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Abstract

MARK4 (MAP/Microtubule AffinitRegulating Kinase 4) belongs to a family of seitimeonine
kinases phosphorylating Microtubule Associated Proteins, causing their detachment from the
microtubules (MTs) and thus increasing MTs dynamics. MARK proteinshaiolwomology with

PAR complex proteins family, involved in assessing cell polarity during embryogenesis, epithelial
morphogenesis, neural differentiation, and cell migration. MARK proteins are thus implied in
several processes involving MT network: cywston dynamics, cell polarity, centrosomes
formation, chromosomal segregation, cytokinesis.

The MARK4gene (19913.2) encodes at least two alternatively spliced isoforms, L and S,
differentially expressed in human tissues. MARKA4S is the predominantrsoferormal brain and
postmitotic neurons. MARK4L has been found -vggulated in glioma cell lines and neural
progenitors, as well as in hepatocarcinoma cell lines, suggesting a role in cell proliferation. The
dual nature of MARK4 isoforms has been pinpedl by their expression profile in glioblastoma
derived cell lines and neural stem cells (NSCs), other than glioma, and the balance of the two
isoforms, favouring the L splicing variant in glial tumors, is being investigated as a potential target
of dysregulation in gliomagenesis. A linked view is whether the predominant expression of
MARKA4L, isoform of a gene involved in the microtubule dynamics, may concur to mitotic errors
during gliomagenesis.

Both isoforms of MARK4 have been found associatecetdrosomes and midbody, in glioma as
well as in normal cells, suggesting that the kinase might have a role in all phases of the cell cycle.
Moreover, MARK4L showed an additional nucleolar localization in glioma, raising the idea that, in
tumors, the L vaant has isoform specific functions and interactions with nucleolar components.

To verify the functional impact of MARK4 gene in glioma and in normal cells and to define the role
of MARKA4S and L isoforms with respect to their subcellular localizatiosetvep a functional

study by RNA interference in glioblastoma (GBM) cell lines and normal fibroblasts, with specific
silencing of both MARK4S and MARKA4S+L.

We showed that MARK4 depletion determines heavy alterations in the cell shape of &#h G
GBM celline and fibroblasts, corroborating MARK4 implication in cytoskeleton organization, and
in accordance with the known role of MARK proteins in MTs dynamics.

MARK4 silencing particularly affected the centrosome cycle. Sileneg2l GBM cell line and
fibroblasts presented most of cells with the duplicated centrosome, apical to the nucleus, as
typical of G/S transition, while differently, control cells displayed centrosomes in all phases of the

centrosome cycle. Accordingly, after MARK4 silencing, cell cyelgseés showed in both tumor
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cells and fibroblasts, an increase of €lls fraction and a strong reduction of mitoses, most of
which displayed aberrations of spindle poles. These findings indicate that MARK4 depletion targets
the G/S transition checkpoin probably knocking down a positive regulator.

It is worth noticing that the observed alterations of cell morphology, centrosome and cell cycle
progression, and of mitosis were more pronounced when silencing MARKA4S+L, as if the depletion
of the sole MAR&S might be partially compensated by MARKA4L, being both isoforms localized at
centrosomes and midbody.

MARK4 silencing on nucleoli revealed that the L isoform of MARK4 is not a specific marker of
tumor (glioma) cell lines, ifact it was also detectable ifibroblasts. However, MARK4 depletion
showed a nucleolar pattern different in-8& GBM cells from that of fibroblasts-32 showed,

after both anttMARK4S and MARK4S+L siRNA, a pronounced intensity of MARKA4L signal in several
nucleoli, while some others ppeared silenced. In contrast, silenced fibroblasts showed,
particularly after antia ! wYn{ b[ &Awb! X AS@OSNIf ydzOf S2f A dzy
unknown the molecular basis for this difference which may be more than a quantitative one due
totheKAIKSNI £t S@Sta 2F a!wYn[ Ay (GKS ydzOf S2f | NJ C
upregulated.

The concomitant alterations of both centrosomal and nucleolar compartments highlighted by
MARK4 silencing raise the hypothesis of a MARK4 role in thdatem of the Nucleus
(Nucleolus)- Centrosome (NC) axis. N@xis is oriented and paired with the polarization and
migration axis of many cell types, including fibroblasts and neural cells. Microtubules act as major
actors in organizing a dynamic stture along NG axis, regulating nuclear movement during cell
migration and polarization. Since MARK4 cooperates with the microtubule network, its depletion

may interfere with the correct orientation of the NCaxis.
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Background

1. MARKS(MAP/MICROTUBULAFFINITYREGULATINEINASEP

MAP/Microtubule affinityregulating kinases (MARKSs) are a sethmeonine kinases family
responsible for phosphorylation of Microtubule Associated Proteins (MAPS) incluaingViAP2,
MAP4 and doublecortin. MAR{sediated phosporylation causes MAPs detachment from
microtubules, resulting in increased MTs dynamics and favouring MTs instability and disassembly
[Drewes 1997, Matenia 2009].

MARK kinases are members of AMPK (Aftivated protein kinases) family, subfamily of the
Cd*-calmodulin dependent protein kinases (CAMK) [Bright 2009].

Orthologs of MARK kinases are described in lower eukaryotes, such-agRatition-defective)

in Caenorhabditis elegarsnd KIN1/KIN2 ir5. pombgElbert 2005]. PAR proteins are known to
cooperate in cellular polarization, interacting with microtubule dynamics and several other cellular
processes [Pellettieri & Seydoux 2002].

The human genome contains four functional MARK4 genes: MARKIK2WARIK1), MARK3-(C
TAK1) and MARK4 (MARKL mapping on human chromosomes 1, 11, 14 and 19 respectively
[Espinosa 1998], plus 30 pseudogenes (www.itb.cnr.it/kinweb/pseudogene.php).

1.1 MARKs STRUCTURE
MARKs have a highly conserved structure consistingixosequence segments, as other AMPK

kinases [Marx 2010] (Figure 1).

NH; — catalytic domain UBA spacer COOH

J

CD KA1

Figure 1'schematic representation of MARK protein structure. Boxes are not drawn to scale.

N-terminal header

The Nterminal sequence is usually different for each protein of tdmily: its role is still unknown.

Catalytic domain

MARKSs catalytic domain has the typicaldiiate structure of protein kinases. The larger carboxy
GSNXYAYLE £20S 064 wmhelical, Wl theRstizdllar amideiminal e (£ 80 h
residue® O2y aAraidaidNl ¥iRae ¢ rklK.iThe two Aoled define the cleft of the
active site, for substrate and ATP, consisting ofi@oP (phosphatebinding loop), a catalytic loop,
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and a THoop (activation loop, containing a conserved consensequence, LDTFCGSPP, where
threonine and serine residues work as phosphorylation targets). This structure is very flexible,
allowing conformational changes responsible for activation/inactivation. The catalytic loop
contains a RD motif consisting of @lhly conserved, catalytically active aspartate, preceded by an
arginine residue, assumed to interact with the primary phosphorylation site of doef.

The Hoop is anchored to the base of the active site: in the inactive state, thiod is partialy
disordered and folded into the cleft, blocking the access of substrates and ATP. When MARK
proteins are activated by-bop phosphorylation, the catalytic site becomes accessible, leading
the protein to exert its kinase activity.

The Ploop assists the-phosphate transfer to the substrate phosphorylation site [Timm 2008].

Linker
The linker is a negatively charged motif, resembling the Common Docking (CD) site of MAP kinases

and possibly binding interactors or-¢actors.

UBA domain

This small and globular domain is homologous to Ubigquigeociated proteins but differently and
peculiarly folded: probably the MARK UBA domain, instead of binding ubiquitin, interacts with
MARK catalytic domain (in itstdrminal lobe) locking it in anpen (inactive) conformation. Two
different functions were proposed for MARK UBA domain:

9 autoinhibition: locking the kinase in an open conformation, the UBA domain prevents

substrate and ATP binding [Panneerselvam 2006];

1 positive requlationthe open conbrmation favours the access of activating/deactivating

kinases to the activation loop [Murphy 2007].
Based on these hypotheses, depending on both the phosphorylation state of the kinase domain
and cofactors interactions, the UBA domain may play functiohsnbibition, activation and
stabilization[Marx 2010].

Spacer
This is the most variable region among the MARK members, likely with a regulatory role, since it

holds phosphorylation sites targeted by aPKC

! Atypical Protein Kinase C
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The Germinal tail (KA1 domain)

The Kinasé\ssociated (KA1) domain (~ 100 aminoacids) is characterized byteamihal
hydrophobic and concave surface, surrounded by conserved and positively charged residues: this
motif may be the binding site for negatively charged regions of cytoskeletal protsIARK
catalytic domain, or MARK CD domain, probably with an autoinhibitory function [Tochio 2006].

This view is sustained by evidences reported for yeast KIN1 and KIN2 and fpKBnfan AMPK
protein from Schizosaccharomyces pomb&nfl @erminal region is an autoinhibitory domain
(AID) binding both the ferminal and @erminal lobes of the kinase domain, reducing its mobility
[Chen L. 2009]. Also in yeast, thée@ninal tail physically interacts with the-términal kinase
doman (presumably in its open conformation) with an autoinhibitory effect [Elbert 2005].

The KA1 domain has been also reported to be involved in protein localization [Tochio 2006].

1.2 MARKSREGULATION

MARK kinases are regulated through multiple pathwaysswaamarized in Figure 2 [Matenia,
2009]. In general, as above mentioned, MARK activation increases microtubule dynamics, while its
inhibition stabilizes microtubules.

Phosphorylation events in the catalytic domain of MARK can enhance or reduce kinagg. activ
Additionally, MARK activity can be positively or negatively modulated by interaction with other

proteins.

-/ 4
o/

N 3 p=

N\ To08] [Si2 1539
MARK UBA Spacer KA1

Y
PAK5 T

Activation by Inhibition by Inhibition
phosphorylation phosphorylation by binding
> i i

Figure 2schematic representation of MARK interactions/regulation ( from Matenia 2009)
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ACTIVATION BY PHOSRRYLATION

Liver Kinase BLKB) and MARKKinase MARKK activates MARK proteins by phosphorylation on
the threonine residue in the -Toop (MARK1 T215; MARK2 T208; MARK3 T211; MARK4 T214).
Similarly, the activated Calcium/calmodutiependent protein kinase 1C@MK]) binds and

phosphorylaes MARK2 within its kinase domain, but at different sites [Matenia 2009].

INHIBITION BY PHOSPRIYLATION

Df @ 023Sy { &y (K{l Yyasegativily regil&es MARKS proteins by phosphorylating a
serine residue located near tltareonine activation site in the-loop (MARK1 S219; MARK2 S212;
MARK3 S215; MARK4 S2IB)e inhibitory effect occurs independently from the phosphorylation
status of the threonine, since the phosphorylated serine is no longer able to stabilize, by
interaOliA2ya GAO0K 20KSNJ FYAYy2FO0ARaAYX GKS FOGADI GA
even overrides previous activation by MARKK or LKB1 at T208 [Timm 2008].

Mammalian aPKC(required for cell polarity together with MARK2) dowegulates MARK2 by
phosphorylation in its spacer domain (T598hhancing MARK capability to bind-34? protein,

and thus promoting the dissociation of MARK2 from the lateral membrane in polarétisd

The humarPIM1kinase, a downstream effector of many cytokisignallingpathways, associates
with and phosphorylates MARKS3, leading to a substantial decredsadee activitfSuzuki 2004,
Hurov 2004, Matenia 2009].

INHIBITION BY INTERANON

14-3-3 proteins (Pa# homologues) bind MARK kinases in their catalytic domain [Benton 2003] or
in the spacer (after MARK phosphorylation by aPKC), downregulating MARKs activity and
modifying their localization, probably by stabilizing the inhibitory interachetween KA1 domain

and the aminoterminal or the catalytic domain.

PAKS5 (p21-activated kinase) inhibits MARK2 by interaction with its catalytic domain [Matenia
2005].

Alsoubiquitin and MARKUBA and KA1 domainare able to interact with MARK kinasic dama

with inhibitory effects.

2 phosphoserine/phosphethreonine binding proteins that interact with mg partners and regulating different biological
processes.
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Very recently, 4 synthetic compounds (sharing@x8-9H-acridine10-yl as functional group) have
been designed to inhibit MARK activity [Timm 2011]: these compounds are capable to overcome
the toxicity due to MARK2 overexpsasn in neurons (causing microtubule breakdown, with

alteration of cells shape, which look rounded and reduced in size).

INHIBITION BY DIMEAATION

Dimerization, a common event for kinases, is a candidate mechanism for MARK autoinhibition:
MARK proteins are able to crystallize as dimers, linked by covalent disulfide bridges between T
loops. This conformation (open state) ends in MARK inhibition wkioharked by the activation

loop folded into the cleft to lock it. Currently no direict vivo evidences of this interaction are

available [Marx 2010].

1.3 MARKSs LOCALIZATION AND FUNCTION

MARK1, MARK2 and MARKS3 are known to localize in the cytoplasm, twegr@ssociate with the
intracellular microtubule network [Drewes

o XN ST | N .
1997]. Differently, MARK4 associates \S/_;. e S, TN

centrosomes and the midbody [Trinczek 200 mune systerﬁf / 4 ‘ li @
.,\ \ i /\)/‘

. homeostasis
Magnani 2009].

According with their localization and role a i‘—T \'\.
regulators of MAPs/microtubule affinity, MAR '

Glucose \

kinases are implicated in several cellul: catabrden \

processes involving the microtubule network ¢
depicted in Figure 3: cytoskeleton dynami
[Schneider 2004], centrosome formatior
chromosomes segregation in mitosis ar
cytokinesis [Fukasawa 2002]. Interesting

some of the cellular processes involving MAI

activity are characteristic of neurons physiolo¢ 0 o Transport
7
~ “ ~ “ A . Neuronal (O) —> o
YR &a2YS8S LI GK2f23AS8Z  mgaton o hoF:1
. Neuronal O
disease and tumours. differentiation

Figure 30verview of the role of MARK family kinases in

cellular processes (from Matenia 2009
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MICROTUBUEBEPENDENT TRANSPARD ENDOCYTOSIS

MARK proteins are involved in regulation of microtubdépendent transport, (i.e. in axons):
more specifically, MARK2 regulates this process by phosphorylating MAPs, which are known to
interfere with motorproteins responsible for organelle, vesicle and protein transport [Mandelkow
2004].

A similar role in endocytosis has been demonstrated: MARKascetize with clathrin, and act as
regulators of microtubuladependent transport of clathritoated vesicles (CCV) [Schrutms

2009].

BEVIBRYONI®EVELOPMENT ANIELL POLARIZATION

Parl homolagues in C. Elegansand Drosophilaplay a role in establishing polarity: they
accumulate asymmetrically in the embryo, inducing asymmetric division and axis polarization,
which are essential for a correct embryonic development [Tomankak 2000]. KIN1 and KIN2
homologues irSchizosaccharomyces pongjew a similar role in cell polarization, since they are
responsible for the bipolar growth leading to the typical yeastssbdpe [Drewes 2003].

Accordingly, an asymmetric localization of MARK proteins, togetiteraPKC and P&r (143-3),
characterizes epithelial and neuronal cells polarization in mammals [Bohm 1997; Matenia 2009].
MARKZ2, in particular, has a role in polarized neurite outgrowth and maintenance of neuronal
polarity in mammalian cells, which remes dynamic instability of microtubulesindeed,
overexpression of MARK2 in CHells leads to microtubule disruption and consequently to cell
shrinking and death: the effect can be counteracted by using microtubule stabilizers (such as taxol)
or by syrhetic compounds specifically inhibiting MARK activity [Drewes 1997, Timm 2011]. In
accordance, ie overexpression of inactivMARK2disturbs the polarity in mammalian epithelial
cells and inhibits axon formation. Conversely, reduction of MARK2 expression by RNA interference
(RNAI) induces multiple axons in hippocampal neurons [Biernat 2003, Chen 2006, Terabayashim
2007]. Similarly, MAR2 is involved in the reorganization of the microtubule network during
epithelial differentiation of liver and kidney cells [Cohen 2004].

Interestingly, Helicobacter pyloriCagA protein mimics MARK substrate, thus interacting with
MARK/Patl: binding the atalytic loop of the kinase, CagA inhibits kinase activity [Nesic 2010],
leading, in gastric carcinomas, to the disorganization of the gastric epithelial structure [Saadat

2007] and spindle misorientation with mitotic delay [Umeda 2009].

3 Chinese hamster ovary

10
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NEURONAMIGRATON

Microtubules dynamics is essential for proper neuronal migratiBhosphorylation by MARK
proteins of doublecortin (a MAP highly enriched in leading processes of migrating neurons)
modifies its affinity for microtubules, affecting the motility of neurons [Schaar 2004] and, in the
developing mouse cortex, MARK2 knockdaletermines failure of neurons migration beyond the
intermediate zone [Sapir 2008].

Interestingly, knockdown of MARK2 in mice influences other physiological processes, such as
fertility, homeostasis of the immune system, memory, growth and metabolism §Bes$999;

Hurov 2001; Hurov 2007; Segu 2008].

CELL CYCLEELL SIGNALLING AMNIBCELLULAR LOCALIZN CONTROL

MARKS3 phosphorylation of Cdc25 phosphatase induces its binding-8314nhibiting Cdc2b
mediated activation of Cdc2/cyclinB complex, @hds blocking mitosis initiation [Peng 1998]. In
addition, Pim1 phosphorylation and inhibition of MARK3 promote cell cycle progression at the
G/M phase [Bachmann 2004].

MARKS3 also regulates Rs\PK pathway, by phosphorylation of K$Rdd induction 0f14-3-3
binding [Muller 2001].

Finally, MARK3 regulates class Ila Histone Deacetylases (HDACs) subcellular localization:
phosphorylation of 148-3 binding sites on HDACs prevents the interaction witk8-B4proteins,
responsible for HDACs nuclear exclusffmllowing MARK3 phosphorylation, HDACs are instead
retained in the nucleus) [Dequiedt 2006]. Similarly, phosporylation by MARK3 mediates PKP2
nuclear retention, by activating its 13+3 binding site [Muller 2003].

MARK4 specific expression arakcalization in glioma, a group of tumors that have been

extensively charaterized in our laboratory, is discussed further on in detail.

4 Kinase Suppressor of Raf
5 Plakophilin 2

11
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1.4 MARKs IN HUMAN PATHOLOGIES

Hyperphosphorylation of Tau (a MAP highly expressed in the Central Nervous Systemyis a ke
hallmark ofAlzheimer disesase (ADjt can be induced by MARKs, CDK5 and GSK3 kinases, with
consequent alteration of Tau localization and proteolytic cleavage [Drewes 2004].

Cleaved hyperphosphorylated Tau is thought to accumulate in neuron somatatendr
compartments: by aggregating into paired helical filaments, hp&au forms insoluble
neurofibrillary tangles, characteristic bff T K S A Y S NogetheR with ®$s dfSsynapses and
neurons) [Chin 2000; Gamblin 2003]. A role for MARK proteinthig1 neurodegenerative
pathology has been suggested by MARK$ocalization with neurofibrillary tangles [Chin 2000]
Furthermore hyperphosphorylated Tau, enhanced kinases activity (including MARKSs) and
breakdown of microtubules are commonly found in theissorted dendritic regions with
Alzheimer disease progression [Zempel 2010]. The locatidiAdRK4gene close to the locus of
susceptibility (ApoE) to AD (Trinczek 2004) is an additional hint.

Considering a different aetiological model, Tau phosphorylaigonot the initiating event but a
02y a S| dzSam@did aggiegation [Chatterjee 2009], which causes transport defects (due to
increase and bundling of microtubules) and improper distribution of Tau into the somatodendritic
compartments [Zempel 2010].

FdzNII KSNJ adzLJLI2 NI F2NJ | L2aaroftsS NrtS 2F alwya)
finding that MARK2 activation in the early steps of pathogenesis can rescue transport mechanisms

and synapses [Thies 2007].

The MARK1gene, overexpressed in the grental cortex of postmortem brain tissues from
autistic patients, is a candidatautism susceptibility gene as appointed by the significant
association of several SNPs within the gene with the disease.

MARK1 involvement in the regulation of synapticstilzity [Jeon 2005] and in cognition has been
suggested to be responsible for subtle changes in dendritic functioning [Maussion 2008].
Interestingly,MARK1gene is localized within a fragile site (FRA1H) and its expression levels are
significantly alteredn tumour-derived cell lines [Pelliccia 2007]. This datum together with MARK1
silencing by methylation in primary gastric cancers [Yamashita 2006] andiegulation in lung

carcinoma [Sun 2004] makes plausible a role of MARK&aplastic transformaton .

12
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2. MARK4AMAP/MICROTUBULE AFFINREFGULATING KINASE

MARK4ene (19g13.2) consists of 18 exons. At least two MARK4 isoforms are known (Figure 4):
MARK4SShort) mRNA (3609 bp) consists of 18 exons and encodes a B@8otn
whose predicted MWis 75.3 kDa;

1 MARKA4I(Long) mRNA (3529 bp) derives from exon 16 skipping and the consequent shift of

the reading frame, leading to the production of a 752paatein with a predicted MW of

82.5 kDa.

MARK4 sequence shares 55% homology with other MARKs (90% in the catalytic domain). Both

MARK4 isoforms maintain the characteristic protein structure of MARK family previously

described, with a Merminal catalytic domain, a CD domain, the UBA domain, a spacer region

and the Gterminal tail. The main phosporylation sites in the th#o®p of the catalytic domain are

T214 and S218.

As a consequence of the alternative splicing, the two isoforms differ in-teen@nal tail: MARKA4L

includes, as other MARproteins, the KA1 domain, whereas MARK4S contains a domain with no

homology to any known structure [Espinosa 1998], suggesting different functions for the two

isoforms. MARK4 -@2il domain folds in a conformation similar to those of MARK1, 2 and 3,

suggesting a similar autoinhibitory and interactive function [Marx 2010].

exons

5 NH, 4{ Kinase domain ‘ ‘ UBA ‘ Spacer ‘ COOH
E !
8 CD C-terminal tail
a
MARKA4S MARKA4L
stop stop
VN N
507 30 56 36
15 16 17 18 15 16 17 18

® Aminoacids.
"Molecular Weight

Figure 4 [top] schematic
representation of MARK4exons
and respective protein domains;
[bottom] alternative splicing of
exon 16 gives origin to MARK4
isoforms. MARK4S RNA includes
exon 16 (right): the STOP codon
is inside exon 18 and MARKA4S
protein lacks the KA1l domain.
With exon 16 skipping, the stop
codon is shifted forward:
MARKA4L protein is longer and has
the classical KA1 domain (right).
Boxes are not drawn to scale
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2.1 MARK4 REGULKIN and INTERACTION

MARK4 is regulated similarly to other MARK members.

LKBIphosphorylates T214 in thel®op, activating MARK4 [Lizcano 2004; Brajenovic 2004].

It has been demonstrated that MARKA4 is polyubiquitinated and interacts witdeiquitinating
enzyme USPI9X FAbkim 2008]. As notySP9»inding mutants of MARK4 are hyperubiquitinated
and not phosphorylated at T214, it is likely that polyubiquitination inhibits LKB1 activation of
MARK4. This model implicates that, in the steadyestMARK4 UBA domain is ubiquitinilated and
does not interact with the catalytic domain, making thelo®p less accessible to LKBLI.
Alternatively, ubiquitin may mask T214 site or induce conformational modifications favouring the
activity of phosphatase#\l-hakim 2008].

It has also been established that MARK4 interacts aRK(Brajenovic 2004] and could therefore

be phosphorylated and inactivated by this kinase, as reported for MARK2 and MARK3 [Hurov
2004].

Tandem Affinity Purification and Immunopreitgiion experiments led to the identification of at

least twenty putative MARK4 interactors, of whichY ? and Cdc42are implicated in cell polarity

control and¢ D Ci? Is th@ught to be hortolog of Miranda, a protein involved in the asymmetric
division d neuroblasts inDrosophila MARK4 interacts with 13-3 protein (143-0 ' AazT 2N
known to control many cellular processes by binding phosphorylated proteins (possibly direct
regulators of MARK4 itself) and also interconnecting different pathways. ARH&EfRRAskeleton

binding protein, and Phosphatase 2A, associated with microtubules and Tau regulator, are
indicated as putative MARK4 interactors [Brajenovic 2004; Angrand 2006].

Exogeneous MARK4 protein was also found tpwafy in a protein complexgbii Ay Ay 3 h 5 |
tubulin, nonmuscle myosin and actin [Trinczek 2004; Brajenovic 2004].

As previously mentioned, MARK4 interacts with LKB1 and aPKC kinases and with the
deubiquitinating enzyme USP9X.

2.2 MARK4 EXPRESSION

MARKA4L was initially identifieats one of the overexpressed transcripts in hepatocarcinoma cells,

OKIF NI OGSNAT SR o0& ADFOS¥®Y G LR YatedniFadclinfUBRIP i the |

8 Protein Kinase C lambda
¢ NI y&F2NYAY I -IiichgAnfiapototi©ORagoN] |
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nucleus, suggesting it might be a downstream component of the -$\malling pathway,
potentially involved in hepatocellular carcinogenesis [Kato 2001].

Northern Blot and sermjuantitative competitive PCR on different organisms (human, rat and
mouse tissues) showed thaflARK4gene is ubiquitously expressed, with particularly elevated
levels in brain and testis. In detail, MARKA4L was found highly expressed in testis, brain and also in
kidney, liver and lung [Trinczek 2004; Schneider 2004; Moroni 2006], while MARKA4S levels were
found elevated in testis, heart and brain [Kato 2001; Moroni 2006].

MARK4Svas instead found rapidly and transiently-vggulated after an ischemic event in brain,
mainly at the hippocampus, together with many other genes overexpressed in the injuredibrain
compared to the healthy counterpart), including LKB1. Induced overexpression of MARKA4S in
hepatocytes leads to a reduced cell vitality, suggesting that MARK4&gufation in the early

stages of an ischemic event might increase the probability oforedeath [Schneider 2004].

MARK4N HUMANGLIOMA

CYTOGENOMICS ANDREXESION DATA

MARK4gene maps at 19913.2 locus, centromeric to the Loss of Heterozigosity @r€ad)n
gliomas the most common and malignant tumours in the Central Nervous System (CNS),
[Hartmann 2002]. By characterizing the chromosomal rearrangements affecting the 19913 region
in gliomas and by arra@GH analysis, wieund that MARK4 was never deleted in these tumours.
Conversely it was duplicated in one glioblastoma cell line4)Mird a BAC clone of the gene was
F2dzyR Ay Ot dzZRSR Ay | a3l Ayé NBIAZ2Y Ay | FS¢g (S
In an attempt to describe in detail these findings, MARK4 expression has been widely investigated
in glioma by different apprazhes. By serguantitative PCR, MARKAL splicing variant resulted up
regulated in 58 samples including cell lines and tissue gliomas, and in human neural progenitor
cells, and dowsregulated during glial differentiation into astrocytes, suggesting a rotette

kinase in proliferating and undifferentiated cells. Conversely, MARK4S was found highly expressed
in normal brain and hardly detectable in glioma and neural progenitors [Beghini 2003]. Since
MARKA4S expression level was observed to increase durimpmedulifferentiation this isoform

was delineated as a neuregpecific marker in the CNS.

Immunohistochemistry revealed nonetheless that both MARKA4L and S proteins were expressed in
neurons of the grey matter (whereas the white matter was unlabeled) sstggethat both forms

play a general role in neural tissues [Moroni 2006].
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Recently, by sequencing analysis we ruled out mutations (see below) as the cause of the sustained
expression of the MARKAL variant in glioma and demonstrated byimealPCR, immuoblotting

and immunohistochemistry that both MARK4 isoforms aresgpressed in 21 glioma cell lines and

36 tissue samples of different malignancy grades. MARKA4L is confirmed as the predominant
isoform, whereas MARKA4S transcript levels are significapttyedsed in comparison and have an
inverse correlation with malignancy grade. The switch towards MARK4L was also observed in
glioblastomaderived cancer stem cells (GBM CSCs) and neural stem cells (NSCs) suggesting that
the balance between the MARK4 isafwg is carefully guarded during the normal neural
differentiation program, but may be subverted during gliomagenesis. We hyphotesized that
MARK4 alternative splicing may be the most likely mechanism regulating MARK4L and S balance.
By immunohistochemistryMARKA4L, but not MARKA4S, was detected in cells of the subventricular

zone in human and mice [Magnam, pres§

2.3 MUTATION ANALYSIS

Mutations in protein kinase genes are often implicated in cancer initiation and development, since
most kinases are involdein cell proliferation. Most of the activating alterations occur inside the
catalytic domain, including the A¥fhding site.

Only a fewMARK4sequence changes are reported in the literature:

1 Asplicesite mutation(exon 13 +1 G>A; spacer region) ideedifin one glioblastoma sample (among

91 GBM samples analyzed) [The Cancer Genome Atlas Research Network 2008].
1 5 MARKd4alterations identified in a panel of 210 different human cancers investigating 518 protein
kinase genes [Greenman 2007]:
- two missensanutationsin two colorectal adenocarcinomas:

exon 12 (R377Q and R418C; spacer region);

- two silent mutationsn multiple tumour samples

exon 5 (Y137Y)

exon 9 (12861) (kinase domain);

- oneintronic mutationin a lung cancer specimen

exon 8 +5 CB (kinase domain);

In patients affected by Peut¥eghers Syndrome, typically characterized by LKB1 mutations, no
MARK4 mutations have been found [de Leng 2007].
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Mutation analysis oMARK4has been performed in our laboratory, by screenM@RK4exons
pointed out by the literature as possible targets of mutation (exons 5, 8, 9, 12, 13) and functionally
relevant regions, such as the kinase domain (excf®)2 the ubiquitinassociated (UBA) domain
(exons 1612) and exon 13.

Direct sequencing ofhe coding regions and flanking regulatory sequences on a panel of glioma
cell lines and tissue samples of different malignancy only revealed a synonymous substitution in a
GBM cell line (c1101G>C variation in exon 11) which does not affect the splictesgqras
confirmed by cDNA analysis.

Also intron retention between exons48 56 and 1112 was tested, but no splicing errors were
detected.

Since MARK4 mRNA undergoes alternative splicing (exon 16 is skipped in MARKA4L) the entire
fragment between exons 8l and 17 has been analyzed, showing a yet unreported single
nucleotide alteration, c187-81G>A, in several samples (both cell lines and tissues): this change

however does not affect the splicing process [Magnbampress

2.4 SUBCELLULAR LOCALIZATION

Recenly, MARKA4L localization in glioma cell lines, assessed by Immunofluorescence (IF), showed
multiple localization sites of the endogenous protein. MARK4 kinase, under microtsialidizing
conditions, associated to normal and aberrant centrosomes, obsquaetitularly in glioblastoma
OStft fAySaszs FyR Ay K$&bunickRaadifagon [MagnaRig009.y 4 G NI (S
This result confirms previous data referring to MARK4 protein conjugated to GFP (green
fluorescent protein) showing elmcalization wih microtubules and interphase centrosome of CHO

and neuroblastoma cell lines [Trinczek 2004].

Furthermore, we could establish that the centrosome association was not abolished by
nocodazoleinduced depolymerization of microtubules, suggesting that MARI§4la core
component of centrosomes. Moreover, under standard IF conditions, MARKA4L associated with the
nucleolus, as confirmed by nucleolin counterstaining. These IF results have been validated by

immunoblotting in centrosomes, nucleoli and midbody fransdMagnani 2009].

Recently, by IF, we provided evidence that also the MARKA4S isoform, like MARKA4L, associates with
the centrosome and midbody, but it is not detectable in the nucleolus of glioma cell lines. In

normal cells, including human neural progfens, adult fibroblasts and myoblasts, we found that
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both MARK4 isoforms are undetectable in the nucleoli, but associate to the centrosome and
midbody as previously observed in glioma cell lines [Magnani 2009]. Furthermore, MARKA4L
showed a nucleolar logahtion in glioblastoma (GBM) derived cancer stem cells (CSCs), but not in
neural stem cells (NSCs). Thus the nucleolar association appears to be a specific feature of the L
isoform, and a definite feature of glioma cells. An association of MARKAL widolandRNAs or
ribonucleoprotein has been suggested since RNAse treatment of GBM cells disrupts the nucleolar
localisation of MARKA4L and nucleophosmin, one of the major structural component of nucleoli

[Magnani,In pres

The relevant features of Centrae, Midbody and Nucleolus are summarized further on.

BOX1 ¢ MARK4POSITIVE SUBCELLUCARIPARTMENTS

Centrosome
Centrosome is a primary MTOC (MicroTubule Organizing Center), thus capable to nucleate and prganize
microtubules, localized in the cytoplasradiacent to the nucleus without any delimitating membrane

[Fukasawa 2002]. Two distinct domains are distinguishable in the centrosomal structure:

fithe centriolar domain including centrioles, cylindrical organelles responsible for centrospme

organization ad replication. Each centriole consists of 9 triple microtubules;
fithe pericentriolar domainan accumulation of many fibers and proteins surrounding the centriole,
NEaLRYyaArAotS FT2NJ YAONRUGdzo dzZ S& y dzOfulBllinidimgry @ N|SRA I {

tubulin ring [Doxsey 2001].
The centrosome has important functions in both interphase and mitosis, devoted to the organization|of the
cytoskeleton (and thus regulating cell polarity, adhesion and motility) and the mitotic spindle [Kramer
2002]. Centrosome is also involved in many different cellular processes, such as cell cycle progression,
cytokinesis, cellular response to stress and signal transduction [Doxsey 2005, M&dragz 2006]
Centrosome replication is strictly regulated during ositle, specifically occurring during/& transition

and in S phase, to ensure the formation a bipolar spindle at mitosis (Figure 5).
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Figure 5Centrosome duplication cycle, modified from Nigg 2002

Alterations in centrosome number, structure and functi@ypically observed in tumours) can lead to t

formation of aberrant multipolar spindles, and consequently to errors in chromosome segregation, thus

causing chromosomal instability (CIN), a hallmark of many tumours.

Midbody

At the end of the mytotic mycess, with cytokinesis, in correspondence of the midzone, a contractile ri

ng of

actin and myosin determines the approaching of the two opposite surfaces of the membrane and their

merging and closing, causing the separation of the two daughter cells figaimg2005].

The two daughter cells are initially connected by a narrow intercellular bridge, whose core is the mi
consisting of microtubules and a dense matrix [Mullins 1982]. The diameter of the intercellular

progressively decreases until nighing, so that the two daughter cells are effectively separated.

midbody, finally discarded, undergoes degradation [Mullins 1977].

dbody,
bridge
The

The midbody is thought to have an important role in maintaining a bipolar spindle and in cofrectly

separating thecytoplasm between the two daughter cells.

Nucleolus
¢ KS deOfSZfdzé Aa | édzé)/dzétél- NJ & 4 NHzO G dzNB yzﬁ
FI Oi2NE 2F (KS OStté¢o LY YFYYFEALY OSt f a ai&ks

end of mitosis concomitantly with restoration of rDNA transcription at the level of competent Nucl

RSf A
y dzO

eolus

Organizing Regions (NOR), clusters of genes (rDNA), coding for ribosomal RNA (rRNA), located on the short

arm of acrocentric chromosomes 13, 14, 21 and 22. In immunofluorescence, the nucleolus is visiblel as a

DAPIpoor rounded region.
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The nucleolus consists of three main components, identified by electronic microscopy:
fithe fibrillar center(FC) of clustered rDNA (NOR);

fithe dense fibrillarcomponent consisting of preRNA;

fithe granular componentconsisting of nucleolar proteins and pibosomes, derived from rDN

transcription in prerRNAs, properly rearranged and assembled with ribosomal proteins to move int

cytoplasm [Carmé-onsea 2000; Schwarzacher 1983].

Accordingtothe s® £ £ SR & LJX dzNR Fdzy Ol A2yl f ydzOf S2f dza K@
not only in ribosome biogenesis, but also in cellular stress response, cell cycle regulation [Visintin 20
cellgrowth [Zhang 2010], cell aging, pdstnslational modifications (phosphorylation and sumoylation

proteins andretention/sequestration of molecules normally active outside the nucleolus

Moreover, nucleolar activity is linked with several pathologies an example, B®hucleolar protein and

A

o the

LJ2 G KS
00] and

of

nucleolin, two major nucleolar components, are implicated in cancer pathogenesis and cell proliferation, as

indicated by the findings of: i) high nucelolin levels in tumours and actively dividing cells anddliny
need for chromosome congression and maintenance of mitotic spindle integrity [Ugrinova 1}
Furthermore nucleostemin is able to interact with p53/Mdm2 pathway, with a potential role in
transformation, and some viruses interact with the realus with recruitment of nucelolar protein

facilitating virus replication [Pederson 2011; Sirri 2008; Amin 2008]

Perinucleolar Compartment (PNC)

tb/ A& I RAAO2AR &0NHz2OGdzNBE:Z &aAiddzr SR 2y K ®ot

detectable in all cell types, but it is specific for mammalian transformed cell lines and tumour deriv
lines or tumour biopsy, suggesting a role in tumour initiation or progression. The perinuclear compa
was originally described during éhcharacterization of hnRNP | /PTBrotein, which localizes in th
perinuclear area: the PNC is physically associated with the nucleolus but constitutes a distinct and ¢
structure, moving discretely along the nucleolar periphery. As it happenswileoli, PNC is disassembl
during mitosis and reconstituted during late telophase. PNC is characterized by enrichment in §
proteins (mainly involved in processing petiérived RNAs) and RNAs, especially small non coding

transcribed by polll (which though are not transcribed in PNC). Amprgnucleolar proteins PTB is
involved in premRNA splicing, alternative splicing and regulation of RNA polyadenilation and translat
general, the enrichment of RNA processing proteins in the PNC suggests a role in RNA metabolism

PNGCassociated proteins are knowa interact with one another [Pollock and Huang 2010].
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The integrity and stability of PNC is strictly dependent on RNAAs&Nbut not DNge, treatment on
permeabilized cells, disrupts perinucleolar compartment. Similarly specific inhibition of RNIAaptvity

can determine PNC disassembly.

BOX2-CENTROSOMEUCLEUANDNUCELOLUBHETRICKYRIO

Immediately after centriole discovery, the existence of a nuctergrosome axis has been postulated.-NC

axis is oriented and paired with the polarizatiand migration axis of many cells types (such as neurons

and fibroblasts), raising the hypothesis of a role for centrosome and nucleus positioning in the regulation of

cell polarity and migration [Wakida 2010; Gant Luxton 2011]. Indeed centrosome ablai® been
demonstrated to inhibit cell polarization. MTs act as major actors in this process, organizing a d
structure along N@xis and regulating vesicular trafficking and nuclear movement during cellular mig

and polarization (fig.6)

Dynamic
A
microtubules

Microtubule organization Microtubule-based Nuclear movement
vesicular trafficking

Figue 6Effector functions of the N@xis (ERC is the perinuclear endocyitic recycling compartment).

From Gant Luxton 2011

Typically, MTs minuends are anchored to the centrosome, and the plus end can extend freely i
cytoplasm, but because of nuclepsoximity, MTs spreading from centrosome is not symmetrical, and

strictly regulated by nucleus and centrosome position (that means by NC axis). NC axis ensures po

of vesicular compartments (Golgi and exocytic apparata) thanks to interactiih the MTs network and

ynamic

ration

n the
it is

arization

with the motor protein dynein: in migrating cells, where nuclear movement is functional to migration,

dynein plays a key role in keeping closed nucleus and centrosome, as well as myosin Il. Very intefestingly,

t Nt h f 2th@IcenthosoBei andii® essential for centrosome positioning duringglidied neuronal
migration.

Cdc42, already identified as MARK4 potential interactor (see before), is implied in controlliagsh
formation during fibroblasts migration, thanks to @ffect on Paré and MREK

Also actin and myosin Il are implied in defining the NC axis, together witbetlglinctions mediated by

cadherin. Similarly, these effectors and processes can be crucial during cell division [Gant Luxton 20

2 Miotonyc distrofy Related kinase Cdc42 binding kinase

11].
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Very interestngly, nucleusentrosome interactions extend also to the nucleolus. Representing the most
active and dynamic nuclear domathe nucleolus plays a prominent role in various cellular processes,|such
as cell proliferation, celtycle regulation and variousspects of ribosome biogenesis. It has been
demonstrated that depletion by siRNA of nucleolar major components, such as B23 and nucleolin, results in
cell growth arrest, delays in mitotic entry and increase in apoptosis, together with accumulatipn of
micronuclei and multiple nuclei or, more generally, aberrant nuclear morphology, and rearrangements at
severe nucleolar components. In addition, after nucleolin silencing, a significant number of mitotic cells
showed defects in centrosome duplication, with mpiéi centrosomes and multipolar sgites, sustaining

the importance of nucleolar proteins for centrosome duplicatjoigrinova 2007, Amin 2008]

2.5 CONCLUSION

MARK4, by phosphorylating MAP proteins, regulates microtubule dynamics and influences the
multiple cellular processes implying microtubules [Brajenovic 2004, Matenia 2009].

Additional hints about MARK4 regulation in microtubules dynamics, particularly those affecting
the centrosome and the midbody, stemmed from the evidence that both MARK4 isofornizéoca

in these cellular compartments, taking part in all phases of cell cycle [Magnani 2009].

MARKA4L association with the nucleolus in glial tumours [Magnani 2009], like others protein
kinases sequestered in this compartment, could underlie a spatial régulaf the kinase by
alternate translocation in and out of the nucleolus, according to cell cycle phases [Visintin and
Amon, 2000].

MARK4 implication in cell proliferation, pinpointed by cytogenomics and by molecular and
expression profiles, features ihe dual nature of the two different isoforms (MARK4L and S) the
potential target of dysregulation in glial tumours.

Interestingly, MARKA4L, the alternative splicing variant, has been fourggypated in glioma.
Alternative mRNA splicing has been considea mechanism not only increasing proteomic
complexity but also implied in cancer, through its involvement in the activation/inactivation of
oncogenes and tumour suppressor genes and through the generation of chromosomal instability
(CIN) [LopeSaavedra &Herrera, 2010]. CIN is a common feature of aneuploid cancer cells and
defects in the regulation of centrosome numbers are considered an intriguing mechanism
underlying aneuploidy [Duesberg 2006; Weaver 2007]. Defects in centrosomal number and
structure hadS 0SSy ¢Sttt R20dzYSYyuSR Ay 3JtA2Yl A w5Q! 2
raising the issue whether the increased levels of MARKAL, isoform of a gene involved in the

microtubule dynamics, may concur to errors in chromosomal segregation drivingagieesis.
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3. GLIOMA

Glioma, the most common type of primary brain tumour in adults, accounts for more than 70% of
all the tumours in the Central Nervous System (CNS) [Ohgaki 2009], with high incidence in children
between 08 years and in adults between 50 years and a sligimale predominance [Gladson
2010].

3.1 HISTOLOGICAL CLASSIFICATION
Classification of gliomas is based on histological features, that resemble astrocytes,
oligodendrocytes or ependymal cells.
The two main cell types identifiable in the human brain are ot feeurons(2-10% of the cells in
the CNS) andlia, for which three different sulpopulations can be distinguished:
1 Astrocytes the most abundant glial cells, are responsible of neuron nourishing and
protection, regulation of synapse formation and actiga of the immune response

1 Oligodendrocyteselease neuronal growth factors and cover neuronal axons with their

cytoplasmatic processes to form myelin

1 Microglia mainly located in proximity of blood capillaries cells, act as phagocytes, with a

protective role.

According to World Health Organization (WHO) classification, gliomas are classified as follows (drafted in
1993 and updated in 2008) [Rousseau 2008]
ASTRCYTIC TUMOURS:
1 Pilocytic astrocytoma
Diffuse astrocytoma (fibrillary, protoplasmic and gemistocytic astrocytomas)
Anaplastic astrocytoma

Pilomyxoid astrocytoma

1
1
1
1 Glioblastoma
1 Giant cell glioblastoma
I Gliosarcoma
9 Pleomorphic xantoastrocytoma
1 Subependymal gid cell astrocytoma
- OLIGODENDROGLIAL TUMOURS:
9 Oligodendroglioma

1 Anaplastic oligodendroglioma
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- MIXED GLIOMAS:
9 Oligoastrocytoma
1 Anaplastic oligoastrocytoma
- EPENDYMOMAS
- OTHER NEURONAL, NEGRGL AND NEUROEPITHELIAL TUMOURS

3.2WHO MALIGNANCY CLASSIFICATION

Gliomas can be classified in four malignancy grades, depending on the presence/absence of

nuclear atypia, mitosis, microvascular proliferation and necrosis:

1 WHO grade :llesions with low proliferative potential and with a good prognosis
(treatment with surgical resection is usually sufficient for the complete recovery).

1 WHO grade ilgenerally infiltrating lesions with low mitotic activity and possible
recurrences. Some of these tumours can progress to higher malignancy grade lesions.

T WHO grade Il lesbns with histological evidence of malignancy, generally

characterized by high mitotic activity, pronounced anaplasia and infiltrative capacity.
1 WHO grade IVlesions with high mitotic activity, prone to necrosis and generally

associated with a rapid prand postoperation evolution of the disease.

The WHO classification, however, is not sufficient for a correct diagnosis or prediction of survival
and therapy response: gliomas show in fact considerable heterogeneity and variability among
tumours of thesame type and grade, and within individual tumours, so that biopsies can often not
be really representative of the whole tumour mass. In addition, genetic alterations can differ in
tumours of the same histotype: classification on the basis of tumour gemebuld thus lead to a

more accurate prognosis prediction.

3.3 CLINICS

Symptoms Depending on the anatomical site, as characteristic of brain tumours, symptoms are
typically due to increased intracranial pressure:
9 partial or generalized seizures (epilepsy);

1 nausea, vomiting, drowsiness, headache, visual abnormalities, changes

in speech, hearing or balance.
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Diagnosis:

Therapy

9 focal and progressive neurological deficits. The type of deficit (motor or

sensory) is generally indicative of the tumour site;
9 cognitive dysfunctions, ni most cases symptomatic of meningeal

involvement or diffuse tumour infiltration

1 Magnetic resonance imaging or computed tomography (although less
sensitive) to confirm a suspect of brain tumour;
1 Surgical biopsy with histological examinatimndiagnose tumour type and
grade.
Glial tumours are treated by surgery, radiation and chemotherapy. Complete
resection is difficult because of tumour location and its typical extensive infiltration
into surrounding normal tissue. However, evemugh not curative, surgery can
establish the diagnosis and relieve symptoms by decompressing the brain. To
increase survival, surgery is usually combined with adjuvant -gostation
radiotherapy and chemotherapy (temozolomide, nitrosurea or by the coatlmn
of procarbazine, lomustine and vincristimePCV), however, disease recurrence is
virtually inevitable and very common. Both the invasive nature of the tumour and
its heterogeneity probably contribute to the poor response to currently available

treatment regimens [Park 2009].

Thanks to advances in understanding the molecular mechanisms of gliomagenesis,
new therapies are being developed, in order to inhibit transduction pathways often
constitutively altered and driving uncontrolled proliferation iglial tumours
[Sathornsumetee 2007]. Monoclonal antibodies and kinase inhibitors unfortunately
showed little efficacy, probably because of their low specificity and reduced ability
to cross the blood brain barrier [Chi 2007].

Recent therapeutic advanceaciude immunotherapy and anéingiogenic drugs,
such as amVEGF drugs (the Vascular Endothelial Growth Factor is responsible for
the high vascularization commonly found in gliomas and is involved in a pathway

frequently altered in these tumours) [Jain@Q.
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Prognosis: The median survival depends on tumour grade and is estimated arothgears
for grade Il tumours, 3 years for grade Il anaplastic astrocytomas a8 frfonths
for glioblastomas (with typically a shorter survival for patients >yé@rs old)
[Gladson 2010].

3.4 AETIOLOGY

Glioma risk factors:

Specific risk factors for glioma have not yet been identified. In general, occupational exposure to
organic solvents or pesticides [Gladson 2010], and exposure to ionizing radiations [Fisher 2007]
can be predisposing. There are hints of association betweenunological factors and gliomas,

with a lower risk for atopic people [Linos 2007] and a correlation between high IgE and a longer
survival [Wrensch 2006]. Since Cytomegalovirus (CMV) RNA can be detected in glioblastomas,
CMV infection has also been segted to play a role in the etiology and progression of some

gliomas [Mitchell 2008].

Genetics:

Even though most brain tumours are sporadic, some familiar syndromes, suckH-esuteni
syndrome (involvingg53 gene on chromosome 17p13), neurofibromatokidF117g11) and the
Cowden syndromeRTENL0g22023), are known to be associated with an increased incidence of
brain tumours: in these context gliomas occur in combination with other clinical signs, usually
tumours in other locations.

Various cytogenic abnormalities have been identified in sporadic gliomas: deletions and
duplications of entire chromosomal segnienlLoss Of Heterozigosignd gene amplification,
genetic alterations in oncogenes and tumour suppressor genes. These anomalies cause
dereguation of pathways involved in cell cycle control, proliferation and cell differentiation. Even
though the genes found altered in gliomas are not specific of this class of tumours, their
combination and their particular accumulation inside glial cell gpcial of gliomas and correlate

with neoplastic transformation and tumour progression [Zhu 2002].

It has recently been shown that microRNA (miRNA) play a role in gliomagenesis, since they may

repress control genes or, when dowegulated, do not target oragenes anymore [Huse 2010].
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OligodendrogliomaWHOgrade [) andAnaplastic oligodendrogliom@WHOgrade 1)

1 1p (1p36.22036.31) and 19g13.3 LOH [Smith 2000] are positive prognostic predictors, correlating
with a favorable response to therapy and a longer survival [Collins 2004]. However, the genes of
these loci specifically involved in glioma initiation and/aowgth promotion are not known
[Gladson 2010].

{ Promoter methylation or 10q chromosome loss cause downregulatioPBEN" tumour
suppressor gene (10q223).

it 5 D Cedn beamplified (4q12), leading to uncontrolled cell proliferation.

9 EGF receptor signaling, together with eadhesion receptors and proteases, play an important
role in promoting both a highly proliferative phenotype and an invasive phenotype. Anaplastic
oligodendrogliomas (grade Ill) show genetic and epigenetic abensatfINKAAARFand INK4B,

involved in regulating the G1/S phase transition.

Astrocytomas(WHOgrade 1)
fCNBIjdzSyifté SEKAOAG | YLXAFAOIGAZY 2F AKESCt5DCw'
and ¢D), suggesting an autocrine or paracrine looppéfying this signaling pathway [Shapiro
2002].
9 Loss ofp53by LOH or missense mutatioiss common and early in neoplastic transformation

[Reifenberger 1996].

Anaplastic astrocytomagWHOgrade Il)
originating from Il grade astrocytomas, usually are characterized by the same genetic alterations, but
also genes for cetlycle progression control are involved:

1 loss of theRbgene,

9 CDK4amplification,

9 p16/CDKN2Aeletion or promoter hypermethylation

1 MDM2 amplification (p53 inhibitor).

GlioblastomagWHOgrade 1\

are the most aggressive glial tumours, aristey novo(primary GBM showing mainly an astrocytic
component) or from preexisting lowmalignancy lesionssécondary glioblastomgs(Fig. 7)A small
subgroup of grade IV GBM contains areas of oligodendrocytes and is thus indentified as

oligodendrogliomaderived GBMQ. Primary and secondary GBM are histologically indistinguishable

13 Phosphatase and Tensin homolog
14 platelet Derived Growth Factor Receptor
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but develop through distinct genetic pathways, showing différerpression profile and epigenetic
aberrations and consequently a diverse response to therapy [Ohgaki 2009].

9In primary glioblastomaproliferation and invasion can be promoted by amplification and/or
mutation of the EGFR gene, which alterations are mually exclusive withMDM2
overexpression. N@53 mutations or deletion are known, while LOH of chromosome 10q
causes deletion oPTENgene. Mutations and/or deletions iNF1° can be also present in
sporadic glioblastomas [Huse 2010].

' Hypermethylation of MGMT' promoter occurs in both primary and secondary GBM,
representing a positive prognostic factor, since associating with a better response to
temozolomide therapy [Ney 2009].

1Genomewide studies identifiedRTEL'f and TER¥ SNPs associated with increasgiibma
incidence [Shete 2009; Wrensch 2009].

fiMissense mutations itDH1and IDHZ®, found in a significant number of astrocytomas and
oligodendrogliomas, are largely absent in primary glioblastomas, suggesting that primary and
secondary GBM may originafeom different progenitor cells [Ohgaki 2009]; multivariate

analysis also suggests that they are favorable prognostic markers [Huse 2010].
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Figure 7:schematic representation of different grade gliomas.
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3.5 GLIOMAGENESIS

The cell of origin of glioblastomaas traditionally thought to be the astrocyte, due to some
staining/morphologic similarities, and the fact that the astrocyte is one of the few cell types
capable of proliferation in the mature brain. However, the presence of pluripotential neural
progentor cells in the subventricular zone of mature brain, and in glioblastoma tumours,
prompted to raise the hypothesis of a staminal origin of gliomas [Quigley 2007]. The stem cell
origin could account for the existence of mixed glial tumours, with both agtio and
oligodendrocytic component, together with the high heterogeneity characterizing brain tumours.
Moreover, the presence of a progenitor compartment in glioma could offer an explanation for the
resistance to treatment typical of these tumours, a® theoplastic progenitor may continue to
seed the brain, despite local treatment to the tumour mass [Quigley 2007].

Glioma arising from a tumour initiating stelke cell (named brain tumour stem cell, BTSC) is now

universally accepted, but the origin ofdlBBTSC cell itself is strongly debated.

The presence of Cancer Stem Cells (CSCs) with various genetic and epigenetic features in glioma
could indeed explain the cellular heterogeneity and resistance to therapy characteristic of
malignant glioblastomas [ge 2001].

Cancer stem cells were isolated from glioblastoma biopsies for the first time in 2002 [Ighatova
2002] and were identified as stetike cells, growing in neurospheres and being able to
differentiate in neuronal and astroglial cells. More spekifict 8 > G KS GSN)XY &. NI Ay
refers to multipotent cells, which thus can differentiate into the three neural cell lineages
(astrocytes, oligodendrocytes and microglia). BTSC canrtéomgproliferate and selfenew, and

are capable of giving esto tumoursin vivo[Vescovi 2006].

Typically, cancer stem cells account for less than 5% of the cells within the tumour mass [Gladson
2010] and reside in the perivascular area of the tumour (vascular niche), offering a specialized
microenvironment which allows the maintenance of CSCs feat{iHuse 2010]. Changes in this

local microenvironment (niche; growth factors levels; interactions with immune cells) may thus
play a role in glioma formation [Germano 2010; Park 2009].

Different surface markersCD133, BMI1, nestin, Sox2, NQtd¢tave bee tested toidentify and

isolate CSCs from GBMs but this sole approach was proven to be insufficient: in fact the genetic

deregulation that occurs in cancer may lead to ectopic protein expression [Park 2009].
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Literature data suggest that tumorigenesisidze achieved by two different mechanism:

1 Hierarchical modelone specific CSC population, among the different stem subpopulations

of the tumour mass is responsible for repopulating the tumour.

1 Stochastic mechanisndifferent types of cancer stem cells, with different tumorigenic

ability, are involved in tumour formation, accordingly with the heterogeneity typical of

glioblastomas.

Brain tumour Stem Cell may thus derive from oncogenic transformation of differdrypes:

1 Neural stem cells (NSC&ven though selfenewing and with long liféime, stem cells are
usually quiescent, thus less prone to acquire genomic errors [Park 2009]. However, survival
of neural stem cells and maintenance of the undifferentiatetdte are mediated by
pathways reported to be constitutively activated in gliomas (Notch, EGFR’ SMHEN,
BMI1) [Purow 2005; Vescovi 2006; Stiles 2008].

In the adult central nervous systemdSCs are located in the Sukntricular Zone (SVZ) of

the forebrain and the dentate gyrus of the hippocampus, where genesis of new neurons is
strongly documented.

SVZ represent the NSCs niche with the highest neurogenic rate, characterized by the
presence of three undifferentiated and highly proliferative cgflds: type A, B and C cells
(Fig. 8). Type B cells express markers of both mature astrocytes*@s&#dPimmature and

radial glial cells (vimentin and nestin) and are supposed to be relatively quiescent stem
cells with low proliferation rate, but generatin fastproliferating, transitamplifying
progenitor cells (C cells). Type C cells are multipotent and generate neuronal precursors
(type A cells or neuroblasts), which leave the SVZ and migrate to several brain areas where
they terminally differentiate [Gid 2003]. Some C cells express oligodendroglial markers
(Oligo2, NG2) and originate oligodendrocytes [Stiles 2008].

While in vivoendogenous NSC seem able to produce almost exclusively neumovis,o

they are able to generate mainly astrocytes but atdigodendrocytes and neurons. This
evidence highlights the importance of epigenetic signals in the neurogenic niches, where

glial cells and neurons exert mutual influences [Gritti 2007].

% Sonic HedgeHog.
2 Glial Fibrillary Acidic Protein.
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Figure 8 [Left]:stem cells (B cells; blue), neural progenitors (C cells; amber) and neuroblasts (A cells; green) in the
subventricular zone [Stiles 200gRight]: adult rodent brain ventricle (V) and swentricular zone (SVZ). Arrows
point to some of the proliferatingells in the SVZ that were labeled after intraperitoneal injection of the thymidine

analogue, Sromodeoxyuridine [modified from Galli 2003].

Neural progenitorsibeing more proliferative than stem cells and differentiated cells, these
cells can easily wlergooncogenic mutations that are fixed during replication. Many of the
pathways found abnormally activated in gliomas are also sustained in neural progenitor
cells, since they are necessary for progenitor proliferation and migration. Progenitors can
migrate as well as tumour cells, even if glioma cells can proliferate and migrate at the same
time, whereas progenitor cells have limited migration capacities and enter mitosis only
after they have reached the final destination [Canoll 2008].

Neural progenibrs are characterized by a high plasticity, and can modify their

differentiation state in response to specific stimuli [Vescovi 2006].

Dedifferentiated mature glial cellsthese cells, after mutation accumulation could acquire

a stemlike phenotype, originating multipotent malignant cells able to sustain glioma
proliferation. In fact glioma cells express both undifferentiated and differentiated markers:
a high number of dalifferentiation markers, paired with a decrease of differentiation
markers, correlates with glioma progression [Germano 2010]. However, there is no
knowledge of a ddlifferentiation process in these cells capable to originate multipotent

malignant cells.
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A new classification of primary glioblastoma has been proposed, on the basis of spatial

relationship with SVZ (known to be enriched in stem cells) and cortex [Lim 2007]:

9 group I GBM contacting SVZ and infiltrating cortekamacterized bymultifocality and tumour
recurrences noncontiguous with the initial lesion (so with a more invasive and migratory
phenotype);

9 group It GBM contacting SVZ but not involving cortex;

1 group IIt GBM not contacting SVZ but involving cortex;

9 group IV GBM neiher contacting SVZ nor infiltrating cortemever multifocal with recurrent

lesions always bordering the primary site

It has been suggested that group | GBMs originate from transformed NSC, maintaining expression
of matrix metalloproteinases (as typicdi lnighly aggressive and infiltrating tumours); the contact
with the SVZ niche, may also be permissive for tumour growth and migration. In contrast, group 1V

GBMs may arise from white matter glial progenitors, which have very limited migration potential.

Worth to be noted, oncogenic transformation and gliomagenesis can be obtained by induction of
PDGFB expression, in nestprogenitor cells, committed oligodendroglial precursors or mature
GFAP astrocytes [Huse 2010] and stimulation of PDGFR signalinginchice tumourlike
proliferation of NSC. In addition, combinations of oncogenes/ tumour suppressor genes
deregulation trigger tumorigenesis from differentiated astrocytes [Zhu 2009; Park 2009]. The
discrepancies in these studies indicate that severaleddfit cell types probably harbor
tumorigenic potential and that their ability to initiate neoplasia may depend on the precise
mechanisms governing the underlying oncogenic stimulus and/or the molecular subclass of the
tumour in question [Huse 2010].

Expemmental models indicate that gliomas can arise from both undifferentiated multipotent cells
and well differentiated astrocytes: it may be possible that the differences between the primary/de
novo and secondary/progressive GBM reflect a different cell girari

Certainly, various evidences underline that gliomas could be maintained by a population of
malignant cells that exhibit stesike properties of selfenewal and multipotency, irrespective of

the cell of origin: a stem cell, a progenitor, or a differated somatic cell that has reacquired the

stemtlike properties as summarized in figure 9 [Park 2009, Huse 2010].
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Figure 9Although the precise cells of origin for diffuse glioma variants remain
largely unknown, a selection of likely candidates for each (dashed arrows) is

indicated. (Modified from Huse 2010)

4. RNA

RNA interference process (RNAI), identifiedCinEleganf~ire, 1998], consists in the degradation
of specific MRNA mediated by a homologous double strand: it is a conserved biologic mechanism
in various eukaryotic organisms, responsible for viral RNA degradation and transposon

suppression and implicated in regulatory process during embryogenesis [Bernstein 2001].

A common mechanism has been identified [Elbashir 2001; Dykxhoorn 2003; Bantounas 2004]:

1. RNAi s triggeed by a dsRNA (exogen or viral RNA, transposons, endogenous dsRNA): dsRNA is
processed by Dicer enzyme and becomes a small interfering RNA (siRR2A)bpllong.
daAwb! a I NB OKI NI Ol &Whak gdrcal of egradatloiN®edidMatyByARNAsi 0 Q
LLLE FYyR | LK2ALKIGS 3INRdzZLI 0 pQo

2. The mRNA is silenced by a sequence specific target mechanism: Dicer efficiency is
proportional to dsRNA length: the longest the dsRNA is, the most are the derived siRNAs and
the silencing effect. SIRNAs derived from Djpercessing are recruited B9ISC endonuclease

(RNA induced silencing complex
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Target degradation requires evolutionary conserved enzymatic complexes: RISC, by its ATP
dependent- helicase activity, separates the 2 strands of siRNAs, retaining thesemsie

strand [Martinez 2002; Hammond 2000]. The target mRNA is recognized thanks to base
pairing and digested by RISC [Elbashir 2001]. (Figure 9)

SIRNA duplex ﬂ
"
SIRNA-protein complex (SIRNP) y

ATP
RISC activation
ADP + p|

P

i

1 sIRNA-mediated target recognition

mRNA P

mTGNWW\(A)n

l MRNA cleavage

SVAVAVAGEAVAVAVAW

Figure 9:RNA interferencelong dsRNA are processed by Dicer in siRNAs, which are incroporated by

RISCNature reviews Mol Cell Biol 2003, 4: 4857)
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RNAI by long dsRNA has been demonstrated to be a very useful tool in functional studies in
Drosophilaand other eukaryotic organisms: unfortunately, in mammals, this approach can only
generate an unspecifiesponse, mediated by interferon, with inhibition of protein synthesis and a
global RNA degradation [Bass 2001]. However, RNAIi can be induced in mammalian cell lines by
transfection with chemically syntethized dsRNA22Lbp long, that are presumed to doty

interact with RISC [Elbashir 2001].

To obtain a specific silencing, the siRNA molecule has to be designed using specific algorithms
which identify the best region for silencing in the mRNA target: usually more than one siRNA is
tested to verify thesilencing efficiency [Holen 2002].

Secondary structures of siRNA and of the target mMRNA can also influence the silencing efficiency,
together with the transfection method (electroporation, lipishsed transfection).

Even though siRNAs represent a very uktfol in functional studies, the main bias is represented

by their transient activity: cellular duplication causes a progressive dilution of the siRNA
molecules, until a level under the threshold necessary to maintain the silencing: thus in actively
replicating cells, silencing duration is strongly correlated with the number of cell divisions.
[Elbashir 2001]. Usually, the effect on the cell phenotype persists for a maximum of 7 days,
sometimes not sufficient to obtain the silencing of a gene codifyingldog halflife proteins
[Paddison 2002].

Literature reports depletion of centrosomal proteins (such as Tastin, Cep55, Centriolin and 4.1R)
by siRNA [Yang, 2008; Fabbro 2005; Gromley 2003; Krauss 2008], resulting in severe alteration of
cell cycle progreson and apoptosis induction, muhiucleated cells, mitotic arrest and alterations

in spindle formation, compatible with the disruption of centrosome functions.
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Matherials & Methods

1.CELL CULTURES

1.1 Human primary glioma cell lines
Glioblastoma (GBM) cell lines used for functional studies have been selected from a panel of 21 human
primary glioma cell lines obtained from pemirgery specimens antharacterized as described elsewhere

[Perego 1994; Beghini 2003; Magnani 2004; Roversi 2006]. Features of cell lines are reported in table 1.

SEX/
CELL HISTOLOGICAL | wHo
AGE at KARYOTYPE
LINE | DIAGNOSIS GRADE
surgery
64, XXY,+1,+7, ,+8, +9, +10, +11,-12, +13,+14, +15, -18, +19,
M /63 G-32 GBM A"
+21,+22,+3mar
45-46, XX, add(1)(gq12), der(19)t(19;19)(pter;q12), del(19)(ql12)/
F/36 MI-60 GBM v
92, XXXX, add(1)(q12), der(19)t(19;19)(pter;q12), del(19)(q12)

Table 1 clinic and pathological features of GBM derived cell lines..

Cells were grown in RPf¥bsupplemented with 5% fetal bovine serum (FBS), 100 U/ml penicillin (Pen) and
100 U/ml streptomycin (Strep) at 37°C and 5%.d@ey were split during the exponential growth phase
using trypsiREDTA". Cells were tested by Immunofluorescence with BARI verify the absence of
mycoplasma contamination.

MI60 GBM cell line, initially used for RNAI optimization, because showing heterogeneous populations, has

been replaced with G32 GBM cell line, used in siRNA experiments

1.2 Human normal fibroblasts

Adult fibroblasts, used as control, were grown at 37°C in a 5%@a@@sphere in RPMI supplemented with

10% FBS and 100 U/ml P8trept. Fibroblastsderived from kin biopsyd SNBE 2060l Ay SR FTNRBY

A 2 4 oA X

5b! . A20ky]l FTNRBY thFdASyia ! FTSOUG S Relethah Gandiy Biaband 5 A 3

Network¢ Project N. GTB0O7001

2. PROTEIN HAUFFE ASSAY

In order to better define the duration of RNAI experiment® performed timelapse Cycloheximide (CHX)

treatment (5G-g/>L stock solution in 70% EtOH) on®0l GBM cell line, harvesting cells at 48, 96, and 120
hours after CHX addition (final concentration $@06-L). Western Blot (WB) (described in paragraph 6 of

% Developed by Moore at the Royal Park Memorial Institute.
%4 Ethylenediaminetetraacetic acid.
% QD Amidine2-Phenyl Indole.
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this section) was performed to assess the presence of MARK4 protein. Cycloheximide (CHX) is an inhibitor
of protein biosynthesis in eukaryotic organisms, produced by the bacte8tmeptomyces griseusCHX

exerts its effect by interfering with the transldgan step in protein synthesis (movement of two tRNA
molecules and mMRNA in relation to the ribosome) thus blocking translational elongation. CHX is widely used
in biomedical research to inhibit protein synthesis in eukaryotic cells studied in vitro.ksweaypidly and its

effects are rapidly reversed by simply removing it from the culture medium.

3. RNA

MARKA4L and MARK4S knockdown was obtained by RNAI, which relevant features are summarized in BOX 1.

BOX 1¢ RNAI
RNA interference (RNAI) is one of the most important technological breakthroughs in modern biology, considered
essential for studying gene function, allowing to directly observe the effects of the loss of function of specific
genes in mammalian systemshls become a prominent tool for protein knockdown studies, phenotype analysis,

function recovery, pathway analysis, in vivo knockdown, and drug target discovery.
The molecules that mediate RNAI are short dsRNA oligonucleotides, 21 nucleotides in length, internally processed
by Dicer enzyme: the cleavage products are short interfering RNA (SiRNA).
RNAI technology takes advantage of the cell natural machinery ¢éatefély knockdown expression of a gene wjth
transfected siRNA. There are several ways to induce RNAi: synthetic molecules, RNAI vediorstramticing.

In mammalian cells, siRNAs specifically degrade the target mMRNA: the antisense strand ofssiRiN#esa with
the multiprotein complex, or RN#aduced silencing complex (RISC), which then identifies and cleaves at a gpecific
site the corresponding mRNA, next targeted for degradation. Ultimately this process results in the loss of protein

expression.

We performed RNAi bgilencer® St SOG aAwb! & 2 NJ { ( Sdbthite& by winbioh and & A wb
Invitrogen, transfected by lipiemediated transfection with Lipofectamife RNAIMAX (Invitrogen)This
transfection reagent is aationic lipid formulatiorsuitable for delivering molecules across a diverse range

of commonly used cell lindsy R A LJISOAFAOFIff & RS@St2LISR F2NJ KAIKE &
or Silencer@elect siRNA to mammalian cells.

It has been repodd that it can cause cytotoxicity, thus determining an apparentarfjet effects due to
suboptimal or excess in delivery reagent. One cause ahafet effects is the upor downregulation of

genes due to the siRNA delivery procedure-t&ffet effeds can also be due to nespecific knockdown
mediated by the siRNA duplex itself.

To avoid these problems, different concentrations of siRNA were tested to determine the most favorable
conditions, that is the lowest siRNA concentration that gives there@dievel of knockdown in RNAI

experiments.
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3.1 Assessing of transfection efficiency

To verify the effective internalization of dsRNA used in RNAIi experiments, GBM cell lines and fibroblasts
were tested using CyBuciferase siRNA (Upstate), easily dedbt# by fluorescence microscopy:
internalization was considered optimal when at least%®®f the treated cells showed toplasmic
fluorescent signal at different observation time (24 and 48 hours after transfection). Transfection-of Cy3
Luciferase siRNA hadeen performed using both reverse and forward transfection protocol, as described

further on.

3.2 Negative Control

siRNA negative control, not targeting any specific gene product (because designed to have no similarity to
mouse, rat, or human transcript sequences), was tested in both GBM cell lines and fibroblasts under study.
Since we found that the Silence Negatieairol sSiRNA at 40nM (siRNA#1 Ambion) did not show significant
impact on cell proliferation, apoptosis or cell morphology, we used it to distinguish non specific (NS) effects

on siRNA treated cells.

3.3 Silencer siRNAs and Stealth siRNAs

To obtain MARK4nockdown we used different siRNA, selected after testing their efficiency (Table 2):

siRNA used in the knockdown experiments are indicated (#jith

. ) target
SiRNA sense antisense ]
region

* siRNA anti MARKA4S+L # 1089 (Ambig GGUUGCCAUCAAGAUUAUCH GAUAAUCUUGAUGGCAACCt] ex 23

SiRNA anti MARK4S+L # 1090 (Ambig GGGAAACUGAGGAAAUCUUL AAGAUUUCCUCAGUUUCCCtd ex 18

* Stealth sSiRNA MARK4S #10 (Invitroge] CGAUCCCUCUAAACGGCAGAA{ AGAGUUCUGCCGUUUAGAGGGA ex 16

Stealth SIRNA MARKA4S #(lfivitrogen) | GAUCCCUCUAAACGGCAGAACY UAGAGUUCUGCCGUUUAGAGG( ex 16

Stealth SIRNA MARKA4S #17 (Invitroge] UCUAAACGGCAGAACUCUAAC( AGCGGUUAGAGUUCUGCCGUUY ex 16

Table 2:siRNA used in MARK4 silencing experiments

siRNAs silencing both MARK4S and MARK4L Silerecer Validated siRNKgAmbion # 1089 and # 1090)
which are siRNA duplexes already verified to reduce the expression of their individual target genes. Each
one has also been functionally proven and is guaranteed to reduce target gene expression at least 70%
after 48 hours postransfection.

{ G SI f { Koublelsttanded are blunended 25mers that reduce significantly efarget effects, avoid
induction of stress response pathways, and with enhanced nuclease stability without loss in potency.
Stealth siRNA' used in knockdown xperiments are customized siRNA, designedBhyDCKT™ RNAI

Designel(Invitrogeng Free Use on line) to specifically target exon 16, skipped in MARKAL isoform, and thus
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able to determine specific MARKA4S silencing. The 3 Stealth siRNA molecules obtéwindee wiesign

software were all tested for efficiency in MARK4S knockdown.

Based on MARK4 hdife assay, we performed experiments with the following time table:
Day 0: Reverse Transfection
Day 2.  Forward Transfection
Day 3: 72 hours silencing dateollection
Day 5: 120 hours silencing data collection
For cell curve and cell cycle analysis by cytofluorimeter (see section 8 of this paragraph), cells were

collected every 24 hours since silencing initiation.

3.4 Reverse transfection

In reverse protocol, transfection mix is prepared and then dispensed in each plate: only after, cells and

medium are added, following concentration ranges given by the manufacturer (Table 3).

reverse transfection forward transfection
transfection
plate . cell .
mix volume| cell number . culture medium
suspensior

@ 35 mm 500 ulL ]100.000-150.00p 2 mL 2mL

@ 60 mm 1mL  |200.000-300.00p 4 mL 4 mL

@ 100 mn 2mL 400.000—600.00|) 8 mL 8 mL

Table 3:volume/cells number correspondence for reverse dmdvard transfection protocol in culture plates

RNAI duplexed.ipofectamine® RNAIMAX complexes were prepared as follows: RNAi duplexes were added
to RPMI Medium without serum and without antibiotics to achieve the optimal final concentration. After
gentleYAEAY 3 [ALRFSOGI YAYySt wb! Aa! - 4F& RRSR-G2 @K
20 min at RT and subsequently dispensed in each plate. Cells, diluted in RPMi1@tth FBS without
antibiotics were added to each plate, then incubated at @7%COuntil ready to assay for gene

knockdown or to prolong transfection by forward transfection protocol.

3.5 Forward transfection

In forward transfection, the mix is generally prepared and added the day after the plating of cells. We used
this procedue when we need to repeat the transfection 48h hours after the reverse transfection, in order
to maintain the silencing over than 120 hours.

The transfection mix was prepared and incubated as previously described for reverse protocol.
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The same platessed for reverse transfection, were treated as follows:
culture medium was removed and the correspondent amount of transfection mix (Table 4) was added to
each plate. RPMI with-B0% FBS without antibiotics was added to each plate, then incubated at 37°C

5%CQuntil ready to assay for gene knockdown.

3.6 Transfection optimization

Different concentrations and combinations (to verify a possible cooperative interaction in silencing) of each
SiRNA were tested in order to define the optimal transfection coodiiiTable 4): knock down efficiency

has been evaluated by Real TimeRFOR.

SiRNA ) Final ) Final
combination SIRNAL Concentration (nM) SIRNAZ Concentration (nM)
1 anti MARK4S+L # 1089 24 - -
2 anti MARK4S+L # 1089 40 - -
3 anti MARK4S+L # 1089 60 - -
4 anti MARK4S+L # 1089 70 - -
5 anti MARK4S+L # 1089 80 - -
6 anti MARK4S+L # 1090 24 - -
7 anti MARK4S+L # 1090 40 - -
8 anti MARK4S+L # 1090 60 - -
9 anti MARK4S+L # 1089 40 anti MARK4S+L # 1090 40
10 anti MARK4S+L # 1089 40 anti MARKA4S+L # 1090 20
11 anti MARK4S+L # 1089 30 anti MARK4S+L # 1090 30
12 Stealth anti MARKA4S #10 60 - -
13 Stealth anti MARKA4S #10 80 - -
14 Stealth anti MARKA4S #11 60 - -
15 Stealth anti MARKA4S #11 80 - -
16 Stealth anti MARKA4S #17 60 - -
17 Stealth anti MARK4817 80 - -
18 Stealth anti MARKA4S #10 30 Stealth anti MARKA4S #17 30
19 Stealth anti MARKA4S #10 30 Stealth anti MARKA4S #11 30
20 Stealth anti MARKA4S #11 30 Stealth anti MARKA4S #17 30

Table 4:siRNA combinations tested to optimize MARK4 silencing

4. RNAAND PROTEIN EXTRAIN |
4.1 RNA extraction

Adherent cells were treated with 1 mL of TRIreagembtal RNA Isolation reagent, Sigma), to preserve

nucleic acids and dissolve cellular components.
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|4 AYAaGNHOGSR 68 GKS YFydFl OGdNBNE (KS a2t ddirzy o
shaking, was centrifuged at 14,000 rpm for 15 min at 4°C, obtaining three distinct phases: an upper
aqueous phase (containing RNA), an interphasetéoing DNA), and lowesrganic phase (containing
LINEGSAYao® wb! KIFIa 0SSy adzmaSlidsSyidfte 203GFAySR o8
0KS alYLIES YR AyOdzol 4G4SR mMmpQ Fd we¢T | FiSNad®BSy i NR -
and resuspended in DEPC watBiNase | (RNadeee, New England Bibabs, Inc., Ipswich, MA, USA)
GNBFGYSYyG Kra oSSy LISNF2NXYSR 2y wb! alyYLX Sa (2
protocol.

RNA quantity and quality were determined by measuring absorbance at 230, 260 and 280 nm Wi the

1000 SpectrophotometéNanoDrop products, Waltham, MA, USA, by Thermo Fisher Scientific, Inc.).

4.2 Protein extraction

After harvesting and washing in 8Bcellsvere counted, resuspended lgsis buffer(100 pl /1,000,000),

and incubated on ice for 30 min with occasional inversion to ensure complete lysis.

After incubation, the lysates were centrifuged at 16,000 g for 25 min (at 4°C to prevent protein
degradation): the supernatant (whole cell lysate) was storee2@tCt80°C.

Protein concentration was determined using tBEA Protein Assay Kitierce, Rockford, IL, USA), according
G2 GKS YI ydzF Il Oi dxRBONISpecttaphBton2tér2 f = dza A y 3

Lysisbuffer: 150 mM NaCl, 50 mM Tris pH 7.5, 1%40P 0.25% deoxycholic acid,

protease inhibitor cocktailGomplete EDFkee - Roche).

5. GENE EXPRESSION ANAB

To verify the effective knockdown ®IARK4S and L mRNAs, Réate quantitative PCR was carried o

cDNAs derived from transfection experiments.

5.1 Reverse transcription PCR (RTR)

Reverse transcriptase PCR -ROR) allows transcribing mRNA into its complementary DNA (cDNA) by
reverse transcriptasenzyme.
600 ng of RNA extracted from cells treated with siRNA, were tedrescribed byHigh capacity cDNA
reverse transcription kiv | LILX ASR . A248840SYa0s 6AGK NIyR2Y SEF)
instructions. Two independent reactions were carried amd a PCR amplifying the housekeeping gene
GAPDHvas performed in order to verify the efficiency of retrotranscription.

forward primer: p ACAACAGCCTCAAGATCABCAG

reverse primer: p-GGTCCACCACTGACACBTIG

annealing temperature: 62°C.
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5.2 Reattime quantitative PCR

Reaitime PCR is a highly sensitive, specific and reproducible technique which measures the expression of
the target gene combining a traditional Polymerase Chain Reaction with a TagMan probe, complementary
to the inner region 6the PCR product, emitting fluorescence when the template is amplified: TagMan
LINEO6S Aa |y 2fA32ydzOf S2G4ARS 6AGK | NBLERZ2NISNI T dz2!
During PCR elongation the DNA polymerase breaks the probe so thatpidwerefluorophore is no longer
switched off by the quencher and the emitted fluorescence is recorded. Detected fluorescence is therefore
proportional to the accumulation of PCR products.

Amplification data are collected during the PCR exponential phaten PCR products are directly
proportional to the original quantity of the target gene cDNA), and express€y (@$reshold cycle) value,
corresponding to the PCR cycle at which PCR products are firstly generated. During data analysis,
normalization is acessary for relative quantification, and control genes, which are constitutively expressed

endogenous genes (housekeeping genes), have to be analyzed in parallel for this purpose.

5.2.1 TagMan assays and Retime PCR

Realtime PCR was performed with Appli@&losystemsTagMan Fast Universal PCR Master 2&xNo
AmpErase UN@onsisting of DNA polymerase, buffer and dNTPs) TaagMan Gene Expression Assays
(specific for each target or control gene), which features are reported in Table 5. Mix conditions are
reported in Table 6.

ASSAY PRIMER SEQUENCE PROBE SEQUENCE
MARKA4L Fpo /bt bbDe/ bl pQ // ¢D! DD¢/ !/
RpQ // D¢ceD! ¢/D /¢
FpQ D¢c¢! /// ¢/ D! ¢

MARK4S pQ /! DI/ ¢/ ¢!
RpQ D¢¢/ D¢/ ¢D/ D!

! / ¢ L b | Inventoried assayeagent;|D: Hs99999903_m1

GAPDH Predeveloped assay reagenD:4333764F

RPLPH Predeveloped assay reagenD:4333761F

Table 5 primer and probe sequences for MARK4S aAddays on demandD for control gene assays.

H,0 2.5 L

Master Mix (2x) 5.0 uL

TagMan Assay (20x) 0.5 uL
cDNA (1.5 fold dilution) 2 uL

Table 6:Real Time RPCR mix

% Ribosomal Phosphoprotein Large PO.
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MARKA4primers and probes were designed on the boundary between exons, to avoid genomic DNA
amplification and in order to have assagecific for each isoform: MARK4S forward primer and probe bind
exon 16, absent in MARK4L mRNA, and reverse primer is on the boundary between exons 16 and 17;
MARKA4L forward primer was placed between exon 15 and 17 (joined by alternative splicing inLMARKA4
MRNA), while the probe and reverse primer bind exon 18.

Reactions were performed on th8tepOne Redlime PCR Syste(Applied BioSystems), under

these conditions:

95°C 95°C
2000 3060
60°C
2006¢
L J
40 cycles

All samples were retrtranscribed in two independent reactions and loaded in triplicateRealTime

experiments.

5.2.2 Relative quantification analysis

G data were analyzed b$tepOne Softwarér1.2; Applied Biosystems) or, alternativabing two different
methods: the 2''% method (also known as Livak method, [Livak 2001], for which, being more
homogeneous, a single control gene was sufficient) and the geNorm metHGg [andesompele 2002]
(used for assay validation and described further on).

In both casesMARK4&nd L (target genes) expression levels were normalized by control genes and then

referred to a reference sample (NeéBpecific NS), whose expression level was set as 1.
Livak method for each sample théarget gene expression level =2

where:p &I &1 YORINS TS NGy OS n
& | Y LI S[tanget genes: ¢ control geneG] in the sample;
NE F S N& 5 [tar§et geneG; ¢ control geneG] in the reference;
@l YL S | YR chiespSdlB yientanvdlue between

0 K Ssoftthetwo independent RT reactions

geNorm method this method uses multiple control genes and the amplification efficiency (E, set as 2 in the

2" % method) is calculated for each assay, taking into account the different efficiency of each assay.

Briefly:
1) For each assay, serial dilutions of a pool of cDNAs are processed HyrmReRCR an@: values are
put in a graph with the respective logarithmic dilution values. Emaplification efficiency E

corresponds td 0™, where S is the slope of the interptitan line.
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2) For each assay, thelative quantity (Q) is calculatedd = B
g K S NGB= sgmpleGr¢ referenceG:.
3) For each samplejormalization factor(NF) is set on the basis of the geometrical mean (GM) of the
relative quantities (Qs) of control genes:
NF = GM of control gene Qs for each sample / GM of all the GMs.

4) For each sample, thiarget gene relative quantity = Q / Nis calculated.

The targ@t gene mRNA relative quantification corresponds to the mean value between the two
independent RT reactions.
Realtime expression data were expressed as mean + standard error, useful to identify statistically

significant data.

5.2.3 TagMan assay validation

Before performing the relative quantification analysis on the samples under study, we evaluated

amplification efficiency and stability of all the assays (MARK4S, MARKX4IL,/G)¥PDHHPRTRPLPD

Assay amplification efficiency

For each assay, we performed Reale PCR on serial dilutions of a pool of glioma cDNAs. The obtajned
values were graphed with the respective logarithmic dilution values. Amplification efficiency (E) was
calculated as E=T(f, where S is the slope tie interpolating line, and was near 2 for all the assays (table
8): Evalue equal to 2 correspond to a 100% amplification efficiency, meaning that ideally PCR product
guantity should double at every cycle. Therefore all the tested assays proved to hagey ggood

amplification efficiency.

Assay stability

Assay stability is thability to amplify the target gene with the same efficiency in a broad range of sample
dilutions.

To assess this parameter, we first calculated the relative quantity (Q) of geoh in the cDNA serial
dilutions, according to the following formula: Q¥Eo6 @ =sampleG; ¢ referencé’ G) and then used the
GeNornsoftware gersion 3.5http://medgen.ugent.be/jvdesomp/genorm/) to sort the assays on the basis
of their stability (table 7). We therefore decided to USAPDHindRPLP@s control genes, since they were
the most stable ones in the tested samples: RPLPO has been used as ®ferdng 3 6 S| R 2 F |

the latter demonstrated to be less stable after MARK4 silencing.

?"n this case the reference was the less diluted sample.
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ASSAY DILUTIONS G S E n/ G | RELATIVE QUANTIT STABILITY
1 16.52 -3.30 2.01 0.00 1.00
1:10 19.73 3.21 0.11 more stable
GAPDH
1.100 23.05 6.52 0.01 A
1:1000 26.41 9.89 0.00
1 16.78 -3.65 1.88 0.00 1.00
1:10 20.35 3.57 0.11
ACTB
1.100 24.02 7.25 0.01
1:1000 27.71 10.93 0.00
1 17.74 -3.28 2.02 0.00 1.00
1:10 20.85 3.10 0.11
1.100 24.18 6.44 0.01
RPLPO
1:1000 27.56 9.82 0.00
v
1 21.78 -3.31 2.00 0.00 1.00
1:10 24.95 3.18 0.11
HPRT
1.100 28.20 6.43 0.01
1:1000 31.74 9.96 0.00 less stable
1 23.75 -3.40 1.97 0.00 1.00
1:10 27.00 3.25 0.11
MARKA4L
1.100 30.50 6.75 0.01
1:1000 33.92 10.17 0.00
1 28.00 -3.54 1.92 0.00 1.00
1:10 31.26 3.25 0.11
MARK4S
1.100 35.00 6.99 0.01
1:1000 N.D. / /

Table 7:assay amplification efficiency (E) and stabikigr each assag;values (§j column), corresponding to serial

dilutions of a pool of glioma cDNAS{2olumn), are displayed. S=slope of the interpolating line. N.D.=undetermined.

6. WESTERN BLOTTING

Equal amounts of the whole cell extracts (usually2551g) were supplemented with decing SD%8loading

buffer Blue loading buffer paclkCell Signaling Technology, Inc., Beverly, MA, USA) and denatured at 99°C
for 3 min.

t NEGSAya 6SNB aSLINFYFGSR o0& m: O6{0FO 1Ay NHA@oHNH 5F;
PolyAcrylamide GeElectrophoresis (SEFAGE) and then transferred by electroblotting to a PVDF
membrane (RocheMini-PROTEAN Tetra cald Transblot semidry electrophoretic transfer ceflboth

Bio-Rad) were respectively used for electrophoresis and electroblotting, (30Wnin) as instructed by the
manufacturer Biotinylated protein laddefCell Signaling Technology) a&ddlorBurst electrophoresis marker

(Sigma) were used as Mgvandards.

% Sodium Dodecyl Sulphate.
2 polyvinylidene fluoride
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Membranes were then washed twice (10 min eachPBST (PBS; 0.3% Tween20) anblocked with 5%
skimmed milk in PB® for 1 or 2 hours (for MARK4S and L respectively) at Room Temperature (RT), in
agitation.

For relative quantification studies, the membranes were cut horizontally immediately after the blocking
step and incubated withie appropriate antibodies.

The membranes were incubated with primary antibodies (in-PB& 4°C overnight in agitation, washed 4
times in PBS and then incubated at RT for 1.5 hours, in agitation, with secondary antibodies ¢ih PBS
with 1% skimmed nidl for antiGoat and antMouse antibodies). GAPDH has been used as housekeeping

protein.

Primary antibodiesand dilutions

Rabbit aniMARK4L(not commercial; GenScript Corporation) 1: 5,000
Goat antiMARK45(Abcam) 1: 1,250
Mouse antiGAPDH(ab8245; Abcam, Cambridge, UK) 1: 10,000

Secondary antibodieand dilutions

Goat antiRabbit Ig&HRP (Santa Cruz Biotechnology) 1: 25,000
Goat antiMouse IgEHRP (Santa Cruz Biotechnology) 1: 25,000
Donkey antiGoat IgGHRP (Santa Cruz Biotechnglpg 1: 25,000
Anti-biotin, HRHinked antibody (Cell Signaling) 1: 6,250

The secondary antibodies are HR&bnjugated.

The antibiotin antibody allows detecting the biotinylated protein ladder.

After 4 washes in PBBand 2 washes in PBS, protéietection was performed: the membranes were
covered with a peroxide/enhancer solutioRrptein detection systerfrom GeneSpin, Milano, Italy) for 5
min, and exposed to ammersham Hyperfiim EQGilate (GE Healthcare, Waukesha, WI, USA), then
developed byDental XRay developesind Dental XRay fixe(Kodak; Bagnolet Cedex, France).

6.1 Semiquantitative analysis

To compare MARKA4L and S proteins expression in different samples, we carried out a relative quantification
analysis, based on densitometry usinh®RDH as normalizer (to correct differences in lysate loading,
protein transfer and antibody binding).

For quantification, a low exposure time was chosen, so that the signal intensity on the plate was directly

proportional (in the linear range) to the ertéd signal intensity.

30 Horse Radish Peroxidase
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TIF images were acquired from plates using a scanner and analyzed withabe Jsoftware, a public

domain JAVA image processing program (http://rsbweb.nih.gov/ij) allowing the analysis-diroersional
electrophoretic gel or meiorane using a simple graphical method
(http://rsbweb.nih.gov/ij/docs/menus/analyze.html). Briefly, each lane (including both MARKA4L and
GAPDH bands) was selected and lane profile plots were generated, displayingdanevisional graph
reporting peaks cogsponding to gel bands (on theaXis) and their relative pixel intensities (on thaxs).

After manually subtracting the background (necessary step to compare different plates), the area of each
peak of interest (in square pixels) was measured.

For eab sample MARKA4L/GAPDH or MARK4S/GAPDH ratio was calculated to normalize data (Figure 1).
MARKA4L and S expression levels shown in this thesis are referred to the NS sample, chosen as reference,

whose value was set as 1.

M kDa
-
TARGET - e *
- 60
TARGET GAPDH
- €= background

Figure 1: [upperExample of WB membrane semuantitative analysis with Image J software. The box indicates one of the lanes,
selected to generate its profile plot in Imagfalver] In the profile plotthe TARGET (MARKA4L oai®) GAPDH peaks are indicated

and backgroundubtracted by manually defining the peak boundaries with a line. M=molecular weight standards.

7. MMUNOFLUORESCENCE

ImmunoFluorescence (IF) has been performed to visualize the subcellular localization of MARK4 both in

non treated and transfected cells.\Was carried out in all samples in parallel.

Cells were seeded on glass chamber slides and processed at the end of transfection peti2i [{@ars).
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To optimize centrosomes visualization, cells were washed in PEM buffer to stabilize microtubules (0.1%
Triton X-100, 80 mM PIPE'SpH 6.9, 5 mM EGTA1 mM MgG), and fixed with methanol for 12 min at

20°C for 12 min at RT . Permeabilization was performed by 0.1% T+110@ X PBS for 3 min.

Alternatively, cells were washed in PBS, fixed with methanol for 12 minr2@tC or with 4%
paraformaldehyde (PFA) in PBS for 12 min at RT; permeabilization was obtained with PBS 0.1% or 0.5%
Triton %100 for 3 min.

In all samples, blocking was performieg incubation with 5% bovine serum albumin (BSA) inRiB&n20

for 30 min, before incubation with primary antibodies.

Primary antibodiesand dilutions

Rabbit aniMARK4L(not commercial; GenScript) 1:200
Rabbit antiMARK4gM4947, Sigma) 1:200
Mouse antt (i dzzldee GTHESS; Sigma) 1:200
Mouse antinucleolin(C23 36, Santa Cruz Biotechnology) 1:200
Mouse antinucleophosmin(B23, clone FC82291, Sigma) 1:200

Antibodies were diluted in PBS with 0.1% Tween20, and 1% goat ¥dfigma) and incubated overnight

at 4°C in a humidified chamber. Nucleolin and nucleophosmin were alternatively incubated for 1 hour at
RT.

' FTGSNI GKNBS wmnQ ¢l akKSa Ay t.{xX atARS&a 6SNB AyOdz
Tween20, 2% BS¥d 1% goat serum, for 1 hour at RT in a dark humidified chamber.

Secondary antibodieand dilutions
Goat antirabbit IgGFIT& (Sigma) 1:250
Goat antimouse IgGTRIT& (Sigma) 1:200

' FG4SNJ o t.{ sFrakKSa 2F mnQ SIOKxX &afARSa ¢SNB Y2dzy
USA) and examined using an Olympus IX51 inverted fluorescence microscope, equipped with an Olympus
DP71 super highesolution colour digital camera and-MNIBA2 excitation 460/490 (FITC);MWIG3

excitation 530/550 (TRITC) aneMNU2 (DAPI) filters.

Images were acquired and processed using thegw 1Bundcell F software (Olympu$pkyo, Japan).

311 4-piperazinediethanesulfonic acid.

32 Ethylene Glycol Tetraacetic Acid.

% To reduce norspecific bindingthe serum of the animal where the secondary antibodies are rajged) is added.
% Fluorescein IsoThioCyanate.

% TetramethylRhodamine IsoThioCyanate.
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8. CELL CYCLE ANALBSISLUORESCEMCHIVATED CELL SOBTI

Cell cycle analysis has been performed by flow cytometry. Flow cytometry relevant features are

summarized in BOX 2.

Sample preparation

| F NDSaGSR OStfta 608 CNBLBAYKOISCEC! nonpm: AY t.{0 68
1 mL of PBS he pellet has been accurately resuspended on ice in Saline GM solution (1 mL) by an insulin
syringe with 22G needle. 3 mL of 96% EtOH have been added drop by drop, while vortexing, to fix cells
preventing aggregation and to obtain a final concentratiory@% EtOH. Fixed samples were preserved at

4°C before staining.

Saline GME solution

Glucose 1.1g/L

NacCl 8 g/L

KCl 0.4 g/L

Na2HPO4.2H20 0.2 g/L (0.39 g/L *12 H20)
KH2PO4 0.15¢g/L

EDTA 0.2 g/L (0.5 mM)

Propidium lodide Staining

CAESR &l YL Sa 6SNB OSYiUNRTdzZZASR G MHAn NLMmMun QI &
IP solution and PBS (1:1) and incubated O.N. at 4°C before the analysis with cytofluorimeter. 25uL of RNAse
A (Img/mL) were also added.

Fluorescence intesity of cells stained with Propidium lodide (PI) correlates with the amount of DNA: since
DNA content (and fluorescence intensity) duplicates during S phase, it is possible to discrimitxi@nG

G/M.

During cytofluorimetric analysis, doublet discnmaiion has been performed to avoid artifacts due to
aggregation (doublets) of &, cells: as doublets have the same amount of DNA of a single cell in/tle G
phase, they have to be necessarily excluded. We acquired 10000 events for each sample.

Cell cycle distribution has been evaluated by F&al#®ur flow cytometer (Becton Dickinson), characterized

by an argon laser, with 488 nm wavelength and constant 15mV power.

DNA¢ Phospho Histone H3 staining
In eukaryotes,phosphorylation of histone H3tightly correlated with chromosome condensation during
both mitosis and meiosis, so that immunostaining with phosppecific antibodies in mammalian cells,

counterstained with Propidium lodide, can reveal the fraction gM3hases corresponderib mitosis.
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After fixation, cells were centrifuged at 1200 rpm for 10 minutes in PBS 5% FBS to favor pelletting, then
washed with PBS 1% BSA (optional). Pellets were incubated in 0.25% Triton X 100 for 5 minutes on ice. 2 mL
of cold PBS 1% BSAwere added édd & 6 SNB OSY(INRARFdzZZSR & wmunn NLIY
at 4°C in agitation with 208L of Anti Phospo H3 fg /200>L of PBS 1% BSHpstate code #0670, 200

>g/>L). After incubation, cells were washed with PBS 1% BSA and centrifuged &t1L200 m n Q @

Cells were incubated with FITC goat aatibit antibody (Jackson Lab cat 31396-003) 0.5/0.7>g in 200>L

1% BSA at RT for 1 hour in agitation. After washing with PBS 1% BSA, cells were resuspended in 2 mL of
Propidium lodide solution 25g/Y[ AY t. {0 YR Hp d 2F wb!a$S omY3k

Samples were analyzed at cytofluorimeter (Excitation-888 nM; emission 53620-661716 nm).

9. APOPTOSIS TEST

Apoptosis Test was performed Bfembrane Permeability/Dead Cell Apoptosiswdih YOPRO@&. and Pl

for flow cytometry(Invitrogen).

Apoptosis is a regulated process of cell death, distinguished from necrosis by characteristic morphological
and biochemical changes. During apoptosis cells undergo compaction and fragmentation rafctear
chromatin, shrinkage of the cytoplasm and loss of membrane asymmetry.

During apoptosis the cytoplasmic membrane becomes slightly permeant to some dyes, such as the green
fluorescent YGPRO@L dye that, combined with PI, provide a sensitive indicéto apoptosis, similarly to

what happened by Annexin WP staining.

Transfected cells have been harvested at the end of RNAI treatment and washed in cold PBS; cell density
has been adjusted to ~1 x %¢ells/mL in PBS. For each assay, 1 mL has bedn use

After adding 1>L of YGPRO@&L solution and 1>L PI solution (as instructed by manufacturer), cell
suspensions were incubated on ice foig20 minutes.

After staining with YOPR&®dye and PI, apoptotic cells show green fluorescence, dead cells show red and
green fluorescence, and live cells show little or no fluorescence. These populations can easily be
distinguished by a flow cytometer that uses the 488 line of an argotion laser for excitation.

Within 1¢2 hours after incubation period, stained cells were analyzed by flow cytometry, using 488 nm
excitation with green fluorescence emission for-FRO&. (i.e., 530/30 bandpass) and red fluorescence
emission for propidium iodide (i.e.,610/20 bandpass), gating on cells to exclude debris. Standard

compensation was performed using singlaor stained cells.
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BOX Z FLOW CYTOMETRY

e FSC

Laser PMI L
TR {FL-1)
PMT |
{FL-2)
o 1
PMT
{FL-3)
_—PMT | ——
(FL-4)
M—:
SSC ' T

Figure 2:Schematic overview of a typical flow cytometer setup

One of the fundamentals of flow cytometry is the ability to measure the properties of individual part
When a sample in solution is injected into a flow cytometer, the particles are randomly distributed in
dimensional space. To be correctly imtegated by the detection system, the sample must therefore
ordered into a stream of single particles by the fluidics system: a central channel/core, through whi
sample is injected, is enclosed by an outer sheath that contains faster flowingfididreates a massiv
RN} 3 STFFSOG 2y GKS yIENNRBgAy3d OSyidiNIrt OKIYoSN
single file of particles. Under optimal conditions (laminar flow) the fluid in the central chamber will ng
with the sheath luid. After hydrodynamic focusing, each particle passes through one or more bea
light. Light scattering or fluorescence emission (if the particle is labeled with a fluorochrome) pr
AYVTF2NNEGAZ2Y | GKS LI NIAOEf SQa LINRLISNIASA®
Two different typesf lightsource can be used in flow citometenon mercuryarclampsor lasers.
t NAYOALIf SYAaairzy o+ @S fSyaiKa 2F |
while xenon lamps are characterized by a uniform emission all ovdigtitespectrum: using specific filte
Al A& LraaroftsS G2 asStSOt GUKS RSAANBR <o

0 2 dzi

0<0 Y SN

Otherwise, argon lasers show a consistent stability in emission and a very high monochrom
optimizing signahoise ratio. Moreover, differently from mercury lamp, thesérs have a very intens
emission at 488 nm, Fluorescein Isothiocyanate excitation band, the most used fluorochrome in IF.
FNRY (GKS fI a
a0k dGSNI OKI yy

The light scattered in the forward direction, typically up t6 20F ¥ & S
t8ya 1y26y Fa (KS F2NBI NR

can also be used to distinguish between cellular debris and living cells.
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Light measured appraxiately at a 90 angle to the excitation line is called side scatter. The side sc
channel (SSC) provides information about the granular content within a particle. Both FSC and
unique for every particle, and a combination of the two may be usedifferentiate different cell types ir
a heterogeneous sample.

Fluorescence measurements taken at different wavelengths can provide quantitative and qualitativ
about fluorochromelabeled cell surface receptors or intracellular molecules such asabtll&ytokines.
Flow cytometers use separate fluorescence channeld {&ldetect light emitted. The number of detecto
will vary according to the machine and its manufacturer. Detectors are either silicon photog
(commonly used to measure forwardaster when the signal is strong) or photomultiplier tubes (PM7
more sensitive instruments and ideal for scatter and fluorescence readings.

The specificity of detection is controlled by optical filters, which block certain wavelengths
transmittingd LJ- 8 aAy 30 20 KSNBEP®P ¢KSNB FINB GKNBS Yl a2z
aboveacug FT g @St SYyaJiKT WaK2NI2LTF 24100 FISAWAGK £ IAA
light within a specified narrow range of wavelengthd tiése filters block light by absorption.

Dichroic filters/mirrors are filters placed at a®4&ngle to the oncoming light, with two functions: to pa
specified wavelengths in the forward direction and to deflect blocked light at “aafifle. To detec
multiple signals simultaneously, the precise choice and order of optical filters will be an imp
consideration.

When light hits a photodetector, the voltage of the small current generated has an amplitude propor
to the total number of light photos received by the detector. This voltage is then amplified by a seri
linear or logarithmic amplifiers, and by analog to digital convertors (ADCSs), into electrical signal
enough (510 volts) to be plotted graphically: Log amplification is ndiynased for fluorescence studig

because it expands weak signals and compresses strong signals, resulting in a distribution that is

atter

SSC are

e data

rs
jodes

I's),

while
NJ FAf
KW S

SS

ortant

tional
es of

s large
S

easy to

display on a histogram. Linear scaling is preferable where there is not such a broad range of signals e.g. in

DNA aalysis.

¢KS YSIadaNBYSyd FNRY SIOK RSGSOG2NI Aa NBEFTSNNBR G:
Ffdz2NBAOSYyOS0vd ¢KS RIEGE FOIdZANBR Ay SIFOK LI NFYSGS
displaying the physical feature orarker of interest.

Flow cytometers are necessarily paired with a computer for data acquisition and analysis, with the
L2adAoAftAide G2 YSFadaNB RAFFSNBYyGd LI NIF YSGSNRER |aAYdAt
The operator can fix a thresholi i dzS ' YR RSTFAYyS 'y aStSOGNRYAO|3IILGS

spurious events) or to select the cell population of interest, without recurring to physical cell sorting
also possible to acquire and memorize a list of parameters simediasly and to recall the dat

afterwards, making the opportuneorrelations. Rahman M Introduction to Flow Cytometry]

y. It is

a
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1. MARK4dsRNAINTERNALIZATION

Before investigating MARK4 function by RNAI, we verified the internalization of dSRNAS by

Luciferase siRNwith Lipofectamine RNAiIMax, by using the two cell systems under study, GBM
cell lines and fibroblastsSamples visualization demstrated a good capture of Cy3 siRNA with
both reverse and forward transfection (Figure 1).

Figure 1Cy3 siRNA homogeneously localizes in the cytoplasm-82 @nd fibroblasts cells 24 hours after
transfection, while the culture medium does not show the presence of free fluorescent marker.

2. ESTIMATION OF MARKHAALH IFE
We estimated MARKA4L hdiffe, in the attempt to define 120 96 48 0 |

|

the length of silencing. Experiments were performed MARKAL —+ #s s o
CHX method on the GBM #0 cell line. As shown in the

WB, MARKA4L protein starts to decrease 120 hours after (

treatment (Figure 2). Thus we decided to prolong SilenC GappH  # s o

expeaiments at least until 120 hours.

Figure 2VARKAL protein levels after CHX treatment

(final concentration 100ug/uL)

3. OPTIMIZATION OF MARKILENCING

To optimize the knockdown byant-MARK4S+L and aARKA4S, we tested different
concentrations of both d/NAs on GBM cell lines and fibroblasts under study. Real Time PCR, with

NS as reference sample, has been used to check the knockdown.
A final concentration of 60 nM of aAWlARKA4S+L siRNA #1089 showed the most efficient

knockdown of both MARK4 transcriptBifferently, siRNA #1090, targeting exon 18, was less

efficient for MARKA4L silencing, while the combination of different concentrations of siRNAs #1089
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and #1090 showed a very good silencing of MARKA4S but workeahsinially for MARKAL (Figure
3a,b).
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Figure 3Transcript levels of MARKA4L (a) and MARK#HB the MI60 GBM cell line after anti
MARK4S+L siRNAs, at different concentrations and combinations. (Histograms: Light grey =
siRNA #1089; Medium grey = siRNA #1090; Dark grey = #1089 and #1098atioms)i
Silencing efficiency was estimated by comparing expression levels of silenced samples with NS
(control), which expression is, by convention, equal thdri¢ontal greyarrow).




Results

Optimization experiments with anMIARK4S siRNA demonstrated thatiralf concentration of
60nM of siRNA #10 was the most efficient to MARK4S silencing, without significantly influence
MARKA4L expression levels. In contrast, -MARKA4S #11 and aMARKA4S #17 (alone or
combined with other siRNAs) despite having a good ieffcy for MARK4S silencing, altered
MARKA4L expression levels (Figure 4a,b).

Figure 4 Transcript

and MARKA4S (b) after
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4. EVALUATION OF MARKMOCKDOWN

Once the optimal concentrations of MARK4 dsRNAs were fixed, we evaluated MARK4L and S

expression levels by Real Time PCR 48 and 120 hoursibdtening.

We found that antMARKA4S+L siRNA o8 and fibroblasts was very efficient: >85% of MARK4S
and >75% of MARKAL transcripts were silenced in both cellular samples. ConverséRIKES
SiRNA showed that >95% of MARKA4S transcript was sileattbdugh a decrease of MARK4L
(45%) was also detected ir32 GBM cell line (figure 5).

1,20
S
1,00 =%
080
g m MARKAL
o~
040
0,00
G-32 fibroblasts G-32 fibroblasts
anti-MARK4S+L siRNA anti-MARK4S siRNA

Figure 5Graphical representation of MARK4L (blue) and MARKA4S (green) transcripts affdA&K4S+L and
anti-MARK4S siRNAs, evaluated by Real Time PCR (Mearssexpréevels observed in at least three
independent silencing experiments, with standard deviations). Silencing efficiency was estimated by comparing
expression levels of silenced samples with NS (control), which expression is, by convention, equadto 1 (r
arrow).

MARKA4S and L silencing has also been verified by WB, and the specific bands have been quantified
by semiquantitative densitometric analysis (Figure 6a, b). It is worth noticing that MARK4S protein
decreases after both anMARK4S+L and aMARKA4S siRNAs, G32 as well as in fibroblasts,
according to Real Time WPCR results, while MARKghotein levels are comparable to the control

(NS) values, in contrast with Real Time data.
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Figure 6(a) WB of MARK4S and MARKA4L 120 hours afterMaiiK4S and aAlARK4S+L siRNA; b)
densitometric quantification of MARKAL (blue) and MARKA4S (green) proteins.
After MARKA4S silencing, the S isoform is reduced of 80%3m &d 60% in fibroblasts (white aws),

while after anttMARKA4S+L siRNA (grey arrows) the decrease of MARKA4S isoform is less evident. In contrast,
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5. EFFECTS OF MARK4 KKNDOWN ON CELLULABRPHOLOGY

[

MARK4 depleted cells {8 and fibroblasts) showed aberrant cellular morphology already 72

hours posttransfection. G32 cells appeared polygonal or rounded and fibroblasts lost their typical

spindleshaped morphology, appearing shorter and polygonal (&gt). The effects of MARK4

depletion on G32 and fibroblasts morphology were more evident after aMARK4S+L SiRNA,
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which also caused a significant reduction of mitotic cells. Images were acquired by Olympus 1X51

inverted microscope, equipped with OlympDP71 super higtesolution colour digital camera.

'broblasts

NT

NS

anti
MARK4S
siRNA

anti
MARK4S+L |
siRNA

Figure7 Comparison between notreated (NT), Non Specific (NS) and silenced cells morphology:
after knockdown of both MARK4 isoforms, cellular shape -82G5BM cell line and fibroblasts
appear strikngly altered.
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6. EFFECTS OF MARK4 KKDOWN ON APOPTOSIS

Apoptosis has been investigated after amMARK4S+L siRNA bytametric analysis. Results

showed an increase of necrotic, but not of apoptotic cells, in both thg2&ell line and in
fibroblasts(Figure 8).
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Figure 8Cytofluorimetric analysis on apoptosis: MARK4 silencing does not induce apoptosis (no variations are
shown in the lowerright panel of the diagrams), even though an increase in necrotic cells is present (upper
left panel) most liky due to the cytotoxic effect of silencing as reported in M&M. NS=non specific

7. EFFECTS OF MARK4 KKNDOWN ON CENTROSGMEID NUCLEOQOLI

To evaluate the effects of MARK4 silencing on centrosomes structure and number, we performed

IF using MARK4S andubulin antibodies. &2 and fibroblasts treated with anMARKA4S or anti
MARKS+L siRNA showed similar IF results. As a general trend, we observed that most of cells
showed the centrosome duplicated, positioned apically to the nucleus (the centrosomieatepl

during the G/S phase). Conversely, control samples showed centrosomes in all centrogolae
phases (Figure 9). Furthermore MARK4 depleted cells showed a strong reduction in mitoses
number, and the few ones observable displayed multipolar spindigsindles without
microtubules (MTs) nucleation and spindles misalignment (Figure 10).

Even though MARKA4S silencing was verified by Real THRER&nd WB, after IF, a residual signal

of the protein was still visible at centrosomes.
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Figure 9IF on cetrosomes ofG-32 cell line and fibroblastAfter MARK4 silencing, both samples show most of cells
with the duplicated centrosome apical to the nucleus (arrows), as expected;-® fhase. NS samples show
centrosomes either in G, phase (a), 6S () orG,-a 6 00 ® b dzOf SA | NB 5! tL O2dzy i SNA

Tubuline (red)
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G

Figure 10G-32 aberrant mitoses after MARK4 knockdown. Multipolar spindles (A and B); Quadripolar
spindle with only two nucleating centrosomes (C);ligned and/or multipolar spindles (D, E, F and G.)

We evaluated MARKA4 silencing on nucleoli at 72, 96 and 120 hours, obtaining homogeneous
results. IF was carried out with MARKA4L, nucleolin or nuclephosmin antibodies. After anti
MARK4S+L and amMIARKA4S siRNA, MARKA4L signals were stronger than in camples, but

not detectable in some nucleoli which were, on the contrary, marked with nucleolin or

nuclephosmin (Figure 11). Counterstaining with nucleolin or nuclephosmin gave concordant

results.

Anti MARK4S Anti MARK4S+L
SIRNA SIRNA

Figure 11F on nucleoli of @2 GBM cell line 96 hourdter silencing. After both aMARKA4S and anilARKA4S+L
siRNA, MARKA4L signal is more intense than control samples (arrows), despite few nucleoli are negative after both

isoforms knockdown (asterisks). Otherwise NS samples show MARK4L overlapping nsigealsn MARKA4L
(green) nucleolin (red).

IF on fibroblasts, after MARK4 depletion, showed an unexpected signal of MARKA4L around nucleoli
(not shown). Given that in our previous study [Magnanipres$ we did not observe a MARKA4L
nucleolar/perinucleolarassociation in normal cells, we wondered whether this result reflected
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MARK4 silencing or might be an artifact due to IF treatments. To verify this hypothesis, we applied
IF on fibroblasts after MARK4 RNAI, using different combinations of fixation anckaletlization,
as shown in table 1.

Permeabilization Fixation MA_‘RKA'L
signal
0,1% Triton X-100 MetOH - -
. Paraformaldehyde
0, -
0,1% Triton X-100 4% in PBS
0,5% Triton X-100 MetOH + -
. Paraformaldehyde
0, -
0,5% Triton X-100 4% in PBS + +

Table 1Different combinations of IF conditions tested: intensity of MARKA4L signals
AYaARS ydzOf S2f A A& A-YARAIOIG0SERS YAly® SékBST (6KEA NRE 2 f KIAY
signal

We observed that the combinatioof 0,5% Triton X.00 and cold paraformaldehyde abolished the
perinucleolar MARKAL signals in fibroblasts deprived of MARK4; however, signals of MARKA4L,
counterstained with nucleolin or nucleophosmin, were present inside nucleoli 96 hours after
silencing ad showed a higher intensity than those in control samples (Figure 12a). Interestingly,
after 120 hours of MARK4S silencing, MARKA4L, nucleolin and nucleophosmin were no more visible
in a small fraction of nucleoli. After MARK4S+L silencing, much moreohweége unlabeled by
MARKA4L, nucleolin and nucleophosmin, compared to NS controls. Concordant IF results have been

obtained in at least three independent silencing experiments.

Anti MARK4S Anti MARK4S+L
SiIRNA SIRNA
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Figure 12dF on nucleoli of fibroblasts. After 96h of both MARK4 silen®®RKA4L overlaps nucleolin signals that
appear more intense than in NS. MARKA4L (green) and nucleolin ( red).
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Figure 12bIF images on nucleoli of fibroblasts after 120 hours of silencing-M#WRKA4S siRNA shows some
nucleoli negative for MARK4L and nucleolin, while much more nucleoli are unlabeled after siRNA anti
MARKA4S+L. MARKAL (green) and Nucleolin ( red). (A) 6@XvehjdB) 20X objective
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