




 

 
 
  

The capacity to blunder slightly is the real 
marvel of DNA. Without this special attribute, 

we would still be anaerobic bacteria and 
there would be no music. 

 
~Lewis Thomas~ 

To my family.  ♥ 
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Gene names are written in capital letters for homo sapiens and small 
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Introduction 

Multiple endocrine neoplasia syndrome type 1 (MEN 1), is a monogenic 
cancer syndrome. It is caused by a mutation of one MEN1 gene allele, and 
the disease is inherited in an autosomal dominant way: If one of the parents 
carries the mutation, there is a 50% risk that the child will also be affected. 
The prevalence has been estimated to 2–3/100,000 (1). 

MEN 1 carriers develop tumors in endocrine organs; classically, the para-
thyroids, the pituitary and the endocrine pancreas are affected, of which the 
latter has the potential to develop into cancer. Other organs, both endocrine 
and non-endocrine, are also involved in the syndrome. Some of the tumors 
are adenomas, which, even if they are not cancerous, may lead to severe 
conditions through their excessive hormone-production. According to Knud-
son’s two-hit hypothesis for tumor suppressor genes, a mutation of the se-
cond allele is required for tumor formation. This is also the case in pancreat-
ic endocrine tumorigenesis in MEN 1. However, in the MEN 1 syndrome, 
there is evidence of higher proliferation with the wild-type allele retained, 
indicating haploinsufficiency. 

Menin, the protein product of the MEN1 tumor suppressor gene, is ubiqui-
tously expressed and lacks homology to other known proteins. It is involved 
in transcriptional regulation through different pathways, as well as in chro-
matin maintenance and DNA repair. Emerging evidence points to menin 
functioning as an adaptor protein, coordinating epigenetic regulation and 
tuning gene expression by linking different proteins. The menin protein is 
ubiquitously expressed, but why predominantly endocrine organs are in-
volved in the MEN 1 syndrome still remains elusive. 

The MEN 1 trait can be recognized by genetic screening of family mem-
bers. Pre-symptomatic gene carriers are regularly examined, using biochem-
ical markers and imaging for early diagnosis, treatment and surgery. Still, 
pancreatic endocrine tumor (PNET) is the most common cause of death in 
MEN 1 (2). MEN 1 carriers often exhibit hyperplastic pancreatic endocrine 
islets as well as multiple small microadenomas, of which some have the 
potential to develop into macroadenomas and pancreatic endocrine carcino-
mas. For these patients, in many cases a second or even a third operation will 
be necessary. We need to gain more knowledge about the tumor develop-
ment process in the MEN 1 pancreas, and better tools are needed to guide 
diagnostics and treatment for patients with PNET. 
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Background 

Cancer development 
Humans develop from multipotent embryonic stem cells, ending up as or-
ganisms with highly specialized cells and organs. All cells within the body 
carry all the genetic information needed for creating and maintaining a hu-
man being. Differentiation is driven through expression gradients of tran-
scription factors, orchestrating expression or silencing of genes. For mainte-
nance of proper intra- and intercellular function, both during development, in 
tissue regeneration and in the differentiated state, it is important that the right 
sets of genes are expressed in a given cell at a given time. 

For a normally functioning cell to develop into a tumor cell, there are several 
barriers to cross. The cell has to achieve self-sufficiency in growth signals 
and insensitivity to anti-growth signals, and it has to be able to evade apop-
tosis. If the cell circumvents the telomere end-replication problem, it may 
obtain limitless replicative potential. As the mass of tumor cells grow, the 
demand for nutrients and oxygen increases; thus, it is required that a vascular 
network is maintained. Finally, if the tumor cells lose their natural connec-
tion to neighboring cells, they may break loose and colonize distant organs: 
It is usually the metastases that kill the patient, not the primary tumor.  

These “hallmarks of cancer”, as Hanahan and Weinberg termed them (3), 
can occur in any order in tumor development, and through different genetic 
and transcriptional routes. More evidence has since been put forward regard-
ing the importance of the microenvironment for tumor development (4). 
Further, cytoskeletal aberrations have been shown to have implications for 
subcellular localization of signaling molecules, contributing to tumor devel-
opment (5). Also, the MARCKS protein, which is involved in regulation of 
the actin cytoskeleton, has proven to, through the PI3K pathway, regulate 
proliferation and affect sensitivity to radiation in glioblastoma multiforme 
(6).  

The genetic changes responsible for tumor development may be point muta-
tions, deletions, gene amplification, chromosomal instability, loss of hetero-
zygosity (LOH), or epigenetic aberrations. Oncogenes may thereby be acti-
vated, and/or tumor suppressor genes inactivated. Oncogenes are generally 
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genes that are normally involved in driving proliferation, and tumor suppres-
sor genes are the genes that keep proliferation under control. 

Tumor suppressor genes in cancer development 
Cancer may occur at any age, but the incidence increases as we grow older. 
It arises through the multi-step processes described above, where an accumu-
lation of mutations (7, 8) gives new generations of tumor cells growth ad-
vantages. This process has been described as a Darwinian evolution. It takes 
roughly 15 to 45 years for that single cell, from where it started, to develop 
into a tumor that gives rise to clinical symptoms. For a number of cancer 
patients, however, it is different; they have inherited susceptibility for devel-
oping cancer. This is most often due to a genetic aberration in a tumor sup-
pressor gene. Knudson developed the hypothesis that retinoblastoma is the 
result of two mutational events. In some individuals the first hit is inherited, 
often leading to the development in these patients of multiple and bilateral 
eye tumors at a younger age. This postulate was supported by his calcula-
tions, and has been termed the Knudson’s “two-hit hypothesis” (9). 

Haploinsuffiency 
Gene expression in diploid organisms generally reflects transcription of both 
alleles of a gene. An inherited inactivation of one allele can, as postulated in 
Knudson’s two-hit hypothesis, predispose to tumor formation when the se-
cond allele is also lost. However, there is evidence that heterozygosity per se 
contributes to tumorigenesis, either through a direct reduction of gene dos-
age, or through a deviated balance in functional protein complexes. A 
change in the phenotype due to heterozygosity for a certain gene is termed 
haploinsufficiency. For some genes, haploinsufficiency only manifests itself 
on a certain genetic background. It may be either a heterozygous or homozy-
gous loss or gain of function of other genes, which gives a compound hap-
loinsufficient effect (10). Further, haploinsufficient gene expression from the 
stromal component may be of importance for tumor progression, as in the 
case of neurofibromatosis type 1 (NF 1), where, in addition to heterozygosity 
in the Schwann cell, an NF1 heterozygous non-neoplastic stroma has been 
shown to be required for a complete tumor development (11). 

The wild-type MEN1 allele is retained in MEN 1-associated parathyroid 
hyperplasia (12), thymic carcinoids (13), and adrenocortical proliferation 
(14), as well as in hyperplastic pancreatic islets (15), which implies haploin-
sufficiency. 
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Table 1. Examples of genes where haploinsufficiency has been shown to contribute 
to tumorigenesis. Adapted from (16) 

Gene Function Cancer syndrome Reference 

APC β-catenin regulation FAP, OMIM 175100 (17)
ATM DNA integrity/repair AT, OMIM 208900 (18)
p53 DNA stress response Li-Fraumeni, OMIM 151623 (19)
PTCH Hedgehog receptor BCNS, OMIM 109400 (20)
PTEN Phosphatase CD, OMIM 158350 (21)
MSH2 DNA MMR HNPCC, OMIM 120435 (22)

The pancreas 
The name pancreas is derived from the Greek words “pan” and “crea,” 
meaning “all flesh.” The human pancreas is an elongated, tapered gland situ-
ated on the left side of the upper abdomen, behind the stomach, with the 
head attached to the duodenum and the tail attached to the spleen. In mice 
the organ is a loose, amorphous structure, attached to the spleen, the stomach 
and the intestines. The pancreas is a compound exocrine and endocrine or-
gan, where the main part is the exocrine pancreas, and the remaining 1–2% 
consists of the endocrine pancreas in the human. The pancreatic endocrine 
cells are organized in small richly vascularized clusters, the islets of Langer-
hans, spread throughout the pancreas. Digestive enzymes are produced in the 
exocrine pancreas, and transported to the duodenum via the pancreatic ducts, 
and the endocrine pancreas secretes hormones that are released into the 
blood-stream where they participate in glucose homeostasis. 

The pancreas contains around one million islets, which are composed of 
different cell types. The most common islet cell type is the insulin-producing 
β- (or beta) cell, which constitutes around 75% of the islet. The glucagon-
producing α- (alpha) cell comprises around 20% of the islet cells, and δ- 
(delta) cells, producing somatostatin, approximately 5%. Rarer cell types in 
the islet are PP- (pancreatic polypeptide) cells, and the ghrelin-expressing ε- 
(epsilon) cells. 

Fetal development of the pancreas 
Pancreatic development has been mapped using rodent models. Early during 
embryogenesis, the endoderm forms a primitive digestive tube, from which 
the epithelial organs grow out as buds, specified by signals from surrounding 
tissues. Pathways involved in this signaling include hedgehog, Notch and 
transforming growth factor (TGF)-β. Expression of sonic hedgehog (Shh), 
from the cardiac mesenchyme, defines the area that develops into liver and 
duodenum, while absence of Shh allows pancreatic development (23). The 
pancreas arises as two separate rudiments that later fuse to form a single 
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organ. The dorsal bud forms the head, body and tail of the mature pancreas, 
while the ventral rudiment will form part of the pancreatic head. Develop-
mental programs of the two pancreatic rudiments are not entirely identical in 
terms of synchronicity and the transcription factors involved, due to differ-
ences in signals received from the surrounding tissues. As the buds develop, 
they send protrusions into the surrounding mesenchyme, and evolve syn-
chronously. It has been shown that fetal pancreas deprived of the mesen-
chyme exhibits accelerated endocrine differentiation (24, 25), impaired epi-
thelial growth and inhibition of epithelial branching (26). The mesenchyme 
secretes morphogens such as fibroblast growth factor (FGF)10, activins and 
bone morphogenetic protein (BMP), which activates the Notch signaling 
pathway to keep pancreatic cells in an undifferentiated state during organo-
genesis (27). 

The development of endocrine pancreatic cells during embryogenesis is 
orchestrated by the spatial and temporal expression of transcription factors. 
In mice, at embryonic day 8.5 (E8.5) to E9.5 expression of Pdx1 appears, a 
homeobox transcription factor revealing the cell population that eventually 
will form all pancreatic cell types. Targeted deletion of Pdx1 leads to pan-
creatic agenesis in mice as well as humans (28, 29). Shortly after the onset of 
Pdx1 expression, the endocrine cell fate is marked by the expression of the 
bHLH transcription factor Neurog3, first appearing at E9.0 to E9.5 and the 
expression peaking at E15.5. Neurog3 nullizygous mice lack both endocrine 
cells and endocrine precursor cells (30). Neurog3 activates transcription of 
NeuroD1, also a bHLH transcription factor, beginning at E9.5 in a subset of 
endocrine cells (31). NeuroD1 null mice show a reduction of α- (glucagon-
producing pancreatic endocrine) and β- (insulin-producing pancreatic endo-
crine) cells through increased apoptosis. This leads to postnatal diabetes, as 
well as disruption of isletogenesis (32). Differentiation of these developing 
islet cells, expressing common islet specific genes, to specified hormone 
producing cells, is guided by the onset of expression of cell-specific genes, 
such as Brn4 and Pax6 in the α-cell, or Pax4, Nkx2.2 and Nkx6.1 in the β-
cell (reviewed in (33, 34)). 
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Figure 1.  A simplified hierarchy of transcription factors expressed through progres-
sion toward terminal fate in pancreas development, based on temporal expression 
and phenotype in gene specific knockout mice. Shh; sonic hedgehog. The transcrip-
tion factors in bold letters are those studied in paper I. Adapted from (33, 35). 

The endocrine cells first seen in the developing mouse pancreas express 
glucagon and the PP family of peptides; PP, neuropeptide Y and peptide YY, 
appearing at E9.5. This is, at E10 to E10.5, followed by the appearance of 
cells co-expressing glucagon and insulin, subsequently dividing into two 
separate lineages. At E14, somatostatin is expressed by a subset of cells. 
Around the same time, between gestation day 13.5 and 15.5 in the rat em-
bryo, the concentrations of insulin and exocrine products; amylase, chymo-
trypsin, carboxypeptidase A, and lipase, increase up to a thousand-fold (36). 
After this second transition (The first transition takes place at the time of 
pancreatic specification at around E8 in the mouse, when a region of the 
endoderm acquires “the pancreatic state” (37)), the pancreatic progenitor 
pool is markedly reduced. During the second transition the shape of the adult 
organ starts to form, but it is not until E19 that most endocrine islets have 
aggregated and the α-cells starts lining the core of β-cells (termed isletogen-
esis). The β-cells have a high proliferation rate up to approximately two to 
three weeks after birth, which defines the third transition. 

The origin of endocrine pancreatic neoplasms 
Cells in the pancreas and the upper gastrointestinal tract develop from the 
embryologic endoderm (38). 
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Figure 2. Stages in development; from endoderm to the endocrine pancreas. 
Adapted from (39). 

The pancreatic cells have a common ancestor, the pancreatic embryonic 
progenitor cell. It is characterized by expression of the master switch in pan-
creatic development, the homeobox transcription factor Pdx1, proven by the 
fact that Pdx1 null mice (29) and humans (28) fail to develop a pancreas 
beyond the first stage of budding. 

Despite substantial efforts, the search for the adult pancreatic progenitor 
cell has proven difficult. It has been suggested that the progenitor cells reside 
within pancreatic ducts, from where they differentiate, proliferate and form 
islets through migration (40-43), or that the pancreatic progenitor cells are 
harbored by the islets (44). New islets may, in addition, be formed through 
fission (45). Further suggestions are that new islet cells are recruited from 
dedifferentiated acinar or duct cells (46, 47), and additionally, new islet cells 
could be formed by seeding of circulating stem cells into the pancreas. 

Seaberg et al. clonally expanded cells from the adult mouse pancreas, and 
found that colonies arose from pancreatic multipotent precursors (PMP) 
situated both in the islets (1/6410 cells) and in the ducts (1/8850 cells). There 
were no differences between islet and duct colonies. They expressed neural 
and pancreatic progenitor markers, and under the culture conditions used 
gave rise to neural cells (neurons, astrocytes and oligodendrocytes), and islet 
cells (α-, β- and δ-), as well as pancreatic stellate cells, ductal cells and exo-
crine cells (48). 

It has been suggested that the endocrine neoplasms in the pancreas arise in 
the ductal/acinar cell system (49) or more often in islet cells (15). In the 
study by Vortmeyer et al., LOH of the MEN1 gene was seen in atypical 
structures closely associated with ductal/acinar cells, while Perren et al. 
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showed that LOH is seen in islet-like clusters (MECC, monohormonal endo-
crine cell clusters) identifiable by expression of one islet hormone, usually 
glucagon. The monoclonal MECC were most often seen in normal islets, but 
also, however more rarely, in ducts and hyperplastic islets, and MECC in all 
sites progressed to microadenomas (15). 

Thus, progenitor cells likely reside both in ducts and islets, and possibly 
also in the parenchyme, and may be the source of endocrine neoplasms in 
the pancreas. 

Notch signaling 
Notch signaling in development 
Notch is an evolutionary conserved pathway, present in most multicellular 
organisms. This pathway is critical in cell fate decisions in the embryo as 
well as the adult, affecting proliferation, differentiation, cell survival, and 
angiogenesis. 

In mammalian cells four different Notch receptors have been described; 
Notch1 to Notch4, and five ligands, Jagged1 and Jagged2, and Dll1, Dll3 
and Dll4 (Delta-like). Both Notch receptors and ligands are single pass trans-
membrane receptors. When the Delta/Serrate/Lag-2 (DSL) family ligands 
bind to the Notch receptor on the cell surface of a neighboring cell, signaling 
is triggered. A sequence of proteolytic cleavages releases the intracellular 
Notch domain, NICD, which translocates to the nucleus and, as a part of a 
larger complex, activates a lineage-specific gene expression program. This 
complex activates, among others, the basic-helix-loop-helix transcription 
factors (bHLH) Hairy and enhancer of split 1 (Drosophila) (HES1) and 
Hairy/enhancer of split related 1 with YRPW motif 1 (HEY1), which are 
implied in repression of differentiation-promoting genes such as the bHLH 
Achaete-scute complex homolog 1 (Drosophila) (ASCL1). (Reviewed in 
(50).) 
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Figure 3. Notch signaling. The intracellular domain is cleaved off upon ligand bind-
ing, and translocated to the nucleus. 

Notch signaling has different effects in different tissues and contexts. It 
works in binary cell-fate decisions through either lateral inhibition or lateral 
induction. In lateral inhibition, a differentiating cell upregulates Notch ligand 
expression, thereby activating Notch signaling in the surrounding cells, 
keeping them undifferentiated (51). This typically creates a speckled pattern 
of differentiating cells expressing lateral inhibitory ligands. In lateral induc-
tion a precursor cell adopts different fates depending on whether Notch sig-
naling is active or not (52). Additionally, Notch signaling induced in stem 
cells ensures they are kept in an undifferentiated state (53), or, in a different 
context, Notch signaling initiates terminal differentiation and cell cycle ar-
rest (54, 55). 
Many different pathways have been found in cross-talk with the Notch sig-
naling pathway; for example, Akt, Nuclear factor kappa-light-chain-
enhancer of activated B cell (NF-κB), (peroxisome proliferator-activated 
receptor gamma) PPAR-γ, Shh, Mammalian target of rapamycin (mTOR), 
Ras, Wnt, epidermal growth factor (EGFR) and platelet derived growth fac-
tor (PDGF) (56-61). It is believed that cross-talk between these pathways 
and Notch is of importance in cancer stem cells, and that it influences the 
aggressiveness of cancer. 

In pancreatic development, loss-of-function studies have shown that 
Notch signaling controls pancreatic progenitor self-renewal and commitment 
to the exocrine lineage (62, 63). Pdx1-positive progenitors are sensitive to 
Notch signaling, trapping them in an undifferentiated state, and activation of 
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Notch signaling in Neurog3-positive precursor cells blocks their differentia-
tion to islet cells (64). The developing pancreas receives signals from the 
mesenchyme that activates Notch signaling (to keep progenitor cells from 
premature differentiation), but it functions in a different way than lateral 
inhibition. This phenomenon has been called “suppressive maintenance”; 
Notch and its ligands exhibit a uniform expression pattern, and this is main-
tained with ectopic FGF10 in culture (27). The mesenchyme supports pan-
creatic growth before differentiation takes place. When deprived of FGF10, 
or Hes1 (63), the endocrine fate is accelerated. 

The importance of Ascl1 in neuroendocrine development was shown 
through the findings that in vivo knockouts of the Ascl1 gene is involved in 
development of neuroendocrine lung cells, thyroid C cells and adrenal chro-
maffin cells (65-67). Notch signaling regulates expression of Ascl1 in mu-
rine neurogenesis (68). 

Notch signaling in tumorigenesis 
Aberrant Notch pathway gene expression has been described in many human 
malignancies, and Notch has been identified both as an oncogene and a tu-
mor suppressor. Upregulation of Notch receptors and ligands has been re-
ported in T-cell acute lymphoblastic leukemia, and in cervical, lung, breast, 
head and neck, and pancreatic cancer, among others (69-76). In a few tumor 
types, however, including skin cancer, hepatocellular carcinoma, and endo-
crine tumors, Notch signaling is anti-proliferative (77-79). It is suggested 
that the reason for this difference stems from the way Notch signaling works 
in the type of cell where the cancer origins. However; Notch signaling may 
function very differently in cancer than it does in the normal context. Addi-
tionally, it has been suggested that the Notch signaling pathway plays a pos-
sible role not only in initiating but also in maintaining cancer development 
(80). 

Aberrant Notch signaling contributes to endocrine tumor development. 
Neuroendocrine tumors express high levels of ASCL1 (81-85), and recent 
studies have shown that Notch1 signaling in these tumors is limited (86-88). 
Further, we recently showed that nuclear HES1 was lost in a panel of endo-
crine pancreatic tumors that exhibited strong ASCL1 expression, whereas 
nuclear HES1 immunoreactivity was evident in non-tumorous endocrine 
specimen (89). Cell experiments have confirmed the role of Notch signaling 
factors in neuroendocrine tumor development: When NOTCH1 is overex-
pressed in the neuroendocrine cell line BON1, HES1 expression is induced 
and proliferation, endocrine differentiation, ASCL1 expression and produc-
tion of serotonin are suppressed (86). Overexpression of HES1 in a small 
lung cancer cell line inhibits cell proliferation and expression of ASCL1 
(88), and targeted siRNA knock-down of MEN1 gene expression in BON1 
cells proved to cause increased expression of ASCL1 (90). 



 21

Apoptosis and survivin 
Apoptosis, or programmed cell death, is a tightly regulated process that oc-
curs when the DNA is damaged, or when the cell is infected by a virus or too 
old, or in development. The plasma membrane will start blebbing, DNA will 
be fragmented and phosphatidyl serine, a cytoplasma membrane protein 
normally on the cytoplasmic side of the cell, will be exposed to the outside 
of the cell. 

Apoptosis is executed either through the intrinsic pathway or the extrinsic 
pathway: In the intrinsic pathway, cytochrome C is released from the mito-
chondria, triggered by various apoptotic stimuli. Cytochrome C associates 
with apoptosis protease activating factor 1 (Apaf), forming the apoptosome, 
which then binds and activates Caspase 9, which in turn activates a caspase 
cascade (e.g. caspases 3 and 7). The activated caspases break down the actin 
cytoskeleton and the nuclear envelope, and endonucleases subsequently 
break down the DNA. The extrinsic pathway is externally activated through, 
for example, Fas-ligands binding to the Fas-receptor, or TNF-α binding to 
the TNF-receptor, followed by the recruitment of Fas-associated receptor 
with death domain (FADD) and activation of Caspase 9. At this point, the 
intrinsic and extrinsic pathways merge [Reviewed in (91)]. 

The inhibitor of apoptosis (IAP-) family, to which XIAP (Paper III) and 
survivin (Paper IV) belong, binds to and inactivates different caspases, 
thereby preventing apoptosis. Additionally, survivin has a role in mitosis 
stabilization. Survivin, Aurora B, and INCENP form the chromosomal pas-
senger complex, which during prophase associates with inner centromere 
regions, and subsequently relocalizes to the spindle midzone. Survivin exists 
in five known different splice forms, of which some are said to be involved 
in apoptosis and others in mitosis, however; the localization of the splice 
variants and their respective role is debated. 

Survivin expression has proven to be of prognostic value in many tumor 
types, and Grabowski et al. demonstrated that high, >5%, nuclear survivin 
expression was a negative prognostic factor in a material consisting of a 
variety of neuroendocrine tumors (92). Out of the 104 tumors, fifteen were 
PNETs. 

PNET 
Pancreatic neuroendocrine tumors (PNETs) are rare, with a reported inci-
dence of about one out of 100,000 in the population. Over the years the inci-
dence has increased, which is most likely due to this tumor entity having 
been previously misdiagnosed. In autopsy studies the prevalence has been 
reported to be as high as 1.5% (93).  PNETs often show an indolent growth 
pattern; however, most PNETs are malignant, even if they are generally less 
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aggressive than pancreatic exocrine tumors. At diagnosis, about half the 
patients present with metastases. A five-year survival rate of 40% to 60% 
has been reported (94, 95). PNET most often metastasize to the lymph nodes 
and the liver, while bone and brain metastasis are more rare (96). In ad-
vanced malignant disease anti-tumoral systemic therapy (chemotherapy or 
biological therapy), as well as peptide receptor radionuclide therapy (PRRT) 
may be used, with variable success (97). The only available cure is radical 
surgery. 

Non-functioning PNET 
Clinically hormonally silent PNETs are called non-functioning, and hor-
mone-secreting PNETs are called functioning, as the excess of circulating 
hormones causes different and hormone-specific syndromes. Still, the non-
functioning tumors express and often secrete hormones such as pancreatic 
polypeptide, neurotensin, CgA, ghrelin, or hCGα- and -β, but these do not 
cause a recognizable clinical syndrome. In the 1980s non-functioning tumors 
were reported to account for 15–24% percent of PNET (98, 99), but in recent 
reports the number has been around 60% or even higher (100-102). This is 
most likely due to an increased awareness of these tumors as well as im-
proved diagnostics. 

Insulinoma 
The hyperinsulinemia caused by insulinomas leads to hypoglycemia, causing 
the symptoms typical of the syndrome; confusion, visual disturbances, 
weakness, and in severe cases seizures. The body tries to counteract these 
symptoms by release of catecholamines, which cause palpitations, sweating 
and pallor. The symptoms can be provoked by prolonged fasting or exercise. 
Insulinomas are localized and resectable in about 90% of cases, and they 
comprise the most common functioning sporadic tumor (103). 

Gastrinoma 
Gastrinomas causes hypergastrinemia, leading to dyspepsia, multiple peptic 
ulcers and diarrhea, symptoms which comprises the Zollinger-Ellison syn-
drome (104). These are relatively well controlled using high dose proton 
pump inhibitors (105). Gastrinomas may be situated in the pancreas, the 
duodenum or the stomach. 

Glucagonoma 
It is not uncommon that a dermatologist diagnoses the glucagonoma syn-
drome, as one hallmark of the syndrome is the skin lesion necrolytic migra-
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tory erythema. Patients are also often severely cachexic and suffer from 
adult onset diabetes and thromboembolic complications (106). The symp-
toms are relatively well controlled with the help of somatostatin analogues 
(107). 

VIPoma 
VIPomas (Verner-Morrison syndrome, watery diarrhea hypokalemia achlor-
hydria [WDHA] syndrome) secrete vasoactive intestinal peptide (VIP), caus-
ing massive watery diarrheas, and is sometimes called pancreatic cholera 
(108). The patient loses enormous amounts of water and electrolytes, leading 
to dehydration and intensive care may be required. The majority of these rare 
tumors are situated in the pancreas, but around 10% may be found in the 
adrenal gland. 

More rare functioning tumors 
Examples of even more uncommon functioning tumors are somatostatino-
mas (109), and GH- (growth hormone) or GRF- (growth-releasing factor) 
producing tumors causing ectopic acromegaly. Ectopic Cushing is caused by 
tumors excreting CRF (corticotropin-releasing hormone) or ACTH (adreno-
corticotropic hormone). 

Diagnostic tools, prognosis and survival 
There is often a delay in the diagnosis of a patient with PNET, first on ac-
count of the patient not recognizing the diffuse symptoms, and then by the 
doctor in establishing the right diagnosis. The patient with PNET may pre-
sent with discomfort, pain, and/or jaundice, or with symptoms related to the 
hormones secreted by the tumor. For diagnostic purposes, a biochemical 
analysis can reveal elevation of the syndrome-specific markers, as well as 
more general neuroendocrine hormones, of which CgA is most widely used. 
CgA is elevated in a majority of patients suffering from PNET, and corre-
lates with tumor burden (110, 111); however, CgA may be elevated in a 
number of conditions unrelated to endocrine tumors. To localize and stage 
the tumor pre-operatively, radiological investigations are performed. 

The morphological features of PNET generally do not reveal whether the 
tumor has an aggressive clinical course. Two instruments have recently been 
developed to help clinicians to categorize PNET: the WHO grading (112) 
(Table 2) and TNM staging (113) (Table 3) systems. 
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Table 2. WHO 2000 classification of PNET. Adapted from (114) 

Biological 
behavior 

WHO 
grade Metastases Invasion Diff. Tumor 

size, cm
Angio-
invasion

Ki-67-
index, % 

Benign 1 - - Well-diff <2 - <2 
Low-grade 
malignant 
High-grade 

malignant 

2 
 

3  

- 
 

+ 

- 
 
+ 

Well-diff  
 
Poorly 

diff 

>2 
 
Any 

+ 
 
+ 

>2-20 
 
>20 

Table 3. TNM stages for PNET. Adapted from (113) 

Stage Description 

I Primary tumor only, <2 cm
IIa Primary tumor only, 2-4 cm
IIb Primary tumor only, >4cm or invading duodenum or bile duct

IIIa 
Tumor invading adjacent organs (stomach, spleen, colon, adrenal gland) 
or the wall of large vessels (celiac axis, superior mesenteric artery) 

IIIb Lymph node metastasis
IV Distant metastasis

The WHO grading and TNM staging systems have proven useful for deter-
mining prognosis for patients with poorly differentiated carcinomas and 
metastases (102, 115), but to be able to sufficiently prognosticate and tailor 
treatment for patients with lower grade and stage lesions, comprising the 
large majority of patients with PNET, more efficient tools are needed. A new 
WHO grading system has recently been suggested (116), WHO 2010. In the 
new system, the WHO grade I, earlier denoted WDET (well-differentiated 
endocrine tumor) is now called NET G1. WHO II, earlier WDEC (well dif-
ferentiated endocrine carcinoma), is now called NET G2, but the former 
definition does not, according to the authors, necessarily translate into the 
new grade. Finally, WHO III, PDEC, poorly differentiated carcinoma, is 
now denoted NEC, neuroendocrine carcinoma, which is further divided into 
small or large cell carcinoma. Additionally, there are two more classes in-
cluded in WHO 2010: Grade IV, MANEC (mixed adenoneuroendocrine 
carcinoma) and grade V, comprising hyperplastic and preneoplastic lesions. 
These two latter classes are not further discussed in this thesis. 

In a large material consisting of 324 patients treated at the clinic of Endo-
crine Oncology, Uppsala University Hospital, the median overall survival 
was 99 months, and the 5- and 10-year survival was 64% and 44%, respec-
tively (102). Having a non-functioning tumor and a Ki-67 index of 2% or 
higher proved to be significant predictors for poor prognosis. A plasma CgA 
elevated to more than three times the upper normal limit and a low BMI 
were also shown to be negative prognostic factors for patients with PNETs. 
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The patients included in the study were all graded according to WHO 2000, 
and a subset of those was the basis for Paper IV. 

Genetic aberrations in PNET 
PNET may occur sporadically or in the context of a familial syndrome such 
as MEN 1, caused by a germline mutation in the MEN1 gene, or the more 
uncommon von Hippel-Lindau disease (VHL), caused by a germline muta-
tion in the VHL gene. While the MEN1 gene is often lost also in sporadic 
tumors (117, 118), the VHL gene seems to not be involved in tumorigenesis 
in sporadic PNET (119, 120). Patients with NF1, harboring germline NF1 
mutations, may in rare cases develop PNETs. Lately, a new MEN syndrome 
has been suggested, MEN 4, caused by mutations of the p27 gene. These 
individuals predominantly exhibit parathyroid and pituitary adenomas (121). 

Loss of heterozygosity (LOH), comparative genome hybridization (CGH) 
and CGH array studies have been done in PNETs, and loss of 11q, where the 
MEN1 gene is situated, is a common event (122). Deletions on chromosomes 
1, 3p, 6, 17p, 21q and 22q, and gains on chromosomes 4, 7, 14q and Xq have 
been associated with malignant behavior of sporadic PNETs (120, 123-133). 
A recent report reveals that the chromatin-remodeling complex genes DAXX 
and/or ATRX are mutated in 44% of non-familial PNETs, and further, 14% 
of the tumors exhibit mutations in the mammalian target of rapamycin 
(mTOR) pathway (118). 

Further, hypermethylation of p14/ARF (134) and ER (135) in PNET has 
been reported, and homozygous deletion and/or promoter methylation of the 
cell cycle inhibitor p16, the latter primarily in gastrinomas and NF tumors 
(136, 137). Also, hypermethylation has been described for the RASS1FA, O6-
MGMT, RAR-β, and hMLH1 genes (134, 138). 

MEN 1 
The MEN 1 syndrome 
MEN 1 is an autosomal dominant hereditary disease (OMIM 131100), first 
described by Wermer in 1954 (139). MEN 1 is uncommon, with a preva-
lence of 2–3 per 100,000. It is generally believed to occur equally often in 
men and women; however, a recent multi-center study suggests a slightly 
higher prevalence in women (140). Approximately 10% of MEN 1 cases are 
estimated to be due to de novo mutations, thus not inherited. The patients are 
predisposed for hyperplasia or neoplasia in multiple endocrine organs, in-
cluding the parathyroids, the endocrine pancreas, and the pituitary. Non-
endocrine tissues may also be involved (Table 4.) 
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Table 4. Tumor types in MEN 1, endocrine and non-endocrine, and their penetrance 
at 40 years of age. Adapted from (141, 142). 

Endocrine tumors Penetrance Non-endocrine tumors Penetrance 

Parathyroid adenomas 90% Facial angiofibromas 85%
PNETs 62% Collagenomas 70%
Anterior pituitary adenomas 40% Lipomas 30%
Adrenocortical adenomas 20% Leiomyomas 10%
Foregut carcinoid tumors 14% Meningiomas 5%
  Ependymomas 1% 

The disease may debut with any of the lesions. Forty-six percent of MEN 1 
carriers die from their pancreatic disease, and the median age of death from a 
pancreatic endocrine malignancy is 49 years (2). A prospective clinical 
screening study revealed that biochemical abnormalities arise at the mean 
age 14–19 years (143), suggesting that a close follow-up with biochemical 
screening of affected relatives gives the chance to intervene early, hopefully 
before metastases have appeared. 

Contrary to patients with sporadic tumors who typically develop one 
PNET, MEN 1 carriers often develop many pancreatic endocrine tumors, 
stemming from the multiple microadenomas (144). Through combining fluo-
rescence in situ hybridization (FISH) for MEN1 RNA expression with im-
munofluorescence, it was shown that these microadenomas exhibit MEN1 
LOH, in contrast with hyperplastic islets where all cells retained their wild-
type MEN1 allele (15). Hyperplastic islets had an increased number of glu-
cagon cells, but also always contained insulin-expressing cells. In the 
MECC, glucagon-expressing cells showed LOH of the MEN1 gene, but insu-
lin cells, often appearing in a more scattered fashion compared to those in 
hyperplastic islets, showed retention of the wild-type allele. MECC also 
appeared centrally or peripherally within an islet, seemingly crowding out 
normal islet cells, leaving a rim or peripheral zone of menin expressing insu-
lin-containing cells. MECC was most often seen in normal-sized islets, and 
more rarely in hyperplastic islets or ducts. Hyperplastic lesions were poly-
clonal, and additionally, not more common than the monoclonal MECC and 
microadenomas. Islet hyperplasia is thus a feature of the MEN 1 pancreas, 
but does not seem to be a common route to tumor precursor lesions. While 
MECCs mostly were glucagon or PP immunoreactive, tumors exhibited a 
more heterogeneous expression of different islet hormones (15). 

The MEN1 gene 
Mapping of the tumor suppressor gene MEN1, coding for the menin protein, 
to chromosome 11q13 was done in 1988 (145), but it was not until 1997 that 
it was positionally cloned (146). The MEN1 gene consists of 10 exons, span-
ning more than 9 kb of genomic DNA. It codes for a generally expressed 
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2.8kb transcript, as well as a 4 kb transcript that have been detected in the 
pancreas and the thymus, suggestive of a tissue-specific alternative transcrip-
tion (147). The first exon and the last 832 base pairs of the tenth exon are 
untranslated. More than 1300 germ-line mutations have been described 
(148), but no genotype-phenotype correlation has been established so far. 
Heterozygosity for the gene leads to the MEN 1 syndrome with predisposi-
tion for proliferation of cells in multiple endocrine tissues, and homozygous 
deletion is embryonic lethal, in mice at E11.5 to E13.5. 

Menin function 
Menin is a versatile protein, involved in transcriptional regulation, cell cycle 
control and chromatin modification. It is a 610 amino acid-long 67 kDa pro-
tein without homology with known proteins. It is ubiquitously expressed, 
and predominantly localized in the nucleus (149). Menin has two nuclear 
localization signals in the C-terminal domain, three nuclear export signals 
(150), and two DNA-binding leucine zipper domains. Menin is a tumor sup-
pressor in the context of MEN 1, but is an oncogenic co-factor essential for 
Mixed lineage leukemia (MLL)-associated leukemia (151). Research has 
revealed the involvement of menin in many contexts, but the reason that 
mainly endocrine organs are affected in MEN 1 is still largely unknown. 

 
Figure 4. Mapping of the menin protein’s interaction with some of its partners, 
adapted from Poisson et al. (152) and Thakker (153). The grey area of the gene 
represents untranslated regions. NES stands for nuclear export signal; NLS, nuclear 
localization signal; and NR, nuclear receptor binding site. The sizes of the introns 
are not of representative length. Additionally, the exon lengths and the size of the 
motifs as well as the menin partners are approximated. 
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Menin has many interaction partners (Figure 4), of which JunD, a mem-
ber of the activator protein 1 (AP1) family, was the first one identified (154). 
JunD-activated transcription is repressed by menin in an histone deacetylase 
(HDAC) dependent manner (155, 156). Further, in mouse fibroblasts, menin 
was shown to transform JunD from a growth promoter to a growth suppres-
sor (157). A recent report on the crystal structure of menin show that the 
conserved pocket that binds Mll1 can also bind JunD, and that these two 
different complexes have an opposite effect on transcription. Further, they 
demonstrated that menin binds to Mll1 simultaneously to the binding of the 
transcriptional co-activator LEDGF (158). 

JunD binds directly to Smad3 and Smad4 (159), which are complex-
forming proteins in the TGF-β-signaling pathway, acting as transcription 
factors. Smad3 also directly interacts with menin, and inactivation of menin 
leads to disruption of binding of the Smad complex to DNA (160), thereby 
abrogating the tumor suppressing actions of TGF-β signaling. PTH hormone 
production in the parathyroid gland was shown to be inhibited by menin-
dependent TGF-β signaling (161), and activin, a TGF-β family member, 
inhibited prolactin production in pituitary cells in company with menin 
(162). 

NFκB family members p50, p52 and p65(RelA) interacts with menin 
(163). These proteins take part in proliferation, apoptosis, and angiogenesis. 
Menin has been shown to reduce p65(RelA)-dependent transcription, and it 
has been suggested that it is involved in repression of nuclear factor kappa 
B- (NFκB) mediated activation of CyclinD1 (164). Further, it has been sug-
gested that telomerase reverse transcriptase (hTERT) expression, maintain-
ing telomeric ends in stem and cancer cells, is repressed by menin (165). In a 
more recent study, lower menin levels did not correlate with elevated 
hTERT transcription (166). 

Menin interacts with the activator of S-phase kinase (ASK), a cyclin-like 
subunit of the human Cdc7 complex (167), and the DNA replication and 
repair proteins RPA2 (replication protein 2) (168) and FANCD2 (Fanconi 
anemia, complementation group D2) (169). Another menin-interacting pro-
tein is the metastasis suppressor Nm23; menin has been shown to exhibit 
GTP hydrolyzing activity in the presence of Nm23 (170, 171). 

Menin has also been shown to interact with the cytoskeletal intermediate 
filament proteins glial fibrillary acid protein (GFAP) and vimentin at the S 
and early G1 phase of the cell cycle (172). 

It has been reported that menin binds to different regions of DNA, to pro-
moter regions, at 3’- and 5’-ends, inside and outside genes (173), and it has 
been shown to bind to DNA in a non-sequence specific manner. Specific 
patient derived point mutations in the DNA-binding C-terminal region of 
menin proved to abrogate this binding (174). 
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Menin binds to DNA as a part of multimember complexes, contributing to 
either transcriptional activation or transcriptional repression. The HMT 
complex is similar to the yeast and human SET1 complex, consisting of the 
members HCF-2 (host cell factor 2), WDR5 (WD repeat domain 5), Rbbp5 
(retinoblastoma binding protein 5), ASH2 (absent, small, or homeotic), and 
the trithorax proteins MLL1/MLL2. Menin, together with HMT, promotes 
methylation of histone H3 tails at lysine 4 (abbreviated H3K4), which is an 
epigenetic mark associated with activated gene transcription. Genes positive-
ly regulated by the menin-HMT complex are the homeobox cluster genes 
HOXA9, HOXC6 and 8, and the cyclin-dependent inhibitors (CKI) p27Kip1 
and p18Ink4c (151, 175, 176). Endocrine pancreatic adenomas in hz Men1 
mice were found to have a global reduction of H3K4 methylation (176). 

Menin also forms a complex with mSin3a and HDAC1 and HDAC2, as-
sociated with transcriptional repression of, for example, JunD (155, 156). 
HDAC enzymes deacetylate histone tails which causes the histones to bind 
tighter to DNA, an action that inhibits transcription. 

A nuclear receptor (NR) binding motif, LXXLL, situated on amino acids 
263-267, has been described in menin (177). NRs are expressed in a tissue-
specific manner, and they convey signals from, for example, steroid hor-
mones and vitamins A and D. So far, 48 NRs have been found in humans. 
The receptors are either harbored in the nucleus or transported into the nu-
cleus upon activation, where they may promote or repress gene expression, 
depending on the cellular context and recruitment of co-factors available in 
the cell. Menin has been shown to be a transcriptional co-activator of NR 
estrogen receptor alpha (ER-α), vitamin D receptor (VDR), and PPAR-γ 
(177-179). 

The involvement of menin in apoptosis has been reported. Targeted dele-
tion of the Men1 gene in murine fibroblasts compromised apoptosis caused 
by UV-irradiation and TNF-α, and expression of pro-caspase 8 was reduced 
(180). Menin has been reported to positively regulate Caspase 8 transcrip-
tion through increased histone acetylation and binding to the 5’-UTR of 
Caspase 8 (181). 

The mouse Men1 gene and mouse models of MEN 1 
The mouse Men1 gene is located at chromosome 19, syntenic to the human 
MEN1 gene on chromosome 11q13, and shows an 87% homology at the 
nucleotide level. The protein has a 97% amino acid homology to human 
menin (182, 183). Knock-out mouse-models are not always a good model for 
human disease (184-186), but Men1 conventional knock-out mice, with a 
germ-line heterozygous Men1 gene inactivation, have phenotypes closely 
resembling the human MEN 1 syndrome. The first reported heterozygously 
inactivated mouse model of MEN 1, by Crabtree et al., has a deletion of 
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exons 3-8 of Men1 in a C57/129 background (187), and later Bertolino et al. 
presented their model, having a deleted exon 3 on a 129 strain background 
(188). The mouse model we have used has a deleted exon 2 on a mixed 
C57/129 background (189). The Men1 mouse models have a similar pheno-
type, but the tumor type spectrum in the Crabtree mouse model is slightly 
different, and the Bertolino model, which has the same tumor type spectrum 
as the Loffler mouse model, shows frequent progression to carcinoma. 

The MEN 1 mouse model we have used in our studies (189), shows presence 
of endocrine pancreatic adenomas in 58% of the hz animals at nine months 
of age, and hyperplastic islets were seen in 33% of the hz animals (Table 5).  

Table 5. Phenotypic observations of the endocrine pancreas in Men1 hz mice and wt 
littermates, listed in age ranges. The percentage of animals with observed hyper-
plasia and adenomas is shown, and, in brackets, the number of total number of ani-
mals assessed. Adapted from (189). 

Age, 
days 

Hz 
Hyperplasia

Hz 
Adenoma

Wt 
Hyperplasia

Wt 
Adenoma

270-359 33%  (n=12) 58% 100%  (n=1) 0
360-449 20%  (n=25) 72% - -
450-539 18%  (n=22) 82% 0  (n=22) 0
540 - 5%  (n=40) 90% 44%  (n=34) 0
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Present investigations 

The aims of the studies in this thesis were to: 

 
I investigate whether NEUROG3, NEUROD1, POU3F4, PDX1, DLK1 

and RPL10 
• are expressed in endocrine pancreatic tumors, and whether they are 

differentially expressed in sporadic and MEN 1 associated tumors; 
and 

• are differentially expressed in normal pancreas compared to MEN 1 
non-tumorous pancreas. 
 

II investigate whether expression of Notch1 and Notch signaling factors 
are affected by loss of menin in the endocrine pancreas of heterozygous 
Men1 mice. 
 

III explore differences in global gene expression in the hz Men1 endocrine 
pancreas from young (five-week-old) mice compared to wt endocrine 
pancreas of littermates of the same age. 

 
IV examine whether survivin expression, nuclear and cytoplasmic, is of 

prognostic relevance for patients with endocrine pancreatic tumors. 
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Materials and methods 

Patient material, paper I and IV 
All patient material used in the study, tumors as well as adjacent non-
tumorous tissue, was collected from patients at the Department of Endocrine 
Oncology and Endocrine Surgery at Uppsala University Hospital. The tumor 
material consists of different tumor types, exhibiting different clinical behav-
iors. Experienced pathologists graded and staged the tumors according to the 
WHO classification (112) and TNM staging systems (113), and clinical data 
were extracted from medical records. 

Transgenic mice 
The mouse model used in the studies I–III, kindly provided by Professor 
Nicholas Hayward (Queensland Institute of Medical Research, Herston, 
Australia), was generated through a deletion of exon 2 in one allele of the 
Men1 gene, rendering a conventional heterozygous knock-out animal model 
(189-191).  

Genotyping 
Genotyping of the mice was done with genomic DNA extracted from tail 
tips (DNeasy blood and tissue kit, Qiagen, Holden, Germany), and a PCR 
primer pair (Forward TTGGGACTTGTGGGAGGCTG, Reverse 
CTCACAAGAGGCCTCAGATGC) that generates a wild-type band of 
about 1200 bp, and a shorter exon 2 deleted band of about 500 bp in Men1 
heterozygous mice (Figure 5). In wild-type mice only the ~1200 bp band is 
detected. 
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Figure 5. Electrophoresis gel with Men1 genotyping PCR products showing the 
~1200 bp wild-type bands and the ~500bp hz bands 

IHC 
Immunohistochemistry (IHC) allows for specific detection of antigens in 
fresh or paraffin embedded cells and tissues, using antibodies. Since its in-
troduction in the 1940s and 1950s, the methods used have been refined and 
are now more sensitive. In the early days the labeling method was direct, 
meaning that the primary antibody was conjugated with peroxidase enzyme, 
biotin, or a fluorophore, while the indirect method is more widely used to-
day. The indirect method implies that the primary antibody is unconjugated, 
and the enzyme or fluorophore is attached to a secondary antibody with a 
species-specific epitope directed against the Fc-portion of the primary anti-
body. 

A fluorophore will after light excitation re-emit light of a specific wave-
length, visible in a fluorescence microscope, while the peroxidase will cause 
the chromogens DAB or AEC to precipitate and form a brownish polymer, 
visible in a light microscope. 

Another immunostaining method is the enhanced polymer one step tech-
nique, where several primary antibodies and peroxidase are attached to a 
dextran backbone. This technique has been adapted and commercialized by 
Dako under the name EnVision, where secondary antibodies, together with 
peroxidase, are attached to a dextran polymer. The antibody-dextran polymer 
complex is visualized using DAB, and this method is highly sensitive. 

In the present studies, tissue was frozen in liquid nitrogen immediately after 
surgery and stored in -70˚C, or fixed in 4% buffered formalin for 12 to 24 
hours and subsequently paraffin embedded. Frozen sections were air dried 
for five minutes, fixed for 10 minutes in acetone in +4˚C, and then air dried 
for 10 minutes and re-frozen until used. Paraffin sections were deparaf-
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finized, and re-hydrated and heat-retrieved in citrate buffer, pH 6.0, modified 
citrate buffer, pH 6.1, or TRIS, pH 9.0 (Dako, Glostrup, Denmark). Blocking 
of endogenous peroxidase was performed using hydrogen peroxide (Dako), 
and endogenous proteins were blocked with a serum-free blocking solution 
(Dako), serum from the species where the secondary antibody is produced, 
or 1% BSA in PBS. The section was incubated with the primary antibody 
(Table 6) for one hour in room temperature or overnight in +4°C. For the 
experiments where a biotinylated secondary antibody was used, the VEC-
TASTAIN Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) was 
applied, and the reaction product revealed used DAB or AEC. Further, pe-
roxidase based EnVision Systems (HPR rabbit or mouse Envision System, 
Dako) were used for rabbit and mouse primary antibodies, respectively, and 
the chromogen used was DAB. 

In Paper I, mouse brain and adrenal gland were used as control tissue, and 
as positive control in Paper IV, human lymph node was used. 

Table 6. Antibodies used 

 Antibodies, anti- Vendor Produced in species 

Paper I NEUROD1/Neurod1 Santa Cruz Goat
 NEUROG3 Santa Cruz Rabbit
 Neurog3 Santa Cruz Rabbit
 Neurog3 Abcam Mouse
 DLK1/Dlk1 Santa Cruz Goat
 POU3F4/Pou3f4 Chemicon Rabbit
 PDX1/Pdx1 Sigma Rabbit
 RPL10/Rpl10 Santa Cruz Rabbit
 MENIN/Menin Santa Cruz Goat
Paper II Notch1; NICD Abcam Rabbit
 Ascl1 Chemicon Rabbit
 Hes1 Santa Cruz Rabbit
 Hey1 Abcam Rabbit
 Menin Santa Cruz Goat
Paper III Synaptophysin Dako Mouse
 Ki67 Dako Rat
 p27 Santa Cruz Rabbit
 Menin Bethyl labs. Rabbit
 Marcks Santa Cruz Goat
 Marcks Proteintech Rabbit
 Tubb Cell Signaling Rabbit
 Xiap Santa Cruz Mouse
 Grn SDIX Rabbit
 Sfxn2 Sigma Rabbit
 Mll1 Novus Rabbit
 p85 Cell Signaling Rabbit
Paper IV Ki67 Dako Mouse
 Survivin Santa Cruz Mouse
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Isolation of islets and tumors 
The mouse pancreatic tissue was cut in smaller pieces, immersed in colla-
genase A (Roche Diagnostics, Indianapolis, IN, USA) dissolved in HANK’s 
buffer (SLU, Uppsala, Sweden), and incubated in a 37˚C shaker for about 20 
minutes. Wt islets were individually pooled, separately for each animal, and 
hz islets and tumors were also individually pooled according to size and 
presence of blood vessels (See Figure 6 and Table 7). To determine whether 
the endocrine cell clusters consisted of insulin-containing cells, the dithizone 
test was performed in a subset of the structures (Figure 7) (192). 
 

 
Figure 6. Collagenase-isolated pancreatic endocrine tissue, divided into four catego-
ries: A. Large vascularized tumor, B. Small vascularized tumor, C. Small non-
vascularized tumor, and D. Normal-sized islets. 

 

 
Figure 7. The red color reveals insulin-containing cells, as verified by the dithizone 
test. 
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Table 7. Endocrine tissue specimens in hz Men1 mice 

Term Size 

Islets Ranging from normal sized wt islets to ~3 times islet size 
Small tumors Smaller than 2 mm in diameter
Small vascularized tumors Smaller than 2 mm in diameter
Large tumors Larger than 2 mm in diameter

Quantitative real-time PCR (qPCR) 
The quantitative real-time PCR (qPCR) technique is based on the polymer-
ase chain reaction (PCR) technique, where a part of a DNA strand is expo-
nentially copied to thousands or millions of molecules. The PCR reaction is 
started by heating the mix of DNA and PCR reaction solution to a certain 
temperature (usually around 95°C), where the double-stranded DNA sepa-
rates into two single strands (if using genomic DNA), the denaturing step. 
This is followed by a temperature change (50–65°C, depending on the GC 
base content of the DNA) to allow primers, which act as a starting point for 
DNA synthesis, to bind to the DNA, called annealing. Finally the primer 
extension step follows, where a complementary DNA-strand is built, driven 
by the Taq polymerase. The Taq polymerase has an optimum working tem-
perature at around 70°C. These steps are then repeated 30-40 times, and the 
copies of the DNA strand of interest are exponentially multiplied. 

Using qPCR (193), the progress of the reaction is detected in real time, using 
a camera or a detector. The mRNA first needs to be translated to comple-
mentary DNA (cDNA). There are several methods to measure DNA amplifi-
cation in real time: The fluorescent Taqman probes (Applied Biosystems, 
Foster City, CA, USA) are labeled with a fluorescent probe in one end, and a 
quenching probe in the other end. When the PCR reaction starts, the fluores-
cent probe is released from the quencher, and starts to emit detectable light. 
SYBR green, an intercalating dye, gives a signal when bound to double-
stranded DNA, and the signal will thus increase as more DNA copies are 
formed.  

DNA quantification using real-time PCR is based on plotting fluorescence 
signals on a logarithmic scale, against the number of cycles. The Ct (cycle 
threshold) value represents the number of cycles where the fluorescent signal 
rises above the threshold value, which is set where all samples have a loga-
rithmic amplification. The signals/Ct-values for the gene of interest are 
measured against those of a housekeeping gene, to allow for relative quanti-
fication of the mRNA expression in the samples. 
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In our experiments, we used qPCR to determine the relative mRNA expres-
sion from different genes in islets and tumors. Total RNA was extracted 
using either the TRIzol (Invitrogen, Carlsbad, CA, USA) method (194) (Pa-
per I), or a commercial kit (Qiagen) (Papers II and III), and cDNA was sub-
sequently prepared. Taqman probes were used in Papers I-III, and SYBR 
green was used in paper III. 

Microarray, Paper III 

Using gene expression microarray technology, genome-wide mRNA expres-
sion levels can be measured. Isolated mRNA is converted to complementary 
RNA (cRNA), labeled with fluorescein and hybridized to an array with a 
large number of spots (in our experiment more than 40,000), consisting of 
synthesized oligonucleotides. The oligonucleotides represent the different 
transcripts of the genome. The number of transcripts of a specific gene is 
reflected by the hybridization intensity of the spot and thereby, after normal-
ization, the expression level between your sample groups can be compared. 
If no fluorescence is detected it means that the gene is either not expressed in 
the samples, or that the expression is below the threshold. 

Microarray expression analysis 
Biotinylated fragmented cRNA was prepared from 100 nanograms of total 
RNA from each sample; islets from five five-week-old hz Men1 mice and 
five wt littermates, using a two-cycle amplification step, according to the 
GeneChip® Expression Analysis Technical Manual (Rev. 5, Affymetrix 
Inc., Santa Clara, CA, USA). Affymetrix GeneChip® expression arrays 
(GeneChip Mouse Genome 430 2.0 Array) were hybridized for 16 hours in a 
45°C incubator, rotated at 60 rpm. The arrays were washed and stained ac-
cording to the GeneChip Expression Analysis Technical Manual (Rev. 5, 
Affymetrix), using the Fluidics Station 450. Arrays were then scanned using 
the GeneChip Scanner 3000 7G. 

Microarray data analysis 
Gene expression data analysis was carried out in the statistical computing 
language R (http://www.r-project.org). Packages from the Bioconductor 
project (www.bioconductor.org) were used. Raw data were normalized using 
the GCRMA method (195), which is an extension of the commonly used 
RMA (Robust multi-array average) where values are normalized, back-
ground-adjusted and log-transformed (196). To adjust for non-specific hy-
bridization GCRMA uses information about probe sequences. To avoid in-
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cluding genes with unreliable expression levels, only genes with present call 
in at least one of the groups were included. 

The average fold changes for the groups were calculated, and genes with 
an absolute value of 1.2 as well as an NCBI Entrez gene entry were selected, 
which resulted in the finding of increased expression of 257 genes, and de-
creased expression of 168 genes in the hz animals, compared to wt. 

Gene ontology analysis 
The increased and decreased genes were enrichment tested using WebGestalt 
(http://bioinfo.vanderbilt.edu/webgestalt), and the baseline was constituted 
of all Entrez gene entries represented on the array. 

Western Blotting, Paper III 
Western blotting allows the researcher to determine the presence of a certain 
protein, as well as give information on the protein size. Western blotting is 
based on the separation of proteins using sodium dodecyl sulphate poly-
acrylamide gel electrophoresis (SDS-PAGE): The SDS gives the proteins a 
negative charge, allowing them to travel towards the positively charged 
cathode. The smallest proteins will have the highest velocity, thus travelling 
faster in the gel. A ladder consisting of proteins with determined sizes is 
loaded on the same gel as the protein lysate, and thereby the size of the pro-
tein of interest can be determined. After separation of the protein lysate on 
the gel, the proteins are transferred to a nitrocellulose or a polyvinylidene 
difluoride (PVDF) membrane. The membrane may be subsequently blocked 
with either a solution of 3–5% BSA, 5% non-fat dry milk or a commercial 
blocking solution to prevent unspecific binding, and incubated with a prima-
ry antibody against the protein of interest. This is followed by incubation 
with a secondary antibody conjugated with, for example, horse radish perox-
idase or alkaline phosphatase. A reaction product is then created using a, for 
example, chemiluminescence or chromogenic assay, compatible with the 
detection system of choice. 
 
Isolated islets were lyzed in RIPA buffer (Sigma-Aldrich, St. Louis, MO, 
Massachusetts), containing a cocktail of protease inhibitors (Roche diagnos-
tics, Basel, Switzerland). The protein samples were mixed with a Laemmli 
loading buffer (Bio-Rad, Hercules, CA, USA) and loaded on SDS poly-
acrylamide gels (Bio-Rad) for separation of proteins. The separated proteins 
were transferred to a PVDF membrane. The membrane was blocked with 
SuperBlock Blocking Buffer (Pierce Biotechnology, Rockford, IL, USA) 
overnight at +4˚C and subsequently incubated with first a primary antibody, 
and after rinsing with TBS containing 0.1% Tween 20, with a horse radish 
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peroxidase conjugated secondary antibody. Filters were washed again, and 
developed using an ECL Plus Western Blotting Detection System (GE 
Healthcare, Little Chalfont, UK). The fluorescent signals were detected with 
a Gel-Doc system (Bio-Rad), and protein bands quantified against total pro-
tein, as stained by amido black, using the ImageLab Software (Bio-Rad). 

In situ PLA, Paper III 
In situ PLA allows for specific detection of protein interactions or protein 
modifications (dual recognition; Figure 8), or quantification of protein ex-
pression with high sensitivity (single recognition). In dual recognition, two 
primary antibodies bind in close proximity to each other (less than 40 nm), 
while in single recognition only one primary antibody is used. Species spe-
cific secondary antibodies with attached DNA strands, called proximity 
probes, will then bind to the primary antibodies. In the case of single recog-
nition, both proximity probes bind to the Fc-portion of the single primary 
antibody, and will thus be in close proximity. The DNA of the proximity 
probes, plus and minus, then bind two complementary DNA oligonucleo-
tides and, by adding a polymerase and nucleotides, rolling circle amplifica-
tion begins, given that the proximity probes are close enough. After the am-
plification there are several hundred copies of the DNA circle, and to those, 
labeled complementary oligonucleotides are bound to reveal the reaction 
product. The reaction product is a distinct dot, either fluorescent or a chro-
mogen that can be detected and quantified using the Duolink Image Tool 
(Olink Biosciences, Uppsala, Sweden) (197). 

 

 
Figure 8. In situ PLA, dual recognition. Image courtesy of Olink Biosciences, Upp-
sala, Sweden. 
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Using the single recognition approach for quantification of protein expres-
sion, we applied the HRP/Nova Red Detection Kit (Olink Biosciences) for 
the menin expression analysis, counterstained with hematoxylin, and the 
Fluorescence 613 Detection Kit (Olink Biosciences), counterstained with 
DAPI, to analyze the expression of Marcks. Sections were deparaffinized, 
rehydrated and heat-retrieved accordingly. Sections were incubated with the 
primary antibody, and subsequently incubated with the PLA probes in a pre-
heated humid chamber (37°C). This procedure was followed by hybridiza-
tion, ligation, amplification and detection steps, and preparation for imaging 
and image analysis. 

TUNEL assay, Paper III 
Apoptosis, or programmed cell death, is characterized by compartmentaliza-
tion of the cytoplasm and by the breakdown, or fragmentation, of the nuclei. 
The fragmented DNA can be detected by using a terminal deoxynucleotidyl 
transferase 2’-deoxyuridine, 5’-triphosphate nick end labeling, TUNEL, 
assay. With the assay, the nicks in the DNA are detected by applying the 
enzyme terminal deoxynucleotidyl transferase (TdT), which adds labeled 
dUTPs to the open DNA, and subsequently reveal the reaction product using 
a chromogen. 
 
In study III, the ApopTag® Plus Peroxidase In Situ Apoptosis Detection Kit 
(Millipore Corporation, Billerica, MA, USA) based on the TUNEL assay, 
was used according to the manufacturer’s instructions to determine the per-
centage of apoptotic cells. 

Statistical methods 
In Paper I, the Mann-Whitney U test was used for analyses of qPCR and 
immunohistochemistry results. P-values of <0.05 were considered signifi-
cant. 

In Paper II, differences in mRNA expression were analyzed with the one-
way and Kruskal-Wallis ANOVA, the unpaired t test and Mann-Whitney U-
test, as well as the Spearman rank correlation test. P-values <0.05 were con-
sidered significant. 

In Paper III, data analysis was done using the statistical computing lan-
guage R. The GCRMA method was used to normalize the raw data (195), an 
extension of RMA background-adjusted, normalized and log-transformed 
values (196). An empirical Bayes moderated t test was applied (198), using 
the Limma package (199), to find and rank differentially expressed genes 
between the groups of wt and hz mice. Statistics for qPCR, WB and in situ 
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PLA were performed using the t test, Mann-Whitney U test and ANOVA, 
followed by the Fisher post hoc test. 

In Paper IV, the Spearman rank correlation test was used for the test-
retest reliability assessment of Ki-67 and survivin IHC. The non-parametric 
Kruskal-Wallis test was used to analyze differences in survivin expression 
between the patient groups. Survival was estimated using Kaplan-Meier 
methodology, and to test the difference in survival, the log-rank test was 
employed. A multivariate Cox regression model was carried out to evaluate 
the effects of nuclear survivin, cytoplasmic survivin and Ki-67 index, when 
controlled for WHO grade and TNM stage. A univariate sub-analysis of 
patients with well-differentiated tumor, well-differentiated carcinoma and 
poorly differentiated carcinoma was performed, as well as a multivariate 
analysis of patients with well-differentiated carcinoma. The multivariate 
analyses were controlled for the age of the patient at diagnosis. A graphical 
approach was used for the proportional hazards assumption. Statistical anal-
yses were executed using the SPSS statistical package, version 15.0. 

Ethical approval 
The use of patient material in Paper I and Paper IV was approved by the 
Uppsala Research Ethics Committee and with the patients’ informed con-
sent, and the use of the Men1 mouse model was approved by the Uppsala 
Animal Research Ethics committee. 
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Results and discussion 

Differential expression of transcription factors and 
Notch1 signaling factors in Men1 pancreatic endocrine 
tumors and hz islets, Paper I and Paper II 
In Paper I, protein expression of NEUROG3, NEUROD1, POU3F4, PDX1, 
DLK1 and RPL10 was investigated, using IHC, in 16 sporadic and six 
MEN 1 PNETs, as well as in normal pancreas from four patients with spo-
radic tumors and three non-tumorous pancreas specimens from MEN 1 pa-
tients. One VHL PNET was included. mRNA expression of the genes was 
examined through qPCR analyses in a subset of the PNETs; eight sporadic 
and four MEN 1-related. In addition, we examined expression of the same 
proteins in the pancreas of heterozygous Men1 mice and their wt littermates, 
17 animals altogether. 

NEUROG3, NEUROD1, POU3F4 and PDX1 are proteins expressed in pan-
creatic development as well as in the adult pancreas. DLK1 is a trans-
membrane protein belonging to the notch/delta/serrate-family. It contains 
EGF-like repeats, and can be cleaved to produce a secreted fraction. DLK1 
has been shown to inhibit adipocyte differentiation (200), and it has further 
been suggested to have a role in neuroendocrine differentiation (201, 202). 
RPL10 is part of the 60S ribosomal subunit, with a localization to the cyto-
plasmic side of the rough endoplasmatic reticulum (203). Extra-ribosomal 
functions have been suggested, such as interaction with the AP-1 transcrip-
tion factor c-Jun (204), but have so far only been described in vitro (205). 

There was a significantly higher expression of DLK1 and PDX1 mRNA in 
insulinomas compared to other tumor types. No significant difference in 
levels of mRNA expression was observed in any of the other tumor groups. 

We found immunoreactivity of the proteins in a majority of the tumors. 
The localization of NEUROG3 and NEUROD1 was predominantly cyto-
plasmic in MEN 1 PNET and normal-sized hz islets, and cytoplasmic and 
nuclear in Men1 hz mouse islets. Neurog3 and Neurod1 reactivity was nu-
clear in wt mice. In normal pancreas from patients with sporadic tumors, 
NEUROG3 and NEUROD1 was predominantly both cytoplasmic and nucle-
ar. RPL10 immunoreactivity was stronger in the mouse and human MEN 1 
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pancreas, both in the endocrine and the exocrine compartment, compared to 
non-MEN 1 pancreas. A stronger NeuroD1 expression in the exocrine com-
partment was observed in the MEN 1 pancreas. Dlk1 was overexpressed in 
the non-tumorous pancreatic islets of MEN 1 patients and in normal-sized 
islets in the hz Men1 mice. Pdx1 was expressed in all groups of endocrine 
tissue, but in a few hz mouse tumors Pdx1 immunoreactivity was lost in up 
to 50% of the cells. 

The cytoplasmic localization of Neurog3 and Neurod1, and the differen-
tial expressions of Dlk1, Rpl10 and Pou3f4 in hz Men1 islets, when com-
pared to islets from wt littermates, were statistically significant. 

Expression of Notch1 and the Notch signaling pathway genes Hes1, Hey1 
and Ascl1 was examined in Paper II to find out whether they are affected by 
Men1 heterozygosity or total loss of menin expression in pancreas from a 
strain of germline Men1 hz mice, age 9–22 months. We evaluated four sub-
groups of endocrine hz tissue: hz islets, non-vascularized small tumors, vas-
cularized small tumors and large tumors. Wt littermates were used as con-
trol. The protein expression correlated to the RNA findings was corroborated 
using IHC. 

Men1, Notch1, Hes1, and Hey1 mRNA were expressed in the pancreas of 
wt animals and all subgroups of endocrine pancreatic tissue from hz animals. 
Ascl1 mRNA was detected in 19 out of the 43 samples analyzed. qPCR re-
sults revealed no difference in the amount of Men1 mRNA expression be-
tween normal-sized hz islets and wt islets, while Men1 mRNA expression 
was significantly lower in tumor lesions. In hz islets, there was significantly 
higher mRNA expression of Notch1 compared to wt (P < 0.01), suggesting 
that there is a deregulation of Notch signaling factor expression even before 
the wild-type allele is lost. In hz islets, there was a significant positive corre-
lation between Men1 and Notch1, Men1 and Hey1, and Notch1 and Hey1 
mRNA expression. The expressions of Notch1 mRNA in the two groups of 
small tumors were comparable to that in wt islets, whereas the expression in 
large tumors was similar to that in hz islets. The same pattern was observed 
for Hes1. 

The qPCR results were corroborated using IHC analysis, except for Ascl1 
which could be detected in all specimens despite Ascl1 mRNA being detect-
ed in only 44% of the samples. All pancreatic endocrine cells showed nucle-
ar and cytoplasmic localization of Notch1 NICD regardless of age and ex-
pression of Menin. However, expression was stronger and more evenly dis-
tributed in hz islet cells compared to wt islet cells. Tumors exhibited a weak-
er nuclear NICD expression and a distinct cytoplasmic reactivity.  

The coinciding loss of nuclear Menin and Hes1 expression was seen in 
tumors, whereas the great majority of hz islets, from 9 to 22 months-old-
mice, expressed menin and Hes1. 
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Examination of consecutive sections from whole pancreas as well as colla-
genase-isolated endocrine tissue revealed that the expression pattern was 
consistent in subclonal expansions of the lesions; loss of menin immunoreac-
tivity was accompanied by weaker nuclear expression of NICD and loss of 
nuclear Hes1 immunoreactivity. Nuclear and cytoplasmic Hey1 expression 
was observed in pancreatic endocrine cells in both wt and hz animals of all 
ages, and regardless of lesion size, and the same expression pattern was ob-
served for Ascl1. 

Notch signaling has been reported to have an anti-proliferative effect in neu-
roendocrine tumors (78), and overexpression of NOTCH1 in the neuroendo-
crine cell line BON1 induced HES1 expression, leading to suppression of 
proliferation and expression of ASCL1 and serotonin (86). Further, HES1 
blocks Neurog3 transcription by blocking the Neurog3 promoter (206). Lack 
of nuclear HES1 may be permissive for expression of Neurog3 and down-
stream pro-endocrine genes, contributing to pancreatic endocrine tumor de-
velopment. We found that lack of nuclear Hes1 expression in tumors coin-
cided with a homozygous inactivation of the Men1 gene, visualized by a loss 
of nuclear menin immunoreactivity. Further, in a subset of hz Men1 islets, 
we observed that a loss of menin coincided with a lower Notch1 expression. 
Loss of nuclear Hes1 immunoreactivity is also seen in human pancreatic 
endocrine tumors (89), and a downregulation of Hes1 mRNA expression in 
Men1 mouse pancreatic endocrine tumors has been reported (207). 

A change in subcellular localization of proteins, as presented in Paper I and 
Paper II, has been described in a few cancers. Proteins are transported be-
tween the cytoplasm and nuclei through nuclear pore complexes (208). The-
se proteins generally contain a nuclear localization signal, and/or a nuclear 
export signal (209, 210); signals that need to be made functional to be rec-
ognized by the nuclear transport complex proteins. The major route to acti-
vation of transport over the nuclear membrane is through phosphorylation 
(211). Other types of post-translational modifications have also been shown 
to activate nucleo-cytoplasmic transport, such as sumoylation (212). Another 
example of activation of transport is an induced conformational change in 
protein structure allowing recognition by transport complex proteins (213). It 
is also possible that a lack of menin affects the expression of nuclear pore 
proteins, thereby contributing to aberrant localization of proteins and tumor 
development. Further, it has been reported that nuclear export signals of 
menin regulates the subcellular localization of β-catenin (150), and that ab-
sence of menin leads to β-catenin nuclear accumulation and accelerated pro-
liferation. 

The observations in Paper I and II, of differential expression in normal sized 
MEN 1-related islets, are in concordance with our finding of a differential 
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global gene expression even in five-week-old mouse islets (Paper III), sup-
porting the hypothesis that MEN1 is a haploinsufficient tumor suppressor. 

Men1 gene haploinsufficiency in the endocrine pancreas 
of young mice, Paper III 

In MEN 1 patients as well as in Men1 mice heterozygous for the gene, 
mRNA is expressed from the remaining, wild-type, allele. A heterozygous 
inactivation allows for normal development both in humans and mice, while 
a homozygous deletion of menin is embryonic lethal. However, individuals 
carrying the mutation will develop tumors, some with malignant potential. 
Despite the fact that a loss of the wild type MEN1 allele is a prerequisite for 
pancreatic endocrine tumor formation, increased proliferation has been ob-
served with the wild type allele retained. This indicates that the Men1 gene is 
a haploinsufficient tumor suppressor, and our quest in Paper III was to ex-
plore whether this is already detectable in young mice, before the loss of the 
wild-type allele. 

Five-week-old mouse islets from a germline Men1 heterozygous mouse 
model, five hz animals and five wt littermates, were used to explore down-
stream molecular effects of the haplotype, using a global gene expression 
array. A subset of differentially regulated genes was explored using qPCR, 
Western blot, IHC and in situ PLA. Further, the Ki-67 index and apoptotic 
index were determined, using IHC and TUNEL, respectively. 

The global gene expression array results on mRNA prepared from isolated 
islets from five-week-old hz animals and wt littermates revealed that several 
genes were differentially expressed in the two haplotypes. Gene ontology 
analysis of the array results demonstrated enrichment of genes with higher 
expression in the hz animals were involved in, for example, chromatin 
maintenance, histone modification, transcriptional repressor activity and 
apoptosis, and genes with lower expression in the hz animals, compared to 
wt, were involved in growth-factor binding. We chose to validate ten of the 
highly ranked genes, based on potential relevance for MEN 1 tumor devel-
opment, using qPCR. Men1 mRNA expression was significantly lower in the 
five-week-old islets. The Menin protein was invariably expressed in the five-
week-old hz and wt animals, determined by using IHC. The same pattern of 
immunoreactivity was observed in both wt and hz animals; within the same 
islet different nuclei exhibited a varying reactivity, from very weak to strong. 
Using in situ PLA we could quantify the menin protein expression, which in 
hz islets from five-week-old mice was expressed at 87% of that in wt. This 
finding is in unison with the report by Luzi et al.; that wild-type menin is 
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kept at a higher level, in spite of one mutated allele, through an auto-
regulatory RNA-protein feedback mechanism (214). 

A lower Marcks mRNA expression in hz five-week-old islets, as detected on 
the global expression microarray, was corroborated using qPCR, and further 
validated by analyzing protein expression using Western blot and in situ 
PLA. Marcks is a protein cross-linking actin filaments, bridging the plasma 
membrane and actin and thereby contributing to cell shape control. The actin 
filament aggregation, caused by Marcks, is blocked by protein kinase C-
mediated phosphorylation and binding to calcium-calmodulin, which implies 
that those pathways converge to regulate the organization of actin filaments 
(215). In addition to the deregulation of Marcks, Tubb2 and Ikbkap were 
found to be differentially expressed. The change in expression of cytoskele-
tal proteins in hz Men1 mice as young as five weeks old is interesting: Cyto-
skeletal changes have been suggested to have roles in initiating tumor devel-
opment and capacity to metastasize in syngeneic mouse ovarian surface epi-
thelial (MOSE) cells, spontaneously undergoing transformation. Marcks 
proved to be downregulated also in the MOSE cell line (5). Further, menin 
has been shown to interact with the cytoskeletal proteins GFAP and vimentin 
(172); a lower expression of menin may directly or indirectly influence the 
way these proteins are regulated. 

Further, the proliferation index was two times as high in the hz (3.48%) 
animals compared to wt (1.74%) (P = 0.024), while there was no difference 
in apoptotic index, or perceivable variation in p27 immunoreactivity. 

These results, including the finding of a higher proliferation rate in the is-
lets of five-week-old hz animals, corroborate our hypothesis of Men1 being a 
haploinsufficient tumor suppressor. 

High nuclear survivin expression is a significant marker 
for poor prognosis in PNET, Paper IV 

It is hard to predict prognosis and determine the treatment regimen for pa-
tients with PNET. This is especially important for patients with WHO grade 
II lesions (well differentiated endocrine carcinomas), as the clinical course of 
their disease varies considerably. The prognostic tools used today consist of, 
for example, the Ki-67 index which is a part of the WHO grading system, 
and TNM staging. A plasma CgA of more than three times the upper normal 
limit and a low BMI are also negative predictors of poor survival (102). The-
se tools have proven useful, but many patients would further benefit from 
additional diagnostic instruments, which would also guide the doctor in 
choosing the right treatment. 
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Survivin is found both in the cytoplasm, as a member of the inhibitor of 
apoptosis family (IAP), and in the nucleus where it functions in the chromo-
somal passenger complex (CPC), acting to stabilize the cytoskeleton and 
chromosomes during mitosis. Adult tissues rarely express survivin, and 
therefore its expression in many solid and hematologic tumors has attracted 
attention, both as a prognostic tool and as a therapeutic target. Several phase 
II studies are ongoing, using immunotherapy, antisense nucleotides, and 
transcriptional repressors (216). The first reports have shown modest results; 
however there is hope that combining survivin directed therapy with other 
treatments will give a bigger impact. A prognostic value of high survivin 
expression, nuclear or cytoplasmic, has been suggested for many types of 
tumors. A negative prognostic value of a nuclear survivin of >5% of the 
tumor cells was reported for a series of neuroendocrine tumors, including a 
limited number of PNETs (n = 15) (92). 

Patients with PNET treated at a tertiary referral center, the endocrine oncol-
ogy clinic at Uppsala University Hospital, were retrospectively evaluated 
(102). The material used in the study (n = 111) was a selection from a larger 
clinically characterized material (n = 324) earlier evaluated for prognosis 
and survival (102). The selection was based on availability of paraffin-
embedded tumor material. The only difference in clinical characteristics 
between the selected material and the larger cohort was a tendency to longer 
median survival (P = 0.06). 

The survivin expression in nuclei and cytoplasm was assessed in a semi-
quantitative manner. High nuclear survivin proved to be a negative prognos-
tic marker in univariate survival analysis. Patients with <5% positive nuclei 
(low) had a median survival of 225 months; for patients with 5-50% (medi-
um) positive nuclei it was 101 months (P < 0.01) and patients with >50% 
(high) survivin positive nuclei had a median survival of 47 months 
(P < 0.001). No patient with a well differentiated endocrine tumor had >50% 
survivin positive nuclei. In the group of patients with well differentiated 
carcinomas, applying a <50% or >50% cut-off of nuclear survivin yielded a 
highly significant difference in survival; patients with a high nuclear sur-
vivin lived on average 21 months from diagnosis, and patients with a low or 
medium nuclear survivin 99 months (P < 0.001).  Patients with poorly dif-
ferentiated carcinomas and a low nuclear survivin had a significantly longer 
survival; 40 months, compared to patients with a medium or high expression 
of nuclear survivin, 22 months. 

Interestingly, patients with a high cytoplasmic survivin expression had a 
tendency to a significantly longer median survival (P = 0.08). 

In multivariate survival analysis, controlled for Ki-67 index, WHO classi-
fication, TNM stage and cytoplasmic survivin, a high nuclear survivin turned 
out to be a significant prognostic predictor for poor survival (P < 0.01), with 
a hazard ratio of 5.7. When performing multivariate analysis in the WHO 
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group II, well differentiated endocrine carcinomas, only a high nuclear sur-
vivin emerged as a significant prognostic marker (P = 0.03, hazard ratio 3.8), 
thus, a high nuclear survivin was a stronger predictor for poor prognosis than 
was the Ki-67 index in our material. 

Patients with WHO grade III carcinomas and a nuclear survivin of <5% 
lived twice as long compared to the patients with a medium or high nuclear 
survivin expression (P = 0.04).  

Evaluating survivin expression in a semi-quantitative manner was relatively 
easy, and the test-retest reliability, calculated using the Spearman-rank corre-
lation test, was high; 0.89 for nuclear and 0.84 for cytoplasmic survivin. The 
results are very promising indeed, but to gain more information, a prospec-
tive study should be performed. 
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Conclusions 

In this thesis we have explored gene expression in the MEN 1 pancreas, us-
ing human and mouse pancreatic tissue compared with non-MEN 1. We 
found that a heterozygous inactivation of the MEN1 gene gives rise to differ-
ential mRNA and protein expression with regard to transcription factors 
expressed during development and in the adult pancreas, as well as Notch 
signaling factors. Further, we demonstrated that Men1 gene haploinsufficient 
features are already evident in islets from five-week-old hz Men1 animals. 
Finally, we presented a valuable addition to PNET prognostic tools; survivin 
is a significant negative predictor for poor prognosis in these tumors. 

In Paper I, we demonstrated that subcellular localization of NEUROD1 and 
NEUROG3 in wt mouse endocrine pancreatic cells was predominantly nu-
clear, while in endocrine pancreatic tumors and normal-sized islets of MEN1 
gene carriers, as well as in hz Men1 mice, the localization of these proteins 
was predominantly cytoplasmic. Additionally, the protein expression of 
Dlk1 and RPL10 was significantly higher, and Pou3f4 significantly lower, in 
hz mouse islets compared to wt. We conclude that altered expression of tran-
scription factors involved in endocrine pancreatic differentiation coincides 
with a heterozygous inactivation of the MEN1 gene in the endocrine pancre-
as, indicating haploinsufficiency. 

The main findings of Paper II were that the mRNA expression of Men1 and 
Notch signaling factors were positively correlated, as well as that the mRNA 
results could be verified at the protein level: Loss of menin coincided with 
loss of nuclear Hes1 in tumors, and a lower expression of Notch 1 NICD in 
hz islets. The coinciding loss of nuclear menin and Hes1 was predominantly 
observed in tumors, while the large majority of hz islets were menin, as well 
as Notch1 NICD and Hes1, immunoreactive. In the group of hz islets the 
mRNA expression of Notch1 was significantly higher compared to wt 
(P < 0.01), thus suggesting that the Notch signaling pathway is deregulated 
before loss of the wt Men1 allele. In conclusion, the strong correlation be-
tween the expression of Men1 and Notch signaling factor mRNA expression 
suggests that Men1 heterozygosity as well as loss of menin expression af-
fects expression of Notch signaling factors, and that this may contribute to 
tumor development. This observation is in line with our recent report of 
Men1 being a haploinsufficient tumor suppressor (Paper III). 
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In Paper III, we analyzed RNA expression in the microenvironment of iso-
lated islets from five-week-old animals, using a global RNA expression mi-
cro array approach. In hz islets from five-week-old animals, genes are differ-
entially expressed, with enrichment of upregulated genes, for example, gov-
erning histone modification, chromatin organization and apoptosis, and en-
richment of downregulated genes involved in growth-factor binding. Menin 
protein expression, analyzed using in situ PLA, was 87% of the amount ex-
pressed in wt islets, and the protein expression of Marcks was 65% in hz 
islets compared to wild-type. The proliferation, assessed using the Ki-67 
index, was significantly higher in five-week-old hz islets compared to wt. 
These findings show that Men1 is a haploinsufficient suppressor, and that 
differential expression of genes is already evident in young hz Men1 mice. 

The data in Paper IV reveals that a high nuclear survivin in PNET is a signif-
icant prognostic marker for poor prognosis. It could prove especially useful 
in the group of patients with well-differentiated endocrine carcinomas, 
where establishing prognosis can be difficult. To assess survivin expression, 
at <5%, 5–50% and >50% of tumor cells, was relatively easy, and consisten-
cy in the rating between the observers was high. Independent confirmatory 
prospective studies would provide a stronger base for the inclusion of sur-
vivin evaluation in the clinical work-up for these patients; however, given 
the highly significant results retrieved, we suggest that it be added to the 
current prognostic tools. 
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Summary of the thesis in Swedish 

Populärvetenskaplig översikt 
Multipel Endokrin Neoplasi typ I, MEN 1, är ett ärftligt tumörsyndrom som 
orsakas av en mutation i MEN1-genen. Om en av föräldrarna bär anlaget, är 
det 50% risk att barnet drabbas. Cirka 2–3/100000 individer har MEN 1. 

Vid MEN 1 drabbas man av tumörer i hormonproducerande (endokrina) 
organ, varav de tre klassiska är bukspottkörteln (den endokrina delen av 
pankreas, också kallade langerhanska öar), bisköldkörtlarna (parathyroidea) 
och hypofysen. Andra, även icke-endokrina, organ är också involverade. 
Många av tumörerna sätter inte dottersvulster (metastaser), men kan i vissa 
fall ändå orsaka svåra tillstånd för patienten då de frisätter stora mängder 
hormoner. 

MEN1-genen kodar för ett protein, menin, som inte är likt andra kända 
proteiner. Man finner proteinet i alla vävnader. Den högsta andelen menin 
finns i cellkärnan, och en mindre andel i cytoplasman (cellvätskan). Menin 
är bland annat involverat i direkt och indirekt reglering av transkription av 
gener, det vill säga när DNA ska översättas till RNA (som i sin tur kodar för 
proteiner), i reparation av DNA och i epigenetisk reglering. Epigenetik inne-
bär att kromatinet, det vill säga DNA och de proteiner som DNA lindas 
kring i kromosomen, histonerna, förses med specifika markörer som anting-
en hindrar eller tillåter transkription. Man tror nu att man kan klassificera 
menin som ett adaptorprotein, det vill säga, menin länkar samman olika pro-
teiner och proteinkomplex, och dessutom epigenetisk reglering med tran-
skription. Man har funnit att menin har många olika interaktionspartners. 
Varför mutationer i MEN1-genen ger tumörer i de specifika organ som drab-
bas är ännu inte känt. Då individer med MEN 1, och djur i modeller av 
syndromet, har en muterad genkopia av de två (kallade alleler) som finns i 
cellen, betyder det att man har en fungerande allel kvar. Dessa individer 
kallar vi heterozygota (hz), medan en individ med två fungerande alleler 
kallas vildtyp (wt, från engelskans wild-type). Från denna allel transkriberas 
ungefär halva den mängd Men1-RNA som återfinns i normala celler. Trots 
detta har vi visat att proteinmängden är närmare 90% av den i öar hos utan 
Men1-mutationen (vildtyp), och detta sker genom ett återkopplingssystem, 
vilket har demonstrerats av andra (214). Ändå har patienter (och möss) som 
har mutationen en större proliferation av celler, endokrina och vissa andra 
celltyper. Det kallas för haploinsufficiens; att sakna en av de två allelerna ger 
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individen förändrade egenskaper. Man har visat att just för endokrina pank-
reas krävs det att man även förlorat den andra allelen för att tumörer ska 
bildas, men det förklarar alltså inte den ökade celltillväxten i MEN 1-
syndromet. 

Endokrin pankreastumör (PNET) är den tumör i MEN 1-syndromet som 
orsakar flest dödsfall. Man blir aldrig botad från sin sjukdom, men genom 
kirurgi kan man minska tumörbördan, och med hjälp av olika mediciner kan 
man idag ganska väl kontrollera utsöndring av hormoner och i viss mån även 
hindra tumörväxt. Man följer upp drabbade familjemedlemmar med hjälp av 
regelbundna kontroller, men då en MEN 1 pankreas ofta innehåller flera små 
tumörer med potential att bli elakartade, krävs i många fall flera operationer 
under livets gång. Därför är det viktigt att vi lär oss mer om mekanismerna 
bakom hur de här tumörerna utvecklas. Det är dessutom viktigt att vi utveck-
lar mer effektiva metoder för att bättre kunna bedöma vad patienten, både 
med MEN 1-relaterad och sporadisk PNET, har för prognos och därmed 
också vilka behandlingsalternativ som finns. Patienter med sporadisk PNET 
har i cirka 30% av fallen en muterad MEN1-gen. 

Sammanfattning av avhandlingens delarbeten 
I delarbete I undersökte vi om uttrycket av transkriptionsfaktorer som nor-
malt uttrycks i pankreas, dels under organutvecklingen, dels i vävnad hos 
vuxna individer; PDX1, NEUROG3, NEUROD1, POU3F4, DLK1 och 
RPL10, är uttryckta i sporadiska och MEN 1-relaterade PNET. Dessutom 
undersöktes uttrycket i hz öar i MEN 1-pankreas och pankreas från patienter 
med sporadiska PNET. Uttrycket av dessa faktorer undersöktes också i pank-
reas i en musmodell av MEN 1-syndromet. Vi fann ingen korrelation mellan 
proteinuttrycket av de undersökta generna och typ av tumör eller WHO grad, 
TNM klass eller Ki-67-index, medan mRNA-uttrycket av PDX1 och DLK1 
var signifikant högre i insulinom. 

NEUROG3 och NEUROD1 var uttryckta i cytoplasman i tumörer och hz 
öar, medan uttrycket i öar från patienter med sporadisk tumör och i wt möss 
huvudsakligen återfanns i cellkärnan. RPL10 uppvisade ett högre proteinut-
tryck i MEN 1-relaterade tumörer och normalstora öar hos patienter med 
MEN 1-syndromet och möss som är hz för Men1-genen. Vidare var uttrycket 
av Dlk1 signifikant högre i hz Men1-öar jämfört med öar från wt. 

Uttrycket av de undersökta faktorerna var sammanfattningsvis förändrat, 
med förändrad subcellulär lokalisation, i endokrina pankreastumörer och öar 
från patienter och möss med en heterozygot inaktivering av MEN1-genen. 

Uttrycket av Men1/Menin  och Notchsignaleringsfaktorerna Notch1, Hes1, 
Hey1 och Ascl1 undersöktes i tumörer och pancreasöar i en hz musmodell 
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av MEN 1 i delarbete II. Notchsignaleringsvägen är involverad i apoptos, 
celltillväxt och differentiering under utvecklingen av pankreas. I ett tidigare 
arbete (89) har vi visat att HES1 uttrycks i cellkärnan i normalstora humana 
öar, medan PNET från samma patienter förlorat uttrycket av HES1 i cellkär-
nan. Vi fann att även Men1-mössens tumörer förlorat sitt uttryck av Hes1 i 
cellkärnan, och det sammanföll med att även det nukleära menin-uttrycket 
gått förlorat. Vidare var mRNA uttrycket mellan Men1 och Notchsignale-
ringsfaktorerna korrelerat, vilket kunde verifieras på proteinnivå: I hz öar var 
ett högt Men1-uttryck korrelerat med ett högt Notch1-uttryck, och i tumörer 
kunde vi se att förlust av menin sammanföll med ett lägre uttryck av aktivt 
Notch1. mRNA-uttrycket av Notch1 i hz öar, där lejonparten av öarna helt 
eller delvis uttrycker menin, visade sig alltså vara signifikant förändrat jäm-
fört med uttrycket i wt-öar. Detta indikerar att Notchsignaleringen är påver-
kad redan innan vildtypallelen av Men1 gått förlorad, vilket stödjer att menin 
är en haploinsufficient suppressor. 

Vad är mekanismen bakom den ökade proliferationen av endokrina celler 
hos individer med MEN 1? Kan man se ett förändrat genuttryck redan tidigt 
hos individer med mutationen? I delarbete III utförde vi en global genut-
trycks-array med RNA från fripreparerade hz öar från fem veckor gamla hz 
Men1-möss och djur utan mutationen från samma kull. Vissa av fynden veri-
fierades sedan med hjälp av qPCR, WB, in situ PLA och IHC. Mängden 
Men1 mRNA i hz öar var ungefär hälften av den i wt, emedan IHC visade att 
öar i femveckors djur, hz och wt, uttrycker menin på samma sätt; i vissa 
cellkärnor i ön starkare, i andra svagare. Med hjälp av in situ PLA kunde vi 
kvantifiera meninuttrycket och visa att öar i hz djur uppvisar 87% av wt-
djurens uttryck. Med qPCR följde vi upp tio av de gener (Men1, p85, Xiap, 
Ikbkap, Chd4, Mll1, Sfxn2, Tubb2, Grn och Marcks) som visade differentiellt 
uttryck i arrayförsöket, och med WB fyra av dessa (Marcks, p85, Tubb och 
Xiap), och vi undersökte dessutom proteinuttrycket även av Marcks med 
hjälp av in situ PLA. I studien inkluderades, som jämförelse, även wt öar och 
hz öar och tumörer från 16 månader gamla djur. Ett differentiellt mRNA-
uttryck av Men1, p85, Xiap, Ikbkap, Chd4, Mll1, Sfxn2 och Tubb2 verifiera-
des hos femveckorsdjuren, med hjälp av qPCR, och med WB verifierades ett 
differentiellt proteinuttryck av marcks, p85 och Xiap. Det signifikant lägre 
proteinuttrycket av Marcks i hz öar från fem veckor gamla djur kunde veri-
fieras med hjälp av in situ PLA. 

Vidare, med hjälp av IHC, fann vi att proliferationen, mätt med Ki-67-
index, var signifikant högre i hz öar i femveckorsdjur; 3,48% i hz och 1,74% 
i wt-öar. Vi fann ingen skillnad i apoptotiskt index (pankreas märkta med 
TUNEL), eller i p27-uttrycket mellan de båda haplotyperna. 

Resultaten visar att trots att meninuttrycket i hz öar är så stort som 87% 
av det i vildtypdjuren, är många gener differentiellt uttryckta, och prolife-
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rationen högre i hz Men1-öar redan vid fem veckors ålder. Men1 är alltså en 
haploinsufficient suppressorgen. 

Det behövs fler verktyg för att bättre kunna fastställa prognos för patienter 
med PNET, särskilt i WHO-klass II, som innefattar patienter med väldiffe-
rentierade endokrina carcinom, där det utan förekomst av metastaser är 
mycket svårt att förutsäga hur malign tumören är. Vi har i delarbete IV un-
dersökt uttrycket av nukleärt och cytoplasmatiskt survivin, ett protein som 
har visat sig vara av prognostiskt värde i andra tumörtyper. Survivin är dels 
en medlem i familjen apoptosinhibitorer (IAP), med funktion i cytoplasman, 
dels är survivinproteinet en del av ett komplex (Chromosomal Passenger 
Complex, CPC) som deltar i stabilisering av kärnans cytoskelett och kromo-
somer under celldelningen. 

Ur ett större kliniskt karaktäriserat material bestående av 324 patienter, 
behandlade vid kliniken för onkologisk endokrinologi på Uppsala Universi-
tetssjukhus, valdes de ut där det fanns tillgång till vävnadsmaterial; n=111 
patienter. IHC för survivin utfördes, och vi kompletterade med IHC för pro-
liferationsmarkören Ki-67 där uppgifter saknades i journalen. Survivinut-
trycket delades in i tre grupper per subcellulär lokalisation; lågt, <5%; me-
del, 5-50% och högt, >50%. Univariat och multivariat analys av resultaten 
genomfördes; survivinuttrycket kontrollerades mot WHO-klass, TNM-stadie 
och Ki-67-index. 

I univariat analys visade sig ett högt nukleärt uttryck av survivin vara en 
signifikant negativ prediktor för överlevnad. Ingen patient i WHO-klass I 
(väldifferentierade endokrina tumörer, de av mest benign karaktär) hade högt 
nukleärt survivinuttryck. En uppdelning av det nukleära survivinuttrycket till 
mer eller mindre än 50% (dikotomiserat) för patienter i WHO-klass II (med 
ett proliferationsindex på mellan >2% och <20%) gav ett mycket signifikant 
resultat; patienter med ett högt nukleärt survivinuttryck levde i genomsnitt 
21 månader från diagnostillfället, medan patienter med ett lågt eller medel-
högt uttryck av survivin i genomsnitt levde 99 månader (P < 0,001). Dessu-
tom levde de patienter med de mest maligna tumörerna (WHO klass III) och 
ett lågt nukleärt survivinuttryck nästan dubbelt så länge som patienter med 
högre nukleärt survivinuttryck (40 månader jämfört med 22 månader). I mul-
tivariat analys föll nukleärt survivin ut som en starkare prognostisk faktor för 
negativ prognos än proliferationsmarkören Ki-67. 

Vi föreslår att en bedömning av nuklärt survivinuttryck ska ingå bland de 
verktyg som man idag använder för att fastställa prognos för patienter med 
PNET. 
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