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Introduction and objectives

1 INTRODUCTION AND OBJECTIVES

Since 1982 genetically modified mice have been lyidenployed in the biological and
medical research in order to investigate diffefamhan and animal diseases and also to
test possible therapies. Recently, transgenic dnmodels have also been generated to
develop new treatment options in diabetes mellifime transgenic technology has been
used for targeting molecules like hormones (Cagtal. 2006), oncogenes (Pelengaris
et al. 2002), growth factors (Garcia-Ocaetaal. 2001) or transcription factors (Ahlgren
et al. 1998) in the pancreatic islets. Thereby, the IHgtn@han 1985; Vasava@hal.
1996), mouse (Hareat al. 2003) and human (Hot& al. 1998; Krakowskiet al. 1999)
insulin promoters have been employed to controlotherexpression of the transgene in
the pancreati@-cells. However, a big drawback of the most fredlyerecommended
rat insulin promoter is the detected expressiotheftransgene not only ficells but
also in several areas of the brain (Ganetcal. 2000; Martinet al. 2003).

The use of mice as animal models is still usefulstadies investigating basic problems
of p-cell physiology. However, researches regarding,r fmstance, islet
xenotransplantation approaches require large anm@dels. Due to similarities to
humans in the blood glucose level regulation anthexgeneral physiology, pigs are
excellent candidates for such studies. Furthermmasylts of different studies support
the possibility to obtain pancreatic islets fromwbern and adult pigs for
xenotransplantation (MacKenzet al. 2003; Cardonat al. 2006; Heringet al. 2006).
Therefore, there is a considerable interest indénelopment of tools for the genetic
modifications of porcine pancreatic islets for tthelivery of gene products direct to

B-cells.

The aim of the present study was to create an sgime cassette for tifecell-specific
overexpression of transgenes under the contréleoporcine insulin promoter.

The functionality of the construct was verified bypressing human betacellulin, a
ligand of the EGFR family, known for its ability tstimulatep-cell differentiation in

vitro and in transgenic mouse model.
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2 LITERATURE REVIEW

2.1 The Epidermal Growth Factor Receptor system

2.1.1 Epidermal Growth Factor Receptor

The epidermal growth factor receptor (EGFR) fanulfy tyrosine kinase receptors
comprises the following members: ErbBl/EGFR/HERLrbB2/Neu/HER2,
ErbB3/HER3 and ErbB4/HER4 (Figure A).

Studies on the structure of EGF receptors revetiledoresence of several common
regions, including an extracellular ligand-bindiregion, a single membrane-spanning
region and a cytoplasmic part with a tyrosine k&asntaining domain (Holbro &
Hynes 2004).

ErbB1 ErbB2 ErbB3  ErbB4

Figure A Epidermal Growth Factor Receptor and the relatéE+4 receptors.
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The EGFR and many of its ligands are broadly exga@sn the gastrointestinal tract,
including the pancreas (Miettinen & Heikinheimo 299n the adult pancreas, the EGF
receptor is predominantly expressed in the islétcsamgerhans and ductal epithelial
cells (Uedaet al. 2004). The expression of ErbB2 in the developinguse pancreas
has been detected in the ducts (Kritetkal. 2000), as well as in the proliferating
human adult duct cells (Rescahal. 2005). ErbB3 is expressed in the developing
mouse pancreatic ducts (Kritz&kal. 2000) and mesenchyme surrounding the pancreas
(Ericksonet al. 1997). The ErbB4 protein has been detected imtbese pancreas as
early as embryonic (E) day 12.5 (Huotarial. 2002) and it is expressed in the fetal
mouse pancreatic ducts (Kritzgkal. 2000). In the proliferating human adult pancreatic
duct cells ErbB4 is expressed only weakly (Restah 2005).

Moreover, the presence of the ErbB receptors has beown also in other tissues like
peripheral nervous system (Woldeyestsal. 1999), heart (Gassmamhal. 1995; Lee

et al. 1995), and several epithelial organs (Miettieeal. 1995; Sibiliaet al. 1998).

The activation of ErbB receptors initiates a ricatwork of signaling pathways,
culminating in variety of responses ranging fromll cdivision to death. The
phosphorylated residues are recognized as dockeg lsy different signal molecules,
which activation promotes intracellular signalingscades and control variety of
genetic processes. Additionally, the activatiorediBs occurs not only through ligand
binging, but also via heterologous signals, likernmmnes, neurotransmitters,
lymphokines and stress inducers (Carpenter 1998\eder, two of the ErbB receptors
make an exception to this rule. The “ligandless’bHE2 receptor requires
heterodimerisation with another ErbB receptor toab@vated (Klappeget al. 1999).
Also the ErbB3 receptor needs a dimerisation wideeond ErbB receptor to become
phosphorylated and to initiate signalling pathwéysay et al. 1994). Therefore, neither
ErbB2 nor ErbB3 in isolation can perform its fulectias membrane receptor. The most
important downstream signaling pathways of ErbBeptors (Figure B) are the Ras-
and Shc-activated MAPK networks, as well as phospsitide 3-kinase (PI3K)-
activated pathway (Yarden & Sliwkowski 2001).
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Figure B The EGFR system: Binding of a ligand (1) perrtis receptor dimerisation and
activation (2) of downstream signaling pathwaysa @hd 3b) changing the
activity of multiple nuclear transcription factoend cellular transcriptional
program (4).

The biological role of the ErbB receptors and tHigiands has been often studied by
using genetically modified mouse models. The epidérgrowth factor receptor
(EGFR)-deficient mice exhibited a significant retloc of the pancreas weight and
disturbed pancreas morphogenesis (Miettietesi. 2000). These alterations have been
suggested to result from the impaired branchinghef ductal tree. Although EGFR

activation was reduced by only 40%, the transgemice exhibited a significant
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decrease@-cell mass and became diabetic within two weeklsirtii. To study the role

of the EGF receptor in adult pancreas, a mouse hexgeessing a kinase-deficient and
dominant-negative EGFR under the controlRalk1 (pancreatic duodenal homeobox
factor-1) promoter was generated (Miettinenal. 2006). These mice showed an

impaired postnatdl-cell growth, resulting in diabetes (Miettinetal. 2006).

Moreover, the other ErbB receptors are probably abquired for an appropriate
function of the pancreas. Knockout mouse modelsEdB2-, ErbB3- and ErbB4
exhibited early prenatal mortality, mostly befor@npreatic organogenesis could take
place (Gassmangt al. 1995; Leeet al. 1995; Ericksoret al. 1997).

ErbB receptors have been shown to play an imporalet in the development and
functionality of many other organs. For instanc&HR knockout mice revealed the
necessity of this receptor for the proper cranialadevelopment (Miettineret al.
1995). In this study, théeterozygousEgfr*” mice exhibited a normal weight and
reproductive ability, whil€Egfr”™ animals survived only a few days after birth beeaus
of lethal defects in the respiratory system andhefial immaturity in several organs.
Additionally, absence of a functioning EGFR in thesice led to abnormalities in the
epidermis and hair coat. The skin was thinner dntbst transparent, with only few
hair follicles (Miettinenet al. 1995). Other studies on mice lacking tgfr gene also
demonstrated alterations in skin, kidney, brairveri and gastrointestinal tract
(Miettinenet al. 1995; Sibilia & Wagner 1995; Threadggtlal. 1995).

Numerous studies demonstrated that alterations B Ereceptor activity were
associated with the appearance of severe cances tyggludingcarcinomas of the
breast (Slamost al. 1987; Slamoret al. 1989; Barnest al. 1992; Prenzedt al. 1999;
Gschwind et al. 2002), colon and rectum (Shirat al. 1995; Yanget al. 1997),
endometrium (Berchuckt al. 1991), lung (Brandt-Raudt al. 1994), ovary (Tannest

al. 1996) and prostate gland (Zhaual. 1992; Foxet al. 1994). Abnormalities in the
ErbB pathway system are often the reason for trotimaand progression of cancer.
Overproduction of ligands, overexpression of regepior constitutive activation of
receptors can drive the cell to uncontrolled pesétion. One of the best characterized

ErbB ligands connected with human cancers is TGFangforming growth factor-
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alpha). Overexpression of TGFA and EGFR, parti¢plar lung, ovary and colon
tumors, predicts poor recovery chances (Sandgrain 1990; Salomoret al. 1995).
Overexpression of ErbB2 is often associated with ittvasive ductal breast cancers
(Slamonet al. 1987; Slamoret al. 1989), however alterations in ErbB2 alone are
insufficient for breast cancer progression (Rosd-l&tcher 1999). Importantly, the
heterodimers ErbB2/ErbB3 represent an extremely imgtogenic complex (Pinkas-
Kramarskiet al. 1998). Nevertheless, it has been shown that degualation of ErbB2
follows decrease of ErbB3 expression as well (Lehal. 2000; Neveet al. 2000;
Bassoet al. 2002; Motoyamaet al. 2002). This observation suggests a close conmectio

between these two partners in the initiation ohalong pathways and cell proliferation.

2.1.2 Ligands of the Epidermal Growth Factor Receptor fanily

There are seven known EGFR ligands: epidermal drdadtor (EGF), transforming
growth factor-alpha (TGFA), amphiregulin (AREG),paein-binding EGF-like growth
factor (HB-EGF), betacellulin (BTC), epiregulin (EB) and epigen (EPGN) (Harms

al. 2003; Schneider & Wolf 2009The genes encoding four of these ligands, EREG,
EPGN, AREG and BTC are loated on the same chromesonmice and humans
(chromosomes 5 and 4, respectively) (Patitadd. 1995). This tight linkage suggests
that they may have arisen through a tandem genkcdtipn event. In general, the
overall organization of the genes encoding memioérthe EGF family is highly
conserved. These genes consist of 6 exons, wher@shone encodes the 5’UTR and
signal peptide. Exon 2 encodes the N-terminal psgezu The third exon encodes the
mature EGF with the two first disulfide loops aheé fourth accounts for expression of
the third loop of the EGF-like domain. Exon 5 ene®the cytoplasmic region and exon
6 the 3'UTR (Harrist al. 2003).

The ligands of the EGFR family are synthesizedyg® tl transmembrane proteins
consisting of an N-terminal part, EGF motif, a shpxtamembrane stalk and a
carboxy-terminal domain. The EGF motif containsa#fino acids with six cysteines
arranged as three disulfide bridges and formingehloops (Harriset al. 2003;

Schneider & Wolf 2009;). An amino acid between #ezond and the third loop is
called “hinge residue”. The probable function ofstistructure is to simplify the

movement of these two structures (van Zoetea. 2000).
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Cleavage of the EGFR ligands by surface protedkmssareleasing the mature ligands
from the cell membrane and their activity as grofabtors (Massague & Pandiella
1993).

2.1.2.1 Amphiregulin (AREG)

AREG was identified in the human breast adenocansancell line, MCF-7 (Shoyadi

al. 1988). This growth factor is expressed in mangues, including placenta, ovary,
testis, heart, pancreas, spleen, kidney, lung,yp\a@ion and breast (Plowmaah al.
1990). Under normal conditions, amphiregulin is netpressed in the liver.
Nevertheless some studies demonstrated an upredudREG gene expression after
liver injury or partial hepatectomy (Berasainal. 2005; Castilloet al. 2006; Faustet

al. 2006). Amphiregulin activation appears to havamportant functional role in the
development and maturation of different organduigiog mammary gland (Kenney

al. 1996; Sternlichtet al. 2005), bones (Qirt al. 2005) or placenta (Fukanet al.
2009). Due to its ability to inhibit the growth nfany human tumors and to stimulate
the proliferation of other cells, like fibroblasteratinocytes or epithelial cells, AREG
is known as a bifunctional growth factor (Plowmetnal. 1990; Cooket al. 1991,
Normanncet al. 1994; Chuet al. 2005).

Reduced expression of AREG was detected in prolaciceptor knockout mice
(Ormandy et al. 2003). Also, female AREG-deficient mice exhibited defective
mammary gland development and inadequate qualityuantity of milk (Luettekest
al. 1999). Together, these findings indicate that areghlin might be regulated by
prolactin during the pregnancy and is necessargifioappropriate growth of mammary

tissue.

Amphiregulin seems to have an effect on other agas well. For instance,
overexpression of AREG in mouse pancreas causeth@eased proliferation of
pancreatic duct cells (Wagnetral. 2002). Results of such investigations suggestad th
amphiregulin induces a mitogenic response in paticreluct cells through activation
of Ras, CDK2 or CDK4 (Wagnaat al. 2002). Moreover, studies on human pancreatic
cancer cell lines indicated an elevated expressicamphiregulin in the cytoplasm of

these cells being a signal of a more advancedcelirstage of the disease. These
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findings suggested the contribution of AREG to &duetr activation of EGF receptor in
pancreatic tumor cells (Ebesttal. 1994).

2.1.2.2 Epidermal Growth Factor (EGF)

EGF was originally detected in the mouse submayiligland (Cohen 1962). This
ligand is known for its ability to stimulate predmgs tooth eruption and eyelid opening
in newborn mice (Cohen 1962), skin developmenteiralflambs (Wynret al. 1995)
and lung maturation in fetal rabbits (Catteriral. 1979). Moreover, EGF has been
shown to have several functions in the bone ceilth @s stimulation of the osteoblast
proliferation (Nget al. 1983) or inhibition of collagen production (Hatzal. 1984).

Transgenic mice overexpressing EGF under the dootrihe human insulin promoter
exhibited significant morphological changes withineir pancreata (Krakowslet al.
1999). The pancreatic islets of these animals Wager than the islets of their non-
transgenic littermates. Furthermore, a signifiddbsis around the islets was observed
in the pancreas of transgenic animals. Treatmetht BGF has been shown to stimulate
the human adult pancreatic duct cells to expandteasdifferentiate (Rescaat al.
2005). Adult human duct cells employed for thiddgtexhibited an increased activation
of ErbB1 and ErbB2 receptors, followed by elevaf@dliferation of a particular
fraction of the pancreatic duct cells. The auth@gscanet al. 2005) suggested a
possible role of EGF in converting pancreatic dredts into insulin producing cells in
diabetic patients. Moreover, EGF has been postlilatstimulate3-cell differentiation
and islet neogenesis regulation during the panateaslopment (Yasudet al. 2007)
EGF has been also shown to have a positive effecflacose metabolism in diabetic
animals (Suarez-Pinzon & Rabinovitch 2008; Lémal. 2009) increasing the insulin
secretion and reducing the glucose levels. Howesmmne other studies did not support
this theory, postulating that EGF was not able tmlufate the plasma insulin content

after glucose administration (Janstal. 2006).
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2.1.2.3 Epigen (EPGN)

Epigen, a novel member of the EGFR family, wast fidescribed in mouse
keratinocytes (Strachaet al. 2001). EPGN has a restricted tissue distributions
present in heart, liver and testis (Strachal. 2001). Moreover, EPGN is expressed in
the inner and outer root sheath of hair follickesxewborn mouse skin (Kochupurakkal

et al. 2005). So far, the function of epigen in the paasrhas not been investigated.

In the epithelial cells, epigen stimulates the jpinasylation of the EGFR and MAPK
kinase proteins (Strachagt al. 2001). Although the binding affinity of EPGN to
receptor is 100-fold lower than receptor bindinfingly of EGF, its mitogenic potency
is significantly higher (Kochupurakka al. 2005). These authors suggested that the
low affinity of the ligand to the receptor may d&lisuch a potent response because of

ineffective internalization and recycling of thgdnd-receptor complex.

Recently, a transgenic mouse model with ubiquitoesipression of epigen has been
generated by Dahlhoff and colleagues (Dahlieb#i. 2009). The transgenic mice were
characterized by visibly reduced body size and irepadevelopment of the first coat.
Histological examination revealed extraordinarihfagged sebaceous glands in the skin
of EPGN-transgenic mice, suggesting a function led EGFR pathways in the

proliferation and/or differentiation of sebocytes.

2.1.2.4 Epiregulin (EREG)

Epiregulinwas identified as a growth inhibitory factor frohetconditionednedium of
the fibroblast tumor cell line NIH-3T3 (Toyodial. 1995). This protein consists of 46
amino-acid residues and exhibits a dual biologamlvity, resembling in this regard
AREG. On the one hand, it stimulates the proliferatof fibroblasts, hepatocytes,
smooth muscle cells and keratinocytes (Shirakat. 2000; Takahashét al. 2003).
On the other hand, it inhibits the growth of seV/¢uanor-derived epithelial cell lines
(Leeet al. 2004). EREG was found to be an autocrine growttofain relatively low
levels in the human keratinocytes andissue-resident macrophages (Shiraseina.
2004). Mice lacking epiregulin showed chronic detitisain the ear, face and neck area

(Shirasaweet al. 2004). The authors demonstrated that epiregulanasucial molecule
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for the regulation of IL-18 mMRNA expression in kimacytes. In contrast, Lee et al.
reported that an independent line of EREG knockaae did not display any abnormal
phenotype (Leet al. 2004) postulating that loss of epiregulin couldcbenpensated by
other EGFR ligands. Epiregulin as appears alsetarbimportant factor in the female
reproduction (Parket al. 2004) and liver regeneration (Toyoda al. 1995).
Investigations using insulinoma cell lines suggedteat epiregulin may be a growth
and insulinotropic factor in pancreaticcells (Kuntzet al. 2005). Treatment of rat
insulinoma cell lines with epiregulin resulted imcieased proliferation of these cells
and elevated insulin production (Kurezal. 2005).

Interestingly, overexpression of epiregulin is bpfteorrelated with pancreas and
prostate cancer development (Torret@gl. 2000; Zhuet al. 2000).

2.1.2.5 Heparin-binding EGF-like growth factor (HBEGF)

HB-EGF was first described as a heparin bindingogah in fibroblasts and smooth
muscle cells (Besnatt al. 1990; Higashiyamat al. 1991). HB-EGF is also present in
the wound fluid, skin, lung and heart (Vaugletiral. 1992a; Vaughamt al. 1992b).
The presence of HB-EGF have been confirmed bothamormal islets of Langerhans
(Kanetoet al. 1997) and in the pancreatic cancer cells (Kobrial. 1994). Moreover,
presence of HB-EGF in the duct cells of fetal amematal rat pancreas suggests a

possible involvement of this protein in pancreasettgpment (Kanetet al. 1997).

Regenerative and therapeutic effects of HB-EGF ancpeaticp-cells have been
postulated by Kozawat al. using a diabetic mouse model (Kozaetaal. 2005).
Results of this study demonstrated that treatmért diabetic mouse with HB-EGF
stimulated proliferation and differentiation of pegistingp-cells leading to an increase
in B-cell mass and improvement of glucose metabolisowévVer, overexpression of
this growth factor in pancreas has been shown ampte pancreas cancer (kbal.
2001; Hurtadaet al. 2007), fibrosis and epithelial metaplasia (Meetra. 2003).

HB-EGF was detected also in the epithelial cellshair follicle (Rittie et al. 2007).
Furthermore, its expression in the advancing el@themargin and islands of
regenerating epithelium within burn wounds suggestsle for this protein in wound

healing (Marikovskyet al. 1993). Deletion of the HB-EGF gene resulted inlyear

10
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postnatal mortality because of defected cardiaontiea dilation and heart valve
malformation (Yamazalet al. 2003), hypetrophic cardiomiocytes and hypopldsiig
(lwamotoet al. 1999; Jacksost al. 2003). It is the only EGFR ligand whose deficiency
causes early postnatal mortality. Loss of thisfdyhas been connected with epidermal
hyperplasia and impaired differentiation of keratiytes. For instance, keratinocyte-
specific HB-EGF-deficient mice were characterizgdlbcreased wound closure ability
(Shirakateet al. 2005).

2.1.2.6 Transforming-Growth-Factor- a (TGFA)

TGFA was initially identified in medium conditiondxy retrovirus transformed rodent
cells (Ozanneet al. 1980; Twardziket al. 1982; Marquardet al. 1983). This growth
factor is also expressed in epidermis and haiicfell Moreover, TGFA mRNA has
been detected in the preimplantation mouse embffrappoleeet al. 1988), in the
anterior pituitary (Samsoondar al. 1986), skin keratinocytes (Coffey, &t.al. 1987)
and brain (Wilcox & Derynck 1988). Also, presendetlte TGFA in the fetal and
neonatal upper digestive tract and pancreas sugygespssible functional role of this

protein in the growth and development of these msg&lormiet al. 1995).

Overexpression of TGFA under control of the elasi@®moter in transgenic mice has
been shown to cause serious alterations in thetgrewd differentiation of several
adult organs (Sandgreet al. 1990). In these animals the relative weight of the
coagulation gland, colon, small intestine, liveddgmancreas was increased by up to
3-fold. However, the average body weight of tramsgemice was significantly
decreased. Despite these changes, there was nenesidor endocrine pancreatic
dysfunction. Wagneet al. reported that ubiquitous TGFA overexpression in seou
pancreas caused the development of cancer simithethuman disease (Wagreeal.
2002). Mitogenic properties of TGFA have been showmifferent studies using a
transgenic mouse model with overexpression of grmewth factor. For instance,
Jhapparet al. demonstrated liver neoplasia and abnormal devedoprof pancreas in
TGFA transgenic mice (Jhappaa al. 1990). Also,Sandgrenet al. presented the
upregulated TGFA as an impotrant factor enhancingwth and development of

pancreas and liver cancers in the transgenic mooskel (Sandgreet al. 1993).
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Deficits in the expression of TGFA lead to phenetyijprms including wavy hairs,
curly whiskers and altered hair follicle structuteuettekeet al. 1993; Mannet al.
1993). TGFA is implicated in wound healing (Schudizal. 1987), cell migration
(Barrandon & Green 1987) and bone resorption (Steah. 1985). In addition, it has
been demonstrated that also uncleaved, membrammisgaform of this ligand can
initiate signal transduction through EGFR on thdaxe of the contiguous cells vitro
(Brachmanret al. 1989; Wonget al. 1989).
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2.1.3 Betacellulin

2.1.3.1 Structure of betacellulin

Betacellulin is a 32-kilodalton polypeptide growfctor, originally isolated from the
conditioned medium of a mouse pancreatic tufaoell line, FTC3 (Shinget al. 1993).
BTC is a glycoprotein composed of 80 residues,®gized as a membrane-spanning
precursor with 177 amino acids (Figure C). In thuen pre-BTC is composed of an
extracellular part, a transmembrane part and gptagmic part. The extracellular part
contains a signal peptide for the localization he secretory pathway and EGF-like
domain including six cysteine residues forming ¢hobaracteristic disulfide bonds. In
EGFR ligands, these intermolecular loops are nacgdsr recognizing and binding of

the ligand to the receptor (Carpenter & Cohen 1990)

EGF-like motiv

COOH

Figure C Structure of a mature human betacellulin. A, Blislilfide loops within the
EGF-like domain.
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A single copy gene for mouse BTC maps to chromos&m&hereas the human
betacellulin gene is localized on the chromoson{lRathaket al. 1995). The human and
bovine precursor BTC share 88% sequence identityine and mouse precursors are
79% identical, while identity between sequencelwhan and mouse pre-BTC reaches
74% (Dunbar & Goddard 2000). The mature form of honbetacellulin is released
after proteolytical cleavage of the precursor protetween Ala31l and Asp32, as well
as between Y111 and L112 (Shietgal. 1993; Dunbakt al. 1999). This growth factor
exhibits the strongest affinity to ErbB1 receptauif it can also bind to receptor dimers
containing ErbB4. Moreover, the ability of betaadii to recognize and activate the
highly oncogenic receptor dimer ErbB2/ErbB3 hasnbéemonstrated (Alimandi al.
1997).

2.1.3.2 Expression of betacellulin

Betacellulin is predominantly expressed in pancréasr, kidney and small intestine,
but also in heart, lung, testis, ovary and colomCBis also present in various body
fluids, including milk (Dunbaret al. 1999), suggesting that its absorption trough the
small intestine influences the neonatal developmamd that BTC might be an
important factor for growth and development of sad neonatal organs including the
pancreas. Investigations on fetal and neonatalrpaaaemonstrated betacellulin to be
localized to the primitive duct cells in fetal pagas and to some islet cell populations
associated with insulin producing cells (Miyagastal. 1999). This growth factor was
able to stimulate the proliferation of fetal paratie epithelial cells and to promote
growth, differentiation and survival of these cgl&enoet al. 1996; Miyagaweet al.
1999).

Betacellulin has been also found in tumor cellsghsas mouse sarcoma 180 and
fiborosarcoma BPV-11 cell lines, also in human bresdenocarcinoma MCF-7 cells
(Sasadat al. 1993).
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2.1.3.3 Functions of betacellulin in the endocrine pancreas

Severalin vitro and in vivo studies showed a positive impact of BTC putell
differentiation and insulin production (Watad# al. 1996; Huotariet al. 1998;
Mashimaet al. 1999; Yasudat al. 2007). Human embryonic stem cells have a very
wide replication capacity; therefore they couldaeefficient and renewable source of
insulin-producing cells (Demetera al. 2000). The treatment of human ES cells with
betacellulin and nicotinamide has been demonsttatsedstain the expression of PDX1,
a transcription factor necessary for pancreatieigment andg-cell maturation, and

to inducep-cell differentiation (Chcet al. 2008). Results of several other studies also
suggest that BTC may modify the activity of sevdrahscriptions factors, known for
their negative impact on insulin production, angsart the activity of the PDX1 gene
promoter (Watadat al. 1996). One possible explanation of this phenomeroanid be
that BTC causes the demethylation of chromosomal i release the insulin gene
promoter from inactivation (Wataahal. 1996).

Otherin vitro researches showed that the activity of BTC couldnbensified in the
presence of activin A, a member of transformingaghofactorsp family of cytokines
(Mashima et al. 1996; Demetercoet al. 2000). Activin A induces endocrine
differentiation, whereas BTC shows a mitogenic iotpan undifferentiated pancreatic
epithelial cells (Demetercet al. 2000). This growth factor has also the ability to
support betacellulin in converting multipotent pagatic AR42J cells into pancreatic
neuroendocrine cells (Mashinsaal. 1996). Moreover, studies using a rat fetal pargrea
cell line indicated the involvement of betacelluamd activin A in the inhibition of
B-cell division and increase @fcell volume during pancreas development (Demeterco
et al. 2000; Yasudat al. 2007).

Furthermore, application of betacellulin inhibitede expression of amylase and
glucagon, and elevated the expression of insuloh ghrelin in anin vitro model of
murine embryonic pancreas (Thowfeegjal. 2007). However, there is a single study
not supporting the concept that betacellulin hagyaificant effect in the improvement

of glucose metabolism (Sjoholm & Kindmark 1999).
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Beta-cell regeneration occurs through both increpshe replication of pre-existing
B-cells and neogenesis from the precursor cellstdéocan the pancreatic duct (Bonner-
Weir et al. 1981; Dutrillauxet al. 1982). There are many studies showing improvement
of glucose tolerance after treatment with BTC imreal models of diabetes (Yamamoto
et al. 2000; Liet al. 2001). Hyperglycemia can be caused by administraif 3-cell
toxins such as streptozotozin or alloxan and bycpatectomy. BTC was shown to
promote regeneration and neoformation fa€ells mainly from somatostatin- and
PDX1- positive cells (Lit al. 2008). Yamamoto and colleagues postulated that €hB
(recombinant human BTC) was able to ameliorate afactolerance in the alloxan
treated diabetic mouse by promotigigell differentiation from ductal and acinar cells.
Indeed, injections of rhBTC significantly improvethe glucose tolerance and
contributed to a significant increase in body weidlvamamoto et al. 2000).
Additionally, Shinet al. showed a significantly higher level of serum insuh diabetic
mice up to two weeks after rAd-BTC (recombinant ramarus BTC) treatment,
indicating a positive impact of betacellulin @rcell regeneration (Shiet al. 2008).
Also, it is noteworthy that the delivery of a comdiion of Neurod and BTC genes to
the liver induced islet neogenesis and reversebetka in STZ-treated diabetic mice
(Kojima et al. 2003). In another diabetic mouse model, mice presty treated with
STZ, presented a significantly increaseiafell number and insulin positive islets after
BTC application (Liet al. 2003). Here, daily administration of betacelluignificantly
reduced the plasma glucose levels and elevatepldlena insulin concentrations (&

al. 2003). Glucose tolerance tests confirmed the ingmreent of glucose homeostasis in
these animals and additional morphometric analys@ved an increasdticell mass

without increasing-cell size.

Potential functions of betacellulin have been destrated also in many other organs.
For instance, BTC was shown to stimulate the pradtion of both normal mammary
cells and breast tumor cells (Beerli & Hynes 19P6ly et al. 1999) and to induce the
terminal phase of mammary epithelial differentiatiand secretion (Alimandét al.
1997; Pinkas-Kramarsket al. 1998). Transgenic mice ubiquitously overexpressing
BTC were characterized by high early postnatal alityt caused by several defects in
lung, and reduced body weight (Schneigeral. 2005). Additionally, pathological
alterations like cataract and bone malformationsevabserved. The study of Dahlhoff

et al. described several changes in the intestine oBife-transgenic mice. The small
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intestine of transgenic mice was significantly ferebut simultaneously increased in
weight. Moreover, BTC has been shown to stimulagedell proliferation in intestinal
crypts and to support the survival of nascent adesoin theApc™™ mice (Dahlhoffet

al. 2008).

Similar to many other ligands of the EGFR familygtdxellulin is also involved in
reproduction. Thus, a function for BTC as a mediatd luteinizing hormone,
prostaglandin and progesterone receptors has bperted (Parlet al. 2004; Ashkenazi
et al. 2005; Shimadat al. 2006). In addition, the studies of Gratao andeagles on
the transgenic mice overexpressing betacellulinnditidemonstrate any alterations in
the uterus and ovaries development but exhibitef@éctle in sexual maturity and
blastocyst implantation (Gratabal. 2008).

2.2 Animal models of diabetes

2.2.1 Pharmacological and surgical induction of diabetes different animal

species

There are two types of diabetes mellitus: type d gpe 2. Diabetes mellitus type 1 is
an autoimmune disease that results in destructionsolin producingp-cells in the
pancreas. Because of lack of insulin, fasting blghdose in type 1 diabetic patients
increases enormous (Eisenbarth 2003). Diabetesituseltype 2 is predicted on
alterations and dysfunction of insulin receptomdiag to insulin resistance or reduced

insulin sensitivity (Porte, Jr. 1991).

The most common species used as animal modelsioétdis are mice, rats, rabbits and
recently pigs. These animals are often selectedusecof easy breeding requirements,
short generation intervals, large number of progemd the similarity of their
morphology and pathology to humans (Hagyal. 1995). Other species like nonhuman
primates, cats or dogs also exhibit many advantagesnimal models of human
diseases, but because of restricted availabilityethical considerations, they are rather

seldom used.
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There are many possibilities to induce diabetesha healthy organism. The most
commonly used method is application @dcell toxins such as streptozotocin and
alloxan (Porthaet al. 1974; Waguriet al. 1997; Liet al. 2003; Pomarat al. 2005).
These substances can be administrated intrapeasitpnmtravenously, subcutaneously
or orally, depending on the species and aim ofgtigation. Perfusion of alloxan causes
destruction of3-cells only in the particular segment of the paasravhilep-cells in the
non-perfused segment remain intact. Therefore dilisetes model allows to clarify, for
instance, the process @kcell regeneration from the ductal pancreatic egitim
(Yamamotoet al. 2000). Streptozotocin, in contrast, destroygalklls in the pancreas
of the treated animal (let al. 2003).

Another method to generate an animal model of désbis pancreatectomy, the surgical
removal of a part or of the whole pancreas (Stehgb. 1988; Liet al. 2001; Kobayashi
et al. 2004). In this way type 1 diabetes can be induttulvever, this technique is
applied mostly in the large animal models, partdylin the swine.

Because of the similarity of human type 2 diabétesat type 2 diabetes mellitus, cats
have often been used to investigate the insulirsteexce (Henson & O'Brien 2006;
Hoenig 2006). Results of such studies showed thagla supply of glucose had the
highest impact off-cell dysfunction. So, it is possible to inducelsites mellitus using

only the phenomenon of glucotoxicity on the paniicezells (Ziniet al. 2009).

2.2.1.1 Mouse

The most common and applied method to induce diahietthe mouse is infusion of
alloxan or streptozotocin (Boquist 1977; Boquist.&entzon 1980; Leiteet al. 1983,
Zhao et al. 2005). In addition, the CrexP-mediated gene recombination has been
applied in order to investigate the role of insudignaling (Bruninget al. 1998; Michael

et al. 2000). Dysfunction of major insulin receptorstie target tissues, skeletal muscle,
resulted in hypertriglyceridemia, however, the gke metabolism was not impaired
(Bruning et al. 1998; Michaelet al. 2000). Furthermore, obese and leptin-deficient
(ob/ob) mice are widely employed as mouse modeldypé 2 diabetes mellitus
(Coleman 1982; Dreét al. 2006). The lack of leptin, a hormone necessarytlier

appetite regulation, causes uncontrolled food mi@kd massive obesity in ob/ob mice.
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Consequently, these mutant mice display severapgyms of type 2 diabetes mellitus
(Coleman 1982; Dredt al. 2006).

Since 1980, non-obese diabetic mice (NOD) have lmeployed as a useful animal
model of type 1 diabetes mellitus. These mice @&enduished by high incidence of
spontaneous diabetes, resulting from insulitis, tvn@ans infiltration and destruction of
pancreatic cells by the own immune system, pasditylby CD4 and CD8 T cells
(Anderson & Bluestone 2005).

A monogenic diabetic mouse model, called Akita negusas been established by
Yoshioka and colleagues (Yoshiokat al. 1997). This diabetic mouse model,
characterized by early onset, an autosomal dommaxe of inheritance and primary
dysfunction offf-cells, resembles human maturity onset diabetelseojoung (MODY)

and was employed in different studies to investigahe background of this disease
(Wanget al. 1999; Izumiet al. 2003). Hyperglycemia in the Akita mice is causgd b
mutation in the insulin 2 gene leading to disruptad an intramolecular disulfide bond

(Wanget al. 1999). Importantly, Akita mice do not exhibit eattobesity or insulitis.

Another diabetic mutant mouse model has been genkusing N-ethyl-N-nitrosourea
(ENU) (Herbachet al. 2007). The Munichns2“®*Smutant mice exhibited a thymine to
adenine transversion in the insulin 2 gene at mtide position 1903 in exon 3.
Heterozygous mutant mice demonstrated a signifidanter serum insulin level,

pancreatic insulin content and homeostasis modssasent (HOME), as compared

with their wild-tipe littermates.
2.2.1.2 Rat

Similar to mice, diabetic rats can be generatecdmyinistration of streptozotocin and
alloxan or through a pancreatectomy. It has beparted that injection of STZ in the
neonatal rats caused destruction of the most islets provided an useful model for
diabetes mellitus (Cantenys al. 1981; Dutrillauxet al. 1982; Wanget al. 1994).
Streptozotocin has also been employed as a diaimebesing agent in order to
investigate the structure and functional alteratbthe insulin receptor (Kergoat al.

1988). In this study, rats with non-insulin-depemdeliabetes were employed to
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demonstrate the lack of significant changes inintiselin receptor autophosphorylation

between diabetic and healthy animals.

Pancreatectomy is a method of induction of expentaiediabetes in the rat as well (Liu

et al. 2000; Delghingaro-Auguste al. 2009). Additionally, Goto-Kakizaki rats are also
useful as animal models of diabetes. Due to defiectse glucose- stimulated insulin

secretion, Goto-Kakizaki rats spontaneously devebapipheral insulin resistance,

hyperinsulinemia, and hyperglycemia, observablecagly 4 weeks after birth.

Therefore, this model provides a valuable tool d@secting the pathogenesis of the
insulin resistance (Chen & Ostenson 2005; Kiretlal. 2009; Matsumotet al. 2009).

2.2.1.3 Rabbit

Rabbits are also often used as experimental anifoaldiabetes mellitus. In the most
studies, diabetes has been induced by administratiothe B-cell toxins STZ and
alloxan (Ragazzet al. 2002; Choiet al. 2003; Pomarat al. 2005; Elleret al. 2006;
Breenet al. 2008; Habibuddiret al. 2008). Nevertheless, surgical techniques in the
creation of diabetes in rabbits are sometimes eyepidLasserret al. 2000; Catalaet

al. 2001).

The experimental rabbits manifested disturbanceghen glucose metabolism and
thereby they could be employed to test new therapyhods of disorders connected
with diabetes mellitus, like arrhythmias (Zhaetgal. 2007), impaired wound healing
(Breenet al. 2008) or nephropathies (Mumteizal. 2004; Mir & Darzi 2009).

2.2.1.4 Pig

While the rodent models are appropriated for ansgebasic questions of-cell
pathophysiology, translational studies, particylaregarding islet transplantations,
would greatly benefit from large animal models.$sgem to be the best candidates for
this role: they are readily available and productarge amount of progeny. Also,
similarities to humans in nutrition, pancreas depaient and morphology, and
metabolism make the swine an interesting and usetdel for the study of diabetes
(Hugeet al. 1995).
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Induction of insulin-dependent diabetes in pigs Hazeen achieved by use of
streptozotocin and alloxan (Marshall 1979; Ga#tedl. 1985; Grussneet al. 1993;
Dixon et al. 1999; Larseret al. 2002; Larseret al. 2006; Velandeget al. 2008). The
intravenous administration of 200 mg/kg STZ in Yiacamini-pigs induced diabetes
with high mortality as a consequence of masgreell destruction (Phillipst al. 1980).
A mild diabetes mellitus in Gottingen mini-pigs hbsen reported to originate by
injection of 80 mg/kg STZ (Kjemet al. 2001).

In humans a 20-30% reduction ®tell mass leads to an increase of the fastingogleic
level and abnormalities in the glucose metabolisten@all et al. 1990). Similar
changes are able to be induced in animals using@atectomy. Therefore pigs serve as
an especially appropriate species for such stutNesertheless, to induce significant
hyperglycemia and alterations comparable to humarsnecessary to remove 80% of
the porcine pancreas, while a 40% pancreatectosuftseonly in mild changes (Lolet

al. 1989). Several studies described a swine moddialfetes created by a complete
pancreatectomy (Stumpt al. 1988; Kobayashiet al. 2004). The treated animals
exhibited abnormalities like an increase of theifgsglucose level, decrease of insulin
secretion, athrophy of hepatocytes and decreagedggn storage in the liver. These
findings allow the use of total pancreatectomizegs jpo investigate the complications

of diabetes.

An important aspect supporting the employment g@s experimental animals is the
possibility to obtain insulin-producing tissue frothese animals for transplantation
purposes. Allotransplantations, moving the panaegsiets from one organism to
another of the same species, became a useful tharafhod against type 1 diabetes
mellitus. Unfortunately, in humans the discrepabeyween the number of recipients
and the number of donors of pancreatic islets iotstthe usage of this therapy in
clinical practice on a large scale (Shapatal. 2000; Shapircet al. 2006). Therefore,
pigs might represent a possible source of insulotipcing tissue for transplantations
into humans (Prabhakaran & Hering 2008). So fapeerents of transplantation of
pancreatic islets from pigs into rats (Rogetrsl. 2006), mice (Wuet al. 2000), dogs
(Abalovichet al. 2009) or non-human primates(Herieigal. 2006; Dufrane & Gianello

2008) have been performed. The results of theghestundicate an improved glucose
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metabolism in the recipient organisms; howevereatgpn of the xenografts still

remains the major problem of this therapy.

2.2.1.5 Non-human primates

Reflecting their close phylogenetic relationshipghaiumans (Liet al. 2008), metabolic
and hormonal alterations in monkeys seem to bdasira those in humans. Therefore,
primates would be an excellent animal model ofedéht pathological abnormalities.
Diabetes mellitus can be initiated in monkeys digaadministration of streptozotocin
or alloxan (Gibbset al. 1966; Dufraneet al. 2006; Zouet al. 2006), and through a
partial and total pancreatectomy as well (Qeh@l. 2009). Several studies performed
on monkeys pointed to an analog glucose metabdalfgimese animals to humans. Thus,
50 mg/kg streptozotocin appeared to be the optooak to increase the fasting and
non-fasting blood glucose up to 6-fold and to gateera stable non-human primate
model with all typical patterns of type 1 diabetesllitus (Dufranest al. 2006; Roodkt

al. 2006).

2.2.1.6 Dog and cat

Companion animals such as dogs and cats sharartteelving environment as humans
and are exposed to similar illness agents (Koogtteh 2009). Feline diabetes mellitus
closely resembles human type 2 diabetes mellitengbn & O'Brien 2006; Kooistre

al. 2009), whereas canine diabetes exhibits simiaritio human type 1 diabetes
mellitus (Catchpolest al. 2008). Clinical studies have shown that both bvstyle and
genetic predispositions are important factors capusdiabetes mellitus in cats.
Moreover, analog to humans, age and obesity wenedféo be the most important risk
factors for diabetes in cats (Pancietral. 1990).

Diabetes in dogs and cats can also be inducedjégtion of streptozotocin or alloxan
(Nelsonet al. 1990; Andersoret al. 1993) and through pancreatectomy as well (Gupta
et al. 2002). In the canine diabetes model, the portllin levels have been shown to
determine the suppression of the hepatic glucoselugtion and inhibition of the
precursors for gluconeogenesis (Fiskerl. 1996; Giaccaet al. 1999; Guptaet al.
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2002). Moreover, a canine model of diabetes has leegployed for auto- and xeno-

transplantation experiments (Stageeal. 2007).

2.2.2 Genetically modified mice in diabetic research

2.2.2.1 Knockout mouse models

Another possibility to investigate the influence different molecules or-cells is
transgenic technology, the mouse being the mosfuémtly employed specie.
Especially useful are modifications within insu(ispositoet al. 2003; Yang & Chen
2009) and leptin receptors (Chenal. 1996) or a total knockout of genes encoding
these receptors (Accit al. 1996; Joshket al. 1996; Jackerotét al. 2002). Targeted
disruption of the insulin receptor leads to the elegment of several metabolic
disorders including diabetes mellitus (Taykbral. 1991; Espositeet al. 2003). Mice
homozygous for a null allele of the insulin recepgene are born apparently without
any developmental alterations. However, shortlgrafirth, the homozygous knockouts
exhibit a massive hyperglycaemia and hyperketorael@ading to death due to
ketoacidosis within 72 hours (Acciét al. 1996). Moreover, a total absence of the
insulin receptor in the homozygous animals resuilitedther metabolic disorders like
skeletal muscle hypotrophy, increase of the pladnglyceride level and fatty
infiltration of the liver (Joshiet al. 1996). Nevertheless, heterozygous mice, lacking
only one allele of the insulin receptor gene did sevelop any metabolic alterations, as
indicated in the glucose tolerance tests (Jeishll. 1996).

A proper regulation of th@-cell function depends on cross-talk between leptid
insulin signaling pathways (Moriok&t al. 2007). Depending on the employed
transgenic strategy for the creation of a leptioepgor knockout mouse model, the
influence on glucose metabolism can be differeat.ifstance, knockout mice lacking a
functional leptin receptor within pancreatig-cells and hypothalamus developed
obesity, fasting hypereinsulinemia, impaired gleeesmulated insulin release and
glucose intolerance (Covest al. 2006). Mice lacking the leptin receptor only withi
pancreaticB-cells did not manifest any alterations in insu@nsitivity but exhibited
improved glucose tolerance due to enhanced insatiretion which was consistent with

a lack of tonic inhibitory action of leptin ghcell secretion (Moriokat al. 2007).

23



Literature review

One of the most important transcription factors development of the pancreas and
other foregut structures is pancreatic duodenaldudiox factor-1 (Pdx-1) (Offielet al.
1996). Knockout mice lacking the Pdx-1 gene exhipéncreatic agenesis and
congenital diabetes (Stoffeesal. 1997; Edlund 2001; Johnsehal. 2003). Transgenic
mice with a haploid deficiency of Pdx-1 demonstlad@ impaired glucose metabolism,
reduced insulin release afiecell proliferation(Johnsonet al. 2003), confirming the
function of Pdx-1 as a mediator in the glucose-gkated insulin gene transcription
(Marshaket al. 1996).

Also the loss of another transcription factor, hepgte nuclear factorel (HNF-1a),
leads to body weight reduction and to defectivallinssecretory response to glucose
and arginine in a transgenic mouse model (Fagaals 2001). Disruption of this gene in
mice caused a phenotype similar to one of the sbwk genetic forms of maturity
onset diabetes in the young (MODY), namely MODYB8e to such investigations, the
involvement of HNF-& in the regulation off-cell differentiation and-cell mass has

been uncovered.

Signal transducer and activator of transcriptio(STAT3) deficient mice have been
generated in order to investigate the functionhig ubiquitous transcription factor on
the postnatal glucose homeostasis (@uial. 2004). This study revealed the
development of diabetes mellitus, including bodygliereduction, hyperglycaemia and
hyperinsulinemia, in mice lacking STAT3 within hytpalamus and pancreatsecells
(Cuiet al. 2004).

Studies investigating mouse models with a dysfonctf either cyclin D or partner
cyclin-dependent protein kinase (Cdk) demonstraded important role of these
molecules for a propdi-cells proliferation and insulin synthesis (Randr&ddy 2000;
Georgia & Bhushan 2004). Cyclin Danice exhibited insulin-deficient diabetes caused
by reduced postnatal- and p-cell replication. Cdk-4 mice showed abnormalities
similar to cyclin D2-deficient mice; in additionhd body weight of the knockout
animals was 40% lower than wild-type controls (Maet al. 2003).
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Glucokinase (GLK) is a member of the hexokinaseilfarand responsible for the
phosphorylation of glucose to glucose-6-phosphékes serves as a glucose-sensing
mechanism for regulation of the insulin secretiothie pancreatip-cells (Meglasson &
Matschinsky 1986). Knockout mouse models confirmexlucial role of glucokinase in
the glucose metabolism. GLK-deficient mice generaby Grupe and colleagues
showed massive hyperglycaemia and hyperacidemiadiga during the first five days
after birth (Grupeet al. 1995). Nevertheless, mice with one functioning Gakele
developed only mild diabetes, comparable to MODYiumans (Grupet al. 1995).

2.2.2.2 Transgenic mouse models

Transgenesis became a widespread strategy to apptepriate animal models for
investigations on diabetes mellitus and for devielgpossible therapy methods. An
important aspect in the generation of transgeniagsedines is selection of an adequate
promoter to control the expression of the transgene

The most commonly used promoter in diabetes releigr¢he insulin promoter. In
different studies rat, mouse, porcine or humanlinguromoters have been applied to
induce diabetes in the transgenic mouse modelddkiaal. 2004; Annereret al. 2007,
Haraet al. 2007; Watanabet al. 2007).

The employment of transgenic mice overexpressingnbpoes (Davangt al. 2004),
tyrosine kinases (Anneregt al. 2007), transcription factors (Jackerettal. 2006) or
enzymes (Kebedet al. 2008) supported investigations concerning thetfanwf these
molecules in the development of diabetes. For mt&ta expression of a dominant
negative glucose-dependent insulinotropic polypeptieceptor (GIP®) under the
control of the rat proinsulin gene promoter indudebetes mellitus in transgenic mice
(Herbachet al. 2005). Also Kebede and colleagues showed thategpegssion of
fructose-1,6-bisphosphatase, a gluconeogenic enaypnegulated in the pancreatic
islets, under the rat insulin promoter contributied insulin secretory dysfunction,
increase of the serum glucose level and finallyht® development of type 2 diabetes
mellitus (Kebedet al. 2008).
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A proper function of signal transducers and actik&abf transcription (STAT) proteins
has been shown to be crucial for an adequate @ledevelopment (Cuet al. 2004,
Yashpal et al. 2004). The rat insulin promoter has been emplotgedontrol the
transcription of a dominant-negative and a constguactive mutant form of the
STATS gene (Jackerott al. 2006). Due to these investigations, a role for $%An

glucose homeostasis has been uncovered.

Furthermore, the employment of a rat insulin pra@nabnfirmed the diabetogenic role
of glucocorticoids (Davanet al. 2004). Mice overexpressing the rat glucocorticoid
receptor under the control of the rat insulin proenoshowed an inhibited insulin

secretion, hyperglycaemia and impaired glucosedntee (Davangt al. 2004).

However, the rat insulin promoter is not the onheaused in the diabetes research.
Haraet al. employed a mouse insulin promoter causing therexygession of the
hepatocyte nuclear factor-6 and detected a sigmfitoss of3-cell mass in transgenic
mice (Haraet al. 2007). A diabetic mouse model has also been getkusing a mutant
form of the hepatocyte nuclear factar-tegulated by the porcine insulin promoter
(Watanabeet al. 2007). Results of this study indicated that exgmesof the transgene
driven by the porcine insulin promoter induced &rdase in body weight, disturbed
islet neogenesis and impaired insulin secretiotramsgenic mice (Watanalet al.
2007).

Insulin promoters have also often been appliecketulate the expression of molecules
known to ameliorate the diabetic phenotype in mibélyawaki and colleagues
demonstrated that overexpression of a cyclin-depeinkinase 4 irf-cells under the
control of the human insulin promoter (HIP) led dglycaemic normalization and to
improved plasma lipid concentration in transgewibese and insulin resistant db/db
mice (Miyawakiet al. 2008). Moreover, a human insulin promoter has hessful for
investigations on potentially protective impactgbrogrammed death-1 ligand (PD-L1)
against autoimmune diabetes (Waahgl. 2008). In this study a human insulin promoter
regulated the overexpression of PD-L1 in the patare-cells in the non-obese
diabetic (NOD) mice. The proliferation rate of dedgenic T-cells in the transgenic
NOD mice was significantly reduced. Furthermorgjiabetic phenotype appeared in

the transgenic animals significantly slower thathi& control NOD mice.
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A significant improvement of the glucose metabolisas been observed in transgenic
mice expressing the hepatocyte growth factop-cells under the control of the rat
insulin promoter (Garcia-Ocarghal. 2001). These animals exhibited an increased islet
size and islet number, as well as insulin-mediatgabglycaemia, suggesting a positive

impact of this growth factor on the endocrine paasr(Garcia-Ocarat al. 2001).

Although the insulin promoter is the most frequgnibed in the research on glucose
metabolism, there are also some studies employimpgpm@moter sequence of the mouse
metallothinein-I gene (Portanoehal. 1990; Robertsost al. 2008). Overexpression of
both the insulin-like growth factor | (IGF-I) (Rolison et al. 2008) and the human
growth factor (hGH) (Portanovet al. 1990) in transgenic animals resulted in body
weight reduction, significant hypoglycaemia and vated glucose metabolism.
However, the widespread expression of the transgetid®se mouse models can be a

complicating factor for the interpretation of tlesults.
A new mouse model, introduced in the following studrovides a possibility to achive

B-cell-specific expression of different gene produand to investigate potential effects

of these products in new therapies against dialme¢digus.
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Abstract

The availability of regulatory sequences directitigsue-specific expression of
transgenes in genetically modified mice and larganals is a prerequisite for the
development of adequate models for human diseds$es.rat insulin 2 genelr{s2)
promoter, widely used to achieve transgene expmmedsi pancreati@-cells of mice,
also directs expression to extrapancreatic tisares performs poorly in isolated
pancreatic islets of human, mouse, and pig. Touawalwhether the full 5’ untranslated
region (UTR) of the porcine insulin genkN§) confers robust and specific expression
in B-cells we generated an expression cassette cargaiBi00 bp of the porcin®S 5’
UTR and the 3" UTR of the bovine growth hormone egd@H). The cassette was
designed to allow easy exchange of the sequendas ¢éapressed and easy removal of
the vector backbone from the expression cassetieeviluate the properties of the
cassette, we initially inserted a cDNA encoding hanbetacellulin, a growth factor
known to affect structural and functional paranetef 3-cells. After confirming the
functionality and specificity of the construct intre, transgenic mouse lines were
generated by pronuclear DNA microinjection. Using-RCR, immunohistochemistry
and immunofluorescence, we show that transgenie mxpressed human betacellulin
exclusively inB-cells. Confirming the proposed insulinotropic etfef betacellulin,
transgenic mice showed improved glucose toleraki¢e. conclude that the newly
designed expression cassette containing 1.500 kpeoporcine insulin promoter 5’
UTR confers robust and specific transgene expressiof-cells in vitro and in

transgenic mice.

Keywords: porcine insulin promoter, transgenic mice, betatiel EGFR, glucose

tolerance test.
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1 Introduction

Genetically modified mice greatly contributed tovadce our understanding of the
physiology and pathology of the endocrine pancrelaskey component of this
technology is the targeted expression of gene ptedin specific cell types of the
pancreatic islets. The rat (Hanahan 1985; Daithdl. 1996; Vasavada&t al. 1996),
mouse (Harat al. 2003), and human (Hottt al. 1998; Krakowskkt al. 1999) insulin
promoters have been frequently used to direct esme of oncogenes, hormones,
growth factors, transcription factors, reporter ggnand more recently of the enzyme
Cre recombinase (Ahlgrest al. 1998; Postiet al. 1999; Gannormt al. 2000; Doret al.
2004) specifically to pancreatfg-cells in transgenic mice. A major caveat of the ra
insulin promoter, however, is the reported ectogipression in certain areas of the
brain, potentially resulting in phenotypes in btkells and neural cells (Gannenhal.
2000; Martinet al. 2003).

While the mouse model is appropriate for answerbagpic questions of3-cell
pathophysiology, translational studies, particylaregarding islet transplantation,
would greatly benefit from large animal models.$sgem to be the best candidates for
this purpose: they are readily available, produdarge progeny, and regulate blood
glucose levels similarly to humans. In additionygioe neonatal islet cell clusters
(MacKenzieet al. 2003; Cardona&t al. 2006) and islets from adult pigs (Heriegal.
2006) are an interesting source of insulin-prodgidissue for transplantation purposes.
In this regard, there is an urgent need of gertetits for the tissue-specific delivery of
gene products to porcine pancrediicells. Unfortunately, the rat insulin promoter was
shown to perform very poorly in isolated isletsnfrpigs, humans, and mice (Londrigan
et al. 2007). The porcine insulin genENg contains three exons and two introns, and
highly conserved cis-acting elements were idewtifie the 5 flanking region (Han &
Tuch 2001). Recently, a fragment of the porcibldS promoter containing
approximately 680 bp of the 5’ untranslated regioifR) was active in a cell type-
specific manner in vitro, but failed to confer eggsion in transgenic mice (Watanabe
al. 2007). Addition of a cytomegalovirus enhancer ltesuin transgene expression both
in vivo and in vitro, but at the expense of cejpeyspecificity (Watanabet al. 2007).
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Here, we report that an expression cassette camjai®00 bp of the 5° UTR from the
porcineINS gene (including the first exon and the first imy@and the 3° UTR of the
bovine growth hormone gen&l) is efficient to drive transgene expression imlaust
and specific manner tf-cells in vitro and in transgenic mouse models.tdst the
functionality of the cassette we have chosen thidA&Rncoding human betacellulin, a
ligand of the EGFR (Schneider & Wolf 2009) knownstanulateB-cell differentiation

in vitro and to improve glucose tolerance in diabetodels and in transgenic mice.
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2 Material and Methods

2.1 Construction of the transgene

A ~1500-bp fragment of the 5’ flanking region oktporcine insulin gendNS) was
amplified by polymerase chain reaction (Expand Hiiftelity”™ "S> PCR System, Roche
Diagnostics, Mannheim, Germany) using the sensengori(Sall restriction site
underlined) 5-TGT ACT_GTC GAGAG TTC AGC TGA GCT GGC TC-3' and the
antisense primerHindlll restriction site underlined) 5-CGC TAG _AAG CTTGG
GGG ACG GGC GGC GTT-3'see Figure 1A. Template was a plasmid pGEM+INS
(Flaswinkel et al., unpublished) containing the lehporcinel NS gene. The human (h)
betacellulin BTC) cDNA was amplified with the same PCR system eriplpthe pTB
1560 vector (a gift of Dr. Y. Shing, Children’s Huotwl, Boston, MA) as a template and
the primers Klindlll restriction site underlined) 5'-ACT_AAG CTITCAC CCC CCG
CCA TGG ACC GGG CCG CcCC GGT-3, sense, artetoRV restriction site
underlined, HA-tag in bold) 5-TAG _GAT ATAOTA AGC GTA GTC TGG GAC
GTC GTATGG GTA AGC AAT ATT TGT CTC TTC AAT ATC-3', antisense.

The PCR products were cloned into the pCRII-TOPGarg(Invitrogen, Carlsbad, CA)
and Sp6/T7-sequenced to confirm amplification figielThe porcinelNS promoter
(PIP) was then subcloned into ttgall and Hindlll sites of a pBluescript vector
(Stratagene, La Jolla, CA) containing the boving @i 3’ untranslated region and
polyadenylation signal (pA) within it&bal and Notl sites Figure 1B). Next, theBTC
cDNA was cloned as Hindlll/ EcoRV fragment between PIP and bGHpAidure 1B).
Correct positioning of each element was confirmgddstriction enzyme digests and
sequencing from the PIP through the hBTC cDNA th® bGHpA using the primer 5’-
CATCTCGGCAGGAGGACGT-3' Figure 1A).

2.2 Cdll transfection

All cell culture reagents were purchased from PAagching, Austria). Immortalized
mouse hepatocytes (a gift from Dr. D. Accili, Colim University, NY), human
embryonal kidney 293 cells (HEK 293), and the MIMabuse pancreatig-cell line (a
gift from Dr. J. Miyazaki, Osaka University) werellwred in low glucose (1 g/L)
DMEM medium with 10% fetal bovine serum. 2X1€ells were transfected either with
the PIP-hBTC construct or with the pGMAX-GFP veaising the Amaxa Nucleofector
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system (Lonza, Cologne, Germany). After transfectoells were cultured in high

glucose medium (4.5 g/L) for 48 hours and harve&ieg@rotein isolation.

2.3 Western blot analyses

Cells were homogenized in lysis buffer (Cell Sigmg| Danvers, MA, USA) and 30 ug
total protein were separated by SDS-PAGE and tearesf to PVDF membranes by
electroblotting. Loading of equal amounts of pnotir each sample was verified with
Ponceau staining. A rabbit antibody that react<ifipally with human BTC (R&D,
Systems, Wiesbaden, Germany) and a secondary HRBgabed goat anti-rabbit-
antibody (Cell Signaling) were employed. Bound lamdiies were detected using an
enhanced chemiluminescence detection reagent (EQlamce Western Blotting

detection kit, GE Healthcare) and appropriate xfilays (GE Healthcare).

2.4 Generation of transgenic mice

The PIP-hBTC expression cassette was releasedtfrermector backbone Ifall/Notl
double digestion, purified by agarose gel electoopskis, diluted to 2 ng/ul in injection
buffer (Nagyet al. 2003) and employed for pronuclear microinjectiotoifertilized
oocytes from the inbred strain FVB/N. The injecdotes were transplanted into the
oviducts of pseudopregnant females and potentiahder animals were screened by
PCR. The animals had free access to a standarchtraliet (V1534, Ssniff, Soest,
Germany) and water. All experiments were approvgdthe author’s institutional
committee on animal care and carried out in accw@awith the German Animal
Protection Law with permission from the responsil@éerinary authority.

2.5 Immunohistochemistry and immunofluorescence

Animals were anesthetized and killed by cervicaladiation. Pancreata and other
organs were removed immediately after the anim##’ath, carefully trimmed free of
adjacent tissues, weighed, fixed in 4% paraforntglde (in PBS, pH 7.4) and
embedded in paraffin. For immunohistochemical lizegion of BTC, the streptavidin-
biotin method was applied. Five um thick sectiorssenvcut, deparaffinized and heated
for 20 min in a microwave in 10 mM sodium citrateffer for antigen retrieval. The
primary antibody (same as for Western blot, dilutlo300) was incubated for 2 hours
at room temperature, followed by a biotin-conjugateabbit anti-goat secondary

antibody (Dako, Hamburg, Germany). Diaminobenzidi(8igma, Taufkirchen,
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Germany) served as chromogen. Finally, the sectiaese counterstained with
hematoxylin. Colocalization of BTC with insulin andlucagon was studied by
multicolor immunofluorescence: Five um paraffin ts@ts pretreated as described
above were incubated for 1 hour at room temperaite the primary antibodies
diluted in Tris-buffered saline (TBS, pH 7.6). Aftdhree washes with TBS, sections
were incubated for 1 hour with fluorescence-labelecondary antibodies. We used the
previously described goat anti-human BTC antibo®&D, Systems, Wiesbaden,
Germany), rabbit anti-glucagon and guinea pig estiHin antibodies (Dako, Hamburg,
Germany). The secondary antibodies all rose in eégprand coupled to FITC, Cy3, or
Cy5 were from Dianova (Hamburg, Germany). After lds&t washing step, slides were
mounted with Vectashield antifade solution (Vedtaboratories, Griinberg, Germany)
containing DAPI as a nuclear counterstain. Confogdical sections (pixel size 50 x 50
nm, pinhole size 1 Airy unit corresponding to anica thickness of 0.7 - 1 um) were
recorded using a confocal laser scanning microscfeM 510 Meta, Zeiss,
Oberkochen, Germany) with a 40PlanNeofluar oil immersion objective (NA 1.3). For
excitation of DAPI, FITC, TRITC and Cy5 laser line§ 364, 488, 543 and 633 nm
were used. Fluorescence signals were detectedgthriie following emission filters:
BP 385 - 470 nm for DAPI, BP 505 - 530 nm for FITBR 560 - 615 for Cy3 and LP
650 for Cy5. A polychromatic multichannel detedfivteta detector, Zeiss) was used to

discriminate autofluorescence from immunofluoreseesignals.

2.6 Reverse transcriptase PCR

Isolation of total RNA, first strand cDNA synthesad semiquantitative RT-PCR were
performed as described earlier (Schneideral. 2001). The primers previously
described for amplifying the human BTC cDNA werepéoyed for the detection of

transgene-specific BTC mRNA expression. The intggof the template cDNA was

confirmed by amplifying a sequence of the-actin gene (sense,

5-GGCATCGTGATGGACTCC-3’; antisense, 5'-GTCGGAAGGBACAGGG-3)).

2.7 Glucose metabolism studies

After fasting for 14 hours, blood was drawn frome thetro-orbital sinus of ether
anesthetized mice for determination of blood glecdr glucose tolerance test, fasted
mice (16 hours) were injected intraperitoneallyhagilucose (1.5 g/kg body weight).
Blood samples were obtained by puncture of theviih immediately before glucose
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administration and at the indicated time pointgraiitjection. A glucometer (Precision,

Abbott Diabetes Care, Wiesbaden, Germany) was tasgetermine glucose levels.

2.8 Satistical analyses

The results of glucose tolerance tests were statilst evaluated by analysis of variance
(Linear Mixed Models; SAS 8.2; PROC MIXED), takirige fixed effects of Group

(transgenic vs. control), Time (relative to glucosgplication) and the interaction
Group*Time as well as the random effect of Animatoi account (Verbeke &

Molenberghs 2001).

35



Specific transgene expressiorpitells

3 Results

3.1 Evaluation of promoter activity in vitro

To evaluate the overall functionality and spedificiof the construct, cell lines
representing different cell types were transfe@ider with the PIP-hBTC or with the
pMAX-GFP vector. Transfection efficiency, evaluag&tihours after the transfection by
monitoring GFP fluorescence, was similar for aflek (~50% green cells, data not
shown). After 48 hours, cells transfected with BRB’FC were harvested for protein
isolation and subjected to Western blot analysipleying an antibody that recognizes
specifically human BTC. As shown Figure 1C, human BTC was clearly detected in
protein extracts from mouse MIN{Bcells, but not in extracts from mouse hepatocytes
or human embryonic kidney (HEK 293) cells. Theseitro findings indicate that the
PIP-hBTC construct is functional and suggest tha &mployed porcine insulin

promoter is selectively activated [ircells.

3.2 Generation of PIP-hBTC transgenic mice

After microinjection of the PIP-hBTC construct, fipmice were born and three of them
were identified as being transgenic by PCR and (&ont blot analyses (data not
shown). One transgenic animal (#11) consistenilgdao generate transgenic progeny
and was therefore sacrificed. The remaining twaéteus (#16 and #38) transmitted the
transgene to their descendents in a mendelian oiashariginating two PIP-hBTC

transgenic lines (L2 and L3, respectively).

3.3 Soecific expression of the PIP-hBTC transgene in insulin-positive cells of the
endocrine pancreas

To evaluate expression of the construct in differergans, RT-PCR analysis was
performed for RNA samples from lung, liver, smalitestine, kidney, muscle, and
pancreatic islets. As shown ikigure 2A, transgene expression was detected
exclusively in the pancreatic islets in L2 trandgamice. The same result was obtained
for L3 mice (data not shown). Immunohistochemistgainst hBTC also failed to detect
positive cells in the above mentioned and additiengans such as the heart, stomach
and brain (data not shown). To evaluate whetheruted porcine insulin promoter
directs expression to certain regions of the vébir@n, as described for the rat insulin
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promoter (Gannoet al. 2000a), we additionally studied the pons, caudatamen, and
the hypothalamus. In none of these brain regiongi@tected transgene transcripts by
RT-PCR Figure 2B) or hBTC by immunohistochemistry (data not showm).the
pancreas of L2 and L3 transgenic mice, hBTC-pasittells were readily detected
within the islets, but not in the exocrine compamtiEigure 2C). The number of cells
expressing the transgene was considerably higheeimslets of L3 transgenic mice as
compared to founder #11 and L2 animd@gy(re 2D). To further evaluate whether the
employed PIP sequence specifically directs expsassi the transgene to insulin-
producing cells, we examined colocalization of hBW&h insulin and glucagon by
multicolor immunofluorescence and confocal laseansing microscopy. In both
transgenic PIP-hBTC and non-transgenic  control  micénsulin-specific
immunofluorescence was evident in the cytoplasth@imajority of islets cells, while a
smaller proportion of the cells were negative fosulin and positive for glucagon
(Figure 2E). Importantly, in transgenic animals, hBTC staghiwas only observed in
insulin-positive cells, indicating that the PIP seqce employed is adequate for
targeting exclusively pancreatfg-cells Figure 2E). Evaluation of pancreatic islets
from transgenic fetuses sacrificed on day 17.5refypancy revealed that tiffecell
specificity of the employed promoter is already ger® at this early stage of islet

formation Eigure 2F).

3.4 PIP-hBTC transgenic mice show no overt phenotypic abnormalities

Transgenic mice from both lines developed normadgre fertile, and did not show any
obvious abnormalities. Histological analysis of thancreas did not reveal any
pathological alteration in PIP-hBTC transgenic miceagreement with our previous
results in mice with overexpression of BTC in bdtie exocrine and the endocrine
compartment (Dahlhoffet al. 2009c). Body and organ weights were evaluated in
transgenic males and females and gender-matchednétes at the age of 5 months
(n=4-6/group). No differences were observed inltbtaly weight, and in absolute or

relative organ weights, irrespective of the linatédnot shown).

37



Specific transgene expressiorpitells

3.5 PIP-hBTC transgenic mice show improved glucose tolerance

Intraperitoneal glucose tolerance tests showed ttitblood glucose concentrations
rose similarly in control and in PIP-hBTC transgemice from line 2 and 3 after
glucose injectionKigure 3A). However, glucose clearance was improved in ganis
mice from both lines in the second half of the fe=tiod Figure 3A). When the results
were expressed as area under the glucose curvgnificant difference was observed
between L2 and L3 transgenic mice and their contiitérmates, respectively
(Figure 3B).
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4 Discussion

Here we show that an expression cassette contaliii bp of the 5° UTR from the
porcine insulin gene (including the first exon dhd first intron) and the 3’ UTR of the
bovine GH gene is efficient for driving transgene expressiora robust and specific

manner tg3-cellsin vitro and in transgenic mice.

To test the functionality of the cassette we havesen a cDNA encoding the EGFR
ligand betacellulin (Schneider & Wolf 2009). Bettakn is known to stimulateg3-cell
differentiation in vitro and to improve glucose dmnce in diabetic models and in
transgenic mice (reviewed in Dahlhadf al. 2009) - although a few studies failed to
demonstrate such an effect (Sjoholm & Kindmark )98&cently, we demonstrated an
improved glucose tolerance in mice with ubiquitamgerexpression of betacellulin
(Schneider et al. 2005; Dahlhoff et al. 2009). This finding needed cautious
interpretation, since betacellulin levels were aisoreased in other tissues. In the
present study we demonstrate an improved glucdemtwe in an animal model with
B-cell-specific overexpression of betacellulin. Algo agreement with our previous
results is the lack of pathological alterationsPilP-hBTC transgenic mice. This is in
contrast to the multiple pathological effects imthg islet disaggregation, fibrosis, and
even ductal metaplasia observed in transgenic mitte3-cell-specific overexpression
of the EGFR ligands EGF (Krakows#tial. 1999) and heparin-binding EGF (Meaats
al. 2003). This observation indicates that BTC hagjumiactions on pancreatic islets as
compared to other EGFR ligands. The transgenic endimes described here are
valuable for detailed studies of glucose metabolssrd 3-cell regeneration following

induction of diabetes e.g. after injection of stozptocin.

The new expression cassette described here repesaignificant improvement over
available expression systems in different waysstFour cassette potentially allos
cell-specific expression of gene products in trensg mice without the unwanted
expression in other tissues such as the centrabuersystem. Nevertheless, the level
and specificity of transgene expression in newsliale always difficult to predict due to

position effects and require careful characterira{Martin & Whitelaw 1996). Second,
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the ease of exchanging the sequences to be expieste cassette and the availability
of restriction sites for “rare cutter” enzymes femoving the relevant sequences from
the vector backbone render this construct a hanolyfor the generation of transgenic
mice for [3-cell specific overexpression of a variety of pnese Third, it is plausible to
predict that the transgene cassette will also parfovell in pigs, promoting a

widespread use of this species in diabetes research

Acknowledgements

We are grateful to Dr. S. Lortz (Hannover Medicah&ol, Germany), Dr. J. Miyazake
(Osaka Univeristy), and Dr. D. Accili (Columbia Wersity, NY) for cell lines. We
thank Petra Renner for animal care and Josef Mifldar routine mouse genotyping.

This study was supported by the Deutsche Forscigemgsinschaft (DFG, GRK 1029
and FOR 53).

40



Specific transgene expressiorpitells

Figures

A (-1495)

lgagttcagctgagctggctcecaggtcacctetetggg
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ccectgggecttgtggagggecaccectgggetecactgggaggeggteggeecttteecttece
gcaggatgtaagcaccagcctatcecttecaggecctgegecctececetgggtgececcctece
tacctccagagccctgactctaggectecttaggatgtcggtcttggaaaactecctactecat
ccgtcaagaccctcectgggaaaaccecttectteoccageccceoccaccctggatetgtgece
tttcagecectttgaggecacaaatgaggetgttteccaaaggttggaggceccectgggaagygg
ctgacggecggectectecectecaaccectygggccctygggctetygecctecatecagtet
cctgccttgcacaccctctcatagaggcccccagatcttccectggetgcagacgggectc
aggacccecctgetgtectgggaageecagggeccagetecttectcegegtggggtgggge
ctccecccacaggggectgtcoccgggggggtaccagagggtcaccececgcacatgggacage
gaagggaagcagtatgtegtggggccgggtectgaaaggggtcagecagcaggaggctccagy

aggcaggggcactgagecggtacctgggggggaggtggtggggeccacacccaggagtectyg
tgcecccececcacteccegecgttggagatgagaagecaggggecageetgecgggtecoetgay

ttcagcgcccaccocccoccecgeecgcageaccceggggtctcageaggetgectgtgetggggg
cgggggcgcttatggageccgggagcagecccceccccacggect cggagecatctectgggg
cctcagggatggaceggggtectgecaggecaggtgtcctectegegececcacteecetggget
ataacgtggaagatgcggcccaagecccggteggtttggectttgteccecagecagtgggyg
acagcctggcectcaggetgetcegttaagactctaatgacctcgaggecceccagaggege
tgatgacccacggagatgatcccgcaggcctggecagcagggaaatgatccagaaagtgec
acctcagccccocagecatectgecacccacetggaggeect caggggecgggcgecgdgay
gcaggcgctataaagccggctgggcccagccgeccccAGCCCTCTGGGACCAGCTGTGTT
CCCAGGCCACCGGCAAGCAGGTCTGTCCCCCTGGGCTCCCGTCAGCTGGGTCTGGGCTGT
CCTGCTGGGGCCAGGGCATCTCGGCAGCGAGGACGTGGGCTCCTCTCTCGGAGCCCTTGGE
GGGTGAGGCTGGTGGGGGCTGCAGGTGCCCCTGGCTGGCCTCRACGCCGCCCGTCCCCCA)

B ::TI I Himel 111 Eca RV Notl C 1 2 3

- hBTC

‘ — — _l Control

J- Porcine insulin premoter hBTC

Figure 1 Generation of the PIP-hBTC construét. nucleotide sequence of the porcine insulin
gene sequence employed in this study. The 5 ftamkegion is shown in lower case (the
consensus TATA box is shown in bold). The trangimnip initiation site is underlined, the
transcribed sequence is shown in upper case (cdaence in bold). The translation initiation
site is double-underlined and the sequence oftineeps used to amplify the promoter is boxed.
The sequence changed tdlandlll site (AAGCTT) in the second primer is highligitt in grey.

B: schematic representation of the construct emplageyenerate transgenic mice including the
position of relevant restriction site§: Western blot analysis of hepatocytes (1), kidoels
(2) and MIN-6 B-cells (3) transfected with the PIP-hBTC constrabbwing expression of
human BTC exclusively in th-cells. Staining of an unspecific band is showradsading
control.
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Figure 2 Tissue and cell-specific expression of the PIP-hBB@struct in transgenic mice.
A, B: RT-PCR analysis showing that transgene transonips restricted to the pancreatic islets.
Data in A are from L2 animals. C.P.: caudate putan@ Immunohistochemical staining of
hBTC showing exclusive transgene protein expressidthin the pancreatic islets of L3
transgenic miceD: Immunohistochemical detection of hBTC in thetislef transgenic mice as
compared to non-transgenic control mice at highagmification. Scale bars represent 500 um
in C and 50 um in DE, F: Simultaneous visualization of insulin, glucagamd hBTC by
multicolor immunofluorescence and confocal las@mnsing microscopy in the islets of an adult
PIP-hBTC (E), an adult non-transgenic control mdirseert in E), and a PIP-hBTC fetus at day
17.5 of pregnancy (F).
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Figure 3 Glucose metabolism in BTC-tg mice. Intraperitonghicose tolerance test (A)
revealed a significant reduction of the area undercurve (AUC, B) in PIP-hBTC transgenic
mice from L2 and L3 as compared to control littetesa Values represent meanSEM of two
independent experiments for L2 and L3. *; P < 0.05.
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4 DISCUSSION

In the present study transgenic mice overexpreshungan betacellulin under the
control of the porcine insulin promoter were getealan order to investigate the ability
of a new cassette to direct expression of the gems specifically to the pancreatic
B-cells. Bothin vitro and in vivo analyses performed in this study showed that the
expression cassette containing 1500 base paire&'tUTR (untranslated region) from
the porcine insulin gene and the 3' UTR of the bheveH gene efficiently drives the
transgene expression in a robust and specific mdaifecells. Other advantages of this
new construct are the ease of exchanging the segsi¢a be expressed in the cassette
and the availability of restriction sites for “ramtter” enzymes for removing the
relevant sequences from the vector backbone. ttersnthis construct a handy tool for
the generation of transgenic mice wfikcell specific overexpression of a variety of

proteins.

The employment of insulin promoters in transgeaahhology became a useful strategy
to create animal models exhibiting not only diabetymptoms but also an improved
glucose metabolism. Transgenic animals overexprgsdsior example, hepatocyte
growth factor (Garcia-Ocana&t al. 2001), pituitary adenylate cyclase-activating
polypeptide (PACAP) (Yamamot@t al. 2003) or hepatocyte nuclear factorel
(Watanabeet al. 2007) under the control of the rat, human or pwdnsulin promoter
permitted to investigate the potentially positivedtion of these proteins in the insulin
secretion and blood glucose reduction. Moreoveg, ukage of experimental diabetic
mice with an transgenic overexpression of hypewagyaia-avoiding molecules driven
by insulin promoters (Miyawalat al. 2008; Wangget al. 2008) demonstrated a possibly

therapeutic approach to prevent the progressiatiatietes mellitus in patients.

Depending on the employed promoter, the targetet gan be expressed in many
different organs (Sandgresh al. 1990) or in one or more particular tissues (Yam@amo
et al. 2003; Burkhardtet al. 2006). Also position effects can be an obstacléhm

creation of a transgenic animal lines with a tisspecific expression of the transgene

(Festensteiret al. 1996). The frequently used rat insulin promotes baen shown to
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induce the transcription of the transgene not amithe pancreas but also in some parts
of the brain, including hypothalamus (Ganreiral. 2000; Coveyet al. 2006). In the
present study the porcine insulin promoter was eysu to elicit ap-cell specific

expression of the transgene with the long-term gbgknerating BTC transgenic pigs.

Importantly, both PIP-hBTC transgenic mouse lines@ 3 used in the presenting study
expressed the hBTC-mRNA solely within the islets béngerhans. Reverse
transcription PCR and immunhistochemical stainihgliierent organs from the wild-
type and transgenic mice against hBTC supporteaddnelusion of islet-specificity of
the expression. Investigations using a multicolmumunofluorescence confirmed the
B-cell specificity of the expression. Moreover, dttgial analyses of several brain areas

of the transgenic animals confirmed the islet-pmEtyi.

The potential of the PIP promoter to direct theell specific expression of the
transgene may stimulate the creation of large ¢ramis animal models overexpressing
anti-diabetic agents solely in the pancreatic sslébuch an approach could be
particularly worthwhile in the generation of traesic pigs as donors for
transplantations of the pancreatic islets into hsnaFurthermore, results of the
previous investigations (Yamamatbal. 2000; Dahlhoffet al. 2009) and of the present
study as well confirm betacellulin as an effectifactor improving the glucose

homeostasis and preventing diabetes mellitus.

Molecular analysis of the porcine insulin gene gmdmoter (Germaret al. 1995;
Ohnedaet al. 2000; Melloulet al. 2002) provide a background for understanding the
strict B-cell-associated insulin transcription. It has bdemonstrated that regulation of
the insulin gene occurs by variogss-acting elements localized in the 5'-flanking
region of the insulin promoter (Germast al. 1995; Ohnedaet al. 2000). These
elements are potentially able to induce fheell specific transcription of any gene
placed downstream. This activity of the porcineulims promoter has been also
employed to regulate the expression of genes efastin vitro andin vivo (Watanabe

et al. 2007). However, so far there are hardly publicetidescribing animal models

with a porcine insulin promoter to direct the exgsien of a transgene.

49



Discussion

During mouse embryogenesis, the insulin-containcedls appear in the dorsal
pancreatic bud at embryonic day (E) 11.5 and onéwor days later in the ventral
pancreatic bud (Herreet al. 1991). At E 18.5 the typical islets are alreadyrfed with
the centrally locate@-cells surrounded by other endocrine cells (Heretra. 1991).
The immunohistochemical analyses of pancreatiadisd the PIP-nBTC transgenic and
wild type mice from E 17.5 detected expressionhw transgene in the originating
pancreatic islets, demonstrating activity of thecpte insulin promoter already during
the embryonic development. Nevertheless, expressidime transgene under control of
the mouse PDX1 promoter in the embryonic pancress detectable already at E 12.0
(Dichmannet al. 2003).

A positive effect of betacellulin on the stimulatiof B-cell differentiation (Mashimat

al. 1996; Thowfeequet al. 2007) and increase of insulin production (Mashiehal.
1996; Huotariet al. 1998;) was previously showed via vitro investigations.
Importantly, PIP-hBTC transgenic mice from linesa@d 3 generated in the present
study exhibited an improved glucose tolerance. &hesults confirm the results of
other studies involving the overexpression of thiswth factor in a mouse model
(Schneidegt al. 2005; Dahlhoffet al. 2009), suggesting a positive effect of this protei
also in the glucose homeostasis. However, it mescdnsidered that in the above
mentioned studies betacellulin levels were elevatedonly within the pancreas but
also in many other tissues as well (Schnegtlat. 2005; Dahlhoffet al. 2009).

Furthermore, treatment of the alloxan- and stregtozdn-diabetic rodents with
recombinant betacellulin, appeared to have a sogmf impact on the improvement of
glucose metabolism (Yamamoéb al. 2000; Liet al. 2003). Nevertheless, there is at
least one study showing that betacellulin had gaicant impact on insulin secretion
and blood glucose reduction (Sjoholm & Kindmark 999

Overexpression of different growth factors or theiceptors is often associated with
pathological alterations. Human BTC transgenic nfioen L2 and L3 did not show any
alterations in the body weight. Also, general ctinds of these animals were
unimpaired. In contrast, studies employing mousedet® with an ubiquitously

overexpression of BTC demonstrated an early padtnatrtality rate and reduced body

weight gain (Schneidest al. 2005). A retarded growth has been also reportediae
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overexpressing other EGFR ligands such as TGFAd@anet al. 1993) or EGF (Chan
& Wong 2000; Wonget al. 2000). Moreover, in contrast to betacellulin, #levated
expression of epithelial growth factors like TGFBafdgreret al. 1990) and HB-EGF
(Means et al. 2003) has been shown to cause epithelial metaplgsncreatic
hyperplasia and fibrosis in transgenic mice (Sagmdgt al. 1990; Meanst al. 2003).
Furthermore, even though betacellulin is knownit®mitogenic activity (Shingt al.
1993; Kimet al. 2003), histological analysis of different tissdesm PIP-hBTC mice
did not detect any alterations pointing to tumoredlepment. The life-span of the

transgenic animals remained unimpaired.
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5 SUMMARY

Analysis of a new transgenic mouse model witB-cell specific overexpression of

human betacellulin

In the present study, a hew transgenic mouse nwaelgenerated in order to evaluate
whether the full 5’ untranslated region (UTR) o€tporcine insulin gene was able to
confer expression of a transgene robustly and Sgalty in the pancreati@-cells.

An expression cassette containing 1500 base phifeedd’ UTR porcine insulin gene
promoter and 3’ UTR of the bovine growth hormoneay@vas designed to permit easy
exchange of the sequences to be expressed. Thaohality of the cassette was
verified by employing a cDNA encoding human betadiel, a growth factor known to
affect structural and functional parameterg-aklls.

The functionality of the PIP-hBTC construct wadtially evaluated by conductinin
vitro experiments. Transfection of different cell typeghwthe PIP-hBTC vector,
followed by Western blot analysis of the isolatedtpins, showed the presence of
human betacellulin solely in the mouse MINs-gell line.

Next, two transgenic mouse lines (L2 and L3) weemegated by pronuclear DNA
microinjection. For evaluation of expression spety, tissue samples of the liver, gut,
kidney, muscle and pancreatic islets were removerh fthe transgenic and control
mice, and analysed using reverse transcription BGRimmunhistochemistry. These
investigations demonstrated the presence of humaacdllulin only within the
endocrine pancreas of the transgenic animals vatic@mitant absence of transgene
expression in any other organ or in tissues ofrcbhttermates.

Considering the reported ectopic activity of thieingulin promoter in some brain areas
of transgenic mice, the potential action of thecpa insulin promoter in different parts
of the brain was analysed using reverse transenpgdCR and immunhistochemistry.
Transcripts for human betacellulin were never dete any of the examined regions
of the ventral brain.

Employment of multicolour immunofluorescence andnfocal laser scanning
microscopy confirmed expression of human betagellgblely by insulin producing

cells of the transgenic mice, confirming fheell specificity of the expression.
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PIP-hBTC transgenic mice from both lines developednally, were fertile and did not
exhibit any abnormalities. Also, histological ars$yof the pancreas and other organs
removed from older individuals did not reveal arsyhmlogical alterations.

Confirming the known insulinotropic effects of begHlulin, transgenic mice
demonstrated an improved glucose metabolism: dumiingperitoneal glucose tolerance
test, PIP-hBTC mice cleared glucose significardistér as compared with their control
littermates.

Taking together, the newly designed expressionetisscontaining 1500 base pairs of
the 5’UTR of the porcine insulin promoter, drovee tbxpression of the transgene
robustly and specifically t@-cells,in vitro and in transgenic mice. It also represents a
significant improvement over available expressigsiams due to easy exchange of the
sequences to be expressed. Moreover, the possibiliteliciting a B-cell-specific
expression of gene products in transgenic largena@nimodels without unwanted

expression in other tissues could become usefdufare studies in diabetes research.
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6 ZUSAMMENFASSUNG

Untersuchung eines neuen transgenen Mausmodells nBitZell-spezifischer

Uberexpression des humanen Betacellulins

Ziel dieser Studie war die Erstellung eines transgeMausmodells zur Uberpriifung
der Fahigkeit des 5’ untranslatierten Bereich (UTRRy Schweineinsulin-Genes, eine
stabile und spezifische Expression des Transgenspankreatischenp-Zellen
hervorzurufen.

Das Expressionskonstrukt besteht aus 1500 Basempades 5 UTR des
Schweineinsulin-Promotors (Porcine Insulin Promot#eP) und dem 3° UTR des
Rinderwachstumshormon-Genes (bovine Growth Hormd&d). Der Aufbau des
Konstruktes ermdglicht eine einfache Verwendung $Si&quenzen unterschiedlicher
Transgene. Die Funktionalitdt der Kassette konniechd den Einsatz der fur das
humane Betacellulin (hBTC) kodierende cDNA nachgmen werden. Betacellulin ist
ein Wachstumsfaktor der die funktionellen und dinoddlen Parameter ddi-Zellen
beeinflussen kann.

Die spezifische Expression des Konstruktes wurdedciuist mit Hilfe vonin vitro
Experimenten Uberprift. Verschiedene Zelltypen wardnit dem PIP-hBTC Vektor
transfiziert. Der Expressionsnachweis von BTC im dgelllysaten erfolgte mittels
Western-Blot-Analysen. Das hBTC-Protein konnte ekksilich in der MING-
Insulinoma Zelllinie gefunden werden.

AnschlieRend  wurden zwei transgene Mauslinien (h@W3) durch
DNA-Mikroinjektionen in die Vorkerne befruchteterizEllen erstellt. Um die
Expressionsspezifitdt vivo beurteilen zu kénnen, wurden Gewebeproben aus |eber
Darm, Niere, Muskel und isolierten pankreatischeseln von transgenen Mausen und
Kontrolltieren (Wurfgeschwister) entnommen und sbivodurch die Reverse
Transkriptase-Polymerase-Kettenreaktion (RT-PCR) s al auch durch
immunhistochemische Verfahren untersucht. Das hemBNC konnte hierbei nur
innerhalb des endokrinen Pankreas der transgeneseviiachgewiesen werden.

Da es Untersuchungen gibt, in denen eine zusatzlisktivitat des Ratteninsulin-

Promotors in einigen Gehirnbereichen transgeneeTestgestellt worden sind, wurde
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eine potentielle Aktivitat des Schweineinsulin-Padors im Gehirn der hBTC-
transgenen Mause uberprift. Die Ergebnisse der ®R-Bnd der Immunhistochemie
haben keinerlei Expression des hBTC in den Gehidegriransgenen Tiere gezeigt.

Zur Uberprufung der-Zell-Expressionsspezifitat wurde eine konfokale hidarb-
Immunfluoreszenzmikroskopie durchgefihrt. Hierbeirde das humane Betacellulin
ausschlief3lich in den Insulin-produzierenden Zellaohgewiesen.

Obwohl mehrere Studien Uber mitogene Eigenschaftsnhumanen BTC berichten,
konnten  wir  keine  Entwicklungsstérungen und  Feétiiprobleme in
PIP-hBTC-M&ausen beobachten. Aul3erdem ergaben dieldgischen Analysen der
Pankreatiden und anderen Organen der é&lteren Tleme pathologischen
Veranderungen.

Die Blutglukose-senkende Wirkung von Betacelluliurde auch in dieser Studie
bestatigt: In intraperitonealen Glukose-Toleranst$eeigten die PIP-hBTC-transgenen
Tiere eine signifikant schnellere Senkung des Blikigsespiegels im Vergleich zu
ihren Kontrollgeschwistern.

Zusammenfassend kann gesagt werden, dass das§ér Alibeit generierte Konstrukt
mit seinen 1500 Basenpaaren des 5’UTR des Schwsurgi-Promotors zu einer
stabilen und spezifischen Expression eines Trassgesschliel3lich in dgirZellen des
Pankreas fuhrt. Ein weiterer Vorteil dieses Kondsust der einfache Austausch der
zur Expression vorgesehenen Sequenz. Dartber hibaaist einep-Zell-spezifische
Uberexpression (ohne ungewollte Expression in amd@rganen) eines gewiinschten
Genprodukts die Mdglichkeit in Grol3tiermodellen dpgelsweise Studien Uber neue
Therapiemethoden, wie Xenotransplantationen, g8yalnetes Mellitus durchzufuhren.
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