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Basically, I'm not interested in doing research ametver have been.
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YHTEENVETO

Haimasyopa on harvinainen mutta erittain aggressiivinen syopatyyppi, johon
sairastuu Suomessa vuosittain noin tuhat henkilda. Vaikka haimasydvan osuus
uusista syopatapauksista on vain hieman yli 3%, se on kolmanneksi yleisin
syopakuolemien syy niin miehilla kuin naisillakin. Haimasydvan ennuste on siis
huono. Suurin syy télle on se, etta keinoja haimasydvan diagnosointiin ja hoitoon on
todella vahan, ja hoidot ovat usein tehottomia. Taman tyon tarkoituksena oli tutkia
haimasydvassa toistuvasti monistuvia kromosomialueita seka kartoittaa ns.
mikroRNA:iden ilmenemismuutoksia ja siten |0ytad uusia mahdollisia kohdegeeneja
niin diagnostisiin kuin hoidollisiinkin tarkoituksiin.

Kromosomimuutokset ovat tyypillisia suurimmalle osalle Kkiinteita sy6pa-
kasvaimia, kuten haimasyovalle. Toistuvasti monistuvilla kromosomialueilla
sijaitsee suurella todennakoisyydella geeneja, joilla on vaikutusta sairauden syntyyn,
ja jotka siten voisivat toimia my6s kohdegeeneind sydvan diagnoosissa tai hoidossa.
Tassa tyossa tutkittiin 7g21-q22 kromosomialueen monistumaa haimasyovassa ja
pyrittiin siten |6ytamaan uusia kohdegeenejd. Kyseistd monistumaa todettiin
esiintyvan n. 25% seka haimasyopasolulinjoista ettd haiman primaarikasvaimista, ja
se johti useiden monistuman ydinalueella sijaitsevien geenien yli-ilmentymiseen.
Jatkotutkimukset kohdistuivat kolmeen monistuneeseen gedRRPC1A, ARPC1B
ja KPNA7, ja osoittivat, ettéa naiden toiminta vaikuttaa haimasydvan ominaisuuksiin.

ARPC1A ja ARPC1B koodaavat ARP2/3 proteiinikompleksin ARPC1-
alayksikkod. ARP2/3 proteiinikompleksi toimii soluissa aktiinin polymerisaatiossa
ja siten osaltaan saatelee solujen liikkumista. Naiden kahden geenin hiljentaminen
haimasyOpasoluissa vahensi huomattavasti solujen migraatiota ja invaasiota,
todennakoisesti ARP2/3 proteiinikompleksin toiminnan hairiintymisesta johtuen.
KPNA7 puolestaan kuuluu alfa-karyoferiinien proteiiniperheeseen ja toimii
tumakuljetusreseptorina. KPNA7:n  ilmentymisen  hiljentdminen  vahensi
dramaattisesti haimasyopasolujen kasvua. Kasvun hidastuminen johtui p21-

proteiinin lisdantymisesta ja siitd seuranneesta solusyklin osittaisesta pysahtymisesta



Gl-vaiheeseen. Nama tulokset viittaavat siiherd @t21-q22 monistuma-alueella
ei olisi yhta ainoaa kohdegeenia, vaan ennemmiamse&n geenin joukko, jotka

kaikki ovat monistuneita ja yli-ilmentyneita ja ysba vaikuttavat syopasolujen eri
ominaisuuksiin. Sekd ARPC1 ettda KPNA7 toimivat &sk& solun toimintaan

vaikuttavissa tehtavissa, ja ovat siten potensaaliusien syopahoitojen kohteita.

MikroRNA:t ovat lyhyitd yksijuosteisia RNA-molekygja, joilla on tarkea
tehtavad geenien ilmentymisen saatelyssa. Myods miidi@entyminen on usein
hairiintynyt syobvassa. Mikro-RNA:iden ilmentymistdutkittin  haimasyopa-
solulinjoissa seka normaalista haimasta peraigmisgda naytteissa, ja tarkoituksena
oli tunnistaa sellaiset mikro-RNA:t, joiden ilmentinen oli muuttunut syovassa.
Tyossa loydettiin 72 mikro-RNA:ta, joiden ilmentysen perusteella voitiin erottaa
syOpanaytteet normaaleista naytteista. Naiden gtakealittin miR-31 tarkempiin
toiminnallisiin kokeisiin sen erityisen mielenkioisen ilmentymistavan vuoksi.
Yllattaen seka miR-31:n ilmentymisen estaminen eligd&dminen johtivat
haimasyopasolujen migraation véhenemiseen, mistiaao paatella, etta miR-31:n
toiminnan kannalta ratkaisevaa on sen maara solussassa tutkimuksissa miR-
31:n on todettu olevan tarke& solujen liikkumisédtslija monissa eri syovissa.
Tama tekee siitd erityisen houkuttelevan kohteerdv@y etapesakkeisiin
kohdistuville hoitomuodoille.

Yhteenvetona voidaan todeta, ettd tassa tutkims&sesoitettin kolmella
70921-g22 monistuman kohdegeenilla olevan onkoggenisminaisuuksia
haimasyovassa. Kaikki nama kolme gee®iB&PC1A ARPC1Bja KPNAY7, olivat
yli-ilmentyneitd haimasytpasoluissa ja niiden taitai osaltaan vahvisti naiden
solujen pahanlaatuisia ominaispiirteita. LisdksiRA3il:n todettiin yli-ilmentyvan
osassa haimasyodvista, ja sen osoitettiin olevake&asytpasolujen liikkumisen
saatelija. Tama tutkimus tarjoaa uutta tietoa haytedn patogeneesin geneettisesta
taustasta.
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ABSTRACT

Pancreatic cancer is a rare but very aggressivagmaaicy affecting yearly
approximately 1,000 individuals in Finland. Althdug accounts only for a little
over 3% of all new cancer cases, it is the thiatlleg cause of cancer deaths for
both genders. The main cause for the poor progn®sise fact that the diagnostic
and therapeutic tools for pancreatic cancer ary tmnited and inefficient. This
study aimed to characterize both recurrently angglithromosomal regions as well
as microRNA expression patterns in pancreatic gaand thus to identify novel
putative targets for diagnostic and therapeutippses.

Large chromosomal aberrations are typical for nmestd tumors, including
pancreatic cancer. Recurrently amplified regioresldely to contain genes which
contribute to the development of the disease amghinthus serve as targets for early
detection or treatment of the disease. Here, aileéét&haracterization of the
7921-9g22 amplicon in pancreatic cancer was perfdrineorder to identify novel
target genes. The amplification was found to exist5% of both pancreatic cancer
cell lines and primary tumors and to result in @xg@ression of several genes within
the amplicon core. Further functional studies oreehof the amplified genes,
ARPC1A ARPC1B and KPNAY confirmed that these genes do contribute to the
pathogenesis of pancreatic cancer.

ARPC1Aand ARPC1B both encode for the ARPC1 subunit of the ARP2/3
protein complex which participates in actin polyipation and thus regulates cell
mobility. Silencing of these two genes in panceaancer cells resulted in a
significant reduction of cell migration and invasjgresumably due to defective
function of the ARP2/3 complex. KPNA7 belongs te #taryopherin alpha protein
family of nuclear import receptors. Silencing KWPNA7 expression dramatically
decreased the growth of pancreatic cancer cels lina a p21 induced G1 arrest.
These data suggest that rather than a single tgeget, the 7q21-q22 amplicon

contains a set of genes which are all amplified amdrexpressed and together
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contribute to different features of the cancersdioth ARPC1 and KPNA7 have
important cellular functions and might serve aseptal novel therapeutic targets.

MicroRNAs are short single-stranded RNA moleculdsclv have a crucial role
in regulating gene expression, and are also widaisregulated in cancer. The
expression levels of miRNAs in a panel of panceeaéincer cell lines and normal
samples were screened to identify miRNAs that dpserrantly expressed in
pancreatic cancer. A set of 72 differentially exgsed miRNAs was found to
provide a molecular signature discriminating thecea and normal samples. Of
these, miR-31 was further functionally studied lolase its unique on-off expression
pattern. Interestingly, both inhibiting and indugimiR-31 expression decreased the
migration of pancreatic cancer cells, indicatingtthot only the presence but also
the amount of miR-31 is important for its functiohhe role of miR-31 as a
regulator of cancer cell mobility has also beemldsthed in various other cancers,
making it a tempting target for anti-metastasisdpg.

To conclude, three target genes of the 7q21-g22ieomp ARPC1A ARPC1B
and KPNA7 were shown to have oncogenic properties in paticreancer, as they
were all overexpressed and promoted the malignampepties of the disease.
Furthermore, miR-31 was shown to be overexpressed subset of pancreatic
cancers and to regulate cancer cell mobility. Oiethis study provides novel

information on the genetic background of pancrezditcer pathogenesis.
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INTRODUCTION

Cancer is a large heterogeneous class of diseasesantrollable cell overgrowth.
Common to all these diseases is that they all dris@ accumulation of genetic
alterations in the cells (Vogelstein and Kinzle©20Chin and Gray 2008, Stratton
et al. 2009). A certain number of genetic changesdrto occur for a normal cell to
become a cancer cell, and a number of additiorexi@bs are needed for that single
cancer cell to be able to grow to a large tumor] &éater on to invade into
surrounding tissues. This process, which leadsadransformation of a normal cell
to a malignant tumor, starts with a series of ramdmutations. Most of these
mutations are either irrelevant or lethal, but satterations may be beneficial for
the cell. Accumulation of advantageous mutationa gingle cell may lead to clonal
expansion and eventually development of cancer. Te@es involved in
tumorigenesis have been traditionally classifiedhiree groups: oncogenes, tumor
suppressor genes and stability genes (VogelsteirkKarzler 2004). Oncogenes and
tumor suppressors are genes which in normal cajjslate cell growth - oncogenes
can be described as the gas pedal of the tumotuamal suppressors as the brakes.
The third class is so-called stability genes, whdchnot directly contribute to the
tumor growth but are needed to maintain genomiegiitty, and thus mutations in
them leads to increased mutation rate in other gelM@reover, additional genes
have been identified, which do not fit into anytihése classes but do play a role in
tumorigenesis by for example enabling the formatbmew blood vessels. As the
result of these genetic mutations, initially norn@lls acquire advantageous
characteristics, eventually transforming them tdignant cancer cells (Vogelstein
and Kinzler 2004, Chin and Gray 2008, Stratton.e2@09).

In two famous reviews, Hanahan and Weinberg sgektttie hallmark properties
of cancer cells which distinguish them from norroells (Hanahan and Weinberg
2000, Hanahan and Weinberg 2011). Probably the riuestacteristic feature of
cancer cells in contrast to normal cells is thehilitg to divide and grow

unlimitedly. In normal tissue, cell growth is sthccontrolled but cancer cells have
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become independent of external growth factors ded are able to ignore anti-
proliferative signals. Mutations in members of gtewth control pathways, such as
KRAS, may lead to continuous downstream signalévgn with no stimulus from
outside the cell. Similarly, the pathways mediatihg antigrowth signals, such as
the Rb pathway, are usually defective. Furthermibre lifespan of a normal cell is
restricted and they can undergo only a limited nemdd cell divisions. In cancer
cells the telomers used as the “counting mechanem’faulty and the cells can
continue dividing endlessly. Cancer cells have asquired the ability to avoid
apoptosis, and so the normal balance between igeiah and cell death is lost. In
order to the single cancer cell to evolve to a staeszing tumor, it has to gain
additional features to be able to invade into sumting tissues and eventually also
to metastasize to other organs (Hanahan and Weii€0). The ability to activate
the invasion- metastasis cascade is the most distnfeature of malignant cells,
and in fact, the major difference between malignantd benign tumor cells
(Lazebnik 2010, Hanahan and Weinberg 2011). Furtbes, to continue growing
the malignant tumors also have to acquire mechanifm example to avoid
immune destruction (Hanahan and Weinberg 2011).

Pancreatic cancer is an extreme aggressive mabgnamhich typically is
diagnosed at late stages when the disease haslyalgeéned all the hallmarks
described above, and is not curable anymore (Biiemet al. 2007, Hidalgo 2010,
Bond-Smith et al. 2012). Despite enormous effarts effective therapeutic targets
or tools for early diagnosis have been found. Bhisly was carried out to increase
the understanding of pancreatic cancer geneticaraCterization of a specific
chromosomal amplification and microRNA expressi@ttgrns were performed to
identify novel target genes which might be everlyuaded as diagnostic, prognostic

and therapeutic tools for pancreatic cancer.
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REVIEW OF THE LITERATURE

1. Pancreatic cancer

1.1. Epidemiology and clinical factors

Pancreatic cancer is one of the deadliest maligeanis Finland as well as the rest
of the western world. In 2010, there were a litlleer 1,000 new pancreatic cancer
patients in Finland (Finnish Cancer Registry, iWtpww.canceregistry.fi). The age-
adjusted incidence rates (new cases per 100,000dudls) of pancreatic cancer in
Finland were 6.7 for females and 9.6 for males, ingak the ninth and tenth most
common cancer in females and males, respectivéig. dorresponding mortality
rates were 6.2 for females and 9.4 for males, whdifs up to approximately 1,000
deaths per year, and results in pancreatic camieg the third most common cause
of cancer deaths for both genders (Finnish CanceregisRy,
http://www.canceregistry.fi). These rates are vargilar to those in other western
countries (Bilimoria et al. 2007, Siegel et al. 21

The 5-year survival of pancreatic cancer is onlittie over 5% and the median
survival less than 6 months, and there has beey litde improvement in the
survival rates for the last decades (Bilimoria et2@07, Siegel et al., 2012). The
extremely poor prognosis is mostly due to rapid agdressive progression of the
disease and lack of methods for early detectiong¢hwvhesult in pancreatic cancer
typically not being detected until late stages loé tdisease where no curative
treatment is available. More than 50% of the paattrecancers are at stage IV
(metastasized cancer) at the time of diagnosigniBiia et al. 2007). Moreover,
although the patients with locally advanced disdase a slightly better prognosis
when compared to those with metastasized canaisutvival rates are still rather
poor (median survival 10 vs. 2.5 months, respelgti@ilimoria et al. 2007).

Early diagnosis of pancreatic cancer remains deitnge since the first symptoms
of the disease typically are non-specific, inclgdweight loss, abdominal pain, and
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nausea (Hidalgo 2010, Bond-Smith et al. 2012). Bbxenmore severe symptoms,
such as abnormalities in the liver function, appearally not until the later stages,
and are dependent on the location of the tumorallga2010). The majority of the
tumors are located at the head of the pancreasn@@ib et al. 2007) and often
cause jaundice because the bile duct is blockedb{g et al. 2010).

Treatment methods of pancreatic cancer are raihgtetl and also widely
dependent of the disease stage. Tumors eitheidedalithin the pancreas (stage 1)
or locally invasive tumors (stage Il) are usuadtgectable whereas locally advanced
(stage Ill) and metastasized (stage IV) tumors cahe operated. Since most of the
patients are diagnosed with advanced disease,1&8y of patients are eligible for
surgery (Bilimoria et al. 2007, Hidalgo 2010, Bo8aith et al. 2012). Operative
treatment options include several types of paneotatny (surgical removal of the
entire or part of the pancreas), the most common tbhbse being
pancreatoduodenectomy or “the Whipple proceduredrerlthe head of the pancreas
is removed along with parts of the stomach, duodenbile duct and the gall
bladder (Bond-Smith et al. 2012). Both chemo- aadiatherapy are commonly
used with or without surgery, but unfortunately p@atic cancer is widely resistant
to these (Hidalgo 2010, Bond-Smith et al. 2012). &dvanced pancreatic cancer,
the treatment is mostly palliative (Hidalgo 201@pahe need for novel therapeutic
options is evident. Targeted molecular therapy Iivdry of drugs targeting
specific proteins or pathways is used, and severa¢l drugs are in clinical trials
(Herreros-Villanueva et al. 2012). Also immune #pr by boosting the patient’s
immune system is already partially in use, and paaic cancer vaccines are

currently studied in clinical trials (Koido et £011).

1.2. Risk factors and genetic predisposition

Since early detection of pancreatic cancer is ehglhg, efforts have been made to
identify those individuals with higher risk for tligsease. Screening of the high-risk
individuals might result in the diagnosis being maat earlier stages when the
disease is still curable (Sakorafas et al. 201Xve&l risk factors, both

environmental and genetic, have been identified, dtili the challenge remains
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mainly unsolved. Medical history plays a major relece some diseases have been
proven to be associated with increased risk forcpetic cancer. Patients with
chronic pancreatitis have up to 13 times increagskl of pancreatic cancer
(Lowenfels et al. 1993, Lowenfels and Maisonneu®®4? Hassan et al. 2007,
Raimondi et al. 2009) and diabetes has been prtaven least double the risk of
pancreatic cancer (Chari et al. 2005, Hassan 08I7, Maisonneuve et al. 2010).
Environmental factors have been widely studieddnly few have been shown to
actually cause increased risk for pancreatic carCigiarette smoking is known to
be a major risk factor for pancreatic cancer, af a® many other malignancies
(Hassan et al. 2007, Bond-Smith et al. 2012, Paetal. 2012). Heavy alcohol
consumption can increase the risk for pancreatic&aand alcohol drinking is also
associated with chronic pancreatitis (Lowenfels BMalsonneuve 2004, Hassan et
al. 2007). Dietary factors have been studied buassociation has been confirmed
(Lowenfels and Maisonneuve 2004). However, obeddgs increase the risk for
pancreatic cancer (Bond-Smith et al. 2012). Finah risk for pancreatic cancer
strongly increases with age and the majority of phéents are elderly (Bardeesy
and DePinho 2002, Finnish Cancer Registry 2012).

Approximately 10% of all pancreatic cancers haveusderlying hereditary
component, either a germline mutation or anotheordier which results in an
increased risk of developing cancer (Bardeesy aeRitho 2002, Lowenfels and
Maisonneuve 2004, Raimondi et al. 2009, Shi e2@09). Some of these factors are
associated with a hereditary genetic syndrome, lwigredisposes the affected
person to different tumor types. Hereditary synd#enassociated with pancreatic
cancer include Peutz-Jeghers syndrome (Giardietloale 2000), hereditary
nonpolyposis colorectal cancer (HNPCC) syndrome s{it@m et al. 2009),
hereditary pancreatitis (Lowenfels et al. 1997)edéary breast and ovarian cancer
(The Breast Cancer Linkage Consortium 1999), faniditypical multiple mole
melanoma (FAMMM) (Vasen et al. 2000, Bartsch et 2002, Goldstein et al.
2004), familial adenomatous polyposis (FAP) (Gielidi et al. 1993), Li-Fraumeni
syndrome (Kleihues et al. 1997) and cystic fibr¢gMsisonneuve et al. 2007). The
relative risk of pancreatic cancer in these syné®mary from only a slightly
increased risk of hereditary breast and ovariateasyndrome to more than 100-
fold risk in Peutz-Jeghers syndrome (Hruban ef@l0, Klein 2012). The genes
affected in these syndromes are typically tumompsegsor genes, such @G BKN2A
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in FAMMM, BRCA1 BRCA2 andPALB2in hereditary breast and ovarian cancer
and DNA mismatch repair gendd_ H1 andMSH2in HNPCC (Erkko et al. 2007,
Raimondi et al. 2009, Klein 2012). However, the onigy of the pancreatic cancers,
which appear to be of familial background, are ttugactors that are still unknown
(Raimondi et al. 2009, Shi et al. 2009, Klein 2012)

1.3. Pathology of pancreatic cancer

The pancreas is a gland located in the upper abdopeéween the stomach and the
small intestine. The pancreas can be divided wm separate compartments: the
endocrine and the exocrine pancreas, which haveplebely separate functions
(Bardeesy and DePinho 2002, Hezel et al. 2006,cBaii al 2010). Exocrine
pancreas accounts for the vast majority (80%) efdlgan mass and appears as a
branched network of acinar and duct cells. Acingliscwhich produce multiple
digestive enzymes, are organized into clusterdatehd of ducts and cover the
majority of the exocrine pancreas. Ductal cellsrfdhe pancreatic duct network,
add mucous and bicarbonate into the enzyme mixfiaatly merge into the main
pancreatic duct releasing the enzymes into the eluod (Bardeesy and DePinho
2002, Balic et al. 2012). Endocrine pancreas exristsell clusters called the Islets of
Langerhans, which are embedded in the exocrinerpascThe islets consist mainly
of a- and B-cells which secrete insulin and glucagon, hormoresponsible for
regulating glucose metaboly (Bardeesy and DePill@ 2Balic et al. 2010).
Pancreatic cancer is a group of different tumoresyporiginating from both
endocrine and exocrine parts of the pancreas. Henvesually the term refers to
pancreatic ductal adenocarcinoma (PDAC), whiclhésrhost common malignancy
of the pancreas accounting for 85% of all pancrezdincers and more than 90% of
malignancies of the exocrine pancreas (Winter 2@énd-Smith et al. 2012,
Samuel and Hudson 2012). Other, more uncommon typeancreatic cancers of
exocrine origin are for example acinar cell caroias and intraductal papillary
mucinous neoplasms (Bond-Smith et al. 2012). Canassing from the endocrine
pancreas, such as insulinomas and gastrinomasaarmdre rare and represent
completely different tumor types (Bond-Smith et 2012). In this study, the term

pancreatic cancer is used to refer to pancreatitaladenocarcinoma.
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2.  Genetic changes in pancreatic cancer

2.1. Progression model of pancreatic cancer

Development of pancreatic cancer is a stepwiseesgcA progression model for
pancreatic cancer development was first suggestdittiea over ten years ago
(Hruban et al. 2000) and has been later on shovire tather accurate. The model
describes how the normal pancreatic epithelialscgthdually accumulate genetic
changes in crucial genes and eventually progressvesive carcinoma through a
series of intermediate stages (Hruban et al. 20@@ure 1). These stages,
pancreatic intraepithelial neoplasias (PanINs) amneroscopic, histologically
separable, and are graded 1-3, according to inogedsstological abnormalities
(Hruban et al. 2000, Hezel et al. 2006, Koostralet2008). Numerous genetic
changes in key cancer genes have been associatedsmpécific stages of the
pancreatic cancer progression model. The most camgenetic alterations have
been shown to take place already in the earligsii\Pl@sions (Kanda et al. 2012).
The KRASoncogene is the most commonly altered gene inrpahc cancer,
being mutated in 95% of the cases, most often dord2 (Almoguera et al. 1988,
Hruban et al. 1993, Maitra et al. 2006, Jones .e2@08).KRAShas been found to
be mutated already in over 90% of the PanIN lesimncating thakKRASmutation
iIs one of the earliest genetic events in pancrezicinogenesis (Feldmann et al.
2007, Kanda et al. 2012). These mutationikRAS make it permanently active,
leading to the activation of multiple molecular lpaays, such as the RAF/ERK
pathway which has a major role in transcriptiomgjulation, and the PI3K pathway
which is involved for instance in cell cycle progg®n (Malumbres and Barbacid
2003, Hezel 2006, Mihaljevic et al. 2010). Moreqvpathways downstream of
KRAS are often mutated when KRAS itself is not eftel (Jones et al. 2008, Hong
et al. 2011). In addition, overexpression of thedepnal growth factor receptor
ERBB2 often due to gene amplification, is a frequentyeavent in pancreatic

cancer (Hruban et al. 2000).
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Figure 1. The stepwise progression model of pancreatic cancer. The genetic changes
gradually accumulate during the progression from normal duct via PanIN lesions

to pancreatic ductal adenocarcinomas (PDAC).

Besides th&KkRASmutation andERBB2activation, three tumor suppressor genes
are commonly inactivated at the early stages ofcygatic cancer development,
resulting in the loss of cell cycle control (Ottehhet al. 2011). Of these,
pl6/CDKN2A(INK4A) is altered, either deleted, mutated or hyperniatag, in
more than 95% of pancreatic cancers and oftendhiremPanIN-2 lesions (Caldas
et al. 1994, Schutte et al. 1997, Ueki et al. 20D@enhof et al. 2011). The pl16
protein plays an important role in the negativeutation of the cell cycle as it binds
to the cyclin dependent kinases CDK4 and CDK6 dnus inhibits progression of
the cell cycle at the G1/S checkpoint. In cells kehgl6 is lost, the G1/S transition
of the cell cycle is not properly regulated whiclaynlead to uncontrolled cell
growth (Mihaljevic et al. 2010, Ottenhof et al. 201 Another very commonly
inactivated gene i§P53 which is altered in at least 50% of pancreaticceas
typically by mutations in the DNA binding domaindgenblum et al. 1997). The
p53 protein is often described as “the guardiarihef genome”, highlighting its
crucial role in the cell. It prevents the cell frooontinuing the cell cycle with
damaged DNA, and loss of p53 might be one of tlasaes for the vast genomic
instability commonly observed in pancreatic cand&gelstein and Kinzler 2004,
Mihaljevic et al. 2010). Third tumor suppressor coeomly inactivated in pancreatic
cancer iISSMAD4/DPC4 which is non-functional in 55% of the cases, ¢gly in
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later stages of carcinogenesis. SMAD4 acts in tG&JF pathway which regulates
normal cell growth and loss of SMAD4 may thus léadincontrolled growth (Hahn
et al. 1996, Wilentz et al. 2000, lacobuzio-Donahtial. 2004). Mutations afP53
and SMAD4 are typically found in the PanIN-3 lesions whicke already in
transition to invasive growth (Ottenhof et al. 2D11

In the last decade, several mouse models of pancreancer have been
produced by using this knowledge of the geneticngka behind the disease
(Herreros-Villanueva et al. 2012). Since KRAS istated in almost all pancreatic
cancers, it is usually the basis of the transgeradels, accompanied by mutations
or deletions of different genes, includi®MAD4 and TP53 These mice show a
variety of pancreatic cancer phenotypes, many okdhprogressing via PanIN

lesions to invasive and metastatic cancer (Hers€ilbsnueva et al. 2012).

2.2. Chromosomal aberrations

In addition to mutations affecting single genesgéachromosomal aberrations, such
as amplifications and deletions, are also very comnn pancreatic cancer.
Pancreatic cancer karyotypes are usually extrenvelyplex, with enormous
amount of gains, losses and translocations (Baydaed DePinho 2002, Karhu et
al. 2006, Samuel and Hudson 2012). For example,a&fskivet al. (2007) reported
several cases where the tumor cells had a to@ef 70 chromosomes, with some
chromosomes being presented in four or five comeme completely absent and
many having abnormal structures. Telomere shorgeagwell as mutations in the
key regulators of the cell cycle are likely to W®e tmain contributors to the
formation of these chromosomal rearrangements (Hdzd. 2006, Campbell et al.
2010).

Most of the chromosomal changes are considered tothlly random and solely
reflect the genetic instability of the disease (iasy and DePinho 2002). However,
some chromosomal changes have been shown to breercisuggesting that genes
in these regions might play a crucial role in thgedse pathogenesis (Hezel et al.
2006, Samuel and Hudson 2012). To identify suchegedifferent array based
methods have been used to search for recurrentngengains and losses in

pancreatic cancer. In addition to the chromosom@ @may CGH (comparative
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genomic hybridization) studies, also SNP (singlelentide polymorphism) arrays
and sequencing technologies have been utilizedh{(Kat al. 2006, Samuel and
Hudson 2012). Based on these analyses, the mosh@orchromosomal aberrations
in pancreatic cancer are the losses at the chramexs®&q, 9p, 13q, 17p, and 18q,
and gains at the chromosomes 7q, 8q, 11q, 17q,28qd(Karhu et al. 2006,
Campbell et al. 2010, Gutiérrez et al. 2011, SarandlHudson 2012). Frequencies
of these aberrations vary largely from one studwnother (~15-90%), depending
on the platform and the sample set. Overall, losppear to be more frequent than
gains, and gains typically cover smaller regionarfiG et al. 2006, Gutiérrez et al.
2011). However, all the aberrations mentioned abbese been recurrently
observed both in pancreatic cancer cell lines aimdgoy pancreatic tumors.

Chromosome 7q is one of the regions recurrentlylifiegbin pancreatic cancer.
High-level amplifications of the 7921-922 locus bakeen observed in several
array-based CGH studies (Aguirre et al. 2004, Héthl et al. 2004, Holzmann et
al. 2004, Mahlamaki et al. 2004, Bashyam et al. 520@ysin et al. 2005,
Loukopoulos et al. 2007, Suzuki et al. 2008). Hosvevwhereas the 8q
amplifications for example often target thikY C oncogene located at 8924, the exact
targets of the 7q21-q22 amplification were not eded by the array studies. During
the course of this study, several putative targateg were identified and further
studied, these includingRPC1Aand ARPC1Bwhich are two genes encoding a
subunit of a protein complex involved in actin pubrization, and a novel nuclear
import receptoKPNAT.

Selective increase or decrease of the copy nunfeegiven gene is an efficient
way of altering its activity (Schwab 1999, Albemset al. 2006, Myllykangas and
Knuutila 2006). However, cells do not have a piefit way of actually selecting
the gene to be amplified or deleted, making thenev@ndom. Most of these gains
or losses just disappear, but some can give tHeacgtowth advantage and are
thereby preserved (Albertson et al. 2003). For eptamdeletions of the tumor
suppressor€DKN2A and SMAD4 and amplifications of the oncogemdYC are
beneficial for the cell and thus selectively maima, making them common
findings in pancreatic cancer (Jones et al. 20@&)&l and Hudson 2012).

Since amplicons often cover large chromosomal reggidhey usually contain
many genes which are co-amplified and subsequentlyexpressed. However, all

of them do not necessarily contribute to the foramabdf the tumor and are therefore
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considered as so-called passenger genes. Idemdificaf the driver genes, or
amplification target genes, which actually promote tumor development, is
challenging, since one amplicon may indeed cordairens of genes which are all
amplified and overexpressed (Copeland and Jenkif8,2Stratton et al. 2009, Bell
2010, Santarius et al. 2010, Eifert and Powers R0L& also known that the size of
the amplified region commonly varies from one tuntmranother. Therefore it is
crucial to identify the minimal region of amplifitan, also known as the amplicon
core, which is amplified in most of the samples #émas most likely to hold the
critical gene (Samuel and Hudson 2012). In an éxaelreview, Santarius et al.
(2010) listed 77 amplicon target genes that aed\liko have a causal role in cancer.
Genes were divided in three separate classes lmsdte amount of evidence on
their contribution to cancer. All genes summariredhe article are located at the
minimal region of amplification and also overexmes. However, hundreds of such
genes have been identified in genome-wide scresmsthus the 77 putative target
genes listed in the article were required to havthér evidence for causative role in
cancer. Additional criteria for classification wecénical correlation (expression
associated with with clinical outcome), knowleddetlee gene or the pathway (for
example, other genes in the same pathway also faedpbr mutated), biological
evidence (overexpression or knockdown causes hazbegffect), and supporting
results from animal studies. Three gerteBRBB2 EGFRandAR were categorized
as Class | genes, which have the strongest evidérceéheir involvement in
tumorigenesis. Most of the 77 genes had evidenceaasal role only in one
malignancy and very few genes, suchE®BB2and CCNDJ, were listed in more
than one cancer type. For pancreatic cancer, tgeaes ARPC1A SMURF] and
MED29, were on the list (Santarius et al. 2010). Onetbd®ep in mind that as the
knowledge of cancer cell characteristics incredstsahan and Weinberg 2011),
also further criteria for defining amplicon targgtnes could become important to
consider.

Despite the above mentioned criteria, functionarahterization of the amplified
genes is absolutely essential to establish whictegectually do have a role in
tumor development. Knockdown of amplified geneswerexpressing cells and on
the other hand, forced expression of the same geneson-expressing cells,
followed by studies on the functional consequenoéshe abnormal expression, is

an efficient way to separate driver genes from gragsrs (Santarius et al. 2010,
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Eifert and Powers 2012). For example, cell prodifem, anchorage independent
growth and cell migration and invasion are typitestures which are altered after

manipulation of the expression of an amplificatiarget gene.

2.3. High-throughput sequencing data

Modern whole-exome sequencing studies provide Wéuanformation on the
genetic changes in pancreatic cancer and are@bdweéal both mutations and larger
chromosomal changes such as amplifications andiaiede Large-scale analyses of
several tumors give insight into the frequency ajiden mutation and enable the
evaluation of its significance (The InternationanCer Genome Consortium 2010,
lacobuzio-Donahue et al. 2012). The first largdessgquencing study concerning
pancreatic cancer was done by Jones et al. (20@B)egorted the sequencing of all
exons of protein-coding genes in 24 advanced paticradenocarcinomas. An
average of 63 genetic alterations was found inettescers, most of which were
point mutations. Alterations in the key genes, sashP53 CDKN2A SMAD4and
KRASwere commonly found, but the study also revealedraber of less common
mutations, the relevance of which remains to beesblHowever, rather than single
genes, the mutations were found to accumulate @tvevkey pathways or cellular
processes, such as apoptosis, regulation of theysde or KRAS signaling, that
have been implicated in cancer (Table 1). Six ekéhpathways were affected in all
24 samples and the rest in at least 67% of thescase

Later on, similar studies with different samplessahd study designs have been
performed (Jones et al. 2009, Wu et al. 2011, Relstral. 2012). In a recent study
both tumor and germline DNA of one individual (jgsti with familial pancreatic
cancer from the study by Jones et al. 2008) weneeseed, and theALB2 gene
(partner and localizer of BRCAZ2, functions as a dursuppressor gene) was found
to be recurrently mutated already in the germliresulting in higher risk for
pancreatic cancer, as well as other malignanci@se€l et al. 2009). Furthermore,
germline ATM deletions (ataxia telangiectasia mutated, a cetlecgheckpoint
kinase) were found from 2 of 16 pancreatic caneernilies (Roberts et al. 2012).
Also pancreatic cysts and pre-neoplastic lesion® leen screened and an average

of ten mutations per sample was found to existingiwaluable knowledge of the
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early events of pancreatic cancer development. alct, fsome of the genetic

alterations typical for late stage pancreatic cgnsech as KRAS mutations, were
found already in these early lesions, supportiregdtepwise progression model of
the disease (Wu et al. 2011). In the future, tugerome sequencing might become
a standard for pancreatic cancer patients, andrdament of the disease may
depend on the genetic alterations of the tumor.

Table 1. Core signaling pathways or cellular processes imedl in pancreatic
cancer. Adapted from Jones et al. 2008.

Pathway or process Examples of altered genes
Apoptosis* CASP10, VCP, CAD, HIP1
Control of the G1/S phase transitibn CDKN2A, FBXW?7, CHD1, APC2
DNA damage control ERCC4, ERCC6, EP300, RANBP2, TP53
e nalinb TBX5, SOX3, LRP2, GLI1, GLI3, BOC, BMPR2,
gehog sig CREBBP
CDH1, CDH10, CDH2, CDH7, FAT, CDH15, PCDH17,
Homophilic cell adhesion PCDH18, PCDH9, PCDHB16, PCDHB2, PCDHGAL,

CDHGA11, PCDHGC4

ADAM11, ADAM12, ADAM19, ADAM5220,
ADAMTS15, DPP6, MEP1A, PCSK6, APG4A, PRSS23

ITGA4, ITGA9, ITGALl, LAMAL, LAMA4, LAMAS, FN1,

Invasion

Integrin signaling

ILK
JINK signaling MAP4K3, TNF, ATF2, NFATC3
KRAS signaling' KRAS, MAP2K4, RASGRP3

AGHGEF7, ARHGEF9, CDC42BPA, DEPDC2, PLCB3,
PLCB4, RP1, PLXNB1, PRKCG

TGF4 signaling* TGFBR2, BMPR2, SMAD4, SMAD3
Wnt/Notch signaling MYC, PPP2R3A, WNT9A, MAP2, TSC2, GATAG6, TCF4
! Pathway was altered in all 24 samples

Small GTPase signaling (non-KRAS)

2.4. MicroRNAs

MicroRNAs (miRNAs) are short (~22 nucleotides) rmding RNA molecules
which have a crucial role in post-transcriptionagulation of gene expression (He
and Hannon 2004, Bartel 2009, Krol et al. 2010tcRard et al. 2012). To date,
1600 miRNA precursors and more than 2000 matureNA&Rhave been identified
and the number has been constantly increasing (asBBrelease 19,
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http://www.mirbase.org/). Each miRNA can regulatzehs or even hundreds of
genes, affecting the activity of entire pathwayd aetworks, and one gene can have
up to 50 miRNA binding sites (Gunaratne et al. 20P@tchard et al. 2012).
Identification of mMIRNA target genes remains a draje due to the small size of
miRNAs and the fact that only partial complemenyars needed between the
mMIiRNA and its target (Bartel 2009, Krol et al. 2018 number of softwares have
been developed to predict putative miRNA targets duof those produce both
false negative and false positive results, and twperimental verification of the
predicted targets is always needed (Bartel 200 &nd Croce 2012).

mlRNA
Gene

!
Pri-miRNA E

i
I&D

Pre- mIRNAE

Nucleus
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mIRNA* IO duplex
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/ RISC \ lRlsc
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ORF RISC  RISC RISC

Translational repression mRNA cleavage

Figure 2. MicroRNA biosynthesis. Reprinted by permission from Macmillan Publishers Ltd:

Nature Reviews Genetics, He and Hannon, 2004.
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MicroRNA biogenesis begins in the nucleus wherertii@NA is transcribed by
RNA polymerase (usually RNA polymerase II) intooad (up to several kilobases)
hairpin-structured primary molecule called pri-miRNvhich may hold several
mMiRNA sequences (He and Hannon 2004, Krol et d@020orio and Croce 2012).
Still in the nucleus, an enzyme called Drosha pses the pri-miRNA molecule
into a ~70 nucleotide long precursor hairpin calf@@-miRNA, which is then
transported into the cytoplasm. In the cytoplasra,gre-miRNA molecule is further
processed by another enzyme, Dicer. The miRNA nudeis now a short double-
stranded RNA molecule. One strand is the “passéngfeand (also known as
complementary miRNA or *miRNA) and is usually quigldegraded, whereas the
other represents the mature miRNA molecule. ThairaahiRNA is directed to the
RNA-induced silencing complex (RISC) by specific gnaute proteins. The
MIiRNA molecule, now attached to the RISC complexognizes its target mRNA
by the sequence (He and Hannon 2004, Krol et 40 2@rio and Croce 2012). The
mMiRNA binding sites are typically located in thewitranslated region (3° UTR) of
the target mMRNA. The sequences of the miRNA andalget mRNA may be only
partially or fully complementary, leading to tragsbnal inhibition or degradation
of the target mRNA, respectively (Krol et al. 2016rio and Croce 2012). The
biosynthesis of the microRNAs is illustrated in Urig 2.

Similar to the traditional protein coding genessoalmiRNAs are widely
deregulated in cancer. A great number of miRNAsehbgen demonstrated to be
up- or downregulated in various malignancies, idiclg pancreatic cancer (Lu et al.
2005, lorio and Croce 2012). Some miRNAs, such é&24 and the let-7 miRNA
family, show altered expression across many diffecancer types, but also more
cancer-type specific miRNA expression patterns Haeen found to exist (Lu et al.
2005). These miRNA expression profiles have beemwsto be even more accurate
in classifying cancer specimens than the traditionRNA expression profiling
(Rosenfeld et al. 2008). Furthermore, miRNAs carcategorized as onco-miRs or
tumor suppressors, depending on the genes thelategbiammond 2006, lorio and
Croce 2012). For example, commonly overexpressd@NAs at the miR-17-92
cluster typically suppress the expression of séveraor suppressor genes and
thereby act themselves in an oncogenic fashiornv¢Dket al. 2010). On the other
hand, the members of the let-7 miRNA family normahhibit the expression of
oncogenes, and their downregulation in cancer tesuincreased expression of the
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target genes (Torrisani et al. 2007, Wang et al220Generally, downregulation of
MIRNAs seems to be more common in cancer than ufaeggn (Lu et al. 2005,
Hammond 2006).

There is a rapidly increasing number of reportsatiered miRNA expression
patterns in pancreatic cancer (Bloomston et al7206e et al. 2007, Szafranska et
al. 2007, Kent et al. 2009, Olson et al. 2009, Rardl. 2009, Zhang et al. 2009, Ali
et al. 2010, Bhatti et al. 2011, Mees et al. 2QHang et al. 2011, Donahue et al.
2012, Hamada et al. 2012, Jiao et al. 2012, Jurad @012, Munding et al. 2012,
Panarelli et al. 2012, Papaconstantinou et al. 2Biboli et al. 2012, Schultz et al.
2012). These studies have been made utilizing bbiical tumor samples and
commercially available cell lines. Many miRNAs commly misregulated in other
cancers are aberrantly expressed also in panciaer. Interestingly, there have
been shown to be significantly more upregulated NAR than downregulated
(Wang and Sen 2011), a pattern opposite to tharebd in most of the other tumor
types (Lu et al. 2005, Hammond et al. 2006). Néwdess, all studies have
identified both up- and downregulated miRNAs in graatic cancer but the number
of miIRNAs with altered expression vary by the crédeused to define differential

expression.

24.1. miR-31

Several reports have revealed aberrant express$ioniR-31 in various types of
cancers, suggesting that it might possess a umiverde in carcinogenesis.
Interestingly, it has been reported to be bothamm downregulated in a wide range
of different malignancies (Table 2). In pancreadnicer, miR-31 has been shown to
be frequently upregulated, already in the earlyiRdesions, and was also recently
associated with poor prognosis (Szafranska etG8l7 2Jamieson et al. 2012, Yu et
al. 2012).

The functional role of miR-31 has been widely stad{studies summarized in
Table 2). It was first demonstrated to play a @lcole in regulating migration,
invasion and metastasizing of breast cancer aadlsphibition of miR-31 induced

breast cancer metastasis formation (Valastyan .eR@09). Later on, its role in
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regulating cell mobility has been supported by s&lvstudies in various different
malignancies, highlighting the significance of n8R-in cancer (Table 2). For
example, in mesothelioma, the miR-31 locus is fesly lost and the loss is
associated with an aggressive tumor type. Re-egioresf miR-31 in mesothelioma
cells suppresses migration, invasion, cell pradifien and clonogenity (Ilvanov et al.
2010). On the other hand, in lung cancer miR-3Ipiegulated and inhibition of its
expression reduces cell growth (via G1 arrest)tantbrigenity bothn vitro andin
vivo (Liu et al. 2010). Several target genes actingeith adhesion or mobility have
been suggested for miR-31, and include RDX (radigytoskeletal actin-associated
protein), WAVE3 (Wiskott-Aldrich syndrome proteirarhily, member 3, acts in
complex which links actin with receptor kinaseshdaseveral integrin family
members (Valastyan et al. 2009, Augoff et al. 208a4ssey-Alaoui et al. 2011).
Furthermore, miR-31 also seems to play a role & risistance to chemo- and
radiotherapy, which are characteristics of panaeztncer (Bhatnagar et al. 2010,
Wang et al. 2010, Lynam-Lennon et al. 2012).

Table 2. Studies on miR-31 function in various cancers

Cancer Expr.  Function Putative target  Study

genes
adult T Cell down miR-31 locus frequently lost or MAP3K14 Yamagishi et al.
leukemia epigenetically silenced, which (NIK) 2012

triggers oncogenic signaling. miR-
31 downregulation leads to NéB
activation and apoptosis resistance.

bladder carcinoma down  Low expression in invasive bladder Wszolek et al.
carcinoma compared to superficial 2009
tumors. Overexpression decreases
bladder cell invasion.

breast cancer down miR-31 expression inversely ITGAS Valastyan et al.
correlates with metastasis in breast RDX 2009
cancer patients. Overexpression of RHOA
miR-31 suppresses metastases and
inhibition induces metastases. No
effect on viability or cell
proliferation.

breast cancer down miR-31 suppresses expression of [ITGA2 Augoff et al. 2011
several integrins and alters cell ITGAS
mobility. ITGAV
ITGB3
breast cancer down Overexpression of miR-31 WAVE3 Sossey-Alaoui et
suppresses WAVE3 expression, al. 2011

leading to inhibition of invasion.
miR-31 expression gradually
decreases during breast cancer
progression.
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cancer-associated down

fibroblasts

colon cancer

colorectal cancer

esophageal
carcinoma

glioma

head and neck
squamous cell
carcinoma

Kaposi sarcoma

lung cancer

lung cancer

melanoma

mesothelioma

ovarian cancer

prostate cancer

prostate cancer

up

down

down

up

up

up

up

down

down

down

down

down

Overexpression of miR-31 inhibits SATB2
migration and invasion

miR-31 expression induced by TNA-AM
a andp. Overexpression in colon
cancer cell lines enhances motility
and invasiveness.

Inhibition of miR-31 expression
sensitizes cells to 5-FU and reduce
cell migration and invasion but doe
not affect cell cycle or colony
formation.

miR-31 downregulated in PARP1
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3. ARP2/3 complex

3.1. Actin cytoskeleton

The actin network determines the shape of the idelvever, the cell is not static or
fixed but the shape is constantly changing as élescgrowing or moving, meaning

that the actin network also needs to be very dyogfollard and Borisy 2003,

Revenu et al. 2004, Goley and Welch 2006). Thenaoftoskeleton is not only a
structural element of the cell but it also acts ivariety of cellular events from cell
migration and vesicle trafficking to endocytosisiaell division (Pollard and Porisy
2003, Gourlay and Ayscough 2005, Goley and Weld@620Dynamic regulation of

actin filaments by a large group of actin bindirrgtpins (ABPS) is required for the
proper execution of these cellular processes aadgds in the structure of the cell
(Revenu et al. 2004, Goley and Welch 2006).

The actin cytoskeleton consists of polymeric adiimments which are futher
arranged to form large networks. Monomeric globuetin (G-actin) is an ATP-
binding protein which easily is self-arranged ingolymeric filaments (F-actin)
forming helical structures (Pollard and Porisy 2008urnberg et al. 2011).
Spontaneous actin polymerization is a cellular ewemch occurs very rapidliyn
vitro and must be strictly regulateéal vivo by a great variety of proteins (Nurnberg
et al. 2011). However, the initiation of new adilaments, called nucleation, needs
to be triggered by specific proteins and is thee-femiting step of actin
polymerization (Goley and Welch 2006). Differentagdes of actin nucleation
regulators have been identified. For example, fosnpromote nucleation of new
unbranched filaments whereas the ARP2/3 proteinptexmacts in nucleating new
actin branches from existing filaments (Kovar 20@&oley and Welch 2006,
Chhabra and Higgs 2007, Campellone and Welch 2010).

Polymeric actin filaments are polarized, the fastwgng end known as the plus
or the barbed end, and the other as the minusegodimted end (Pollard and Porisy
2003, Revenu et al. 2004). To prevent further edting of the filament as well as
dissociation of the actin monomers, capping pratéimd to the filament ends and
thus regulate the length of the actin polymersp®modulins bind to the minus end
and CapZ to the plus end to stabilize the filamégl&Clainche and Carlier 2008,
Nurnberg 2011). However, often actin filaments evastantly recycled so that the
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elongation of the barbed end and the depolymeozadf the pointed end are in
balance, keeping the length of the filament ratetble. This phenomenon,
sometimes called actin treadmilling, enables dywaand rapid modifications of the
actin cytoskeleton (le Clainche and Carlier 2008).

Polymeric filaments are further organized to busadbranched networks and gels
to increase their strength and stability and toes@n various cellular functions. For
example, filamins cross-link actin fibers to loasetworks andx-actinin binds the
filaments into parallel bundles (le Clainche andli€éa2008, Niurnberg 2011). Also
the cutting, debranching and depolymerization dinatlaments are regulated by
proteins like cofilin and gelsolin (Revenu et aD0Z, Nirnberg et al. 2011).
Furthermore, the regulators of actin are also tledwes strictly controlled, and
dependent for example on pH and Ca2+ concentrapi@vjding additional levels
of control for actin dynamics (Revenu et al. 2004).

In addition to being the structural element of tledl, actin also has a central role
in cell migration and adhesion (Goley and Welch &0 Clainche and Carlier
2008). The barbed ends of actin branches are ysatalhe leading edge of the cell,
towards the movement or growth (Pollard and Bo#603, Arjonen et al. 2011).
Rapid reassembly of actin at the leading edge esabk formation of protrusions
and promotes cell migration (le Clainche and Car608, Nurnberg 2011). In
addition to cell shape and mobility, actin netwbids a central role in endocytosis
and vesicle trafficking, together with the motorog@in myosin (Gourlay and
Ayscough 2005, Cingolani and Goda 2008, Arjoneale011). Moreover, during
apoptotic cell death, caspases target actin filasnamd cleave off small actin
fragments which further accelerate apoptosis (Ggurdnd Ayscough 2005).
Abnormalities in all roles described for actin mfiéee with key cellular functions

and may thus promote tumorigenesis (Arjonen é2@l1, Nurnberg et al. 2011).

3.2.  Structure and function of the ARP2/3 complex

One of the regulators of actin polymerization is tkRP2/3 protein complex which
was first described in 1994 and has been latebkesitad to control branching of the
actin filaments (Machesky et al. 1994, Pollard &wedtzner 2002, Padrick et al.
2011). The human ARP2/3 protein complex consistsesen subunits and is the
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key regulator of actin branching (Figure 3) (Mutliet al. 1997, Goley and Welch
2006, Chhabra and Higgs 2007, Campellone and W&f4l0). The subunits ARP2
and ARP3 (actin related protein 2 and 3) are strafly similar to actin and form

the actin binding core of the protein complex. Teer parts of the complex are
more diverse and are named ARPC1-5, referring tm aelated protein complex

1-5 (Pollard and Beltzner 2002, Goley and Welch&®urnberg et al. 2011).

Figure 3. Structure and function of the ARP2/3 complex in nucleating new actin branches
from existing filaments. Reprinted by permission from Macmillan Publishers Ltd:

Nature Reviews Molecular Cell Biology, Campellone and Welch, 2010.

The ARP2/3 complex acts in nucleating new branchies existing actin
filaments as illustrated in Figure 3 (Goley and @e2006, Campellone and Welch
2010). It binds to the side of the existing motfi@ment and initiates the growth of
a lateral daughter filament (le Clainche and Cagi@08). The structural core of the
ARP2/3 complex is formed by ARPC2 and ARPC4 sulsunitich are critical for
the integrity of the complex and which attach theP®R/3 complex to the mother
filament (Gournier et al. 2001, Rouiller et al. 3)0The ARP2 and ARP3 subunits
of the complex are believed to mimic an actin dinpeoviding a template for the
new branch (Mullins et al. 1998, Rouiller et al.08). The three other subunits,
ARPC1, ARPC3, and ARPCS5, participate in the adiwvatof the nucleation
function of the complex (Gournier et al. 2001, Rleuiet al. 2008). Activity of the
ARP2/3 complex is ATP-dependent and regulated bgrsd nucleation-promoting
factors (NPFs), including the WASP and WAVE protéamily members (Goley
and Welch 2006, Campellone and Welch 2010, Padzickl. 2011). The NPF
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proteins bind to the ARP2/3 complex via a speclCA domain, causing a
conformational change which enables the nucleatioa new actin filament. The
NPF proteins also assist in recruiting actin monsnte the nucleation site (Goley
et al. 2004, Campellone and Welch 2010).

3.3. ARPC1A and ARPC1B

ARPC1A and ARPC1B are structurally highly similaoins which both act as the
ARPCL1 subunit of the ARP2/3 protein complex (Gaeg Welch 2006). ARPCL1 is
41 kDa in size (and was thus previously named @) consists of seven WD
repeats which form a seven-bladégropeller protein (Welch et al. 1997, Goley
and Welch 2006). The exact function of ARPC1 in ¢benplex is uncertain but it
has been suggested to be needed for the struotgaatization of the nucleation site
(Winter et al. 1999). Also a role in the regulatmirthe activity of ARP2/3 has been
proposed, possibly through binding of nucleatioanpoting factors (Winter et al.
1999, Gournier et al. 2001, Kelly et al. 2006). ARPbinds directly to WASP
which is a regulator of ARP2/3 activity, suggestititat ARPC1 might have a
regulatory role. Moreover, it has been shown teraxt with PAK1 (p21 activated
kinase 1, functions in the regulation of cell makiand morphology; Vadlamudi et
al. 2004) and bind and activate Aurora A which ikirrase needed for cell cycle
progression (Molli et al. 2010). Gene disruptiondses in yeast showed that the
ARPC1 subunit is essential for cell viability (Wantet al. 1999). Based on
functional studies, ARPC1A and ARPC1B have beergssigd to have slightly
different functions (Molli et al. 2010) but the etaoles of these two proteins

remain still to be found.
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4.  Nuclear transport

4.1. Mechanisms of nuclear transport

In eukaryotic cells, the nuclear membrane divides tell into two separate
compartments, the nucleus and the cytoplasm. Toaiisgp RNA, proteins and
other molecules to their correct locations, botlama out of the nucleus, is crucial
for normal cell function (Kau et al. 2004, Mosammaggst and Pemberton 2004,
Pemberton and Paschal 2005, Faustino et al. 2003). instance, RNA is
transcribed in the nucleus and needs to be tratespanto the cytoplasm to be
translated. At the same time, nuclear proteinsh @ag histones and transcription
factors, are produced in the cytoplasm and are thersported into the nucleus
(Kau et al. 2004). Bidirectional trafficking betwethese two cellular compartments
is needed for various cellular events, from regoilabf gene expression to control
of the cell cycle. Thus, it is evident that thiartsport machinery is a key player in
the maintenance of cellular homeostasis. Malfumctd nuclear import or export
results in incorrect localization of RNA and proiei which might subsequently lead
to a variety of diseases, including cancer (Faastiral. 2007).

Both import and export of molecules occurs via aaclpore complexes (NPC)
which are cylindrical structures on the nuclear rheme, connecting the nuclear
and cytoplasmic compartments (Strambio-De-Castdliaal. 2010). Transport of
proteins through the nuclear membrane can be rgudjhided into two categories,
passive diffusion and active transportation (Fawasét al. 2007). However, recently
also a third mechanism was suggested for nucleporgxas ribonucleoprotein
particles were shown to be transported out of theleus via nuclear envelope
budding (Speese et al. 2012).

Passive diffusion through the nuclear pore com@aegeossible only for small,
maximum of 40 kDa proteins (Faustino et al. 20G@éwart 2007). Larger molecules
need to be actively transported through the mengbrdime proteins which are
aimed to be transported to the nucleus, containckear localization signal (NLS)
in their amino acid structure (Pemberton and Pas2b@5, Faustino et al. 2007).
There are different types of NLS sequences, whar lee recognized by diverse
import proteins (Stewart 2007). Although differemiport pathways exist, the
classic and most common import pathway is the kaingan-mediated import via
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nuclear pore complexes as illustrated in Figur&au(et al. 2004, Mosammaparast
and Pemberton 2004, Pemberton and Paschal 200&rE2007). The import cycle
begins by the recognition of the cargo protein NdySkaryopherine. (importin-o. /
KPNA), which binds to the cargo protein. Alpha kapherin acts as an adaptor
protein and is the link between the cargo and taeydphering (importinff /
KPNB), which is the actual transporter. Once form#te cargo:KPNA:KPNB
complex is docked to the nuclear pore complex amrmow enter the nucleus via
the NPC. In the nucleus, RanGTP binds to the kdrgopf, resulting in
dissociation of the trimeric protein complex andseguent cargo release. The
RanGTP-bound karyopherfhis recycled back to the cytoplasm, and karyopherin
binds to RanGTP-bound CAS (cellular apoptosis quigmbty protein) which is its
export receptor (Kau et al. 2004, MosammaparastRamberton 2004, Pemberton
and Paschal 2005, Stewart 2007).
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Figure 4. Nuclear import of nuclear localization signal (NLS) containing proteins and
recycling of the karyopherin alpha and beta import receptors. Reprinted by

permission from Macmillan Publishers Ltd: Nature Reviews Cancer, Kau, 2004.
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4.2. Karyopherin alpha protein family

The human karyopheria- protein family consists of seven highly conserved
members (Goldfarb et al. 2004, Kelley et al. 20I®e basic molecular structure of
all karyopherine. proteins is similar, and consists of ten Armad{WRM) repeats
which form the body of the curved shape proteine TH terminus of the
karyopherine. acts as the importifi-binding (IBB) domain and in the inner curve
are located the two NLS binding sites. The majtr i located at the ARM repeats
1-4 and the minor site at repeats 6-8 (Conti etl@88, Conti and Kuriyan 2000,
Fontes et al. 2000, Stewart 2007). The IBB domé#sn has an important role in
regulating cargo binding, as its amino acid segeenanics NLS sequence and it
can also bind the NLS binding site, competing witle NLS containing cargo
(Stewart 2007). When karyopherinis not bound to karyopherii-the IBB domain

is bound to the NLS binding site, allowing only f@ins with stronger affinities to
bind to it. As the karyopherifi-binds to the IBB domain, the NLS binding sites are
revealed and open for cargo proteins also with toafénity to bind. The IBB
domain thus also exhibits an autoinhibitory rolel aegulates cargo binding in the
cytoplasm as well as cargo release in the nuckokg 1999, Matsuura and Stewart
2004).

The cargo proteins are recognized by the tranggolg their NLS sequence
which can be either monopartite (based on one aagitcluster) or bipartite (two
clusters separated usually by a ~10-12 amino apaces) (Stewart 2007).
Monopartite NLS sequences usually bind to the majoe of karyopherine,
whereas bipartite NLS sequences occupy both binsiteg (Stewart 2007). Many
cargo proteins also bind directly to karyophedjnand are transported without
karyopherine.. However, karyopherim-is an adaptor protein and cannot act alone
but always needs to bind karyophegie enter the nucleus (Pemberton and Paschal
2005, Stewart 2007).

Although the basic mechanism of cargo binding isvkm, there is very little
knowledge of the roles of different karyophesirproteins. The human genome
encodes seven karyopheringenes, whereas the yeast S. cerevisiae genome only
has one single karyopherin-gene (Goldfarb et al. 2004). Although all seven
karyopherine. proteins are structurally similar, they are likedyhave different roles

in terms of time and context as well as cargo $ioggi There is evidence of
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different karyopherire proteins acting at different tissue and cell typeslifferent
times during development, and some karyopherproteins have been shown to
have specific roles in embryogenesis (Tsuji el887, Kamei et al. 1999, Kohler et
al. 2002). In adult tissues, different expressiattggns of KPNAs have also been
observed (Kamei et al. 1999) but information on plessible cargo specificity is
truly limited. KPNAs have also been shown to biadgoes with different affinities,

suggesting another level of diversity in nucleapam (Kelley et al. 2010).

4.3. KPNA7Y

Karyopherin alpha 7 (KPNA7) is the newest membethef karyopherint family,
and was first identified in 2010 (Kelley et al. 2)Q1It is structurally most closely
related to KPNA2 but shows significant sequenceilarity also to the other
members. As the other karyophesimproteins, KPNA7 also consists of ten ARM
repeats with the NLS binding pocket, and N termii domain (Stewart 2007,
Kelley et al. 2010).

Expression of KPNA7 orthologs has been studiedvamious animals,
including bovine, porcine and mouse tissue (Tejaularet al. 2009, Hu et al. 2010,
Park et al. 2012). In all these studies, KPNA7 egpion has been linked to
embryogenesis and fertility. Both in mouse andie€atthen screening diverse adult
tissues, KPNA7 expression was found predominamtlhe ovary (Tejomurtula et
al. 2009, Hu et al. 2010). Furthermore, in all hemimals, KPNA7 expression was
found in oocytes or early stage embryos, and in saeocells the protein was
localized in the nucleus (Hu et al. 2010). In hurkBaia cells, KPNA7 was shown
to be predominantly expressed in the nucleus (iateal. 2010) but the function of
the human KPNA7 still remains completely unknownhather KPNA7 has a

specific role in human fertility, remains to besal.
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AIMS OF THE STUDY

The aim of this study was to characterize bothcamrently amplified chromosomal
region as well as microRNA expression patterns ancpeatic cancer in order to
identify novel putative targets for diagnostic ahdrapeutic purposes. The specific

aims were the following:

1. To delineate the 79q21-g22 amplicon in pancreaticen and identify the
putative amplification target genes.

2. To functionally characterize the amplification tergenes and evaluate their
significance in pancreatic cancer.

3. To screen microRNA expression patterns in panaeadincer, and to
functionally characterize differentially expresseatroRNAs.
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MATERIALS AND METHODS

1. Cell lines (I, I, 1)

Sixteen human pancreatic cancer cell lines weral usethe study (Table 3).
Thirteen of those, AsPC-1, BxPC-3, Capan-1, CapadFRPAC-1, HPAC, HPAF-
II, Hs 700T, Hs 766T, MIA PaCa-2, Panc-1, SU.86.86d SW1990, were
purchased from the American Type Culture Collecti&dTCC, Manassas, VA).
DAN-G, HUP-T3, and HUP-T4 were obtained from ther@an Collection of
Microorganisms and Cell Cultures (Brunswick, Gerg)arThe normal pancreatic
ductal cell line hTERT-HPNE was obtained from th&GC. All cell lines were
authenticated to avoid misidentification and wem®wn under recommended

culture conditions.

Table 3. Properties of the pancreatic cancer cell lines usethe study.

Cell line Distributor Origin Age of donor Gender
AsPC-1 ATCC Ascites 62 F
BxPC-3 ATCC n.a. 61 F
Capan-1 ATCC Liver 40 M
Capan-2 ATCC n.a. 56 M
CFPAC-1 ATCC Liver 26 M
Dan-G GCMCC? n.a. n.a. n.a.
HPAC ATCC n.a. 64 F
HPAF-II ATCC n.a. 44 M
Hs700T ATCC Pelvis 61 M
Hs766T ATCC Lymph node 46 M
Hup-T3 GCMCC n.a. n.a. n.a.
Hup-T4 GCMCC n.a. n.a. n.a.
MIA PaCa-2 ATCC n.a. 65 M
Panc-1 ATCC n.a. 56 M
SU.86.86 ATCC Liver 57 F
SW1990 ATCC Spleen 56 M

+ ATCC: American Type Culture Collection
2 GCMCC: German Collection of Microorganisms and Cellt@rels

42



2.  RNA samples (I, Il, lII)

Normal pancreatic RNA samples were obtained fromroercial sources (Ambion,
Austin, TX; Biochain, Hayward, CA; and Clontech, Mdain View, CA). The

panel of normal tissue RNA samples was purchased Ambion.

Table 4. Clinicopathological data of the pancreatic canceesiments on the tissue
microarray slide used in Study |I.

No Sex Age Histology Grade TNM Stage

1 M 51 Adenocarcinoma G1 -

2 M 70 Adenocarcinoma Gl -

3 M 39 Adenocarcinoma G1 -

4 M 58 Adenocarcinoma G3 T3NOMO(IIA)

5 F 60 Adenocarcinoma G3 T3NXMO(IIA)
6 F 42 Adenocarcinoma Gl -

7 M 63 Adenocarcinoma G2 T3N1MO(IIB)
8 M 60 Adenocarcinoma G2 -

9 F 58 Adenocarcinoma G3 -

10 M 66 Adenocarcinoma G3 T3NOMXx(IIA)
11 F 54 Adenocarcinoma G2 -

12 F 72 Adenocarcinoma G2 T3N1MO(IIB)
13 M 41 Adenocarcinoma G2 T3NIML(IV)
14 M 53 Adenocarcinoma - T2N1IM1(IV)
15 M 64 Mucinous adenocarcinoma - T3NOMO(IIA)
16 M 60 Adenocarcinoma G2 T2NOM1(1V)
17 F 75 Adenocarcinoma G2 T2NOMO(IB)
18 F 64 Adenocarcinoma G2 T3NIML(IV)
19 M 64 Adenocarcinoma - T3NOML(IV)
20 F 62 Mucinous adenocarcinoma - T3NOMO(IIA)
21 M 62 Adenocarcinoma G2 T3N1MO(IIB)
22 M 62 Adenocarcinoma G2 T3NXM1(IV)
23 M 58 Adenocarcinoma G2 -

24 M 72 Intraductal papillary mucinous carcinoma - -

25 M 41 Neuroendocrine carcinoma - -

26 M 62 Adenocarcinoma G2 T3N1MO(IIB)
27 F 47 Adenocarcinoma G2 -

28 M 81 Adenocarcinoma G2~3 -

29 F 64 Carcinoma - -

30 F 53 Anaplastic carcinoma, papillary adenocarcinor G4 T3NIML(IV)
31 M 44 Adenocarcinoma G2~3  T3N1IML(IV)
32 M 55 Adenocarcinoma G3 T3NIML(IV)
33 M 49 Adenocarcinoma G3 -

34 M 51 Non-neoplastic - -

35 M 70 Non-neoplastic - -

36 M 60 Non-neoplastic - -

37 F 58 Non-neoplastic - -

38 M 62 Non-neoplastic - -

39 F 47 Non-neoplastic - -

40 M 81 Non-neoplastic - -

41 M 49 Non-neoplastic - -
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3.  Tissue microarray (I)

Commercially available AccuMax A207 (lll) tissue aroarrays were purchased
from Petagen Incorporation (Seoul, Korea). Theu@smicroarrays contained 33
pancreatic cancer specimens in duplicate and eigiHneoplastic pancreatic tissue

samples. The clinicopathological features of tha@as are detailed in Table 4.

4.  Genomic clones (I)

Fourteen bacterial artificial chromosome (BAC) orl Rlerived artificial
chromosome (PAC) clones were selected to coveB thid® amplicon area at 7921-
g22 (Table 5). The BAC and PAC clones were seleatdg the public genome
databases, NCBI (National Center for Biotechnoldgformation) Map Viewer
(http://www.ncbi.nlm.nih.gov/mapview) and UCSC (Meisity of California Santa
Cruz) Genome Browser (http://genome.ucsc.edu). €llowere obtained from
CHORI (Children’s Hospital Oakland Research Ingtitfu Oakland, CA).
Chromosome 7 centromeric probe (p7alphaTET) wad ase reference.

Table 5. BAC and PAC clones used in fluorescence in situidiyation

Clone Type Start (bp) End (bp) Size (bp)
RP11-94N7 BAC 96 033 106 96 170 067 136 960
RP11-525A11 BAC 96 327 722 96 426 137 98 415
RP11-172J11 BAC 96 424 137 96 510 872 86 735
RP11-356B17 BAC 96 607 609 96 714 001 106 392
CTB-94H21 BAC 96 794 459 96 919 295 124 836
RP5-1090P18 PAC 97 047 406 97 169 536 122 130
RP5-1111F22 PAC 97 216 826 97 354 933 138 107
RP11-177C9 BAC 97 449 432 97 565 939 116 507
RP11-725M1 BAC 97 740 402 97 906 781 166 379
RP5-1186CT PAC 98 088 214 98 201 066 112 846
RP11-62NF BAC 98 187 801 98 361 362 173 562
RP11-405121" BAC 98 334 645 98 473 080 138 435
RP4-550A13 PAC 98 512 376 98 591 892 79 516
RP11-136B3 BAC 98 676 638 98 760 751 84113

4Clone was included in the contig probe
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5.  Fluorescence in situ hybridization (1)

Fluorescencen situ hybridization (FISH) was performed on interphasel@iuof the
pancreatic cancer cell lines to carry out copy nemnamalysis of the 7921-g22 locus.
BAC and PAC clone DNA was extracted using the stathdhlkaline lysis method
and the probes were labeled with Spectrum OrangePd¥ysis, Downers Grove,
IL) by the random priming method. Chromosome 7 r@neric reference probe
was labeled with fluorescein-12-dUTP (Perkin-ElmBoston, MA). The labeled
probes were then purified using the BioSpin P6 rmolsi (Bio-Rad, Hercules, CA).

Dual-color FISH on interphase nuclei of the sixteefl lines was performed as
previously described (Barlund et al. 2000) anddigmals were analyzed using the
Olympus BX50 fluorescence microscope (Olympus, Doklapan). For all probes,
control experiments on normal lymphocytes were graréd to verify correct
localization of hybridization signals. Fifty intactuclei were analyzed for each
probe and cell line, and 