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The thesis explained 

Gene expression in eukaryotic cells is highly regulated by several 
co-transcriptional and post-transcriptional mechanisms, which 
finely tune cellular responses to external and internal cues. Each 
cellular process is indeed the result of a sequence of regulative 
events controlling gene transcription, pre-mRNA processing, 
mRNA translation and finally protein activity. Several different 
mechanisms, interplaying with each other, take part to this 
complex regulative network. Among these, pre-mRNA splicing is 
emerging as a key step involved in cell fate decisions and in 
physiological and pathological processes (Kornblihtt et al., 2013). 
Splicing mediates removal of intronic sequences and joining of 
exons in the newly synthesized pre-mRNAs, thus ensuring their 
correct maturation in eukaryotic cells (Black, 2003). The majority 
of the multiexonic genes of eukaryotic genomes undergoes 
alternative splicing (AS), thus allowing a single gene to encode 
for multiple transcripts, potentially having different coding 
properties and/or pattern of spatial/temporal expression.  AS thus 
represents an important tool for eukaryotic cells to expand the 
coding potential of their genome and for proper regulation of gene 
expression (Blencowe, 2006). 
Although AS has evolved as a powerful genetic tool conferring 
advantage to complex organisms, its complex and flexible 
regulation also represents a risk factor. Indeed, defects in the 
regulation of this molecular step of pre-mRNA processing may 
have detrimental consequences for the cellular homeostasis and 
aberrant regulation of AS has been demonstrated to contribute to 
the onset of several human diseases, including cancer (Tazi et al., 
2009).  
High-throughput analyses of transcriptomes have highlighted 
widespread alterations of AS patterns in several different tumor 
types (Venables et al., 2008; Misquitta-Ali et al., 2011). 
Furthermore, it has been shown that production of specific 
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oncogenic splice variants of cancer-related genes supports the 
neoplastic transformation process by enhancing cancer cells 
proliferation, metabolism, motility and drug-resistance (David and 
Manley, 2010). 
Given the well-recognized role of aberrant regulation of AS in 
cancer development, it is extremely important to characterize the 
molecular mechanisms underneath this phenomenon, which 
requires a better characterization of the multiple layers of control 
of the AS process. 
In this PhD project, we investigated the functional relevance of 
the nuclear localization in cancer cells of the centrosomal kinase 
NEK2. This led to the discovery that this kinase interacts with 
several splicing factors and it acts as a splicing factor kinase in 
cancer cells. In particular, we demonstrated that NEK2 
phosphorylates and regulates the activity of the oncogenic splicing 
factor SRSF1, thereby promoting splice variants that support cell 
survival. Therefore, our results have uncovered a novel function 
for the centrosomal kinase NEK2 and suggest that part of its 
oncogenic activity may be ascribed to its ability to modulate AS.  
The second part of my study was aimed at investigating the 
reciprocal control of AS and chromatin modifications. In 
particular, we have investigated whether the histone deacetylases 
inhibitor (HDACi) LBH589, a new generation anti-cancer drug, 
affects splicing of genes relevant for prostate cancer proliferation. 
We found that treatment with this HDACi regulates different AS 
events and in particular the inclusion of the variable exons of the 
CD44 gene in prostate cancer cells. The splicing regulative 
activity of the LBH589 does not rely on the modulation of the 
expression levels of common splicing regulators, but it appears to 
affect local changes in the chromatin structure within the CD44 
locus. This may in turn affect the processivity of the RNAPII or 
the recruitment of splicing regulator, a hypothesis that is currently 
being evaluated. 
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Introduction 

1. Alternative splicing 

Splicing is the molecular process mediating removal of intronic 
sequences and joining of exons in the newly synthesized pre-
mRNAs; it is therefore one of the key event in the multistep 
process ensuring correct pre-mRNA maturation in eukaryotic cells 
(Moore and Proudfoot, 2009). 
The splicing process is carried out by the spliceosome, a complex 
macromolecular machinery composed of five small nuclear 
ribonucleoprotein particles (U1, U2, U4, U5 and U6 snRNP) and 
more than 200 auxiliary proteins. The spliceosome mediates the 
recognition of the short consensus sequences defining the 5’- 
(GU) and 3’- (AG) splice sites and it catalyzes the two 
transesterification reactions necessary for the junction of the 
selected exons and the removal of the intervening intron (Will and 
Lührmann, 2011).  
Even though largely occurring co-transcriptionally (Singh and 
Padgett, 2009), splicing does not remove introns in the same strict 
5’-3’order that they are transcribed (Pandya-Jones and Black, 
2009). On the contrary, it has been widely demonstrated that the 
majority of the genes of eukaryotic genomes undergoes alternative 
splicing (AS), which allows a great expansion of their potential 
coding (Merkin et al., 2012) (Barbosa-Morais et al., 2012). Exons 
from a single pre-mRNA can be joined through AS in different 
combinations, thus allowing a single gene to encode for multiple 
transcripts, potentially having different coding properties and/or 
pattern of spatial/temporal expression. AS is therefore one of the 
main mechanisms finely tuning gene expression in eukaryotic 
cells (Blencowe, 2006), playing an important role in the 
regulation of several physiological cellular processes (Kalsotra 
and Cooper, 2011). As a matter of fact, several reports in the 
recent literature have highlighted the importance of regulated AS 
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events during developmentally highly-regulated processes, such 
as the maintenance of pluripotency of embryonic stem (ES) cells 
(Han et al., 2013). For example, it has been revealed that the 
muscleblind-like RNA binding proteins (RBPs), MBNL1 and 
MBNL2, control a large number of AS events differently 
regulated between ES and differentiated cells; moreover knocking 
down of MBNLs was shown to enhance reprogramming of 
somatic cells in induced pluripotent stem cells (IPSC) (Han et al., 
2013). 
Due to the important role played by AS in the control of gene 
expression, any alterations of its regulation can profoundly 
modify important cellular processes, thus resulting in a potential 
cause of disease (Cooper et al., 2009). In this regard, several 
evidence have shown that aberrant splicing regulation of cancer-
related genes supports tumoral transformation by producing 
protein isoforms enhancing cancer cells proliferation, metabolism, 
motility and drug-resistance (David and Manley, 2010). Moreover 
high-throughput analyses of transcriptomes have highlighted 
widespread alterations of AS pattern for several different tumor 
types, as breast, prostate and lung cancer (Venables et al., 2008; 
Li et al., 2006; Misquitta-Ali et al., 2011), thus strongly 
supporting the involvement of dysregulation of AS in the 
molecular pathogenesis of cancer. 
Deciphering the multiple layers of control regulating the AS 
process is therefore an important step for a comprehensive 
understanding of the molecular mechanisms regulating pre-
mRNA processing, which is essential for the rational design of 
future therapies targeting the aberrant AS process in cancer and 
other human diseases (Singh and Cooper, 2012). 

1.1 Alternative splicing regulation 

Human genes structure is characterized by short exons 
(approximately 200 bp) interspersed among larger introns 
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(Sakharkar et al., 2004). Short and degenerate sequences defining 
splice sites are therefore not sufficient to ensure the accurate 
recognition and splicing of constitutive and alternative exons, but 
both cis-regulatory sequence elements on the pre-mRNA and 
trans-acting RBPs are necessary to correctly guide spliceosome 
on selected exons and facilitate splicing catalysis (House and 
Lynch, 2008).  
Moreover, an increasing number of evidence is highlighting the 
influence exerted by chromatin structure and epigenetic 
modifications on the splicing process, by both acting on 
transcription dynamics and recruitment of spliceosome and 
splicing factors (Schwartz and Ast, 2010).  
This multilevel regulation of AS makes it a flexible process, able 
to efficiently regulate gene expression, but, at the same time, it 
makes it susceptible to threatening alterations, eventually 
pathological, from several from multiple fronts (Pal et al., 2012).  

1.2 Alternative splicing regulatory sequences and factors 

Several cis-acting regulatory sequence elements rule selection of 
constitutive and alternative exons, regulating their recognition by 
the spliceosome (Hertel, 2008).These elements are known as 
exonic and intronic splicing enhancer (ESEs and ISEs 
respectively) and silencer (ESSs en ISSs respectively); their 
function is to recruit on specific sites RBPs, which in turn can 
promote or inhibit spliceosome assembly and activity (Hertel, 
2008) (Figure 1). 
Mutations disrupting splicing regulatory elements and/or 
canonical splice sites are highly frequent in cancer cells, thus 
likely favoring the general splicing deregulation that correlates 
and contributes to tumoral transformation (Ghigna et al., 2008). 
An illustrative example of this kind of mutations are those 
disrupting the activity of ESE elements in the coding region of the 
tumor-suppressor BRCA1 gene (Liu et al., 2001). 
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Two main classes of splicing factors regulates AS by binding to 
these cis-acting regulatory elements: Ser/Arg rich (SR) proteins, 
which mainly exert a positive regulation, and heterogeneous 
nuclear ribonucleoproteins (hnRNPs), which, on the contrary, 
usually inhibit splicing  (Matlin et al., 2005) (Figure 1). Other 
RBPs not belonging to neither of these two classes can also 
modulate AS events, as the multifunctional RBP SAM68 (Bielli et 
al., 2011), thus further intriguing the scenario of AS regulation. 
Even if SR proteins are generally described as splicing activators 
and hnRNPs as splicing repressors, their splicing activity, as well 
as of the other RBPs, is actually dependent on the location of their 
binding sites and on the outcome of their competition with other 
splicing factors (Matlin et al., 2005). For example, it has been 
shown that the commonly defined splicing repressor PTB (also 
known as hnRNPI) can also act as splicing activator, depending 
on the position of its binding site (Llorian et al., 2010). Indeed, a 
microarray analysis has revealed that PTB acts as a splicing 
repressor when its target pyrimidine-rich motifs are located within 
or upstream an alternative exon, whereas it acts as splicing 
activator on target motifs downstream alternative exons (Llorian 
et al., 2010). PTB also offers a clear example of regulative 
competition between different splicing factors, as it has been 

Figure 1. AS regulatory elements: AS is regulated by cis-regulatory 
sequences in the pre-mRNA that promote (ESE - exonic splicing enhancer, 
ISE - intronic splicing enhancer or inhibit (ESS - exonic splicing silencer, 
ISS - intronic splicing silencer splicing. These elements are recognized by 
two main families of trans-acting factors, the SR proteins (SR) and the 
heterogeneous nuclear ribonucleoproteins (hnRNP), which respectively 
enhance or inhibit spliceosome assembly on 5' and 3' splice sites (adapted 
from Kornblihtt et al., 2013). 
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shown that its repressive activity is due to the ability to compete 
out from target exons the auxiliary splicing factor U2AF, thus 
impairing recruitment of the U2 snRNP component of the 
spliceosome (Izquierdo et al., 2005) (Sharma et al., 2005). 
Activity and expression of splicing factors is frequently 
deregulated in cancer cells and a proper proto-oncogenic activity 
has been identified for some of them (Grosso et al., 2008). Indeed, 
it has been shown that overexpression of the SR protein SRSF1 or 
of the hnRNPA2/B1 is sufficient to induce malignant 
transformation of immortalized cells (Karni et al., 2007) (Golan-
Gerstl et al., 2011). Interestingly, these splicing factors, as many 
others RBPs, have been found up-regulated in several different 
tumor types, strongly supporting suggestions for their pivotal role 
in carcinogenesis (Grosso et al., 2008).  
An important layer of control of the activity of both spliceosome 
components and auxiliary RBPs is their post-translational 
modifications, such as ubiquitination (Song et al., 2010), 
acetylation and phosphorylation (Edmond, et al., 2011). 
Importantly, reversible phosphorylation plays an outstanding role 
in the modulation of both constitutive and AS, with many protein 
kinases and phosphatases involved in such regulation (Stamm, 
2008). Both phosphorylation and dephosphorylation events are 
required for the proper catalysis of splicing by the spliceosome 
(Mermoud et al., 1994). Moreover, phosphorylation can modulate 
the activity of splicing factors by affecting several aspects of their 
functionality, such as their subcellular localization (Misteli et al., 
1998) (van der Houven van Oordt et al., 2000), their binding to 
target pre-mRNAs (Tacke et al., 1997)  and their interaction with 
other proteins (Cho et al., 2011). On particular, the importance of 
reversible phosphorylation in the regulation of AS lies on its 
ability to modulate gene expression in response to both internal 
and external cues (Shin and Manley, 2004). Phosphorylation of 
splicing factors by both signaling-activated kinases and splicing-
factor specific kinases, as those of the SR-Protein Kinases 
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(SRPKs) family, allows integration of AS regulation with the 
other mechanisms of gene expression modulation activated by the 
cells as a response to specific stimuli (Matter et al., 2002) (Zhou 
et al., 2012). 
Up-regulation of the kinases and aberrant activation of the signal-
pathways controlling the phosphorylation status of splicing factors 
are among the main causes of the altered splicing regulation 
observed in cancer cells (Amin et al., 2011) (Locatelli  and Lange, 
2011). For instance, overexpression of the prototypical SR-protein 
kinase SRPK1 has been documented in several different cancer 
types (Hayes et al., 2007). In addition, it deserves to be noticed 
that phosphorylation of splicing factor is also carried out by 
protein kinases totally unrelated to the splicing process, such as 
the centrosomal kinase AURKA (Moore et al., 2010), or even by 
proteins totally unexpected to have a kinase activity, such as the 
DNA topoisomerase I (Soret et al., 2003); therefore, it cannot be 
ruled out that other protein kinases up-regulated in cancer cells 
could be involved in the dysregulation of AS associated to 
tumoral transformation. 

1.3 Transcriptional and epigenetic control of alternative 
splicing 

It is now well-established that pre-mRNA maturation occurs  co-
transcriptionally, meaning that splicing, as well as  capping, 
termination and polyadenylation, takes place while the RNA 
polymerase II (RNAPII) is still transcribing (Brown et al., 2012). 
Co-transcriptionality determines a reciprocal control between the 
transcriptional apparatus and the splicing machinery (de la Mata 
et al., 2003) (Lin et al., 2008) and it establishes an intimate 
connection between the nascent pre-mRNA and the template 
DNA, which allows chromatin structure and epigenetic 
modifications to modulate both the transcription and the splicing 
process (Schwartz and Ast, 2010). 
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Currently, two non-mutually exclusive models have been 
proposed to describe the transcriptional and epigenetic control of 
AS: the “kinetic model” and the “recruitment model” (Figure 2) 
(Pandya-Jones, 2011) (Luco et al., 2011). 
The “kinetic model” states that variation of the transcriptional 
elongation rate of the RNAPII can influence AS events by 
modulating the lapse of time during which each exon is accessible 
to the splicing machinery (Figure 2A) (Carrillo Oesterreich et al., 
2011). Indeed, a slow elongation rate of the RNAPII allows the 
recognition by the splicing machinery of the weak splice sites of 
alternative exons before the synthesis of competing downstream 
exons, leading to its commitment to the splicing reaction (de la 
Mata et al., 2010). 

Figure 2. Transcriptional and epigenetic control of AS: Two models, the 
"kinetic model"(A) and the "recruitment model" (B) describe the 
transcriptional and epigenetic control of AS. (A) Modulation of the 
elongation rate of the RNAPII affects AS: a slow elongation rate favors 
recognition by the spliceosome of weak alternative exons before that 
downstream exons are transcribed; on the contrary a fast elongation rate 
favors exon skipping events. Epigenetic modifications can induce local 
changes in RNAPII processivity. (B) Both the CTD of the RNAPII and 
histones modification can act as docking site for the recruitment of RBPs, 
directly or through the mediation of a chromatin binding protein (CBP) 
(adapted from Shukla and Oberdoerffer, 2012). 
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In this regard, several reports have recently highlighted the ability 
of chromatin modifications, such as DNA methylation (Shukla et 
al., 2011) or histone acetylation (Hnilicová et al., 2011), to 
influence AS events by affecting RNAPII dynamics. Moreover, it 
has been displayed that splicing factors can regulate AS by 
inducing local changes in the chromatin structure and thereby in 
RNAPII processivity, as observed for HU proteins (Zhou et al., 
2011). These RBPs have indeed been shown to promote the 
skipping of their target exons by locally recruiting HDAC2, which 
induces a local increase of histone acetylation that in turn causes a 
local acceleration of the RNAPII (Zhou et al., 2011). Variations of 
the transcription rate of the RNAPII are also associated to changes 
in the phosphorylation status of the regulatory C-terminal domain 
(CTD) of the RNAPII (Muñoz et al., 2010). For example, it has 
been shown that the modulation of the AS of several apoptotic 
genes after DNA damage is due to the hyperphosphorylation of 
the CTD of the RNAPII and the subsequent inhibition of the 
transcriptional elongation (Muñoz et al., 2009).  
According to the “recruitment model” both the CTD of the 
RNAPII and histone modifications can act as molecular platform 
for the recruitment of specific splicing factors on their target pre-
mRNAs (Figure 2B) (Muñoz et al., 2010) (Luco et al., 2011). The 
CTD of the RNAPII is indeed reported to interact with several 
splicing factors, like SRSF3 (previously known as SRp20) (de la 
Mata and Kornblihtt, 2006) or SAM68 (Cappellari et al., 2013), 
and to favor their recruitment on target pre-mRNAs. Moreover, it 
has been shown that binding of splicing factors to target exons can 
be facilitated by their interaction with chromatin adaptor proteins 
recognizing specific histone modifications (Luco et al., 2010). For 
instance, PTB recruitment on its target pre-mRNAs is enhanced 
by its interaction with the adaptor protein MRG5, which 
specifically binds to the H3K36me3, a histone mark enriched on 
PTB target genes (Luco et al., 2010).  
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Since their impact on transcriptional dynamics and recruitment of 
splicing factors, epigenetic modifications definitely represent an 
important layer of control of the AS process, which certainly 
deserves future intense studies, aimed at discovering to which 
extent the AS alterations observed in cancer cells can be due to 
epigenetic aberrations and whether they could be rescued 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 of NIMA-
related kinases or NEKs. This protein family owes its name to the 
high homology of its members with the never-in-mitosis A 
(NIMA) kinase, originally identified as a regulator of mitosis in 
the filamentous fungus Aspergillus nidulans (Fry, 2002). In 
human cells the NEKs family is composed of eleven members 
(NEK1-11), which, with the exception of NEK10, share a similar 
catalytic domain at their N-terminus and important roles in the 
cell cycle control, in particular during the mitotic progression (Fry 
et al., 2012). 
NEK2 is the member of the NEKs human family most closely 
related to the NIMA protein, having a 44% of homology within 
their catalytic domain (Fry, 2002). 
NEK2 structure is characterized by the prototypical N-terminal 
catalytic domain and a C-terminal regulatory region, where a 
proximal leucine zipper domain and a terminal coiled coil domain 
are located (Figure 3) (Fry, 2002).  The C-terminal domain of 
NEK2 mediates its interaction with its substrates (Fry et al., 
1998a) (Jeong et al., 2007) and, through the leucine zipper motif, 
NEK2 homodimerization, which is essential for its activating 
auto-phosphorylation (Fry et al., 1999). 
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NEK2 is mainly localized in the centrosome (Fry et al., 1998b); 
both its expression and activity are cell cycle regulated, being low 
during the M and G1 phase, progressively increasing during the S 
phase and reaching their maximum levels in the late G2 phase 
(Fry et al., 1995). This temporal pattern of expression well 
correlates with the observed NEK2 ability to regulate centrosome 
separation, a critical event in the G2-M transition (Fry et al., 
1998). 
Interestingly, the NEK2 transcript undergoes AS, which leads to 
the formation of three main isoforms, NEK2 A, B and C, having a 
different temporal and spatial pattern of expression (Hames and 
Fry, 2002) (Wu et al., 2007). NEK2A is the predominant 
canonical splice-variant; its expression peaks during the S and G2 
phases of the cell cycle and rapidly decreases when entering 
mitosis. NEK2A is mainly localized in the centrosome and its 
non-centrosomal pool is equally distributed among nucleus and 
cytoplasm (Hames and Fry, 2002) (Wu et al., 2007). The selection 
of an alternative polyadenylation signal within the intron 7 of the 
NEK2 pre-mRNA gives rise to a shorter isoform, named NEK2B. 
NEK2B lacks part of the C-terminal region of the canonical 
variant (Hames and Fry, 2002) and its non-centrosomal pool is 
mainly localized in the cytoplasm (Wu et al., 2007). In particular, 
NEK2B lacks of the cyclin A-like D-box and the KEN box, which 
allow NEK2 targeting to proteasomal degradation by the anaphase 
promoting complex/cyclosome (APC/C) (Hames et al., 2001) 
(Figure 3). Therefore NEK2B protein levels remain elevated 
during the whole M phase and begin to decline just at the re-entry 
in the G1-phase (Hames and Fry, 2002). The third variant, 
NEK2C, differs from the canonical NEK2A just for a short 
deletion of eight residues in the C-terminal domain (∆371-378), 
due to the choice of an alternative 3’SS within the terminal exon 
8. Lack of these eight residues creates a strong nuclear 
localization signal in the NEK2C protein that causes its nuclear 
accumulation (Wu et al., 2007). 
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The primary function of NEK2 is the regulation of centrosome 
separation during the G2/M transition, through the 
phosphorylation of its specific substrates, C-NAP1 and 
ROOTELIN (Fry et al., 2012). These two proteins are key 
components of the intercentriolar linkage material, which keeps 
tethered the duplicated centrioles before splitting (Nigg and 
Stearns, 2011). Several reports have indeed suggested that C-
NAP1 and ROOTELIN dissociation from the centrosome is 
triggered by their NEK2-mediated phosphorylation (Fry et al., 
1998a) (Bahe et al., 2005). The localized activity of NEK2 at the 
centrosome is regulated by the kinase MST2 and the scaffold 

Figure 3. NEK2 protein structure. Three different isoforms of the NEK2 
gene are generated through AS: NEK2A, NEK2B, and NEK2C. All three 
NEK2 variants are identical in their N-terminal kinase domain and leucine 
zipper (LZ) dimerization motif. They differ in their C-terminal domain: 
NEK2B is the shortest isoform, lacking of the PP1 binding site, the coiled 
coil (CC) domain and the APC degradation motifs present in NEK2A and 
NEK2C. NEK2C shows a short deletion of eight residues in the C-terminus 
respect to the longest isoform NEK2A, creating a strong nuclear localization 
signal (NLS). (Alternative polyadenylation signal, alternative 3’ splice sites 
(SS) and aminoacids number are indicated). 
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protein hSAV1, which target phosphorylated NEK2 at the 
centrosome (Mardin et al., 2010). NEK2 activity is counteracted 
by the protein phosphatase PP1: both isoforms PP1α and PP1γ 
have been found to interact with NEK2 and to counteract its 
activity, by mediating C-NAP1 dephosphorylation (Helps et al., 
2000) (Meraldi and Nigg, 2001). Timely activation of NEK2 at 
the G2/M boundary is guided by another centrosomal kinase, the 
polo-like kinase 1 (PLK1): PLK1 phosphorylation of MST2 
weakens the interaction between NEK2 and PP1γ, leading to its 
dissociation from the complex MST2-NEK2-PP1γ; consequent 
PP1γ leaving from the centrosome allows NEK2 to phosphorylate 
C-NAP1 and to induce centrosome splitting (Mardin et al., 2011). 
A correct balance between the activity of both protein kinases and 
protein phosphatases is therefore required for a proper centrosome 
separation (Mardin and Schiebel, 2012). 
Other centrosomal proteins, such as NLP and CENTROBIN, are 
target of the kinase activity of NEK2, strongly suggesting a 
crucial role for this protein for the proper formation of the bipolar 
mitotic spindle (O'regan et al., 2007). Moreover, NEK2 has been 
found to interact with components of the spindle assembly 
checkpoint (SAC), like the kinetochore proteins MAD1 (Lou et 
al., 2004), MAD2 (Liu et al., 2010) and HEC1 (also known as 
NDC80) (Chen et al., 2002). In particular, NEK2, in antagonism 
with PP1, regulates HEC1 phosphorylation on Ser165 at 
kinetochores of misaligned chromosomes, which represents a 
crucial event for the activation of the SAC signaling (Wei et al., 
2011).  

2.2 Role of NEK2 in cancer 

NEK2, as well as several other mitotic kinases, such as 
AURORA-A or PLK1, is up-regulated in different tumor types, 
strongly suggesting their involvement in the chromosome 
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instability and aneuploid phenotype observed in cancer cells 
(Hayward and Fry, 2006). 
NEK2 overexpression has been documented for many different 
kind of tumors, such as breast carcinomas (Hayward et al., 2004), 
lung adenocarcinoma (Landi et al., 2008), testicular seminomas 
(Barbagallo et al., 2009) and diffuse large B cell lymphomas 
(Andréasson et al., 2009). The causes of NEK2 up-regulation in 
cancer cells have been suggested to be the amplification of its 
locus within the chromosomal region 1q32 (Hayward and Fry, 
2006) and the up-regulation of its transcriptional regulator 
Forkhead box M1B (FOXM1) (Calvisi et al., 2009).  
Oncogenic potential of NEK2 overexpression is mainly due to the 
resulting alterations of the centrosome duplication cycle (Fry et 
al., 1998b). Indeed, it has been shown that NEK2 overexpression 
in non-transformed epithelial cells induces aberrant amplification 
of centrosomes and subsequent aneuploidy (Hayward et al., 
2004), which is known to contribute to tumoral transformation 
(Vitre and Cleveland, 2012). Furthermore, a recent report has 
suggested that overexpression of NEK2 promotes drug-resistance 
in cancer cells by activating the AKT pathway and increasing the 
nuclear levels of β-catenin, a key factor of the WNT pathway 
(Zhou et al., 2013). NEK2 induced deregulation of these two 
pathways has been demonstrated to induce in myeloma cell lines 
the up-regulation of the ABC transporter family members (Zhou 
et al., 2013), which are drug-efflux pumps contributing to the 
onset of drug resistance in cancer cells (Wu, et al., 2008a). 
Moreover, by using a Drosophila melanogaster model, it has been 
recently shown that alteration of the AKT and WNT pathways due 
to NEK2 overexpression alters the expression of cell migration 
markers such as RHO1, RAC1 and E-CADHERIN, thus 
suggesting a positive role for this centrosomal kinase in tumor 
invasion and metastasis (Das et al., 2013). Interestingly, some of 
these recent studies supporting a prognostic role for NEK2 
overexpression in human cancer have highlighted a peculiar 
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nuclear localization for this kinase in different tumor types 
(Barbagallo et al., 2009) (Zhou et al., 2013), suggesting the 
existence of centrosomal unrelated functions for NEK2, whose 
characterization would allow to shed light on its oncogenic 
activity. 
Given the strong correlation between NEK2 expression and drug-
resistance and poor prognosis in human cancer (Zhou et al., 
2013), targeting NEK2 activity represents an attractive approach 
for the development of new anti-cancer therapies. In line with 
these suggestions, several studies have shown that inhibition of 
NEK2 activity (Wu et al., 2008b) or suppression of its expression 
(Tsunoda et al., 2008) negatively affect cancer cells proliferation 
and invasion, as it has been demonstrated in both in vitro and in 
vivo models of cholangiocarcinoma (Kokuryo et al., 2007) and 
breast cancer (Cappello et al., 2013). These observations strongly 
suggest that developing new therapies targeting NEK2 activity 
can be a powerful tool in cancer treatment, highlighting the 
importance of new studies fully deciphering its oncogenic 
potential.
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Aims 

AS is one of the key process taking part to the complex regulative 
network of co- and post-transcriptional mechanisms regulating 
gene expression in eukaryotic cells. AS is, indeed, a powerful tool 
for eukaryotic cells to increase the coding potential of their 
genomes and to finely regulate their gene expression in order to 
maintain correct cellular homeostasis.  
Aims of this project has been to investigate some of the multiple 
mechanisms controlling AS and their involvement in the aberrant 
regulation of the AS concurring to tumoral transformation. 
First, we attempted to investigate the nuclear function of the 
centrosomal kinase NEK2 and its possible involvement in the 
regulation of the AS through its interaction with several splicing 
factors.  
Secondly, we have investigated whether the histone deacetylases 
inhibitor (HDACi) LBH589 can affect the splicing of genes 
relevant for prostate cancer proliferation and we have approached 
to the study of the mechanisms underlying this regulation, in order 
to shed light on the reciprocal control between AS and 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 to the family of the 
NIMA kinases, which are well known as key regulators of the cell 
cycle (Fry et al., 2012). In particular, NEK2 promotes 
centrosomes splitting and insures correct chromosomes 
segregation during the G2/M phase of the cell cycle through the 
phosphorylation of specific substrates, such as the centrosomal 
protein C-NAP1 (Fry et al., 1998b). Aberrant expression and 
activity of NEK2 leads to dysregulation of the centrosome cycle 
and aneuploidy (Hayward and Fry, 2006). Thus, a tight regulation 
of NEK2 activity and expression is needed during cell cycle 
progression. 
NEK2, as other centrosomal kinases, is up-regulated in several 
human cancers, such as breast carcinomas, testicular seminomas, 
and myelomas and its expression levels have been proposed as an 
accurate prognostic marker. In both testicular seminomas and 
myelomas, NEK2 overexpression correlates with its nuclear 
localization. This observation suggests the existence of unknown 
nuclear functions for NEK2 in cancer cells, which have been 
object of our further investigation. 

1.1 NEK2 is enriched in the nucleus of cancer cells 

NEK2 is enriched in the nucleus of human testicular seminoma 
cells (Barbagallo et al., 2009). Nuclear localization of this kinase 
was also recently observed in myeloma cells and shown to 
correlate with poor prognosis (Zhou et al., 2013). To investigate 
whether other cancer cells that overexpress NEK2 share this 
nuclear localization, we performed immunohistochemistry 
analysis of tissue specimens derived from cancer patients. Using a 
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previously validated antibody (Barbagallo et al., 2009), we 
observed that NEK2 staining was concentrated in the nucleus of 
breast and lung cancer cells (Figure 1A). In colon, prostate and 
cervix cancer cells, although it was also detected in the cytoplasm, 
NEK2 staining was enriched in nucleus (Figure 1A). Confocal 
immunofluorescence analyses of NEK2 localization in cell lines 
derived from breast cancer (MCF7; Figure 1B), seminoma 
(TCam-2), prostate cancer (PC-3), colon carcinoma (Caco-2) and 
cervix cancer (HeLa) (Supplementary Figure S1) suggest that 
nuclear localization of NEK2 is a common feature of human 
cancer cells. 

Figure 1. NEK2 localizes in the nucleus of cancer cells. (A) 
Immunohistochemistry of NEK2 in testicular seminomas, breast, prostate, 
lung and cervix cancer specimens (scale bar = 25 µm). (B,C) Confocal 
immunofluorescence analysis of MCF7 cells stained with anti-NEK2 (red) 
antibody and Hoechst (blue) (B, scale bar = 10 µm) or with anti-NEK2 
(green), anti-SRSF1 (red, upper panel) or anti-SRSF2 (red, lower panel) (C, 
scale bar = 5 µm). White arrows indicate co-localization in speckles. 



Dottorato di Ricerca in Scienze e Tecnologie Cellulari 
________________________________________________________________ 

 
 

Pag. 23 
 

NEK2 is expressed as three alternative splice variants, named 
NEK2A, B and C (Supplementary Figure S2A) (Wu et al., 2007). 
NEK2A and B differ in the C-termini because an alternative 
polyadenylation signal in intron 7 is used in NEK2B, thus 
preventing inclusion of the last exon 8 (Hayward and Fry, 2006). 
Notably, exon 8 encodes for protein degradation motifs in 
NEK2A, which mediate its degradation in mitosis (Hayes et al., 
2006). NEK2C is identical to NEK2A with the exception of a 
small internal deletion of 8 amino acids (∆371-378), due to usage 
of a downstream splice acceptor site in exon 8 (Wu et al., 2007). 
Although the biochemical features of NEK2C are 
undistinguishable from those of NEK2A, deletion of this sequence 
creates a nuclear localization signal (NLS) that promotes NEK2C 
accumulation in the nucleus (Wu et al., 2007). To investigate 
which splice variant was prevalently expressed in cancer cell  

Supplementary Figure S1. NEK2 nuclear localization in cancer cells. (A) 
Immunofluorescence analysis of TCam-2 (seminoma), PC-3 (prostate), Caco-
2 (colon) and HeLa (cervix) cancer cells stained with rabbit anti-NEK2 (red) 
antibody and Hoechst (blue) and analysed by fluorescence microscope. Scale 
bar = 10 µm.  
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Supplementary Figure S2. NEK2 spliced-variants expression and 
localization. (A). Schematic representation of the NEK2 gene and of its 
alternative splice variants, NEK2A, NEK2B, and NEK2C (see introduction 
for details). Black arrows indicate primers used for the RT-PCR analysis. (B) 
RT-PCR amplification of NEK2 spliced-variants from HeLa (cervix), MCF7 
(breast), PC-3 (prostate), TCam-2 (seminoma) cancer cells (upper panel). 
PCR products were separated on 10% polyacrylamide gel and stained with 
ethidium bromide. HPRT expression levels were evaluated as loading 
control. Bar graph (lower panel) represents densitometric analysis for the 
NEK2A/NEK2C ratio (mean ± SD, n=3). (C) HeLa cells were transfected 
with expression vectors for the GFP-tagged NEK2 spliced-variants and fixed 
24h after transfection for fluorescence-microscopy analysis. Nuclei were 
stained with Hoechst (blue). Scale bar = 20 µm. 
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lines, we performed RT-PCR analyses using variant-specific 
primers (Supplementary Figure S2A). NEK2A and B were readily 
detected in all cell lines analysed, whereas NEK2C was barely 
detectable (Supplementary Figure S2B), suggesting that its 
expression is unlikely to account for the nuclear localization of 
NEK2 in cancer cells. Previous results indicated that a substantial 
fraction of NEK2A localizes in the nucleus when the protein is 
overexpressed (Wu et al., 2007). In line with this report, we 
observed that overexpression of NEK2A was sufficient to allow 
its accumulation in the nucleus of HeLa cells, with a localization 
pattern that closely resembled that of NEK2C (Supplementary 
Figure S2C), whereas NEK2B remained mainly cytoplasmic 
(Supplementary Figure S2C). These results suggest that up-
regulation of NEK2A is likely responsible for the nuclear 
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 granules of variable 
size and irregular shape (Figure 1B, Supplementary Figure S1), 
which resembled the splicing speckles, the interchromatin regions 
enriched in splicing factors (Spector and Lamond, 2011). 
Confocal immunofluorescence analysis in MCF7 cells confirmed 
that NEK2 co-localizes in the nuclear speckles with SRSF1 and 
SRSF2 (Figure 1C), two SR proteins commonly used as markers 
of these structures (Spector and Lamond, 2011). We next used 
subcellular fractionation experiments to confirm the association of 
NEK2 with splicing factors. By using this technique, it was 
documented that splicing factors accumulate in the nuclear 
matrix-attached insoluble fraction (Lin et al., 2005). Analyses of 
cytosolic (S), nuclear soluble (NS), and nuclear matrix-attached 
insoluble (NI) fractions confirmed that splicing factors were 
enriched in the NI fraction isolated from MCF7, PC-3 and TCam-



Chiara Naro 
________________________________________________________________ 

 
 
Pag. 26 
 

2 cells (Figure 2A). In addition, we observed that NEK2 was also 
enriched in both the NS and the NI fraction in all cell lines tested 
(Figure 2A). The molecular weight of this band corresponded to 
that of NEK2A and C. A faster migrating band corresponding to 
the molecular weight of NEK2B was instead detected in the 
cytosolic fraction.  
NEK2 interacts with substrates and activators through the 
carboxyl terminal regulatory region (residues 273-445, 
Supplementary Figure S2A) (Hayward and Fry, 2006). Thus, we 
used purified GST-NEK2A (271-445) fusion protein as bait in 
affinity chromatography of nuclear extracts isolated from MCF7 
and PC-3 cells. GST-NEK2A (271-445) selectively associated 
with some splicing regulators, as SRSF1, hnRNPA1, hnRNPF and 
SAM68, but not others, as SRSF3 and hnRNPC1/C2 (Figure 2B). 

Figure 2. NEK2 associates with splicing factors. (A) Cytosolic (C), nuclear 
soluble (NS) and nuclear insoluble matrix-associated (NI) fractions of MCF7, 
PC-3, TCam-2 cells were analysed by Western blot using antibodies for 
NEK2 and indicated splicing factors. LAMIN B and TUBULIN were 
evaluated as nuclear matrix and cytosolic markers. (B) Western blot analysis 
for the indicated splicing factors in pull-down assays of MCF7 and PC-3 
nuclear extracts with GST-NEK2A (271-445) fusion protein and GST (as 
negative control). Coomassie staining shows the purified GST and GST-
NEK2A (271-445) fusion protein (lower panels). 
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These results suggest that NEK2 interacts with specific splicing 
factors in the cell nucleus.  

1.3 NEK2 is a splicing factor kinase 

Next, we set out to determine whether splicing factors were 
substrates for NEK2. We focused on SR proteins because their 
splicing activity is finely tuned by phosphorylation (Long and 
Caceres, 2009) (Zhou and Fu, 2013). As first step, we determined 
whether SRSF1 and SRSF7 were directly phosphorylated by 
NEK2. Kinase assays using purified full-length HIS- or GST-
fusion proteins of these splicing factors showed that purified 
NEK2 efficiently phosphorylates SRSF1 and SRSF7 in vitro 
(Figure 3A). We focused the rest of our study on SRSF1 because 
it was more efficiently phosphorylated by NEK2. Furthermore, 
this splicing factor is a bona fide oncogene (Karni R., 2007) and it 
is upregulated in several human cancers, including breast and 
prostate carcinomas, where it modulates cancer-relevant AS 
events (Anczuków et al., 2012) (Olshavsky et al., 2010). 
First, we investigated whether the interaction between NEK2 and 
SRSF1 also occurred in live cells. We found that GFP-NEK2C 
(Figure 3B) and GFP-NEK2A (Supplementary Figure S3A) were 
efficiently co-immunoprecipitated with FLAG-SRSF1 in 
HEK293T cells, whereas the cytosolic GFP-NEK2B was not 
(Supplementary Figure S2C and S3B). Next, to verify the ability 
of NEK2 to phosphorylate SRSF1 in live cells, we co-expressed 
wild type or kinase-dead GFP-NEK2C with GFP-SRSF1. When 
expressed alone, GFP-SRSF1 yielded two bands, with the faster 
migrating band being more abundant, indicating that the bulk of 
the protein is hypophosphorylated (Figure 3C). Expression of wild 
type NEK2C increased the amount of the higher molecular weight 
band of SRSF1, suggesting its hyperphosphorylation, whereas 
kinase-dead NEK2C was ineffective (Figure 3C). A similar result 
was obtained with NEK2A (Supplementary Figure S3C), 
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indicating that both NEK2 splice variants can phosphorylate 
SRSF1 in live cells. 

 

Figure 3. NEK2 phosphorylates splicing factors. (A) Purified NEK2 was 
incubated with purified GST (as negative control), SRSF1-(His)6, SRSF1-
GST or SRSF7-(His)6 proteins and γ-[32P]ATP. Phosphorylation levels were 
detected by autoradiography (* indicates autophosphorylated NEK2). 
Coomassie staining shows the purified proteins (lower panel). (B) Western 
Blot analysis with anti-GFP and anti-FLAG antibodies of the 
immunoprecipitation assay performed with control mouse IgG or anti-FLAG 
antibody of nuclear extracts of HEK293T expressing FLAG-SRSF1 and 
GFP-NEK2C. (C) Western Blot analysis using anti-GFP antibody of 
HEK293T cells transfected with GFP-SRSF1, wild-type NEK2C (WT) or 
kinase-dead NEK2C (KD). ACTIN was used as loading control.  
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1.4 NEK2 behaves as an SR protein kinase in live cells  

Having established that NEK2 phosphorylates SRSF1, we asked 
whether it behaves as an SR protein kinase (SRPK). For these 
studies, we focused on NEK2C, which was chosen for its almost 
exclusive localization in the nucleus (Wu et al., 2007). 
Overexpression of NEK2C induced a pattern of SR proteins 
phosphorylation similar to that elicited by SRPK1, a prototypical 
SRPK (20), leading to phosphorylation of SRSF6 (SRp55), 
SRSF5 (SRp40) and SRSF2/SRSF9 (SRp30) (Figure 4A). 

Supplementary Figure S3. NEK2A phosphorylates SRSF1 in vivo. (A,B) 
Western Blot analysis with anti-GFP and anti-FLAG antibodies of the 
immunoprecipitation assay performed with control mouse IgG or anti-FLAG 
antibody of nuclear extracts of HEK293T expressing FLAG-SRSF1 and 
GFP-NEK2A (A) or of total extracts of HEK293T expressing FLAG-SRSF1 
and GFP-NEK2B (B). (C) HEK 293T cells were transfected with GFP-
SRSF1, wild-type NEK2A (WT) or kinase-dead NEK2A K37R (KD) 
vectors. Cell lysates were resolved on SDS-PAGE and expression of 
recombinant proteins was detected by Western Blot using anti-GFP antibody. 
ACTIN was used as loading control. 
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Figure 4. NEK2 phosphorylates SR proteins and modulates E1A 
splicing. (A) Western Blot analysis of SR proteins phosphorylation in HeLa 
cells transfected with FLAG-SRPK1 or GFP-NEK2C using the anti-SR 
proteins 1H4 antibody. TUBULIN was detected as loading control. (B) 
Schematic representation of the alternative splice variants of the E1A 
minigene. (C) RT-PCR analysis (upper panel) of the in vivo splicing assay in 
HeLa cells transfected with the E1A minigene and increasing doses of 
FLAG-SRPK1, GFP-NEK2C WT or GFP-NEK2C KD. Over-expression 
efficiency was assessed through anti-FLAG and anti-GFP Western Blot. 
TUBULIN was evaluated as loading control.  Bar graph (lower panel) 
represents densitometric analysis for the major E1A splice variants (13S, 
12S, 9S) evaluated in presence of the highest dose of vectors (mean ± SD, 
n=3).  
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Next, we tested whether NEK2 functionally regulates the activity 
of SR proteins. Previous reports demonstrated that overexpression 
of SRPK1 modulates splicing of the E1A reporter minigene 
(Zhong et al., 2009), a commonly used splicing target that 
contains several 5' and 3' alternative splice sites (ss) (Figure 4B). 
As expected (Zhong et al., 2009), we observed that increasing the 
expression of SRPK1 in HeLa cells caused a dose-dependent 
switch from the 13S to the 9S 5' splice site of the E1A minigene 
(Figure 4C). Remarkably, upregulation of NEK2C caused a 
similar switch in E1A splicing. This effect required the kinase 
activity of NEK2, as the kinase-dead mutant had no effect (Figure 
4C). Thus, NEK2 displays features of an SRPK in live cells.   

1.5  NEK2 expression modulates SRSF1-dependent BCL-
X splicing  

Phosphorylation of SR proteins regulates their splicing activity 
(Long and Caceres, 2009) (Zhou and Fu, 2013). Thus, we asked 
whether NEK2 could modulate the AS of an endogenous target of 
SRSF1, such as the BCL-X gene (Paronetto et al., 2007) (Moore et 
al., 2010). Selection of two alternative 5' ss in exon 2 of BCL-X 
leads to the production of two splice variants: the anti-apoptotic 
BCL-XL and the pro-apoptotic BCL-XS (Boise, 1993). SRSF1 
promotes selection of the proximal 5' ss leading to expression of 
BCL-XL  (Paronetto et al., 2007) (Moore et al., 2010). By 
performing real time quantitative PCR (qPCR) using exon 
junction-specific primers for BCL-XL and BCL-XS (Figure 5A), 
we found that overexpression of NEK2C in HeLa cells increased 
the BCL-XL/BCL-XS ratio to a similar extent as overexpression of 
SRSF1 (Figure 5B). 
Importantly, this effect was not due to activation of SRPK1. 
Indeed, while knockdown of SRPK1 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-
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apoptotic BCL-XL variant in SRPK1-depleted cells as observed in 
control cells (Figure 5C). 
 
 

Figure 5. NEK2 modulates BCL-X AS affecting SRSF1 activity. (A) 
Schematic representation of the BCL-X AS. Black arrows indicate exon-
junction primers used for qRT-PCR analysis. (B,C) qRT-PCR analysis of 
endogenous BCL-X splice-variants. Bar graphs represent BCL-XL/BCL-
XS ratio (mean ± SD, n=3, *p<0,05). HeLa cells were transfected with 
mock, GFP-NEK2C or GFP-SRSF1 (B) or with either scramble (si-SCR) 
or SRPK1 (si-SRPK1) siRNAs and then with or without GFP-NEK2C 
(C). Silencing and over-expression efficiency was assessed by Western 
blot analysis. (D) RT-PCR analysis of the in vivo splicing assay of BCL-
X minigene in HEK293T cells transfected with scramble (si-SCR), NEK2 
(si-NEK2), SRPK1 (si-SRPK1) or both NEK2 and SRPK1 (si-NEK2/si-
SRPK1) siRNAs and with or without FLAG-SRSF1. Bar graph represents 
the densitometric analysis of the BCL-XL/BCL-XS ratio, normalized for 
the value obtained in cells transfected with scramble siRNA and empty 
vector, set to 1 (mean ± SD, n=3, **p<0,01). Silencing and over-
expression efficiency was assessed by Western Blot analysis (right panel). 
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To determine whether NEK2 expression affected the ability of 
SRSF1 to modulate BCL-X AS, we employed a minigene that 
recapitulates the splicing of the endogenous gene (Massiello A. S., 
2004). We found that knockdown of NEK2 in HEK293T cells 
slightly enhanced splicing of the pro-apoptotic BCL-XS variant 
(Figure 5D). Moreover, while transfection of suboptimal amounts 
of SRSF1 efficiently promoted splicing of the anti-apoptotic BCL-
XL variant in control cells (si-SCR), this effect was partially 
impaired when NEK2 was silenced (Figure 5D). Importantly, 
similar effects were also observed when SRPK1 was knocked 
down, even though silencing of both NEK2 and SRPK1 did not 
exert additive effect on SRSF1-induced BCL-X splicing  (Figure 
5D).  

1.6 NEK2 is involved in the regulation of apoptosis 

Next, we sought out to determine whether AS of known 
endogenous targets of SRSF1 was affected by the knockdown of 
NEK2 in HeLa cells. We examined the splicing pattern of SRSF1 
target transcripts from three genes with roles in cancer and for 
which AS variants have been characterized: BCL-X, MKNK2 and 
BIN1 (Karni R., 2007) (Paronetto et al., 2007) (Moore et al., 
2010) (Adesso et al., 2013). For comparison, we also knocked 
down SRSF1 and SRPK1 in parallel experiments (Figure 6A,B). 
Transient knockdown of NEK2 in HeLa cells resulted in 
decreased ratio of BCL-XL/BCL-XS and MNK2b/MNK2a, and 
induces skipping of exon 12A in BIN1 mRNA variants, without 
affecting SRSF1 expression. All the splicing changes exerted by 
NEK2 depletion favoured pro-apoptotic splice variants and were 
recapitulated by knockdown of either SRSF1 or SRPK1, although 
to different extent for the three genes (Figure 6A,B).  
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Moreover, as observed for BCL-XL, overexpression of either 
NEK2C or SRSF1 promoted splicing of  anti-apoptotic MKNK2 
and BIN1 variants (Supplementary Figure 4A). These results 
indicate that NEK2 contributes to the regulation of SRSF1 
splicing activity. 

Figure 6. NEK2 silencing affects splicing of SRSF1 target genes and 
sensitize cells to apoptosis. (A) Schematic representation of the SRSF1-
regulated of BCL-X, MKNK2 and BIN1 AS events (left panel). Black 
arrows indicate primers used for the qRT-PCR analysis performed in 
HeLa cells transfected with scramble (si-SCR), NEK2 (si-NEK2), SRPK1 
(si-SRPK1) or SRSF1 (si-SRSF1) siRNAs. Ratio of the AS variants are 
represented in the bar graph (mean ± SD, n=3, *p<0,05, **p<0,01) (right 
panel). (B) Western Blot analysis assessing NEK2, SRPK1 and SRSF1 
silencing efficiency. (C,D) Western Blot analysis of PARP1 cleavage (C) 
and quantitative analysis of cleaved-CASPASE 3 immunofluorescence 
(bar graph represents mean ± SD, n=3, *p<0,05) (D) in HeLa cells 
transfected with either scramble (si-SCR) or NEK2 (si-NEK2) siRNAs 
and treated for 24h with increasing doses of cisplatin (CPT). Western Blot 
analysis assessing NEK2 silencing efficiency was performed (C). 
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Since NEK2 knockdown induced expression of pro-apoptotic 
splice variants, we asked whether it also plays a role in cell 
viability. In line with its effect on AS, depletion of the 
endogenous NEK2 in HeLa cells significantly increased the basal 
level of apoptosis, as monitored by cleavage of PARP1 (Figure 
6C) and CASPASE 3 (Figure 6D), and enhanced the apoptotic 
response of cells to stress, such as treatment with cisplatin (Figure 
6C,D) or starvation (Supplementary Figure 4B,C). These results 
suggest that the effect of NEK2 on AS events regulated by SRSF1 
is physiologically relevant. 
 

Supplementary Figure S4. NEK2 expression promotes cell survival. 
(A,B) Western Blot analysis of PARP1 cleavage (A) and quantitative 
analysis of cleaved-CASPASE 3 immunofluorescence (bar graph represents 
mean ± SD, n=3, *P<0,05) (B) in HeLa cells transfected with either scramble 
(si-SCR) or NEK2 (si-NEK2) siRNAs and serum-starved for 8h. Western 
Blot analysis assessing NEK2 silencing efficiency was performed (A). 
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 1.7 Discussion 

NEK2 is a centrosomal kinase involved in centrosome duplication 
in mitosis that is frequently upregulated in human cancers 
(Hayward and Fry, 2006). Recent evidence suggests that nuclear 
localization of NEK2 is a predictor for drug resistance and a 
marker of poor prognosis in patients (Zhou et al., 2013). 
Nevertheless, the specific nuclear functions of NEK2 are still 
completely obscure. The present study indicates that NEK2 acts as 
a regulator of AS events by modulating SRSF1 activity, thus 
uncovering a previously unknown nuclear function for this 
oncogenic kinase. 
NEK2 overexpression has been extensively described in several 
types of tumours (Hayward and Fry, 2006) (Hayward and Fry, 
2006) (Landi et al., 2008) (Barbagallo et al., 2009) (Andréasson et 
al., 2009) (Zhou et al., 2013). Its oncogenic activity has been 
primarily ascribed to the ability to induce aneuploidy by 
perturbing centrosome duplication and its segregation dynamics 
(Hayward and Fry, 2006). However, it was recently demonstrated 
that in testicular seminomas (Barbagallo et al., 2009), myelomas 
and other types of cancer (Zhou et al., 2013), NEK2 is primarily 
localized in the nucleus of neoplastic cells. We now document 
that the nuclear localization of NEK2 is also observed in several 
carcinomas and cancer cell lines in which the kinase is 
upregulated. Thus, although our analysis is too limited to draw 
conclusions, these results suggest that nuclear localization of 
NEK2 is a common feature of neoplastic cells.  
The NEK2C splice variant was reported to localize prevalently in 
the nucleus (Wu et al., 2007), suggesting that its selective up-
regulation in cancer cells might account for the observed 
localization of the kinase. However, our study indicates that 
NEK2C is expressed at very low levels in all cancer cells 
analysed, raising doubts on its contribution to the localization of 
NEK2 in primary tumours and in cell lines. Conversely, up-
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regulation of NEK2A, but not NEK2B, is sufficient to induce its 
nuclear localization, suggesting that NEK2A is the prevalent 
isoform in the nucleus of cancer cells.  
Characterization of the subcellular distribution of NEK2 pointed 
out its co-fractionation with several splicing factors in the nuclear-
insoluble material of cancer cells. Moreover, NEK2 co-localized 
with two SR-proteins in nuclear splicing speckles. These inter-
chromatin granules are particularly enriched in SR-proteins and 
are supposed to function as nuclear storage sites for pre-mRNA 
processing regulators (Spector and Lamond, 2011). Assembly of 
splicing speckles and active recruitment of SR-proteins from these 
sites to the newly synthesized pre-mRNA is strictly regulated by 
reversible phosphorylation (Misteli et al., 1998). Phosphorylation 
represents one of the main mechanisms by which subtle regulation 
of the splicing process, and especially of AS, is achieved (Stamm, 
2008) (Naro and Sette, 2013). These observations led us to 
hypothesize the existence of a functional interaction between 
NEK2 and splicing. Several results of our study support this 
hypothesis. First, NEK2 interacts with and phosphorylates SRSF1. 
Second, we found that the splicing activity of SRSF1 is modulated 
by NEK2. Lastly, silencing of NEK2 negatively affects AS events 
that are target of SRSF1 in live cells. Collectively, these results 
point to NEK2 as a novel direct regulator of SRSF1 
phosphorylation and activity. 
The cellular localization and splicing activity of SRSF1 are 
regulated by reversible phosphorylation (Zhou and Fu, 2013) (Cao 
et al., 1997) (Sanford et al., 2005) (Prasad et al., 1999). We 
observed that NEK2 did not influence the nuclear localization of 
SRSF1 in HeLa and HEK293T cells (Supplementary Figure S5). 
By contrast, our study suggests that NEK2 can modulate SRSF1 
splicing activity similarly to SRPK1, the prototype member of the 
SRPK family of kinases that mediate phosphorylation of SR-
proteins (Zhou and Fu, 2013).Indeed, overexpression of either 
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NEK2 or SRPK1 induced a similar pattern of SR proteins 
phosphorylation and caused a similar modulation of E1A AS.  

Likewise, knockdown of NEK2 or SRPK1 similarly reduced the 
splicing activity of SRSF1 toward the BCL-X minigene. Although 
the effects of NEK2 might be indirect (i.e. mediated by another 
kinase), three lines of evidence support a direct action. First, our 
in vitro kinase assays were performed using highly purified 
proteins, strongly indicating that NEK2 can directly phosphorylate 
SRSF1 and SRSF7. Second, although NEK2 was recently 
reported to induce activation of AKT in myeloma cells (Zhou et 

Supplementary Figure S5. NEK2C overexpression does not affect SRSF1 
subcellular localization. Immunofluorescence analysis of HeLa (A) and 
HEK 293T (B) cells transfected with the GFP-SRSF1 vector in presence or 
not of the pCDNA3N2myc-NEK2C WT vector. Nuclei were stained with 
Hoechst (blue). Scale bar = 20 µm. 
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al., 2013), a signaling kinase known to directly and indirectly 
modulate SR proteins phosphorylation (Patel et al., 2005) (Zhou 
et al., 2012), overexpression or knockdown of NEK2 did not alter 
the activity of AKT in HeLa cells (Supplementary Figure S6).  
 

Third, the effect of NEK2 on BCL-X splicing was not affected by 
knockdown of SRPK1. Thus, these experiments suggest that 
NEK2 behaves as a bona fide splicing factor kinase in live cells.  
Our study implicates NEK2 in AS regulation of several SRSF1 
target genes involved in cell viability. We found that knockdown 
of NEK2 mimicked that of SRSF1, or SRPK1, and induced 
expression of pro-apoptotic BCL-X, BIN1 and MKNK2 splice 
variants. Consistently, NEK2 depletion sensitized HeLa cells to 
spontaneous and stress-induced apoptosis, suggesting a pro-
survival function for this kinase. Although protection from cell 
death may also involve other splicing-unrelated functions of 
NEK2 (Zhou et al., 2013), it is likely that enhanced splicing of the 

Supplementary Figure S6. Modulating NEK2 expression levels does not 
affect AKT activation. (A,B) Western Blot analysis for AKT 
phosphorylation status, using anti-AKT and anti-pAKT Ser473 antibodies. 
(A) HeLa cells were transfected with FLAG-SRPK1 or GFP-NEK2C WT 
vectors and harvested 24h after transfection. (B) HeLa cells were transfected 
with scramble (si-SCR), NEK2 (si-NEK2) or SRPK1 (si-SRPK1) siRNAs and 
harvested 48h after transfection. 
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anti-apoptotic variants of BCL-X, BIN1 and MKNK2 contributes 
to this pro-survival effect.  
As NEK2, SRPK1 is also overexpressed in human cancers (Hayes 
et al., 2007), suggesting that these kinases may act in concert to 
modulate SRSF1 activity. In line with this hypothesis, we found 
that NEK2 affected BCL-X splicing independently of SRPK1. 
Thus, even if apparently redundant, SRPK1 and NEK2 could 
regulate SR-protein phosphorylation and subsequent AS events in 
a coordinate manner. In fact, the subcellular localization of 
SRPK1, mainly cytosolic (Zhong et al., 2009), and NEK2, 
predominantly nuclear (this study), suggest a possible coordinated 
activity of these kinases in different cellular compartments, as 
previously reported for SRPKs and CLKs (Cdc2-like kinases) 
(Ngo et al., 2005). Notably, activation of SRPK1 in response to 
AKT-mediated signalling was reported to modulate gene 
expression by regulating AS programs (Zhou et al., 2012). Since 
activation of NEK2 by the ERK1/2 pathway was observed in 
germ cells (Di Agostino et al., 2002), and this pathway is often 
activated in cancer cells, it is possible that NEK2 also participates 
to AS regulation in response to environmental cues. Finally, since 
NEK2 expression and activity peak during the late S-G2 phase 
(Fry et al., 1995), we cannot exclude the possibility that it could 
affect SR proteins function in a cell-cycle dependent manner, thus 
contributing to coordinate gene expression regulation with cell 
cycle progression. Noteworthy, another centrosomal kinase, 
AURKA, was shown to modulate the apoptotic response to 
mitotic arrest of the cell cycle by regulating the stability of SRSF1 
(Moore et al., 2010).In conclusion, our study identifies NEK2 as a 
novel regulator of AS, which promotes SRSF1-dependent splicing 
of anti-apoptotic variants, thus contributing to cell survival.  
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2. Co-transcriptional control of genic expression in 
cancer cells 

Mounting evidence has recently highlighted a novel important 
layer of control for the AS process exerted by the chromatin 
structure (Gómez Acuña et al., 2013). As most of the different 
steps of the pre-mRNA processing, AS largely occurs co-
transcriptionally and it is significantly modulated by variations in 
the dynamics of the transcription process (Pandya-Jones, 2011). 
Therefore, by affecting the accessibility of the DNA template to 
the transcriptional apparatus, epigenetic modifications can 
influence RNAPII processivity, thereby modulating the co-
transcriptional AS process (Schwartz and Ast, 2010). Several 
studies have shown that recognition and inclusion of weak exons 
in the mature transcript is facilitated by a slow elongation rate of 
the RNAPII, as it increases the lapse of time during which these 
exons are accessible to the splicing machinery. On the contrary, a 
faster elongation rate favors exon skipping events (de la Mata et 
al., 2010). Moreover, it has been shown that specific histone 
modifications can act as docking sites for spliceosome 
components and accessory RBPs, thus directly affecting their 
recruitment on the nascent pre-mRNA (Luco et al., 2010). In line 
with the contribution of epigenetic modifications to regulation of 
the AS process, it was shown that the AS pattern of several genes 
can be modulated by treatment with agents that modulate 
chromatin structure, such as histone deacetylases inhibitors 
(HDACi) (Hnilicová et al., 2011). 
Herein, we have investigated the effect of the pan-HDACi 
LBH589 on the splicing of genes relevant for prostate cancer 
proliferation and we have approached the study of the molecular 
mechanisms underlying this regulation. 
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2.1 HDACi induce specific changes in alternative 
splicing events 

In order to assess whether treatment with HDACis could 
significantly affect the AS process in prostate cancer cells, we 
treated PC-3 cells with different HDACis: LBH589, SAHA, 
trichostatin A (TSA) and valproic acid (VPA).  The splicing 
pattern of cancer-related genes, known to be relevant for tumoral 
proliferation, such as the HGFL-receptor RON (Lu et al., 2007), 
the apoptotic regulator BCL-X (Mercatante et al., 2001) and the 
adhesion molecule CD44 (Zöller, 2011), was then analyzed 
through RT-PCR. In particular, we analyzed the effect of the 
treatment with HDACis on the splicing of the pro-tumoral 
isoforms of these genes, such as the exon-11 skipped isoform of 

Figure 1. HDACis treatment induces specific changes in AS. (A) RT-PCR 
analysis of AS of RON, BCL-X and CD44 genes in PC3 cells treated for 24h 
with different HDACis at following concentrations: 10 nM LBH589, 2,5 µM 
SAHA, 300 nM trichostatin A (TSA), 5 mM valproic acid (VPA). GAPDH 
was evaluated as loading control. (B) Densitometric analysis of the ratio 
between the splice variants analyzed (means ± SD, n=2).   
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the RON gene, known as ∆RON  (Ghigna et al., 2005), the 
antiapoptotic BCL-XS (Boise et al., 1993) and the exon v5 
containing isoforms of the CD44 gene (Cheng and Sharp, 2006).  
Interestingly, we found that almost all HDACis tested affected 
splicing of the analyzed genes in a similar manner, albeit with 
different efficiency, by promoting splicing of the BCL-XS isoform 
and inclusion of the RON exon11 and CD44 exon v5 (Figure 1). 
These results confirm the previously reported ability of HDCAIs 
to induce specific changes in AS events (Hnilicová et al., 2011). 

2.2 LBH589 selectively affects CD44 splicing. 

Having highlighted the general ability of HDACis to modulate AS 
events, we then focused our study on the characterization on the 
splicing regulatory ability of the pan-HDACi LBH589, which 
among the inhibitors used is the more innovative and displays the 
broader spectrum of activity (Atadja, 2009). As model gene we 
selected CD44, whose peculiar exonic structure makes it a 
suitable model for AS studies: the human CD44 gene is 
characterized by nine variable exons (v2-v10) embedded between 
two sets of constitutive exons (c1-c5 and c6-c9) (Figure 2A) 
(Zöller, 2011). Alternative inclusion of the variable exons in the 
mature transcript of the CD44 gene is strictly regulated by 
different mechanisms, including the activity of co-transcriptional 
factors, such as the BRM subunit of the SWI-SNF complex 
(Batsché et al., 2006) or the transcriptional activator SND1 
(Cappellari et al., 2013), the binding of transacting RBPs, such as 
SAM68 (Matter et al., 2002), and the presence of epigenetic 
modifications in the CD44 locus, such as the trimethylation of 
Lys9 in histone H3 (H3K9me3) (Saint-André et al., 2011).  
We initially analyzed the expression of CD44 v5-containing splice 
variants in PC-3 cells treated with increasing doses of LBH589. 
Both conventional (Figure 2B) and quantitative RT-PCR (qPCR) 
(Figure 2C) analysis showed that LBH589 treatment promotes the  
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Figure 2. LBH589 treatment selectively affects CD44 splicing. (A) 
Schematic representation of the CD44 gene; constant and variable exons 
are shown in light and dark grey respectively. Black arrows indicate 
primers used for the PCR analyses. (B,C). RT-PCR (B) and qPCR (C) 
analysis of the expression of CD44 C16C17 constant region and of the 
CD44 v5 variable exon in PC3 cells treated with indicated doses of 
LBH589. GAPDH was evaluated as loading control.  In (C) the splicing 
fold effect was evaluated by measuring the enrichment of CD44 v5 exon 
versus the C16C17 constant region, set to 1 in control cells (means ± SD, 
n=3, *P≤0,05). (D) RT-PCR analysis of the expression levels of CD44 
v4-v10 variable exons and of C16C17 constant region in PC3 cells treated 
for 24h with 10 nM LBH589. GAPDH was evaluated as loading control. 
(E) qPCR analysis of total CD44 expression (left bar graph) and of CD44 
variable exons (v5, v7, v9, v10) inclusion (right graph) in PC3 cells 
treated for 24h with 10 nM LBH589. Total levels of CD44 mRNA were 
evaluated by normalizing values obtained for the CD44 constant region 
C16C17 to those of GAPDH (means ± SD, n=4, *P≤0,05). 
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inclusion of the variable v5 exon in the CD44 transcript in a dose-
dependent manner. Moreover these results suggested that the 10 
nM dose is already sufficient to induce a significant effect on v5 
inclusion. Therefore, this dose was chosen for all subsequent 
experiments. Conventional RT-PCR analysis of the variable exons 
using primer in the v4-v10 variable exons  indicated that LBH589 
treatment preferentially promotes the inclusion of upstream 
variable exons (v4-v7) with respect to those located downstream 
in the CD44 gene (v8-v10) (Figure 2D). This selective effect was 
confirmed by quantitative real-time PCR (qPCR) analysis, which 
showed that the expression of variable exons v5 and v7 was 
significantly increased with respect to downstream exons v9 and 
v10. Importantly, exon inclusion was not accompanied by an 
overall increase of the transcriptional levels of the CD44 gene 
(Figure 2E). These observations suggest that the increased levels 
of CD44 exons v5 and v7 induced by LBH589 treatment are not 
due to a general transcriptional activation following HDAC 
inhibition, but it is instead a proper AS response elicited by the 
treatment. The molecular mechanisms underneath the AS 
modulation of the CD44 gene induced by LBH589 treatment have 
been therefore object of our further studies. 

2.3  LBH589 does not alter expression of splicing 
factors. 

First of all, we investigated if LBH589 modulates AS events in 
PC-3 cells by altering the expression levels of general and 
auxiliary splicing factors. Proteins involved in the RNA splicing 
process have been indeed identified as a prominent part of the 
cellular “acetylome” (Choudhary et al., 2009) and it has been 
widely demonstrated that LBH589, as well as other HDACis, can 
affect the acetylation status of several of non-histone proteins 
thereby directly or indirectly modulating their stability (Sadoul et 
al, 2008). Nevertheless, our Western Blot analysis of total extracts 
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obtained from cells treated with LBH589 did not shown any 
significant variation in the expression levels of the splicing 
regulators analyzed, except for a mild reduction in the expression 
levels of the hnRNPF/H and hnRNPI (Figure 3). Although there is 
no evidence in the literature concerning the involvement of these 
RBPs in the regulation of CD44 AS, direct experiments of 
overexpression of these recombinant proteins in cells treated or 
not with LBH589 need to be performed to rule out that the mild 
reduction of these two proteins could be correlated to the observed 
modulation of CD44 AS. 

 

2.4 LBH589 locally affects RNAPII processivity in the 
CD44 locus. 

One of the main consequences of treatment with HDACis is the 
global increase in histone acetylation, which usually correlates 
with an open chromatin conformation, thus rendering it more 
accessible to the transcriptional apparatus (Clayton et al., 2006). 
Indeed, previous studies have shown that other HDACis induce a 

Figure 3. LBH589  treatment does not 
alter expression of splicing factors. 
Western Blot analysis of indicated splicing 
factors in PC3 cells treated for 24 h with 
LBH589.  ACTIN was evaluated as 
loading control.  
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global acceleration of the RNAPII processivity in different genes, 
thus favoring exon-skipping splicing events (Hnilicová et al., 
2011). This result is in line with several other reports showing that 
a higher elongation rate of the RNAPII correlates with the 
exclusion of weak alternative exons (Nogues et al., 2002; de la 
Mata et al., 2003). Differently from these previous results about 
other HDACis, our observations show that LBH589 promotes 
inclusion of the variable weak exons of the CD44 gene. We 
therefore decided to investigate whether the modulation of CD44 
splicing by LBH589 was correlated to changes in RNAPII 
processivity along the locus. We initially evaluated whether 
treatment with the reversible inhibitor of transcription 5,6-
Dichlorobenzimidazole 1-b–D-ribofuranoside (DRB) could 
impairs the splicing effect of LBH589. We thus evaluated the 
inclusion of variable exons v5 and v6 in the transcripts newly 
synthesized after the release from a transcriptional block induced 
by DRB treatment. For this analysis, nascent pre-mRNAs were 
labeled with BrU for 1h after the release from DRB block and 
then purified by immunoprecipitation with an anti-BrdU antibody. 
Analysis of the nascent transcripts revealed higher inclusion of the 
CD44 variable exons in LBH589-treated cells respect to the 
control (Figure 4A), confirming the ability of LBH589 to 
positively regulate CD44 variable exons splicing, even after DRB 
treatment. 
Then, we investigated whether LBH589 could affect RNAPII 
processivity along the entire CD44 gene. As previously reported, 
RNAPII processivity can be indirectly evaluated by measuring the 
ratio between a promoter-proximal and a promoter-distal region of 
the same pre-mRNA, as a slower elongating RNAPII leads to the 
accumulation of the proximal over the distal pre-mRNA (de la 
Mata et al., 2003). Thus we evaluated through qPCR the 
accumulation of CD44 pre-mRNA in intron 1 with respect to 
intron 18, 60 minutes after DRB release. This analysis highlighted  



Chiara Naro 
________________________________________________________________ 

 
 
Pag. 48 
 

 Figure 4. LBH589 affects CD44 splicing by affecting RNAPII 
processivity. (A) qPCR analysis of nascent CD44 transcripts labeled in 
the presence of BrU. Novel transcripts were immunoprecipitated by using 
specific anti-BrU antibody and analyzed with the indicated primers 
(schematic representations over the bar graphs). Cells not treated with 
BrU were used as control of the immunoprecipitation. Left graph 
represents the ratio between mRNA versus pre-mRNA of the CD44 v5 
region, right panel represents the ratio between CD44 v5v6 mRNA versus 
the CD44 C16C17 constant region. The value of control cells was set as 
reference. (B) qPCR analysis of the relative abundance of CD44 proximal 
and distal pre-mRNAs after 60’ of release from DRB block in PC3 cells 
treated or not with LBH589 10 nM.  Data are presented as the ratio 
between CD44 intron 1 and 18 set to 1 in control cells. (C) qPCR analysis 
of CD44 nascent transcripts in PC3 cells treated with 10 nM LBH589, 
harvested at 5 minutes intervals after the release from the transcriptional 
block with DRB. The expression of different portions of CD44 
pre‐mRNA was analyzed at the indicated times and normalized for the 
expression levels of GAPDH. 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 approximately 20% this ratio 
(Figure 4B), suggesting that it induces a global acceleration of the 
RNAPII along the CD44 gene.  
As a faster elongating RNAPII usually correlates with 
enhancement of exon skipping events, we then investigated 
whether LBH589 treatment induces local variations of the 
RNAPII processivity along specific regions of the CD44 gene. 
Our approach was to analyze the effect of this drug on the timing 
and extent of accumulation of the nascent CD44 pre-mRNA after 
DRB treatment (Singh and Padgett, 2009; Cappellari et al., 2013). 
Using primers spanning different exon-intron junctions or intronic 
regions of the CD44 locus, we analyzed the pre-mRNA 
expression in control and LBH589 treated cells at different time 
points from the removal of the drug. This analysis revealed higher 
and earlier levels of recovery of the transcription of the 
constitutive CD44 C2 exon in LBH589-treated cells versus 
control cells, indicative of an accelerated RNAPII. However, 
despite this initial burst of transcription, LBH589 did not induce a 
higher elongation rate of the RNAPII along the variable region of 
the CD44 locus, as no differences in the timing and extent of the 
recovery of transcription were observed between control and 
treated cells in this portion of the gene (CD44 exons v2 and v5) 
(Figure 4C). On the contrary, along the distal region of CD44 
int18 LBH589-treated cells showed again higher levels of 
transcription, with an earlier time of recovery (Figure 4C). These 
preliminary results suggest that LBH589 can induce a global 
acceleration of the RNAPII along the CD44 locus, possibly by 
increasing histone acetylation levels and facilitating its 
recruitment on the promoter region. 
However, despite this global increase in the elongation rate, 
RNAPII appears to slow-down when entering the variable region 
of the CD44 gene, wherein no differences are observed in the 
transcription dynamics between control and LBH589-treated cells. 
These observations suggest that LBH589-mediated increase of the 
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inclusion of CD44 alternative exons correlates with a local slow-
down of the RNAPII in the variable region of the gene, which 
may allow more time for recognition of these weak exons by the 
spliceosome. Further experiments will be aimed at identifying the 
factors that slow-down the RNAPII polymerase along the CD44 
variable gene and the mechanisms by which LBH589 can promote 
them, while concomitantly accelerating RNAPII in the rest of the 
gene.  

2.5 Discussion 

AS represent one of the best example of integrative connection 
between the different molecular processes regulating gene 
expression in eukaryotic cells, from transcription to translation, 
(Kornblihtt et al., 2013). In particular, it is really intriguing the 
reciprocal influence that AS and transcription exert on each other 
and the role that chromatin structure plays in this mutual 
regulation (Shukla et al., 2012).  
In this scenario, our characterization of the ability of the pan-
HDACi LBH589 to modulate the AS of genes in prostate cancer 
cells represents an attempt to dissect the molecular mechanisms 
underlying this reciprocal regulation. Treatment with HDACis is a 
powerful tool in the investigation of the epigenetic control of AS; 
indeed, modulation of histone acetylation can affect dynamics of 
the transcriptional process (Hnilicová et al., 2011) and probably 
also the deposition of other histone modifications, due to the 
extensive crosstalk existing between different histone marks 
(Suganuma and Workman, 2008).  
Our results showed that LBH589 treatment affects AS of different 
genes in prostate cancer cell lines, similarly to what previously 
reported in other cellular systems for different HDACis 
(Hnilicová et al., 2011; Schor et al., 2012). Among the HDACis 
tested, LBH589 was selected as the agent exerting an effect on AS 
of all three genes tested, even at the lowest dose employed. These 
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results are in agreement with the wide spectrum of action and high 
activity of LBH589, which is one of the most innovative HDACi 
available (Atadja, 2009). Interestingly, despite the global impact 
that treatment with LBH589 could have on gene expression and 
its possible impact on protein stability through modulation of their 
acetylation, our observations showed no significant variations on 
the expression of several different splicing regulators, suggesting 
that its splicing effect could be associated more strictly to 
epigenetic mechanisms. Notably, it has been recently shown that 
treatment with TSA induces a substantial redistribution of several 
splicing factors within the nucleus, leading to their dissociation 
from chromatin and accumulation in nuclear speckles (Schor et 
al., 2012). It would be therefore interesting to investigate if 
LBH589 also modulates the subcellular distribution of splicing 
regulators in prostate cancer cells, especially of those RBPs 
known to be involved in the regulation of splicing events that are 
affected by the treatment. 
Among the splicing targets of LBH589 treatment, the CD44 gene 
certainly represents the most attractive because of its relevance for 
cancer cells proliferation (Zöller, 2011) and of the extensive 
regulation of its splicing pattern (Batsché et al., 2006; Cheng et 
al., 2006; Cappellari et al., 2013; Saint-André et al., 2011). 
Notably, our results show that LBH589 treatment enhances the 
inclusion of specific variable exons in the CD44 transcript, 
without affecting its global transcriptional level. 
Deciphering the mechanisms underneath the modulation of CD44 
AS by LBH589 needs a comprehensive dissection of the multiple 
layers of control of AS and it could lead to the identification of 
novel mechanisms involved in the regulation of this process. In 
particular, it will be interesting to understand how LBH589 can 
enhance, at the same time, inclusion of the CD44 variable exons 
and an acceleration of the RNAPII along the CD44 gene, which is 
instead usually associated with exon-skipping events (Nogues et 
al., 2002; de la Mata et al., 2003). Our preliminary studies about 
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the kinetics of the transcription process suggest that LBH589 
induces a local slow-down of the RNAPII in proximity of the 
variable region of the CD44 gene, which could allow variable 
exons recognition by the spliceosome. This hypothesis should be 
further confirmed by ChIP experiments analyzing the distribution 
of the RNAPII along the CD44 gene before and after LBH589 
treatment. In particular, ChIP experiments for the differently 
phosphorylated forms of the RNAPII C-terminal domain (CTD) 
should be also performed. Indeed, it has been shown that 
modulation of the CTD phosphorylation status can largely affects 
splicing events (Muñoz et al., 2010) and that stimuli promoting 
CD44 variable exons inclusion induce a local accumulation of the 
CTD-Ser5 phosphorylated form of the RNAPII  (Batsché et al., 
2006). If we will detect a stalling of the RNAPII along the CD44 
variable region after LBH589 treatment, we could also evaluate 
whether it correlates with an increased recruitment of splicing 
factors known to be recruited by the CTD of the RNAPII along 
their target genes (Hsin and Manley, 2012), such as for example 
the RBP SAM68 (Paronetto et al., 2011; Cappellari et al., 2013). 
Another possibility that will be worth investigating is the effect of 
the LBH589 treatment on the epigenetic status of the CD44 locus 
and its involvement in the splicing effect observed. First of all, 
ChIP experiments will be performed to investigate the impact of 
LBH589 on the acetylation status of the CD44 locus. Notably, it 
has been recently found that BRD2, a protein of the BET 
(Bromodomain Extra Terminal) family, is able to modulate AS 
events through a mechanism that depends on the interaction 
between its two bromodomains and the acetylated chromatin 
(Hnilicová et al., 2013). It would be therefore interesting to 
analyze the effect of LBH589 on the recruitment of BRD2 or 
other BET proteins on the CD44 locus and to verify if treatment 
with inhibitors of their binding to acetylated chromatin, such as 
JQ1 (Filippakopoulos et al., 2010), can counteract the effects of 
LBH589 on splicing.  
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Recent evidence has highlighted a widespread crosstalk between 
histone modifications (Suganuma and Workman, 2008), which 
can strongly impact on the transcriptional process (Zippo et al., 
2009; Zhao et al., 2013). It would be thus interesting to analyze if 
other histone marks, beyond histone acetylation, are affected by 
LBH589 treatment, in particular those modifications which have 
already been correlated with increased inclusion of CD44 variable 
exons, such as H3K9me3 (Saint-André et al., 2011) or  
trimethylation of Lys36 in histone H3 (H3K36me3) (de Almeida 
et al., 2011).  
Finally it could be interesting to investigate whether the activity of 
some of the known splicing regulators of CD44, such as SAM68 
(Matter et al., 2002; Cappellari et al., 2013) or ESRP1/2 
(Warzecha et al., 2009), is modulated by LBH589 treatment and if 
its effect relies on the activity of these proteins. Analysis of the 
effect of LBH589 treatment on CD44 splicing in cells 
overexpressing or silenced for these factors and analysis of the 
recruitment on the CD44 pre-mRNA of these factors after 
LBH589 treatment should be performed in order to address this 
issue. 
In conclusion, our observations have highlighted the ability of 
LBH589 to modulate the AS of an intriguing gene, CD44, paving 
the way for further studies which will hopefully contribute to the 
characterization of the chromatin control of the AS process.
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Material and methods 

Immunohistochemistry and immunofluorescence analysis. 

Cancer patient’s tissues (14 cases of cryopreserved tissue from 
seminoma, breast, lung, prostate, cervix and colon cancer) were 
obtained from the National Cancer Institute “G. Pascale”. Ethical 
Committee approval was given in all instances. 5-µm sections 
were processed for immunohistochemistry with antibodies against 
NEK2 (Abgent) as described (Barbagallo et al., 2009). 
Immunofluorescence was performed as described (Barbagallo et 
al., 2009) (Paronetto et al., 2007) using the following primary 
antibodies (1:500): rabbit anti-NEK2 (Abgent), mouse anti-
SRSF1, anti-SRSF2 (Santa Cruz Biotechnology) and rabbit anti-
cleaved CASPASE 3 (Sigma Aldrich). Confocal analyses were 
performed using a Leica confocal microscope as described (Busà 
et al., 2010). Images in Figure 6D, S2 and S5 were taken using a 
Leica inverted microscope as described (Barbagallo et al., 2009). 
Images were saved as TIFF files and Photoshop (Adobe) was used 
for composing panels. 

Cell culture, transfections and treatment. 

TCam-2 cells were grown in RPMI 1640 (Lonza), HEK293T, 
HeLa, MCF7, PC-3 cells were grown in DMEM (Sigma Aldrich), 
all supplemented with 10% FBS, gentamycin, penicillin and 
streptomycin. Transfection with the indicated expression vectors 
was performed using Lipofectamine 2000 (Invitrogen) according 
to manufacturer’s instructions. After 24h, cells were harvested for 
protein and RNA analyses. For RNA interference, cells were 
transfected with siRNAs (Sigma-Aldrich) using Lipofectamine 
RNAiMAX (Invitrogen) according to manufacturer’s instructions 
and harvested 48h later for protein and RNA analyses.  Sequences 
for SRPK1 siRNAs were previously described (Zhong et al., 
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2009). NEK2, SRSF1 siRNAs and scrambled siRNA sequences 
are listed in Table S1. For apoptosis, HeLa cells were treated for 
24h with the indicated doses of cisplatin or starved for 8h in 
Earle’s balanced salt solution (Sigma). For treatment with 
HDACis, PC3 cells were treated for 24h with following agents: 10 
nM LBH589, 2,5 µM SAHA, 330 nM trichostatin A – TSA, and 5 
mM valproic acid – VPA). 

Protein extracts and Western blot analysis.  

Total cellular extracts and cellular fractionations were processed 
and analysed by Western Blot as described (Lin et al., 2005) 
(Paronetto et al., 2007) using the following primary antibodies 
(1:1000): rabbit anti-NEK2 R31 (generously provided by Prof. 
A.M. Fry); mouse anti-GFP, anti-MYC, anti-SRSF1, anti SRSF3, 
rabbit anti-SAM68; goat anti-lamin B, anti-hnRNPI, anti-U2AF65 
and anti-U170K (Santa Cruz Biotechnology); rabbit anti-ACTIN, 
mouse anti-FLAG, anti-hnRNPA1, anti-hnRNPC1/C2 and anti-
TUBULIN (Sigma-Aldrich); mouse anti-hnRNPF/H (Abcam); 
mouse anti-SR proteins (1H4) (Invitrogen), mouse anti-SRPK1 
(BD Pharmingen); rabbit anti-AKT (Novus Biologicals); rabbit 
anti-pAKT Ser 473 and anti-PARP1 (Cell Signaling).  

In vitro kinase assay. 

Glutathione S-transferase (GST)-fusion proteins were expressed 
in Escherichia coli cells (strain BL21-DE3) and purified as 
previously described (Sette et al., 1998). (His)6-tagged proteins 
were expressed in Sf9 cells using a baculovirus system and 
purified on a TALON affinity resin (CLONETECH), as described 
(Dreumont et al., 2010). In vitro kinase assays were performed as 
described (Di Agostino S, 2004), using  purified NEK2 active 
protein (Millipore).  
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GST-pull-down and co-immunoprecipitation assays. 

Nuclear extracts were incubated with GST or GST-NEK2A (271-
445) adsorbed on glutathione-agarose beads; bound proteins were 
eluted and analyzed as described (Sette et al., 1998). For co-
immunoprecipitation, nuclear extracts or total extracts from 
HEK293T cells, transfected with the indicated vectors, were 
incubated with mouse anti-FLAG or mouse anti-IgG antibodies 
adsorbed on Dynabeads protein A (Invitrogen) and  
immunocomplexes were eluted and analysed as described 
(Paronetto et al., 2007).  

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

RNA was extracted using TRIzol reagent (Invitrogen) according 
to the manufacturer’s instructions. After digestion with RNase-
free DNase (Roche), 1 µg of total RNA was retrotranscribed using 
M-MLV reverse transcriptase (Promega), used as template for 
PCR (GoTaq, Promega) and reactions were analysed on agarose 
or acrylamide gels. Quantitative real-time PCRs (qPCR) were 
performed using LightCycler 480 SYBR Green I Master and the 
LightCycler 480 System (Roche), according to the manufacturer’s 
instructions. Control reactions omitting M-MLV reverse 
transcriptase were also carried out. All primers used are listed in 
the Table S1. 

Transcriptional elongation analysis and RNA 
immunoprecipitation 

PC-3 cells were treated for 24h with 10 nM LBH589; in the last 
6h of treatment 75 mM DRB was added to inhibit transcription 
and synchronize cells. The cells were washed twice with PBS to 
remove the DRB and incubated in fresh medium for various time 
periods. Following the incubation period, cells were directly lysed 
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and total RNA was isolated using TRIzol reagent. To label nascent 
pre-mRNAs, after the removal of DRB, 2mM of BrU was added 
to the fresh medium for 60 min. Labeled pre-mRNAs were 
immunoprecipitated with 1 mg of anti- BrdU antibody (Becton 
Dickinson) and isolated as previously described (Zhou et al., 
2011). 

Statistical analysis. 

Statistical analysis was performed by the t-Student test 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  

si-NEK2 

GCAGACAGAUCCUGGGCAU 

GGAUCUGGCUAGUGUAAUU 

GGACCUACUUAGAUGAAGA  

GCUAGAAUAUUAAACCAUG  

si-SRSF1 CCAAGGACAUUGAGGACGU  

Primers 
Oligo name Sequence (5’→3’) 
NEK2 FW H1077  GGAACGGAAGTTCCTGTC  

NEK2A/C REV 
H1229R 

CACTTGGACTTAGATGTGA 

NEK2B REV AF008 GGCGAATTCCATACCGTTAC  

HPRT FW TGACCAGTCAACAGGGGACA  
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HPRT REV TTCGTGGGGTCCTTTTCACC 

E1A-569 FW ATTATCTGCCACGGAGGTGT 

E1A-1315 REV GGATAGCAGGCGCCATTTTA  

BCL-X Exon2 FW 
(BCL-X minigene) 

CCATGGCAGCAGTAAAGCAA 

BGH REV          (BCL-
X minigene) 

CAGTGGGAGTGGCACCTTC  

GAPDH FW CCCTTCATTGACCTCAACTACATG  

GAPDH REV TGGGATTTCCATTGATGACAAGC  

BCL-X SHORT FW 

(endogenous BCL-X, 
qPCR) 

GGGACAGCATATCAGAGCTTTGA
ACAGGATAC  

BCL-X LONG FW 

(endogenous BCL-X, 
qPCR) 

AGGAGAACGGCGGCTGGGATAC 

BCL-X REV 

(endogenous BCL-X, 
qPCR) 

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 

CD44 v7 FW 

(qPCR) 
CCAATGCAAGGAAGGACAACA  

CD44 v7 REV (qPCR) GGTTGAAGAAATCAGTCCAGGAA  

CD44 v8 FW TCCAGTCATAGTACAACGCT 

CD44 v9 FW CAGAGCTTCTCTACATCACA 

CD44 v9 REV 
ATGTCAGAGTAGAAGTTGTTGGA
T 

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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