). Tn line with this mport, we observed
that overexpresion of NEK2A was sufficient to allow its
accumulation in the mcleus of Hela cells with a Jocal-
ization pattem that closely ressmbled that of NEKXC

SRSF2

Figwe 1. NEK2 loalizs in the noclus of canoer cefis {A) Tanmom shastochamistry of NEK?2 in testiclar sminmas, breast, prostate, hung and

cenix cunger specimens (aale har = 255anj. (B and €} Con focal imam noflacnescence malysis of MCFT cells saimed with anti-NEE2 jred) amibody
{grem ), ms.SRI P (md mpper pand) or m3-SRSF2 (md, lower pand) (C, scals

and Hoschat {hine) (B, smls har = M g or with s NEK2
bar = $ym). White arrows indicite codocalimtion in speckiea.
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{Supplementary Figure 82C), whereas WEK2B remained
mainly cytoplasmic (Supplementary Figure S23C). These
results suggest that upregulation of WEK2A iz lkely
responsible for the moclear localization of MEK2 in
cancer cells.

NEK2 localizes in nuclear splicing speckles and
co-fractionates with splicing factors

We found that WEK2 accumulated in muclear granules
of varable size and irregular shape (Figure 1B,
Supplementary Figure 51), which resembled the splicing
speckles, the interchromatin regions enriched in splicing
factors (24). Confocal immunofluorescence amalysis in
MCFT celk confirmed that NEK2 co-localzes in the
nuclear speckles with SRSF1 and SRSF2 (Figure 1C),
two serine farginine-rich (SR) proteins commonly 1=med as
markers of these structures {24). We next used subcellular
fractionation experiments to confirm the asocation of
WEK2 with splicing factors. By umsing this techrique, it
was documentad that splicing factors accumulate in the
nuclear matrixattached insoluble fraction { 1B). Analyses
of eytosolic {5), nuclear solible (IN5), and nuclear matrix-
attached irsoluble (NT) fractions confirmed that splicing
factors were endched in the NI fraction solated from
MCFT, PC-3 and TCam-2 cells (Figure 2A). In addition,
we observed that WEK 2 was also enriched in both the NS
and the NI fraction in all cell lines tested {Figure 2ZA). The
molecular weight of this band corresponded to that of
WEK2IA and C. A faster migrating hand corresponding
to the molecular weight of NEK2B was instead detected
in the cytosolic fraction.

WEK? intermcts with substrates and activators through
the carbony] terminal regulatory egion (resduss 273443,
Supplementary Figure S2A) (2). Thos, we wed purified
GST-NEK2A(271-445) fusion protein as bait in affinity
chromatogmphy of moclear extracts isolated  from
MCFT and PC-3 cells. GST-WEE2A(271-4435) selectively
assogated with some splicing megulators, as SRSFI,
hnRNPAL, hnRNPF and SAMGE, but not others, as
SRSF3 and lnRNPCI)C2 (Figure 2B). These resulis
sugpest that NEK2 interacts with specific splicing factors
in the cell macleus.

NEK2 is a splicng factor kinase

Mext, we set put to determine whether splicing factors were
substrates for NEK2. We focused on SR proteins becauss
their splicing activity is finely tuned by phosphorylation
(2526). As first step, we determined whether SRSF1 and
SRSFT were directly phosphorylated by NEK 2. Kinase
assays wing purifisd ful-length HIS- or GST-fusion
proteins of these splicing factors showed that purified
WNEK? efficiently phosphorylates SRSF1 and SRSFT
I viteo (Figure 3A). We focused the rest of our study on
SRSF1 because it was more efficiently phosphorylated by
NEK2. Furthermone, this splicing factor is a bona fide
oncogene (27) and it is upregulated in several human
cancers, including breast and prostate carcinomas, where
it modulates cancer-relevant AS events (28, 29).

Fird, we investigated whether the imteraction between
WEK? and SRSF] ako occurred in live cells We found

Coomassia

Figore 2. NEK2 amociates with spiking ficom (A} CytosaBc (C)
nncienr soluble (N5} and mdear imaluble matriz-assadsted (NT) fac-
tiors of MCFT, PC3, TCam.2 cells wene analyssd by mestern biot

usng antibadies fir NEK2 and indicried spicing Bcior. LAMIN B
udmmmnmm:mxdum:kummmdm&
markers. (B} Wesern hiot analyss for the imdicaied splcing factors
in pull-doen asays of MCFT and PC3 nuclr exracs wmith GST-
NEK2A(ITI-445) fisim prowin and GST (25 negatve comtrall
Coammme smining shows the purified GST and GST-NEKZA(TL-
445} fusicm protein (ower pands)

that GFP-NEK2C (Figure 3B) and GFP-NEKIA
{Supplementary Figre S3A) wem t.fﬁ:'x:m]y co-
immumnoprecipitated with FLAG-SRSFI in HEK293T
cells whereaz the cytosolic GFP-NEK2B was not
{Supplementary Figure 52C and S38). Next, to verify the
ability of NEK2 to phosphorylate SRSF| in live celk, we
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upregulation of NEK2C cansed a similar switch in E1A
splicing. This effect required the kinase activity of NEKZ,
as the kinas-dead mutant had no effect (Figure 4C)
Thus, NEK2 displays features of an SRPK in live cells.

NEK2
splicing

Phozsphorylation of SR proteins regulates their splicing
activity (2526). Thus we asked whether NEK2 could
modulate the AS of an endogenous target of SRSFI,
such as the BCL-X gene (1330). Selection of two alterna-
tive ¥ s5in exon 2 of BCE-X lkeads to the production of two
splice variants: the anti-apoptotic BCL-X; and the pro-
apoptotc BCL-Xg (31). SRSFI promotes selection of the
proximal ¥ ssleading toexpression of BCL-X¢ (135,30). By
performing real-time gPCR using exon junchon-specific
primers for BCL-Xp and BCL-Xz (Figure 5A), we found
that overexpression of NEK2C in HeLa cells increased
the BCL-X; /BCL-Xs ratio to a similar extent as over-

SREF1-ik dent BCE-X

indicates nmnphnqihuyhmd NEK2) Coemasse staining lhm the

purified protim (lower pane). (B) Wesiern hlot ansiyss with ani
PP and ai- FLAG amtinadies of the memn o recipitation asay per-
formed with comtral mome [5G or ns-FLAG antibody of mzear
eviracs of HEK 39T =q:ﬂ-:g FLAGSRSFI and GFP-NEKIC.
{€) Wesien hiot analyss nsing anti-GFP antibody of HEK 29T odls
wanafected with GFP.SRSFI, wildype NEKC (WT) ar kinsse-dend
NEEIC (KD}, ACTIN was med as kading cantrl.

oco-expressed wild-type or kinase-dead GFP-NEK2C with
GFP-SESFl. When expressed alone, GFP-SRSF1 yielded
two bands, with the faster migrating band being mone
abundant, indicating that the bulk of the protein is
hypophosphorylated (Figure 3C). Expression of wild-type
WEKIC increased the amount of the higher molecular
weight hand of SRSF], suggesting its hyperphosphory-
lation, whereas kinase-dead NEK2C was ineffective
(Figure 3C). A similar result was cbtained with NEK2A
(Supplementary Figum 53C), indicating that both NEK2
splice variants can phosphorylate SESF1 in live cells,

NEK2 behaves as an SR protein kinase In live cells

Having established that NEK2 phosphorylates SRSFL, we
asked whether it behaves asan SR protein kinass (SRPE )L
For these studies, we focused on WEKZC, which was
chosen for its almost exchusive localization in the nudeus
{22). Ovemexpression of NEK2C induced a pattern of SR
protein  phosphorylation similar to that elicited by
SRPK]1, a prototypical SRPK {268), leading to phosphor-
ylation of SRSF6 (SRp35), SRSF3 (SRp40) and SRSF1/
SRSF9 (SRp30) (Figure 4A).

Wext, we tested whether NEK2 funcrionally regulates
the activity of SR proteins. Previous reports demonstrated
that overexpression of SRPK ] modulates splicing of the
ElA reporter minigene {17), 8 commonly wsed splicing
target that contains several ' and 3’ altemative splice
sites (s3) (Figure 4B). As expected (17), we observed that
increasing the expression of SRPK 1 in HeLa cells causad
8 dose-dependent switch from the 138 to the 958 ¥ splice
site of the ElA minigene (Figure 4C). Remarkahly,

of SRSF1 (Figure 5B). Importantly, this effect
was not due to activation of SRPK 1. While knockdown of
SRPK] promoted the pro-apoptotic BCL-Xs variant,
indicating that SRPK1 also modulates this AS event,
NEK2C was still capable to enhance splicing of the anti-
apoptotic BCL-Xp variant in SRPK1-depleted cellzs as
observed in control cells (Figure 5.

To determine whether WEK2 expression affected the
ahility of SREF1 to modulate BCL-¥ AS, we used a
minigene that recapimlates the splicing of the endogenous
gene (32). We found that knockdown of NEKI in
HEK293T celk slightly enhanced splicing of the pro-
apoptotic BCL-Xg vanant (Figure 5D). Moreover, whik
tramsfection of suboptimal amounts of SRSF1 efficiently
promated splicing of the ant-apoptotic BCL-X; varant
incontrol cells {4-SCR), this effect was partially impaired
when WEK2 was silenced (Fignre 5D). Importantly,
similar effects were also observed when SRPK1 was
knocked down, even though silencing of both NEK2
and SRPKI did pot exert additive effect on SRSFI-
induced BCE-X splicing {Figure 5D,

NEK2 i involved in the regulation of i

Wext, we songht out to determine whether AS of knmown
endogenows targets of SRSF1 was affected by the
kmockdown of NEK2 in Hela cella We examined the
splicing pattern of SRSF| target tmnscripts from three
genes with rokes in cancer and for which AS varants
have been characterized: BCL-X, MENKD and BINY
{15,7730,33). For comparson, we also knocked down
SRSF1 and SRPE] in paralle]l experiments (Figure 64
and B). Trangent knockdown of WEK2 in Hela cells
resulied in decreased ratio of BCOL-X;/BCL-X; and
MNE2Zh/MNE2a, and induces skipping of exon 12A in
BINI mRNA variants without affecting SRSF1 expres-
sior. All the splicing changes exerted by NEK2 depletion
favoured pro-apoptotic splice variants and were recapitil-
ated by knockdown of either SRSF1 or SRPK1, although
to different extent for the three genes (Figure A and B).
Moreover, 8z observed for BCL-X[, ovemxpression
of either WEK2C or SRSF1 promoted splicing of
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anti-apoptotic MENK2and BINT variants (Supplementary
Figure 4A). These results indicate that WEK 2 contributes
to the regulation of SRSF1 splicing activity.

Bocause NEKT knockdown induced expression of pro-
apoptotc splios variants, we asked whether it ako plays a
rolk in cell viahiliy. In line with its effect on AS depletion
of the endogenous NEK2 in Hela cells significanthy
incressed the hasal level of apoptodis, as momnitored
by deavage of PARP] (Figure 6C) and CASPASE 3
{Figure 6D, and enhanced the apoptotic response of cells
to stress, such as treatment with cisplatin { Figume 6C and
D) or starvation (Supplementary Figure 4B and C). These
results sugmest that the effect of NEK2 on AS events
regulated by SRSF1 is physiologically relevant.

DISCUSSION

NEK2 & a centrosomal kinase involved in centrosome
duplication in mitosis that is frequently upregulated in

human cancers (2). Recent evidence supgests that
nuckar localization of WEK2 is a predictor for drug re-
sistance and a marker of poor prognosis in patients { 10).
Mevertheless, the specific nuclear functions of NEK2 are
still completely obscunc. The present stady indicates that
MWEKZ acts a3 a regulator of AS evenis by modulating
SRSF1 activity, thus uncovering a previously unknown
muckear function for this oncognic kinase,

WEK2 overexpression has been extensively described in
several types of tumours (2,6-10). Its oncogenic activity
has been primarily ascribed to the ability to mduce aneu-
ploidy by perturbing centrosome duplication and its
segmgation dynamics (2). However, it was recently
demonstrated that in testcular seminomas (8), myelomas
and other types of camcer (1), WEK2 is primarily
localized in the miclens of neoplasi cells We now
document that the muclear localization of NEK2 & also
observed in several carinomas and cancer cell lines in
which the kinase is upregulited. Thuos, although our
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analysi is too limited to draw conchisions, these resulis
suggest that miclear localzation of WEK2 is a common
feature of neoplastic cells.

The WEK2C splice varant was reported to localize
prevalently in the nuclens (22), suggesting that its selective
upregulation in cancer cellk might account for the
obzerved localization of the kinase. However, our study
indicates that NEK2C iz expressed at low level in all
cancer cells analysed, raking doubts on its contribution
to the localization of NEK2 in primary tumours and in
cell linzs Conversaly, upregulation of WEK2A, but not
NEKIB, iz sufficient to induce its muclear localization,
suggesting that WEK2A is the prevalent isoform in the
rucleus of cancer cells.

Characterization of the sihcellular distobution of
WNEK2 pointed out its co-fractionation with several
splicing factors in the nuelear nsoluble matenial of cancer
cells. Moreover, WEK2 colocalized with two SR proteins

innuclear splicing speckles These inter-chromatin granules
are particularly enriched in SR proteins and are supposed
to function as nuclear storage sites for pre-m RINA process-
ing regulators(24). Assemblyofsplicing specklesand active
rocruitment of SR proteirs from these sites to the newly
synthesized pre-mRNA & strctly regulated by reversible
phosphorylation (34). Phosphorylation represents one of
the main mechanians by which subtle regulation of the
splicing process, and especially of AS, & achieved (35,36).
These observations lad us to hypothesize the exiztence
of & functional imeraction between WEK2 and splicing.
Several results of our study support this hypothesis. First,
NEK2 interacts with and phosphoryltes SRSF1. Second,
we found that the splicing activity of SRSFI is modulated
by NEKZ2. Lastly, silencing of WEE2 negatively affects
AS cvents that are target of SRSF1 i live celk.
Collectively, these remlts point to WEK 2 az a novel direct
regulator of SRSF | phosphorylation and activity.
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The cellular localization and splicing activity of SRSF1
are regulated by rewersible phosphorylation (26, 37-3%).
‘We obarved that NEK2 did not influence the nuclear
localization of SRSFl in Hela and HEKI93T cells
{Supplementary Figure 55). By contrasgt, our study
suggests that WEK2 can modulate SRSF1 splicing
activity similarly to SRPKL, the prototype member of
the SRPK family of kinases that mediate phosphorylation
of SR proteins {26). Overmxpression of either WEKZ2 or
SRPK! induced a similar pattern of SR proteins phos-
phorylation and caused a similar modulation of EIA
AS. Likewise, knockdown of WEK2 or SRPE1 similarly
reduced the splicing activity of SRSF1 toward the BCL-X
minigene. Although the effects of WEK 2 might be indimect
{ie. mediated by another kinase), three Iines of evidence
support 4 direct action. Firgt, our v vifro kinase assays
were performed nsing highly purified proteine, strongly
indicating that NEK2 can directly phosphorylate SRSF1
and SREF7. Second, although NEK2 was recently
reported to induce activation of AKT in myeloma cells

{10}, a signalling kinase known to dirctly and indirectly
modulate SR proteins phosphorylaton (40,41), owver-
expression or knockdown of WEK2 did not alter the
activity of AKT in Hela cells (Supplementury Figure
56). Third, the effect of NEK2 on BCL-X splicing was
not affectad by knockdown of SRPE 1. Thus, these expen-
ments suggest that MEK2 behaves a5 a bona fide splicing
factor kinase in live cells.

Dur study implicates NEK2 in AS regulation of several
SRSF1 target genes involved in oell viability. We found
that kmockdown of WEK2 mimicked that of SRSFI, or
SRPKI, and induced expression of pro-apoptotic BCL- X,
BINT and MKNK2 splice variants. Consstently, NEK 2
depletion semsitized Hela cells to spontaneous and
stmessinduced apoptosis, suggesting a pro-survival
function for this kinase. Although protection from cell
death may also involve other splicing-unmelated functions
of NEK2 (10}, it is likely that enhanced splicing of the
anti-apoptotic vadants of BCL-X, BIN! and AKNED
contributes to this pro-survival effect.
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As NEK2, SRPK] is ako overxpressed in human
cancers (42), sugpesting that these kinases may act in
concert to modulate SRSF] activity. In line with this hy-
pothesis, we found that NEK2 affected BCL-X splicing
independently of SRPK 1. Thus, even if apparently redun-
dant, SRPK 1 and NEK 2 could regulate SR proteins phos-
phorylation and subzsquent AS events in & coomdinate
manner. In fact, the subcellular localization of SRPKI,
mainly cytesolic (17), and NEK2, predominantly m.u:]ﬂu
{this study), suggest a possible coordinated activity of
these kinases in different cellular compartments, as previ-
ously reported for SRPKs and CLKs (Cde2-like kinases)
{43). Notably, activation of SRPK1 in response to AKT-
mediated signalling was meported to modulate gene expres-
sion by regulating AS pmgﬁmn {41). Becansr activation
of NEK2 by the ERK 12 paﬂ!u.aym obaerved in germ
cells {44), and this psthwny & often activated in cancer
cells, itis possible that NEK2 ako participates to AS regu-
htion in resporse to environmental cues. Finally, as
IWEK2 expression and activity peak during the late 5G2
phase (45), we cannot exclude the posihility that it could
affect SR protein function in a cell-cycde-dependent
manner, thus contributing to coordinate gene expression
regulation with cell cycle progresion. Noteworthy,
another centrozomal kinase, AURKA, was shown o
modulate the apoptotic response to mitotic armest of the
cell cycle by regulating the stahility of SRSF1 (30).

Ineconclhuzion, our stody iden tifies WEK2 as 2 novel regu-
lator of AS, which promotes SRSFI-dependent splicing of
anti-apoptofic variants, thus contribating to cell survival.

SUPPLEMENTARY DATA
Supplementary Diata are available at NAR Online.
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