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Abbreviations

28S Mitochondrial ribosomal protein S28 
AKT Protein kinase B 
ARF p14ARF (human), p19ARF (mouse) 
bcl B-cell lymphoma 
CDK Cyclin dependent kinase 
CDKN CDK inhibitor 
CDT1 Chromatin licensing and DNA replication factor 1 
CGH Comparative genome hybridization 
CIP CDK interacting protein 
CKI CDK inhibitor 
c-Myc v-myc avian myelocytomatosis viral oncogene homolog 
DLK1 -like protein 1/ preadipocyte factor-1 
DNA Deoxyribonucleic acid 
EGF Epidermal growth factor 
EGFR Epidermal growth factor receptor 
Erb Avian erythroblastic leukemia vital oncogene homolog 
ERK Extra-cellular signal-regulated kinase 
FANCD2 Fanconi Anemia, complementation group D2 
FZD Frizzled 
GSK3 Glycogen synthase kinase 3 
HDAC Histone deacetylase 
HER-2/neu ErbB2, a EGF receptor 
IGF Insulin-like growth factor 
IGFBP IGF-binding protein 
INK4 Inhibitor of CDK4 
JNK c-Jun-N-terminal kinase 
JunD The JunD oncogene and transcriptional factor 
KIP Kinase inhibitor proteins 
LOH Loss of heterozygosity 
MARCKS Myristoylated alanine-rich protein kinase C substrate 
MEN1 Multiple endocrine neoplasia type 1 
MIRN MicroRNA 
MSI Microsatellite instability 
mTOR Mammalian target of Rapamycin 
nm23 Nonmetastatic protein 23 
p107 Retinoblastoma-like 1 



p130 Retinoblastoma-like 2 
p15 CDKN2B, INK4B 
p16 CDKN2A, INK4A 
p18 CDKN2C, INK4C 
p19 CDKN2D, INK4D 
p21 CDKN1A, CIP1 
p27 CDKN1B, KIP1 
p38 Mitogen-activated protein kinase 
p53 Transformation-related protein 53 
p57 CDKN1C, KIP2 
PCNA Proliferating cell nuclear antigen 
PET Pancreatic endocrine tumor 
PP Pancreatic polypeptide 
QM/Jif-1 Ribosomal protein L10 
Rb Retinoblastoma-1, RB1 
RNA Ribonucleic acid 
RPA2 Replication protein A2 
Skp2 S-phase kinase associated protein 2 
TERT Telomerase reverse transcriptase 
TGF  Transforming growth factor 
TGF R TGF  receptor 
Thr Threonine 
VHL von Hippel-Lindau 
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Introduction

Pancreatic endocrine tumors 
The islets of Langerhans are embedded in the exocrine pancreas, with coher-
ent clusters of endocrine cells producing a variety of hormones. -cells se-
crete insulin, -cells glucagon, -cells somatostatin, and PP-cells pancreatic 
polypeptide (PP).  

Pancreatic endocrine tumors (PETs) represent 1-2% of all of pancreatic 
tumors and occur sporadically, or in association with relatively uncommon 
familial syndromes, namely the Multiple endocrine neoplasia type 1 (MEN1) 
syndrome, caused by germline mutations of the MEN1 gene, and the von 
Hippel-Lindau (VHL) syndrome, caused by VHL gene mutations (1, 2). 
PETs may cause typical symptoms of hormone excess or arise as non-
functioning lesions without hormonal symptoms (3). 

Insulinomas are the most common of the functioning tumors where the 
excess of insulin/proinsulin causes hypoglycemia. Since 90% of insulinomas 
are small and benign tumors are patients generally efficiently cured by sur-
gery. Malignant insulinomas are treated with chemotherapy, but surgery may 
sometimes be done to reduce the tumor burden and alleviate hormonal symp-
toms.

Gastrinomas secrete gastrin causing the Zollinger-Ellison syndrome, 
with often severe peptic ulcer disease, esophagitis, and diarrhea. Gastrino-
mas occur in the pancreas or in the duodenum. The duodenal tumors often 
appear as very tiny submucosal tumors with early lymph gland metastases, 
but with liver metastases occurring late. Gastrinomas are considered malig-
nant, but progression rate varies, with more favorable survival for duodenal 
than pancreatic gastrinomas. 

Glucagonomas are uncommon and often malignant pancreatic tumors 
causing a typical skin disease, necrolytic migrating erythema, sometimes 
cachexia, and symptoms from local growth. The tumors are often large but 
generally slow-growing, and patients often need repeated surgery for re-
moval of metastases during an extended disease course.  

Non-functioning tumors secrete hormones without clinical symptoms 
(often PP), or lack hormone secretion. Patients with these tumors have con-
siderably better survival prospects than patients with exocrine pancreatic 
tumors. The endocrine origin is secured by demonstrating hypervascularity 
at contrast enhanced computerized tomography, octreotide uptake by octreo-
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scan, raised serum levels of hormones (commonly PP and/or chromogranin 
A), or by needle biopsy stained with chromogranin A or synaptophysin. 
Non-functioning tumors are generally malignant but with variable rate of 
progression related to proliferation (Ki-67 index). Many present with liver 
metastasis. 

More uncommon tumors are VIPomas secreting vasoactive intestinal pep-
tide with severe diarrhea, and somatostatinomas with often less obvious or 
no symptoms (2, 3). 

The MEN1 syndrome 
The MEN1 syndrome is caused by germline mutations of the MEN1 gene on 
chromosome 11q13. The classical tumor sites in MEN1 are the pancreas, the 
anterior pituitary, and the parathyroid glands (4). There is also an increased 
risk for endocrine tumors in the stomach, bronchi, thymus, and duodenum, 
as well as adrenocortical lesions, lipomas, and facial angiofibromas. Ap-
proximately half (46%) of MEN1 patients die from the disease, and the most 
common causes of death are tumors of the pancreas and thymus (4). 

Pancreatico-duodenal tumors are encountered in 30-75% of MEN1-
patients. Gastrinomas and the Zollinger-Ellison syndrome occur in 20-60% 
of MEN1 patients, non-functioning tumors affect approximately 50%, 
whereas other tumor types are less common (2). The MEN1 pancreas typi-
cally contains multiple microadenomas, only few of which will grow to tu-
mors causing clinical manifestations. The relative potential for each individ-
ual tumor to set metastases is impossible to estimate. Lymph gland metasta-
ses are common with duodenal gastrinomas, and approximately 25% de-
velop liver metastases (2). 

Cell cycle regulation 
The cell cycle includes the S-phase for DNA replication and M-phase for 
mitosis. The G1-phase precedes and the G2-phase follows the S-phase. After 
passage through the M-phase, cells can stop proliferating or repeat the steps 
of the cell cycle (5). Cell cycle transition is regulated by members of the 
cyclin-family (n=29) and cyclin dependent kinases (CDKs) (n=20). In non-
proliferating cells, proteins of the Rb family (Rb, p107, and p130) bind to 
members of the E2F family of transcription factors. Progression from G1 to 
S is determined by Rb phosphorylation, which occurs in two steps. 

First, cyclin D1, D2, or D3 forms a complex with CDK4 or CDK6 to 
phosphorylate Rb at certain residues (Fig. 1). Second, cyclin E forms a com-
plex with CDK2 and phosphorylates other Rb amino acid residues. E2F pro-
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teins thereby dissociate from Rb, and function on their many target genes, 
and initializing DNA replication (6). 

Inactivation of Rb also promotes transcription of cyclin A and cyclin B, 
which are involved in the G2-M transition. During the S-phase CDK2 mole-
cules bind to cyclin A, but as the cell cycle continues, cyclin A switch part-
ner to CDK1. Formation of CDK1/cyclin B-complexes starts in the G2-
phase. CDK1 has more than 70 targets that are thought to lead the cell 
through the M-phase (6). 

Figure 1. Cell cycle regulation with suggested roles of menin. See text for refer-
ences.

Phosphorylation of Rb can be inhibited by two groups of CDK inhibitors 
(CKIs). The INK4 group, which consists of p15, p16, p18, and p19, sup-
presses the kinase activity of CDK4 (and CDK6). The CIP/KIP group, which 
can restrict the CDK2 kinase activity, consists of p21, p27, and p57 (6). 

Homozygous Rb knock-out mice die in utero, before the pancreatic islets 
of Langerhans develop, while heterozygous deletion of Rb leads to a small 
increase in -cell cell mass and cell number (7), and to islet tumors when 
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combined with a p53 knock-out (8, 9). In mice, loss of CDK4 and cyclin D1 
lead to islet cell hypoplasia, and subsequent diabetes (10, 11). Knock-out 
CDK2 mice survive for more than two years, without other abnormalities 
than defect meiosis (12). 

The CDK4/cyclin D complex 
Activation of the CDK4/cyclin D complex is initiated by phosphorylation of 
CDK4 by CDK activating kinase (13). Cyclin D1 is the most studied of the 
three D-cyclins, and found to be upregulated in a variety of tumors, with 
stabilizing mutations revealed in endometrial and esophageal tumors (14, 
15). Downregulation of cyclin D1 occurs through phosphorylation by glyco-
gen synthase kinase 3  (GSK3 ), and subsequent ubiquination. Inhibition of 
GSK3  leads to increased cell proliferation in a rat insulinoma cell line (16). 
An alternative spliceform of cyclin D1, cyclin D1b, has lost the recognition 
signal for nuclear export and GSK3  binding (13). Cyclin D1b retains the 
ability to activate CDKs and is therefore believed to have increased onco-
genic potential. Cyclin D1b cannot be detected in normal tissues, but mRNA 
and protein expression has been found in tumors (17). Cyclin D1 knock-out 
mice are small, with retina defects (18), while cyclin D1 overexpression in 
mouse pancreatic -cells results in hyperplasia, but not tumor development 
(19). When in a complex with a D-cyclin, CDK4 is able to function as a 
kinase and phosphorylate its targets: the Rb family (Rb, p107, p130), Smad2, 
Smad3, MARCKS, and CDT1 (6). 

The MARCKS protein is substrate for PLC phosphorylation, which initi-
ates a process where MARCKS can be phosphorylated by both CDK2 and 
CDK4, probably at separate sites. The effect of this phosphorylation is not 
known (20). MARCKS has been found to be truncated in colorectal tumors 
with microsatellite instability (MSI) (21). 

DNA replication is supposed to occur once during each cell cycle. Regu-
lated CDT1 degradation, by ubiquination through Skp2, is important to re-
strict DNA replication. CDK-induced phosphorylation of CDT1 results in 
Skp2 binding and subsequent degradation (22). CDT1 overexpression has 
been proposed to contribute to tumor development by causing genomic in-
stability (23). 

Smad2, Smad3, and Smad4 are regulating proteins of the transforming 
growth factor  (TGF ) pathway. Smad2 and Smad3, but not Smad4, can be 
phosphorylated by CDK2 and CDK4, and this decreases TGF -induced tran-
scriptional activity (24). Vice versa, TGF  stimulation of T-cells induces 
CDK4 down-regulation, and Smad3 is necessary for this process (25). Re-
pression of proliferation by TGF -stimulation resulted in decrease of CDK4 
expression (26).

The CDK4/cyclin D complex interacts with both groups of CKIs. The 
INK4 group inhibits the kinase activity, while p21 and p27 from the CIP/KIP 
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group are necessary for the physical interaction between CDK4/6 and the 
corresponding cyclin D (27). Germline mutations of CDK4, inhibiting p16 
interaction, cause familial melanoma in humans (28). The same germline 
mutation in mice causes hemangiosarcomas and tumors in endocrine organs, 
predominantly in the endocrine pancreas (29). 

The Protein kinase B (AKT) pathway has been shown to interact with the 
CDK4/cyclin D1 function. Decreased AKT function leads to decreased 
translation of cyclin D1 (30). In BON cells (a human cell line from a sero-
tonin producing PET), insulin-like growth factor I (IGF-I) has been found to 
induce cyclin D1 expression through the AKT pathway (31). A constitu-
tively active AKT signaling in mouse -cells leads to increased proliferation 
through increased levels of cyclin D1, cyclin D2, CDK4, and p21. Combined 
with CDK4 knock-out, the proliferative effect of AKT on -cells is lost (32). 

The INK4 group of CKIs 
p15 transcription is induced by TGF  in a variety of cells (33), and it inter-
acts with CDK4. By binding to CDK4, p15 inhibits interaction with cyclin D 
and hence the kinase activity (34). Additionally, when bound to p15, CDK4 
can no longer sequester p21/p27, which become free to inhibit the actions of 
the cyclin E/CDK2 complex (35). Therefore when expressed, p15 silences 
the kinase activity of both CDK2 and CDK4. However, high levels of c-Myc 
can inhibit TGF -induction of p15 (36), and inactivation of c-Myc through 
destabilization can lead to subsequent p15 reexpression (37).  

Using an expression microarray, p15 was found to be upregulated by 
TGF  signaling, in T-cells expressing Smad3, compared to Smad3 knock-
out cells. Any effect of p15 on proliferation, or actions on CDK4, could not 
be established (25). The Smad3 transcription factor regulates p15 expression, 
but CDK2 and CDK4 phosphorylation of Smad3 inhibit this function (24). c-
Myc can form a complex with Smad2 and Smad3, and repress p15 expres-
sion (38). By repressing c-Myc, TGF  signaling also indirectly activates p15 
expression (39). p15 knock-out mice develop normally without tumors, as do 
p15/p18 double knock-out mice (40). 

p16 inhibits phosphorylation of Rb by binding CDK4/6 and inhibiting the 
kinase activity (41). p16 has also been shown to inhibit CDK4 phosphoryla-
tion of Smad3, supposedly in the same fashion (24). In pancreatic -cells, 
p16 expression increases with age, while the other CKI expression levels 
remain unaltered (42). p15 and p16 show a 85% amino acid similarity, and 
are therefore believed to have similar functions (41). The cellular localiza-
tion and phosphorylation status of p16 has been proposed to modify the 
functional interaction between p16 and CDK4/6 (43). Similarly to germline 
CDK4 mutations that prevent p16 inhibition, germline inactivating mutations 
of p16 cause melanomas in humans (41). 
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It has been suggested that the primary function of p18 is inhibition of 
CDK4. p18 knock-out mice show widespread hyperplasia and or-
ganomegaly, that do not occur in p18/CDK4 double knock-out mice. Also 
p27 (see below) knock-out mice show organ hyperplasia which, however, is 
not reversed in double p27/CDK4 knock-out mice (44). Haploinsufficiency 
of tumor suppression has been proposed for p18 and for p27 (see below) 
(45).

p19 has been suggested to be involved in histone deacetylase (HDAC) 
regulated cell cycle arrest (46). Menin knock-out mice did not display al-
tered p19 mRNA expression in pancreatic islets (47). 

Often associated with the INK4 CKIs, ARF (p14ARF in humans and 
p19ARF in mice, not to confuse with p19INK4d) is situated at 9p21 together 
with p15 and p16. While sharing the second and third exon with p16, differ-
ent reading frames apply, so no amino acids are shared between the two pro-
teins. The whole ARF, p15, p16 locus is often homozygously deleted in can-
cer, or inactivated by other means (41). ARF functions as a repressor of 
MDM2, and loss will result in an increased activity of MDM2 on p53 stabil-
ity, and thereby deregulated cell cycle arrest. Furthermore, ARF is involved 
in the regulation of c-Myc, and interacts with hypoxia-inducible factor 1, a 
target protein of VHL (41). 

The CIP/KIP group of CKIs 
In fibroblasts, functional CDK4/cyclin D complexes contain p21 and p27, 
and these proteins have been proposed to be essential for CDK4/cyclin D 
assembly (27). p15 and p16 share binding site with p21 and p27 on CDK4, 
implying that p15/p16 expression inhibits p21/p27 binding to CDK4 (33). 
p27 interacts with the CDK2/cyclin E complex, where it inhibits the kinase 
function and subsequent Rb phosphorylation (48). 

Mice lacking one p27 allele displayed increased tumor formation when 
exposed to -radiation, but tumor development was even more pronounced 
when both alleles were deleted. Therefore, p27 is considered haploinsuffi-
cient for tumor suppression. Tumors of the heterozygous mice had retained 
p27 expression (49). Likewise, while mice with a single functional p27 allele 
are bigger than wild-type mice, homozygous p27 deletion leads to further 
increase in body weight. The most prominent oncogenic feature of p27 
knock-out mice is tumors of the pituitary gland (50).  

Activation of AKT leads to decreased p27 inhibition of the cyclin 
E/CDK2 complex. AKT phosphorylates p27 at Thr157, thereby impairing 
the nuclear import of p27, and hence the possible interaction of p27 with the 
cyclin E/CDK2 complex (51, 52). In rats, a MEN1-like syndrome called 
MENX, has been proposed to be caused by an inactivating germline p27 
mutation (53). Lately, an indication of another kinase phosphorylating Rb, 
parallel to CDK2, has been suggested. Double p27/CDK2 knock-out mice 
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were found to display the same phenotype as p27 mice, i.e. increased body 
weight and tumors of the pituitary (54). Furthermore, p27 has been sug-
gested to be involved in cell migration, in association with cyclin D1 and 
stathmin (55, 56). 

Skp2-induced ubiquination, and subsequent degradation of p27, is in-
duced by phosphorylation of p27 at Thr187 by the cyclin E/CDK2 complex 
(57). Thr187 mutation of p27 makes CDK2 initiated degradation ineffective, 
but cell cycle progression was not inhibited in knock-in mice, which instead 
increased in size compared to wild-type. Another pathway, where p27 
ubiquination can be triggered by Ras and c-Myc, was suggested (58). Thr198 
phosphorylation protects p27 from ubiquination, and lack of Thr198 phos-
phorylation promotes CDK2-binding (59). p27 can also be stabilized by Rb 
in an E2F-independent manner, where Rb enhances Skp2-downregulation 
through Skp2-ubiquination, which causes cell cycle arrest (60). Inhibition of 
mTOR, which is activated by AKT, reduces Skp2 transcription and thereby 
facilitates p27 stabilization in breast cancer cell lines (61). Skp2 have been 
found to be upregulated in many tumors, and is considered a protooncogene 
(62).

Overall, the p21 regulation and function is similar to p27 in many aspects. 
p21 has been shown to inhibit CDK4 phosphorylation of Smad3 (24). Ex-
pression of p21 is induced by the TGF  pathway in keratinocytes, but c-Myc 
inhibits this process (63). However, unlike the p27 gene, knock-out of the 
p21 gene in mice did not result in altered -cell function or proliferation 
(64). In the islets of Langerhans of menin knock-out mice, p21 expression 
was found to decrease over time (47). Loss of p27 is correlated to MSI in 
colorectal tumors, while inverse correlation is seen for p21 (65, 66). 

p57 has been found to be expressed in human islets of Langerhans. p57 is 
important during embryogenesis, but deletion does not induce -cell hyper-
plasia (67). 

The TGF  pathway 
TGF  factors signal by binding to their receptors, TGF R1 and TGF R2.
TGFBR1 becomes activated and phosphorylates Smad2 and Smad3, which 
in turn bind to Smad4. The three Smad proteins form a complex that can 
activate or repress target gene expression (33, 68), and for example p15 tran-
scription is induced by TGF  in a variety of cells (33). c-Myc expression is 
suppressed by TGF , and low levels of c-Myc is a prerequisite for p15 in-
duction (36). Phosphorylation of Smad3 by CDKs inhibits the transcriptional 
activity of the TGF  pathway, including p15 transcription and c-Myc repres-
sion (24). 

In tumors, mutational events occur in several of the genes in the TGF
pathway. Truncating mutations in the TGF R2 gene is seen in some tumor 
types with MSI, i.e. colorectal and gastric tumors, while other tumor types 
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with MSI retain TGF R2 expression, i.e. tumors of the exocrine pancreas. 
Ovarian tumors often display mutations in the TGF R1 gene, but not in the 
TGF R2 gene (68). Biallelic inactivation of the Smad4 gene has been seen 
in exocrine pancreatic and colorectal tumors. Missense and nonsense muta-
tions of the Smad2 gene has been found in various tumors types (68), result-
ing in incapability of the Smad complex to function at target genes. In mouse 
models, homozygous Smad2 gene or Smad4 gene deletions result in uterine 
death, whereas heterozygous Smad4 gene deletion results in intestinal pol-
yps, and tumors (33). A transgenic mouse model expressing a defect Smad4 
gene, under the elastase promoter, develops islet cell hyperplasia (69), 
whereas overactivation of the TGF  pathway leads to pancreatic islet hy-
poplasia (70). So far, genetic Smad3 inactivation has not been detected in 
any tumor type, but homozygous Smad3 gene deletion in mice leads to de-
velopment of colorectal tumors (71). 

The c-Myc protooncogene 
c-Myc was one of the first protooncogenes discovered, and overexpression is 
common in many different tumors. c-Myc has been proposed to promote 
proliferation through three distinct pathways: control of cyclin/CDK kinase 
activity, control of E2F activity, and cell growth (72). c-Myc upregulation 
results in CDK activation and p27 downregulation in fibroblasts (73). In 
mouse fibroblasts, knock-out of the three D-cyclins together inhibits the 
proliferative actions of c-Myc, while any single D-cyclins alone is capable of 
driving c-Myc induced proliferation (74). 

c-Myc expression is decreased by Smad3 transcriptional activity, and 
CDK2 and CDK4 phosphorylation of Smad3 results in increased c-Myc 
expression (24, 75). c-Myc directly induces both cyclin D2 and CDK4 (76, 
77), but activation of cyclin D2 requires an activated AKT-pathway (78). 
Furthermore, c-Myc can directly activate the E2F2 gene promoter (79). 
E2F1/E2F2 double knock-out mice develop diabetes due to hypoplasia of the 
exocrine and endocrine pancreas (80). ARF, p53, and bcl-xL deregulation 
have been found to interact with c-Myc to increase cell growth, by inhibiting 
the pro-apoptotic pathways induced by c-Myc (81). In a mouse transgenic 
model of -cell tumorigenesis, c-Myc has been found to initiate angiogenesis 
through interleukin-1  activation (82). Many different genes have been 
found to be regulated by c-Myc in this model. However, p21 and p16 altera-
tions were not observed, and this was thought to depend on bcl-xL overex-
pression used in this model (83). 

TGF  represses c-Myc expression through a Smad-responsive element in 
the promoter region (39). Interestingly, Skp2 is both a transcriptional cofac-
tor of c-Myc, as well as a mediator of its ubiquination. In normal cells, this 
could be a way to restrict c-Myc function, so that the protein is degraded 
directly after activating transcription (84). Putting c-Myc under the control 
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of the elastase promoter, and thereby overexpressing c-Myc during pancreas 
development, leads to PET formation (85).  

The MEN1 tumor suppressor gene
The 67 kDa protein menin is the product of the MEN1 gene situated at 
11q13 (86, 87). Several splice forms can be translated from the nine coding 
exons, with the largest reading frame translating into 615 amino acids. Two 
known amino acid residues can be phosphorylated, but with unknown impli-
cations for interactions with other proteins or other functions (88). The func-
tion of the different splice forms has not been evaluated. Germline mutations 
have been found in 70% of MEN1-kindreds (89). In one kindred, where no 
germline mutation was found, tumors still lacked menin expression (90), 
indicating genetic events not detectable by exon sequencing. In another kin-
dred where sequencing did not reveal mutations, whole-gene deletion was 
discovered (91). Almost 500 germline and somatic MEN1 gene mutations 
have been discovered in MEN1-related and sporadic tumors without obvious 
hotspots for tumor development (92). Somatic mutations have been found in 
sporadic tumors of the classical MEN1 malignancies (93-99). Menin locates 
to the cell nucleus, regardless of phosphorylation status (88, 100). 

Menin interacts with many proteins, such as the activator of S-phase 
kinase, metastasis suppressor nm23, DNA damage repair protein FANCD2, 
glial fibrillary acidic protein, vimentin, and the myosin heavy chain (101). 
Interaction with JunD leads to growth suppression (102, 103). This binding 
to JunD involves recruitment of mSin3A, HDAC1, and HDAC2 (104, 105). 
Menin also inhibits JunD phosphorylation by the JNK pathway (106). RPA2 
is required for DNA replication, recombination, and repair, and is involved 
in apoptosis (107). Missense menin mutations of amino acid residue 139, 
160, and 176 abolished interaction with both RPA2 and JunD, while menin 
missense mutations of amino acid residues 164, 183, 436, and 447 did not 
affect RPA2 and JunD binding (108). Eight other menin missense mutations 
altered binding to JunD and RPA2 in various degrees. IGF signaling in-
volves interaction of several IGF-binding proteins (IGFBPs), and wild-type 
menin has been found to repress expression of IGFBP2 (109). Mutation of 
amino acid 119, but not of 418, of menin led to decreased repression. 

Menin interacts with three members of the NF- B-family (110). NF- B
normally regulates genes that are involved in the stress response, and menin 
represses these actions. The NF- B pathway is often activated in tumors 
(111).

Interacting with the TGF  pathway, menin directly binds Smad3, where 
menin inactivation results in decreased binding to DNA by Smad3/Smad4 
(112). Also, menin inactivation leads to decreased TGF R2 expression 
(113). In cell lines from bone forming cells, menin inhibits Smad1 and 
Smad5 which in turn leads to decreased TGF  signaling (114).  
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Several reports conclude that menin is part of a complex together with 
MLL1 and MLL2 (115-117), that function by histone methyltransferase ac-
tivity, to epigenetically regulate gene expression. Different Hox genes have 
been found to be regulated in this matter in leukemia (118). Regulation of 
p18 and p27 has also been suggested to occur via histone methylation (47, 
117).

In heterozygous MEN1 knock-out mice, menin, p18, and p27 mRNA ex-
pression were found to be reduced in the islets of Langerhans (47), already 
after 18 weeks. After 40 weeks, CDK4 expression was increased and p15 
and p21 expression was reduced. Also other studies have showed CDK4 
upregulation in association with reduced menin expression (113). In a ge-
nome-wide screening for menin binding sites, decreased p18 expression was 
confirmed in menin-ablated islet cells, but alterations in p27 expression 
could not be detected. Both MLL1 and menin were found binding to both 
promoters (119). Likewise, p27 was reduced in a majority of insulinomas in 
a mouse MEN1 knock-out model, but normal p27 expression was found in 
23% of the tumors. Hyper- and dysplastic islets from four MEN1 knock-out 
mice were examined without evidence of altered p27 expression (120). 

Conditional MEN1 gene knock-out in -cells led to decreased p18 and 
p27 expression, and a subsequent increase of CDK2 activity, while no altera-
tions of p21 and p16 was observed. Neither the p18 nor the p27 expression 
was totally abolished (121). Double knock-out mouse models have displayed 
that combined menin and p27 loss did not increase islet tumor development, 
while mice with combined p18 and menin loss develop tumors with an in-
creased rate (122). Double p27/MEN1 knock-out mice instead displayed 
decreased numbers and size of the pancreatic islets, as compared to MEN1 
knock-out mice. 

E-cadherin and -catenin expression was altered in a conditional -cell
MEN1 gene knock-out mouse model. Normally, these proteins are expressed 
at the cell membrane, but cytoplasmatic accumulation was found in the tu-
mors (123). In another -cell specific tumor model, E-cadherin expression 
was lost in the transition from normal cells to carcinoma (124). 

Both missense and nonsense mutations of the MEN1 gene are common in 
tumors (89). Nonsense mutations cause truncation, leading to impaired inter-
action with other proteins, and deletion of the nuclear localization sequences 
(107). Besides causing altered interactions with other molecules, missense 
mutations often lead to rapid degradation via increased ubiquination (125). 
Polymorphisms resulting in amino acid exchanges, without impaired protein 
function, did not initiate increased degradation. Eight out of nine amino acid 
exchanges caused increased menin degradation, and the one stable mutant 
(E255E) protein causes familial isolated hyperparathyroidism (125). 
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WNT7A – Activator of the JNK- and/or WNT pathways 
The WNT7A gene at 3p25 encodes a protein of the WNT family of hor-
mones, which consists of 19 genes. During development WNT7A is in-
volved in the formation of limbs and the female reproductive tract (126, 
127). WNT7A has been proposed to function as a tumor suppressor in lung 
tumors, where downregulation has been observed. This has been proposed to 
incorrectly activate the WNT and JNK pathways (128, 129). E-cadherin 
downregulation has been observed in tumors of the lung, and stimulation 
with WNT7A leads to increased –catenin activation, and concurrent E-
cadherin expression (129). HOXA1 has been found to be concordantly de-
regulated together with WNT7A in lung tumors (130). WNT7A induction of 
E-cadherin has also been proposed to occur through activation of PPAR ,
through binding of WNT7A to frizzled (FZD) 9 (131), and FZD9 has been 
found to be upregulated by c-Myc activation in a -cell model (83). In PC12, 
a rat pheochromocytoma cell line, WNT7A has been found to stabilize -
catenin by binding FZD5 (132). Hypermethylation of the CpG island of 
WNT7A has been found in 71% of tumors from the exocrine pancreas (133). 
Furthermore, WNT7A has been shown to be frequently downregulated in 
uterine leiomyomas (134).  

Shortly, WNT pathway activation is caused by GSK3  inactivation, with 
resulting nuclear -catenin accumulation due to decreased ubiquination. -
catenin functions as a transcription factor for several genes, i.e. cyclin D1 
and c-Myc (135). GSK3 inactivation leads to increased proliferation in a rat 
insulinoma cell line (16). 

HDAC11 – Histone deacetylase 
The involvement of different HDACs in the development of cancer has been 
established. Truncating mutations of HDAC2 has been found in MSI posi-
tive colorectal and endometrial tumors (136), and HDAC6 mRNA expres-
sion was reduced in breast tumors larger than 20 mm (137). HDAC11 is a 
nuclear protein that is encoded on chromosome 3p25. HDAC11 does not 
associate with mSin3A, but has instead been found to associate with HDAC6 
(138). Treatment of a leukemia cell line with the HDAC inhibitor valproic 
acid, leads to an increase of HDAC11 mRNA levels (139), indicating that 
HDAC11 is regulated differently than other HDACs. 
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Pancreatic endocrine tumor genetics 
In PETs without metastasis or obvious local invasion, histopathology cannot 
identify certain signs of malignancy. Immunohistochemical staining with 
proliferation marker Ki-67 correlates to survival in non-functioning PETs 
and insulinomas (140, 141). The occurrence of chromosomal gains and/or 
losses has been extensively studied in PETs, by loss of heterozygosity analy-
sis (LOH), comparative genome hybridization (CGH), and array CGH analy-
ses. These results are summarized in Table 1 and 2. Loss of 11q, where the 
MEN1 gene is situated, is a common event, with MEN1 gene mutations re-
vealed in sporadic gastrinomas, insulinomas, glucagonomas, VIPomas, and 
non-functioning tumors, and with an overall incidence of mutations in spo-
radic PETs varying between 13-38% (94, 96-99). Generally, all MEN1 gene 
mutations are believed to abolish the function of menin (see above). Dele-
tions on chromosome 1, 3p, 6, 11q, 17p, 21q, and 22q (97, 142-151), as well 
as gains on chromosomes 4, 7, 14q, and Xq have been associated to malig-
nancy in sporadic PETs (144, 149). Rigaud et al found many chromosomal 
losses in regions where others found chromosomal gains (152). Whether this 
represents a systematic error, or results from careful examination of many 
sites on each chromosome is unclear. Our group revealed loss on chromo-
somes 3, 6, 8, 10, 18, and 21 in more than 30 % of examined MEN1 tumors 
(153). Heterogeneity of the tumors was also demonstrated with variable pat-
terns of allelic loss in different parts of the same tumor and similar results 
has been presented by others (154). 

Genome-wide expression microarray studies of PETs revealed >3-fold 
overexpression of 66 transcripts including IGFBP3, which is deregulated in 
many tumor types (155). Also detected were 119 transcripts with >3-fold 
underexpression, including p21, O6-MGMT, and JunD (155). When compar-
ing benign and malignant PETs, O6-MGMT was downregulated in malignant 
tumors and the protooncogene MET was upregulated together with IGFBP1 
and IGFBP3 (156). Menin overexpression in BON cells leads to increased 
expression of JunD, whereas DLK1, PCNA, and QM/Jif-1 are downregu-
lated. These findings were confirmed in tumors with different MEN1 muta-
tion status (157). Decreased menin expression in the BON cell line caused > 
2 times mRNA upregulation in 66 genes, including CDK2, and >2 times 
mRNA downregualtion of 22 genes (158). 

Expression of microRNAs has also been evaluated in PETs (159), with 
MIRN103 and MIRN107 expressed in tumors but not in normal pancreas, 
while MIRN155 on chromosome 21q21 appeared downregulated in tumors.  

Some patients with the VHL syndrome are affected by PETs, and this 
suggests that deregulation of the VHL protein can cause altered proliferation 
and apoptosis in the islets of Langerhans (1). The tumors have virtually in-
variably been non-functioning, and have displayed allelic loss of the normal 
VHL allele (1, 160). The VHL gene is situated at 3p25-26, just telomeric of 
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a region found to be deleted in sporadic PETs, and where deletion has been 
suggested to correlate to malignant behavior. However, no mutations was 
found when the gene was sequenced in sporadic PETs (143). Another poten-
tial tumor suppressor, PPAR , is situated adjacent to the VHL gene at 3p25. 
Sequencing of the PPAR  gene in tumors with allelic loss at 3p, did not re-
veal mutations (161).  

Many proteins directly involved in the cell cycle control have been inves-
tigated in PETs. While CDK6 has been found to be downregulated in a sub-
set of PETs (162), cyclin D1 was overexpressed in 43% and 65% of exam-
ined tumors (163, 164). 

Proteins of the INK4 group bind and inhibit the kinase activity of 
CDK4/6, while p21 and p27 from the CIP/KIP family have been found to 
stabilize the CCK4/6-cyclin D complex, and thereby enable the kinase func-
tion (see above). Instead, the CIP/KIP family decreases the kinase activity of 
CDK2 (33). In PETs, several studies have investigated the genes of the 
INK4/ARF locus. Altogether 92% of gastrinomas and non-functioning PETs 
displayed homozygous deletion of p16 (42%) and/or promoter hypermethy-
lation (58%) (165). Another study of gastrinomas did not reveal any homo-
zygous deletions, while the promoter region was hypermethylated in 52% of 
the tumors (166). In insulinomas, only three out of seventeen tumors dis-
played loss of p16 protein expression (167). In three other studies, the p16 
promoter was found to be hypermethylated in three out of sixteen (19%) 
(168), nineteen out of 48 (40%) (169) and one out of eleven (9%) (170) 
PETs. Immunohistochemical studies of 24 PETs showed abolished p16 ex-
pression in three insulinomas (162). A following study of 41 PETs did not 
detect p16 promoter hypermethylation in any tumor. One tumor displayed a 
sporadic missense mutation in one of the alternative p16 transcripts (171). 
The CpG island of ARF has been found to be hypermethylated in one out of 
eleven (9%) (170) and seven out of sixteen (44%) (168) PETs. In mRNA 
expression studies of ARF, p15, p16, and p21 in 26 PETs, was p21 ex-
pressed in all tumors, and p16 could be found in all tumors except one non-
functioning tumor. ARF was lost in three non-functioning PETs and clearly 
decreased in one insulinoma. p15 expression was undetectable in five tu-
mors, and low in another four tumors (172). 

Several publications have investigated the p27 expression in PETs. Since 
p27 has been found to be downregulated in many tumor types, a similar 
downregulation was expected also in PETs. However, upregulation of p27 
was found, when protein expression was investigated by western blot, in 28 
PETs and -cell cell lines from mouse and rat (173). An immunohistochemi-
cal investigation of 46 PETs displayed increased p27 expression in 72%, 
without any correlation to malignancy (174). Another study of 42 PETs re-
vealed decreased p27 expression in benign tumors but retained expression in 
malignant tumors (175), and still another study of 76 PETs revealed p27 
expression in all tumors. Benign tumors displayed a stronger p27 staining 
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than malignant ones, and cytoplasmic expression was found in 38%, without 
correlation to malignancy (176). In a study of seven MEN1 patients a de-
creased portion of cells were found to stain positively for p27 in the tumors, 
compared to the islets of Langerhans, and p18 staining was minimal in all 
endocrine tissue examined (117). p19 and p57 have to our knowledge not 
been studied in PETs. 

CDKs phosphorylates Rb, a tumor suppressor in many tumor types (177). 
The Rb gene has been excluded as a tumor suppressor gene in PETs, by the 
lack of LOH at 13q14 (178). The other two members of the Rb family have 
not been examined. 

Exons 5-10 of p53 have been evaluated by single strand conformation 
polymorphism analysis in eleven PETs, but no mutation was found (179), 
and neither did immunohistochemical evaluation of p53 in 51 PETs reveal 
deregulation in any tumor (180). Missense mutation of p53 was found in one 
out of 41 studied sporadic PETs (171). Bartz et al did not find p53 mutation 
in nineteen PETs, but reported protein overexpression (181). 

Telomerase reverse transcriptase (TERT) is a protein responsible for 
maintaining the length of chromosomal telomeres during mitosis. This pro-
tein is normally not expressed in islets of Langerhans (182). Even though 
menin has been found to be a direct repressor of TERT (183), only three 
non-functional PETs out of 30 studied displayed increased TERT expression 
(182). Neither does -catenin seem to play an important role in the tumori-
genesis of PETs, since only two out of 108 studied PETs displayed nuclear 
staining when examined immunohistochemically (184). Sequencing of exon 
3 of -catenin in these tumors did not reveal any mutations, neither did an-
other study of 33 PETs (185). 

Immunohistochemical studies show that c-Myc is expressed in all exam-
ined PETs (186-188). c-Myc expression may not only lead to proliferation, 
but also triggers apoptosis. In a mouse model that expressed c-Myc, pancre-
atic endocrine tumor growth was increased when apoptosis was inhibited by 
anti-apoptotic bcl-xL (189). Bcl-2 functions similarly to bcl-xL, and bcl-2 
overexpression has been found in 39 out of 87 (45%) immunohistochemi-
cally examined PETs (188). Divergent results have been found regarding K-
ras involvement. Four studies examining altogether 96 PETs discovered K-
ras mutation in one non-functioning tumor (171, 190-192). Two studies re-
ported K-ras mutations in seven out of twelve malignant insulinomas and 
two out of eight benign insulinomas (186, 187), and another study of a single 
non-functioning tumor revealed K-ras mutation (193). 

When CpG methylation status of eleven candidate tumor suppressor 
genes was investigated in 48 PETs, hypermethylation was detected in 
RASSF1A (75%), p16 (40%), O6-MGMT (40%), RAR-  (25%), and 
hMHL1 (23%) (169). RASSF1A at 3p21 is hypermethylated and downregu-
lated in many different tumor types, and RASSF1A loss results in decreased 
degradation of cyclin A and cyclin B (194). O6-MGMT plays a part in the 
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DNA repair, and has also been studied without detectable promoter hyper-
methylation in eleven PETs (170). Neither did this study revealed any evi-
dence of CpG hypermethylation of the RAR-  promoter, encoding a protein 
involved in apoptosis (170). The promoters of RASSF1A and O6-MGMT
were found to be methylated in 57% and 17%, respectively in yet another 
study (168). 

hMLH1 inactivation can lead to MSI, and eleven out of 48 PETs had hy-
permethylated hMLH1 promoters (169). Five of these tumors showed signs 
of MSI, comprising 10% of all investigated PETs (195). The occurrence of 
MSI was correlated to increased survival. Another investigation of 20 PETs, 
revealed no signs of MSI (142). In an investigation of the promoters of the 
cyclooxygenase 2, thrombospondin 1, T-type calcium channel, estrogen 
receptor and MEN1 genes, the CpG island of estrogen receptor was found to 
be commonly hypermethylated (60% versus 20% in normal pancreatic tis-
sue), while the promoter of the T-type calcium channel gene was hyper-
methylated in 9% of the tumors (170). 

Furthermore, both the epidermal growth factor receptor (EGFR) and 
hepatocyte growth factor receptor were found to be overexpressed in a sub-
set of gastrinomas, correlating with aggressive growth (196). EGFR was not 
detected in insulinomas or non-functioning PETS (197). HER-2/neu, an EGF 
receptor, was found to be upregulated in seven out of 29 PETs. c-Jun was 
also overexpressed in 24%, while another EGF receptor, c-erbB3, was down-
regulated in 27 out of 29 PETs (188). 

Two genes involved in the TGF  pathway, Smad3 and Smad4, have also 
been investigated in PETs. Smad3 can interact with menin (112), and 
thereby inactivate TGF  signaling. Four out of twenty studied PETs dis-
played allelic loss in the area of Smad3, but sequencing did not reveal muta-
tions (198). Smad4 has been investigated in several studies. In a study of 25 
PETs inactivating mutations of Smad4 were found in five out nine non-
functioning PETs (199). In three other studies, composing altogether 94 tu-
mors, Smad4 inactivation was found in only one tumor (171, 200, 201). 
mRNA coding for TGF R1 and TGF R2 have been found in gastrinomas 
and insulinomas, but not detected in a subset of non-functioning PETs (197) 

Some of the proteins in the AKT signaling pathway have been investi-
gated in PETs. An activated AKT pathway, through AKT phosphorylation, 
was revealed in fourteen out of twenty examined PETs, and in the same 
study was the p38 pathway found to be upregulation in ten, and the ERK 
pathway downregulated in fifteen out of the twenty PETs (163). Activation 
of AKT can occur through the actions of phosphatidylinositol, and this pro-
tein is regulated by PTEN and PIK3CA (202). The PTEN gene is a tumor 
suppressor gene, and mouse -cell mass is increased when the PTEN gene is 
inactivated (203). When the PTEN gene was investigated, one out of 33 
PETs harbored a missense mutation, and PTEN protein was expressed in 23 
out of 24 PETs (204). We have sequenced two mutation hot-spots (exon 9 
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and 20) of the protooncogene PIK3CA in fifteen PETs, without detecting 
mutations (unpublished results).  

PET tumorigenesis may also include -cell specific signaling pathways. 
Ghrelin and its receptor have both been found to be expressed in PETs (205), 
and ghrelin has been suggested to function through activation of the AKT 
pathway in -cells (206). IGF-II has been found to repress apoptosis in a 
mouse tumor cell line (207) and is expressed in PETs (208), with develop-
ment of islet hyperplasia when overexpressed in transgenic mice (209). 
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Table 1. Chromosomal losses in sporadic PETs as observed by LOH, CGH, and 
CGH microarray analyses. Only results with LOH in >20% of the tumors are 
shown. 

Chromosome Proportion of PETs with allelic loss 
1p 44% (210), 25% (211), 75% (97), 27% (144), 40% (152), 30% (145), 

31% (146), 23% (212) 
1q 88% (147), 75% (97), 20% (144), 35% (152), 44% (145), 26% (146) 
2p 20% (144), 44% (152), 36% (146) 
2q 44% (210), 22% (144), 31% (152), 31% (146) 
3p 59% (148), 30% (149), 35% (152), 25% (142), 26% (212), 62% (213), 

33% (143) 
3q 27% (148), 30% (149), 22% (144), 25% (152), 33% (212) 
4q 38% (152) 
5q 38% (152) 
6p 27% (149), 31% (152), 26% (146), 20% (212) 
6q 39% (149), 24% (144), 68% (152), 62% (150), 20% (212) 
7q 31% (152) 
8p 25% (152) 
8q 23% (149), 20% (144), 31% (152) 
9p 30% (152), 33% (171) 
10p 38% (152) 
10q 25% (149), 25% (152), 53% (204), 26% (146) 
11p 24% (214), 30% (149), 29% (144), 52% (152), 30% (146), 35% (212) 
11q 32% (214), 50% (97), 36% (149), 33% (144), 66% (152), 43% (146), 

45% (142), 55% (215), 29% (212), 28% (213), 47% (98), 79% (96) 
12p 25% (152) 
12q 25% (152), 26% (146) 
13p 38% (152) 
13q 38% (152) 
14p 25% (152) 
14q 25% (152) 
15p 44% (152), 20% (198) 
15q 44% (152), 27% (146) 
16p 33% (211), 38% (152), 33% (146), 33% (212) 
16q 44% (152), 29% (146) 
17p 38% (152), 35% (142), 38% (171) 
18p 27% (146) 
18q 30% (146), 35% (142), 33% (171), 22% (152) 
19q 38% (152) 
20p 25% (152) 
20q 56% (152) 
21p 50% (152) 
21q 50% (152) 
22p 38% (152) 
22q 93% (151), 38% (152), 44% (146), 29% (212) 
Xp 24% (214), 32% (146), 38% (216), 82% (217) 
Xq 24% (214), 25% (149), 20% (144), 27% (146), 31% (216), 100% (217) 
Y 23% (149), 36% (144) 
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Table 2. Chromosomal gains in sporadic PETs as observed by CGH and CGH mi-
croarray analyses. Only results with allelic gain in >20% of the tumors are shown. 

Chromosome Proportion of PETs with allelic gain 
4p 50% (211), 22% (144) 
4q 50% (211), 22% (144) 
5p 40% (214), 50% (211), 23% (149), 24% (144), 30% (146) 
5q 44% (210), 40% (214), 50% (211), 32% (149), 31% (144) 
7p 50% (211), 27% (149), 33% (144), 30% (146) 
7q 50% (211), 43% (149), 40% (144), 29% (146) 
9p 33% (211), 47% (146) 
9q 44% (214), 42% (211), 27% (149), 31% (144) 
12p 56% (210), 58% (211), 26% (146) 
12q 56% (210), 66% (211), 25% (149), 24% (144) 
13p 33% (211) 
13q 33% (211) 
14p 56% (214), 50% (211) 
14q 44% (210), 56% (214), 50% (211), 32% (149), 24% (144), 26% (146) 
15q 44% (210) 
17p 44% (210), 40% (214), 42% (211), 27% (149) 
17q 40% (214), 75% (211), 41% (149), 31% (144) 
18p 32% (214), 25% (211) 
18q 44% (210), 32% (214), 67% (211) 
19p 44% (210), 60% (214), 33% (211) 
19q 44% (210), 60% (214), 33% (211), 26% (146) 
20p 56% (210), 25% (211), 32% (146) 
20q 56% (210), 48% (214), 25% (211), 27% (149), 22% (144) 
21q 26% (146) 
22p 25% (211) 
22q 25% (211) 
Xp 25% (149) 
Xq 23% (149) 
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Aims of the study 

The specific aims of the study were: 

to investigate whether the MEN1 gene was mutated in sporadic 
PETs. (Paper I) 

to investigate whether the Smad4 gene was mutated in sporadic and 
MEN1-related PETs, and to determine the frequency of LOH on 
chromosome 3p, 11q, and 18q in relation to malignancy. (Paper II) 

to investigate whether the WNT7A and HDAC11 constitute poten-
tial tumor suppressor genes in sporadic PETs. (Paper III) 

to investigate whether the mRNA expression of p15, p18, and p27 
in sporadic PETs is related to MEN1 mutational status. To investi-
gate whether the p15 gene was mutated or hypermethylated in the 
tumors. (Paper IV) 

to investigate CDK4 mRNA and protein expression in relation to 
MEN1 mutational status. To look for mutations in coding parts of 
the CDK4 gene in sporadic PETs. To investigate the protein ex-
pression of c-Myc and CDK4. (Paper V) 
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Materials and Methods 

Summary of materials and methods 

Patients and tumors 

(Paper I-V) 
All patients, tissue specimen, and clinical data were recruited and collected 
in the clinical routine at the Department of Surgery, Uppsala University 
Hospital, with informed consent and approval of ethical committee. 

Twenty-two PETs from twenty patients with sporadic tumors, and sixteen 
PETs from eleven patients with the MEN1 syndrome, were collected for 
paper I-V. In paper V, fifteen additional sporadic PETs were investigated for 
sequencing of the CDK4 gene.  

All patients have been carefully examined for features of the MEN1 syn-
drome, and specimens for signs of malignancy. The sporadic benign tumors 
consisted of insulinomas, and all sporadic malignant tumors had either me-
tastases or evident growth into adjacent organs. Two tumors in paper II were 
classified as equivocal, since these criteria for malignancy was not entirely 
met. According to the WHO-classification these tumors would be classified 
as low grade malignant (218). 

Two of the MEN1-related patients displayed signs of malignancy. The 
pancreatic specimens of MEN1-patients often harbored multiple adenomas 
and microtumors (2), and which of the tumors that was the origin of metasta-
ses was not obvious. The PETs from MEN1 patients, without signs of ma-
lignancy at the time of the operation, were considered benign, but these pa-
tients may develop malignant tumors during follow-up, and all MEN1 tu-
mors have malignant potential, including insulinomas. 

DNA and cDNA preparation 

(Paper I-V) 
Patients with PETs were operated on, and tumors were snap-frozen in liquid 
nitrogen in connection to the operation, and blood was collected. Tissue was 
stored in -70 °C and blood in -20 °C. The specimens were microdissected in 
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a cryostat to avoid gross contamination. DNA was extracted using proteinase 
K/sodium dodecyl sulfate and phenol/chloroform extraction. 

Total mRNA was prepared from frozen tissue using TRIzol Reagent 
(Gibco BRL, Life Technologies) according to the manufacturer’s instruc-
tions. mRNA was treated with RQ1 DNase I (Promega Corp) and proteinase 
K. Reverse transcriptase PCR was performed with random nucleotide prim-
ers using First-strand cDNA synthesis kit (GE Healthcare) according to the 
manufacturer’s instructions.  

LOH studies 

(Paper I & II) 
DNA from tumors and tumor-free tissue (normal pancreas, spleen or blood) 
from the same patient were examined. Different polymorphic markers in the 
areas of interest were used, and the primers were marked with the radionu-
cleotide 32P for analyses of chromosome 3p and 11q, and end-labeled with 
fluorescent dye for 18q studies. PCR reaction was carried out with 20ng of 
genomic DNA, 0.2 U Taq Polymerase, 1xPCR buffer, 1.5 mM MgCl2, 0.1 
mM of each dNTP, and 2 pmoles of each primer. After an initial denatura-
tion at 95 °C for 4 minutes, 27 cycles of annealing at 55 °C for 30s, exten-
sion at 72 °C and denaturation at 95 °C for 30s with a final extension at 72 
°C for 7 minutes was performed. 32P marked PCR products were mixed with 
formamide and denaturated for 5 minutes at 80°C, electrophoresed on a 
4.5% polyacrylamid gel, and quantified on a PhosphorImager (Molecular 
Dynamics). PCR with fluorescent marked primers were conducted with the 
same conditions as with 32P marked primers. The fluorescent PCR fragments 
were resolved on an ABI 310 instrument, with GeneScan 350 TAMRA as 
size marker, and quantified with GeneScan software (Applied Biosystems 
Inc.). PCR products from tumor DNA and constitutional DNA were com-
pared. In paper I allelic signal decrease of at least 70% was considered as 
LOH, while in paper II decreased allelic signal of 50% or more was consid-
ered as LOH. 

Direct sequencing 

(Paper I-V) 
Previously published primers for paper I and paper II are no longer available 
at corresponding internet sites. Therefore, these are included in Table 3. The 
internet-based software program Primer3 was used for designing primers for 
paper V (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). All 
coding exons, as well as splice sites, of all genes of interest were investi-
gated.
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Table 3. Primers used for MEN1 and Smad4 gene sequencing in Paper I and II 

  Sequence 

MEN1 exon 2 Fw TTA GCG GAC CCT GGG AGG AG 
 Rev GGC GGC GAT GAT AGA CAG GTC 
MEN1 exon 2 Fw CTG GCG GCC TCA CCT ACT TTC 
 Rev CAT GGA TAA GAT TCC CAC CTA CTG G 
MEN1 exon 3 Fw GCA CAG AGG ACC CTC TTT CAT TAC 
 Rev TGG GTG GCT TGG GCT ACT ACA G 
MEN1 exon 4 Fw GGG CCA TCA TGA GAC ATA ATG 
 Rev CTG CCC CAT TGG CTC AG 
MEN1 exon 5 and 6 Fw CCT GTT CCG TGG CTC ATA ACT C 
 Rev CTC AGC CAC TGT TAG GGT CTC C 
MEN1 exon 7 Fw GGC TGC CTC CCT GAG GAT C 
 Rev CTG GAC GAG GGT GGT TGG 
MEN1 exon 8 Fw GTG AGA CCC CTT CAG ACC CTA C 
 Rev TGG GAG GCT GGA CAC AGG 
MEN1 exon 9 Fw GGG TGA GTA AGA GAC TGA TCT GTG C 
 Rev TGT AGT GCC CAG ACC TCT GTG 
MEN1 exon 10a Fw CGG CAA CCT TGC TCT CAC C 
 Rev GCC CTT CAT CTT CTC ACT CTG G 
MEN1 exon 10b Fw TGC CAG CAC CCG CAG CAT C 
 Rev CCC ACA AGC GGT CCG AAG TCC 
   
Smad4 Exon 2 Fw CGT TAG CTG TTG TTT TTC ACT G 
 Rev AGA GTA TGT GAA GAG ATG GAG 
Smad4 Exon 3 Fw TGT ATG ACA TGG CCA AGT TAG 
 Rev CAA TAC TCG GTT TTA GCA GTC 
Smad4 Exon 4 Fw CTG AAT TGA AAT GGT TCA TGA AC 
 Rev GCC CCT AAC CTC AAA ATC TAC 
Smad4 Exon 5  Fw TTT TGC TGG TAA AGT AGT ATG C 
 Rev CTA TGA AAG ATA GTA CAG TTA C 
Smad4 Exon 6 and 7 Fw CAT CTT TAT AGT TGT GCA TTA TC 
 Rev TAA TGA AAC AAA ATC ACA GGA TG 
Smad4 Exon 8 Fw TGA AAG TTT TAG CAT TAG ACA AC 
 Rev TGT ACT CAT CTG AGA AGT GAC 
Smad4 Exon 9 Fw TGT TTT GGG TGC ATT ACA TTT C 
 Rev CAA TTT TTT AAA GTA ACT ATC TGA 
Smad4 Exon 10 Fw TAT TAA GCA TGC TAT ACA ATC TG 
 Rev CTT CCA CCC AGA TTT CAA TTC 
Smad4 Exon 11 Fw AGG CAT TGG TTT TTA ATG TAT G 
 Rev CTG CTC AAA GAA ACT AAT CAA C 
Smad4 Exon 12 Fw CCA AAA GTG TGC AGC TTG TTG 
 Rev CAG TTT CTG TCT GCT AGG AG 

PCR reamplification was conducted if the primary PCR reaction resulted in 
low yield, and dimethylsulfoxide addition to the PCR reaction was used if 
necessary. One strand was examined for mutations, but in case of suspected 
mutations both strands were sequenced. Verification of detected mutations 
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was conducted through repetition of the PCR reaction and subsequent re-
evaluation of the sequence. 

For paper I, ABI Prism Dye Terminator Cycle Sequencing Ready Reac-
tion kit was used for the sequence reaction, and analyses were done on an 
ABI373 (Applied Biosystems). In paper II, an ABI Prism BigDye Termina-
tor Cycle Sequencing Ready Reaction was used for the sequence reaction 
and analyzes were conducted on an ABI 310 (Applied Biosystems). For pa-
per III-V, amplified PCR fragments were subjected to sequencing on a 
3130XL Genetic Analyzer using a BigDye Terminator v3.1 Cycle Sequenc-
ing Ready Reaction Kit (Applied Biosystems). 

Statistical analysis 

(Paper II) 
Statistical analyses were conducted with Statistica for Windows 5.1 
(Statsoft, Inc.) in paper II. Fisher’s exact test was used for statistical analyses 
and p<0.05 was considered significant. 

Immunohistochemistry 

(Paper III & V) 
Six m tissue cryosections were acetone fixed, and blocked with 0.3% H2O2
in PBS to reduce endogenous peroxidase activity, followed by blocking with 
avidin-biotin blocking kit and normal goat or horse serum. In paper III, 
WNT7A goat polyclonal antibody sc-26360 (Santa Cruz Biotechnology Inc) 
and HDAC11 rabbit polyclonal antibody ab18973 (Abcam) were diluted 
1:40 and incubated for 90 minutes. In paper V, CDK4 rabbit polyclonal anti-
body sc-601(Santa Cruz Biotechnology Inc) and c-Myc rabbit polyclonal 
antibody sc-789 (Santa Cruz Biotechnology Inc) were diluted 1:160 and 
1:50, respectively, and incubated for 90 minutes. Polyclonal rabbit synapto-
physin antibody was diluted 1:100 and incubated for 90 minutes. Bioti-
nylated goat anti-rabbit antibody was used as a secondary antibody against 
rabbit polyclonal antibodies, whereas biotinylated horse anti-goat antibody 
was used as a secondary antibody against the goat WNT7A antibody. Sec-
ondary antibodies were applied for 30 minutes, and then developed with 3-
amino-9-ethylcarbazole followed by counterstaining with Mayer’s hema-
toxylin. 

Negative controls, where slides with tumors/tumor-free pancreas were 
treated with all steps, except with primary antibodies, did not reveal falsely 
positive staining with any of the used antibodies. Additional control of the 
CDK4-staining, where the antibody had been treated with an excess of im-
munizing peptide, did not reveal falsely positive staining either. 
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Real-time quantitative PCR 

(Paper IV & V) 
Primers were constructed using Primer3 (http://frodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi). PCR was carried out using iQ SYBR Green 
Supermix on MyiQ Single-color Real-time PCR detection System (Bio-Rad 
Laboratories). Each sample was analyzed in triplicate. For cDNA studies, 
standard curves for the genes of interest were constructed by dilution of a 
PCR fragment. The values for the gene of interest were divided with those of 
28S rRNA that was used as comperative control. The results for gene copy 
number of the p15 and CDK4 genes were related to copy numbers of the 
FC RI gene at 11q13 and the NPC1 gene at 18q11. 

Pyrosequencing methylation analysis 

(Paper IV) 
DNA was bisulphite treated. Primers and sequencing primer were con-
structed by Biotage AB according to their standards. PCR was conducted for 
45 cycles with 10 pmoles of primer, 200 M of dNTP, and Platinum Taq 
Polymerase (Gibco BRL, Life Technologies Inc) in a 50 l reaction. Anneal-
ing temperature varied between 51-58 °C, and MgCl2 concentration varied 
between 1.5-3.0 mM. Pyrosequencing methylation analysis was conducted 
according to the manufacturer’s specifications, on the PSQ HS 96 system 
(Biotage AB). The complete experiment was performed twice, and similar 
results were obtained. Two CpG sites with more than 5% methylation were 
considered positive. 

Western blot analysis 

(Paper V) 
Protein extracts were prepared from 20 consecutive frozen tissue sections in 
Cytobuster Protein Extract Reagent (Novagen Inc.) supplemented with 
Complete protease inhibitor cocktail (Roche Diagnostics). Polyclonal rabbit 
antibodies against CDK4 (sc-601) and –tubulin (sc-9104) were used (Santa 
Cruz Biotechnology Inc). Anti-rabbit antibody from donkey (GE Healthcare) 
was used as secondary antibody, and bands were visualized using the en-
hanced chemiluminescence system (GE Healthcare). 
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Results and discussion 

Paper I 

Mutation of the Multiple Endocrine Neoplasia Type 1 gene in 
nonfamilial, malignant tumors of the endocrine pancreas 
The MEN1 gene has been localized to 11q13, and was cloned in 1997 (86, 
87). Since PETs are one of the characteristic manifestations of the MEN1 
syndrome, we set out to study eleven sporadic malignant tumors. The nine 
coding MEN1 gene exons were sequenced in two glucagonomas and nine 
non-functioning tumors, and LOH was done on the same specimens except 
for one non-functioning tumor. Both glucagonomas and five out of eight 
non-functioning tumors displayed LOH. Two nonsense mutations were 
found: E397Stop (GAG/TAG) and R420Stop (CGA/TGA), formerly named 
E392Stop and R415Stop, and one missense mutation: L89R (CTC/CGC). 
Since the publication of our results, the amino acid numbering has changed 
because alternative transcripts have been shown to include five additional 
amino acids between former amino acid 148 and 149. In the study we also 
detected two previously known polymorphisms. All tumors with mutation 
displayed LOH.  

The primer design did not allow for analysis of the intron branch point 
sequence for exons 3, 4, 5, 7, 8, 9, and 10. We also could not evaluate the 
last two amino acids and the consensus 5´ splice site of exon 2, since the 
presence of an alternative transcript, which included five extra amino acids 
in the end of exon 2, was unknown at the time. Consequently, inactivating 
mutations in these parts of the MEN1 gene can not be excluded. 

Today, almost 500 unique somatic and germline MEN1 gene mutations 
are known. These are evenly distributed, with no mutational hot-spots, on 
the protein coding region and its exon/intron borders, most commonly result-
ing in a truncated protein (89, 92). The three mutations described here are 
presumed to restrict menin's interaction with other proteins, in accordance 
with menin functioning as a tumor suppressor. Both the E397Stop and 
R420Stop mutations truncate menin, leaving out the nuclear localization 
signals and interaction sites for many of menin’s known partners (107). The 
L89R mutation exchanges a hydrophobic leucine residue for a basic argin-
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ine, which may alter the tertiary structure of menin in a part that is important 
for binding to Smad3. In addition, most missense mutations lead to greatly 
decreased menin expression in affected cells, possibly as a consequence of 
increased degradation by the ubiquitin-proteasome pathway (107). 

Sequestering of menin in the cytoplasm, at the S and early G2 phase, has 
been suggested to occur through binding to the intermediate filament net-
work (219). When localized to the cell nucleus, menin interacts with several 
partners, including JunD, HDAC, NF- B, Smad3, and double-stranded 
DNA, to regulate transcription (107). Regulation of proteins, such as CDK4, 
has been shown, as well as transcriptional activation of the p18 and p27
genes (92, 107, 113, 220). 

Smad3 is involved in the TGF  pathway. Menin-ablated cells, exhibiting 
decreased TGF 2 receptor expression, have been shown to lose sensitivity to 
TGF 1-mediated inhibition of proliferation (113). Menin inhibits the binding 
of the Smad3/Smad4 complex to DNA, subsequently inhibiting transcription 
of their target genes (112).  

NF- B target genes are often up-regulated in tumors (107, 111). Menin 
interacts with different members of the NF- B family, which normally are 
responsible for stress induced transcription. Menin has been proposed to 
function as a repressor, or recruiter of repressors, of these proteins, e.g. by 
recruiting HDACs (110). JunD is another target for menin repression (104) 
where the proposed mechanism of repression includes recruitment of 
HDACs through association with mSin3a (105). Menin also interacts with 
CHES1, a member of a transcriptional repressor complex that also include 
mSin3a, HDAC1, and HDAC2 (221). Two JunD transcripts exist, where one 
is capable of binding menin. In its normal state, bound to menin, JunD is as a 
growth repressor, but when detached from menin, JunD acts as a growth 
promoter (107). 

In hematopoiesis, menin has been proposed to function in a complex with 
MLL, a protein family that is deregulated in leukemia. The MLL/menin 
complex regulates several HOX-genes through histone H3 Lysine 4 methyla-
tion (118). MLL and menin have also been shown to regulate expression of 
the CKIs p18 and p27, by increasing methylation of histone H3 Lysine 4 (47, 
117). Mutation of the MEN1 gene may thus interfere with several signaling 
pathways during tumor development.  
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Paper II 

Genetic alterations on 3p, 11q13, and 18q in nonfamilial and MEN1-
associated pancreatic endocrine tumors 
The incidence of allelic loss on chromosome 3p, 11q, and 18q was studied in 
38 PETs from 31 patients, where 20 had sporadic tumors and eleven the 
MEN1 syndrome. 

Sporadic tumors from nine out of twelve and ten out of twelve patients 
displayed allelic loss of 3p and 11q13, respectively. All six benign sporadic 
insulinomas displayed retained alleles at these loci. Allele loss at 18q was 
present in one benign insulinoma, and in tumors from three patients with 
sporadic malignant disease. One out two patients with a sporadic disease 
with equivocal signs of malignancy displayed loss at 11q and 18q, whereas 
the other patient showed retained alleles in all examined loci.

Ten out of eleven patients with the MEN1 syndrome showed LOH at 
11q13. One MEN1-patient with metastases displayed LOH on 3p in two out 
of three examined tumors, whereas 18q alleles were retained in all tumors 
from both patients with a malignant MEN1 syndrome. 

We observed an increased LOH rate at 3p in malignant tumors compared 
to benign tumors (p<0,01), which also has been reported by other groups 
(143, 148, 149). We suggest that the high incidence of allelic loss of this area 
is associated with the existence of a tumor suppressor gene involved in PET 
formation. One tumor (S31, 5773) had allele loss on only one of the microsa-
tellites at 3p, namely D3S1038, whereas another tumor (M5, 721.2) had 
retained alleles at the D3S1317 locus, but displayed allelic loss centromeric 
of this microsatellite. This restricts the area of interest to 12.1 Mb between 
markers D3S1317 and D3S1293. Chung et al presented data from a subset of 
PETs, two of which have properties that makes it possible to further restrict 
this area of interest. One tumor displayed LOH telomeric of D3S1110, and 
another tumor had LOH between RAF1 and D3S1339 (143). This means that 
there are two areas of interest at 3p: one between RAF1 and D3S1293, and 
one between D3S1317 and RAF1, encompassing approximately 9.8 Mb and 
2.3 Mb respectively. In the latter area, the PPAR  gene has been excluded 
from functioning as a potential tumor suppressor gene in PETs (161). VHL, 
situated telomeric of these regions, has also been excluded (143). 

Speel et al (149) described loss at 11q (36%) and 11p (30%) in 44 PETs, 
and Stumpf et al (214) reported loss at 11q in eight and 11p in six out of 25 
investigated PETs. There are several chromosomal regions of interest in 
addition to the MEN1 locus on chromosome 11q13. A region just telomeric 
of MEN1 has been suggested to harbor a tumor suppressor gene (215). In our 
study, microsatellites covering 24 Mb of chromosome 11q were used. Three 
tumors displayed partial deletions in this region. One of the tumors from 
patient M3 (382.22) retained the INT-2 marker, while the PYGM microsatel-
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lite marker displayed allelic loss. Likewise, tumor 3537 from patient S22 
showed loss only at the MEN1 locus, and tumor 5773 from patient S31 re-
tained both alleles at the D11S906 marker, telomeric to the MEN1 gene. All 
tumors with LOH at 11q13 in our study showed deletions that encompassed 
the MEN1 gene. Only two out of fourteen malignant sporadic tumors dis-
played retained 11q alleles, while all six benign sporadic tumors had retained 
alleles. There was a significant difference between allelic loss at 11q13 in 
benign versus malignant sporadic tumors (p<0.01). Low incidence of MEN1 
gene involvement in benign PETs has also been reported by Cupisti et al, 
who found no evidence of inactivating mutations in 24 benign insulinomas 
(222).

We found LOH at 18q to be rarer than LOH at 3p and 11q. Only five spo-
radic tumors (one benign and four malignant) and four MEN1-related tumors 
(from three patients without signs of malignancy) had 18q loss. All tumors 
from the two MEN1 patients with metastases retained 18q. Allelic loss at 
18q is not common in PETs. Less than 20 % of the studied PETs displayed 
LOH at 18q in three CGH studies (149, 210, 214). A BAC array CGH 
showed deletion of 1.65 Mb at 18q23 in 30% of 27 insulinomas (146), while 
two LOH studies displayed LOH of 18q in 33% and 35%, respectively (142, 
171).

The TGF  pathway is involved in several cellular functions, i.e. induction 
of apoptosis, inhibition of proliferation and induction of mesenchymal tran-
sition which may promote invasiveness (33). Activation of the TGF  path-
way results in the formation of a Smad protein complex that induces, or re-
presses, transcription of hundreds of genes. Up-regulated production of fac-
tors from the TGF  family and/or mutations in the downstream effectors are 
common in many tumor types (68). Menin has been found to interact with 
Smad3, but sequencing of the Smad3 gene did not reveal any mutations in 
PETs (198). Both the Smad2 and Smad4 genes are tumor suppressor genes 
situated on 18q21 (33). Exocrine pancreatic tumors, as well as other tumor 
types, exhibit Smad4 inactivation in a large proportion of the tumors (68). 

We performed sequencing of all eleven coding exons of the Smad4 gene 
in all tumors with identified LOH at 18q, and no mutations were found. 
These results were presented in parallel to Bartsch et al (199) that published 
a study on 25 PETs where five of nine non-functioning tumors harbored 
inactivating mutation in the Smad4 gene (two missense mutations, one non-
sense mutation, one intragenic deletion, and one homozygous deletion). 
There are also several other publications on Smad4 in PETs. Moore et al 
found LOH at 18q in thirteen out of 40 (32%) PETs, with normal Smad4 
expression and unaltered Smad4 gene coding sequence (171). Scarpa et al 
(201) studied PETs from 20 patients and found quenched Smad4 expression 
in only one tumor. Perren et al (200) examined 34 PETs using immunohisto-
chemistry, LOH, and fluorescence in situ hybridization analysis without 
finding any Smad4 aberrations. There are several possible reasons why the 
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different studies report incongruous results regarding the role of Smad4 in 
PET tumorigenesis: 1) Bartsch et al accidentally included exocrine pancre-
atic tumors in their study 2) The true incidence of Smad4 inactivation in 
PETs is 6/150 (4%), and of altogether 150 examined tumors five of the six 
tumors with inactivation were included in the study by Bartsch et al. 3) stud-
ies may have been performed on endocrine tumors of different origin. The 
poorly differentiated neuroendocrine carcinoma is an uncommon form of 
PET with more aggressive features than the classical PETs.  

In our set of tumors we found no evidence indicating a tumor suppressor 
function of Smad4. Nevertheless, the observed LOH at 18q indicates that a 
hitherto unidentified tumor suppressor gene is situated in this region. Several 
potential tumor suppressor genes, identified in other tumor types, are situ-
ated at 18q21. The deleted region encompasses 25.4 Mb, reaching from 
D18S460 to D18S467, which involve tumor suppressors (the Smad2 and 
Smad4 genes), oncogenes (the bcl2 and Smad7 genes) as well as more than a 
hundred genes with unknown tumorigenic potential. 

Paper III 

Mutational analyses of WNT7A and HDAC11 as candidate tumour 
suppressor genes in sporadic malignant pancreatic endocrine tumours 
As described above, LOH at 3p25 correlates to a malignant phenotype in 
PETs. This region covers approximately 9.3 million nucleotides between 
D3S1317 and D3S1293, including 63 genes according to the present consen-
sus coding sequences. Only a few of these genes are known tumor suppres-
sors, e.g. the VHL and PPAR  genes that lies on the telomeric border of this 
area. Neither of these appears to function as tumor suppressor genes in PETs 
according to previous studies (143, 161). We have examined the CpG island 
of the VHL gene by methylation-specific PCR in ten sporadic tumors from 
eight patients, but no aberrant methylation could be detected (results not 
shown). Here, we investigate two additional potential tumor suppressor 
genes in this chromosomal region: the WNT7A and HDAC11 genes. 

WNT7A has been shown to function as tumor suppressor gene in lung 
tumors, where WNT7A regulates the E-cadherin expression (128, 129, 131). 
The HDAC11 gene is situated telomeric of the WNT7A gene. HDAC11 
functions in a complex with HDAC6 (138), and loss of HDAC6 mRNA ex-
pression has been correlated to breast tumor size. 

To investigate whether WNT7A and HDAC11 constitutes potential tumor 
suppressor genes in PETs, we examined ten tumors from eight patients with 
LOH at 3p25. WNT7A and HDAC11 were expressed in both exocrine pan-
creas and in islets of Langerhans when tumor-free pancreas was examined 
immunohistochemically. The CpG island of WNT7A did not display hyper-
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methylation in any tumor. Sequencing of both genes, including all coding 
exons and RNA splice sites, did not reveal any mutations in the tumors. To 
further exclude WNT7A and HDAC11 from being downregulated in tumors, 
all tumors were examined immunohistochemically. All tumors exhibited 
positive staining for both WNT7A and HDAC11. 

Although haploinsufficiency for WNT7A or HDAC11 may in principle 
contribute to PET tumorigenesis, our findings indicate that neither WNT7A 
nor HDAC11 function as a classical tumor suppressor in PETs.  

Consequently, a putative tumor suppressor gene has yet to be identified 
on chromosome 3p25. Other candidate genes in this chromosomal region 
include the ZNF659 gene, which has been found to carry missense mutations 
in two colorectal tumors (223), and microRNA 563, a microRNA with un-
known properties. We have sequenced the gene for microRNA 563 in 32 
PETs, and found no mutations (unpublished results). ZNF659 is a zinc finger 
protein, and has likely capacity to bind DNA and/or RNA. This gene con-
sists of eight coding exons, and both mutations identified so far are located 
in the last exon and does interfere with the zinc finger consensus sites. 

Paper IV 

Evaluation of CDKN2C/p18, CDKN1B/p27, and CDKN2B/p15 mRNA 
expression and CpG methylation status in sporadic and MEN1-
associated pancreatic endocrine tumors 
Menin has been found to regulate p18 and p27 expression. p18 inhibits the 
phosphorylation of Rb by the cyclin D-CDK4/6 complex (44), and p27 by 
the cyclin E/CDK2 complex (48). Pancreatic islet hyperplasia has been de-
scribed both in p18 and p27 knock-out mice, while double knock-out mice 
developed a variety of endocrine tumors, mimicking the MEN1-syndrome 
(45, 122). 

In mouse fibroblasts, Milne et al showed that menin, in complex with 
MLL, binds the promoter regions of p18 and p27. They also reported that 
reduced expression of either MLL or of menin caused decreased p18 and 
p27 expression (117). Karnik et al also described association of menin to the 
p18 and p27 promoters (47). They harvested islets of Langerhans, from mice 
with a single functional MEN1 gene, at different time points, and found that 
islet hyperplasia developed after seven months. The mRNA levels of p18 
and p27 were decreased at 18 weeks, and totally extinguished at 40 weeks. 
At that time, p19 mRNA expression was unaltered while p15 and p21 were 
decreased, and CDK4 greater than before. Increased lysine Histone 3 Lysine 
4 methylation at the p18 and p27 promoters was detected in the presence of 
menin.
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Expression levels of p15, p18, and p27 have not been compared previ-
ously in PETs, in relation to MEN1 gene mutational status. We therefore 
determined relative mRNA expression levels of p15, p18, and p27 in eight-
een PETs from sixteen patients with known MEN1 mutational status, includ-
ing LOH at 11q13. 

None of the eighteen tumors showed hypermethylation of the p18 pro-
moter, and p18 mRNA expression was detected in all but three tumors. One 
of these was a sporadic malignant insulinoma with LOH at 11q13 but no 
detected MEN1 gene mutation, another was a metastasis from a sporadic 
non-functioning tumor with 11q13 loss with no detected MEN1 mutation in 
the primary tumor, and the third was an insulinoma with 11q13 loss from a 
MEN1-patient without signs of malignancy at the time of surgery. No gen-
eral correlation between MEN1 gene/11q13-status and p18 mRNA expres-
sion was found, but menin deregulation might still be involved in the extin-
guished expression of p18 in these three tumors. This is the first study re-
porting on p18 expression in human PETs. 

p27 mRNA expression was detected, and even higher, in all eighteen tu-
mors, compared to normal pancreatic tissue. No correlation between MEN1 
gene/11q13-status and p27 mRNA expression was found, and hypermethyla-
tion of the p27 gene CpG island was not present. Several previous studies 
have investigated p27 expression in PETs, albeit not correlating the findings 
to the MEN1 gene status. Metastases commonly show p27 expression, while 
more indolent tumors have been reported to lack p27 expression (175). 
Overexpression of p27 in PETs has also been reported, which is in tune with 
our findings (173). Chang et al however reported decreased p27 mRNA ex-
pression in malignant PETs as compared to apparently benign non-
functioning PETs (176), and Milne et al reported somewhat decreased p27 
expression in PETs from MEN1-patients as compared to non-neoplastic 
islets of Langerhans from the same seven individuals (117). In another study 
of MEN1 knock-out mice, the p27 expression was normal in 23 % of the 
examined insulinomas (120). These results implicate that the p27 downregu-
lation is not obligatory in MEN1-related tumorigenesis, and other pathways 
consequently need to be involved. Pellegata et al suggested that germline 
p27 mutations, rather than MEN1 gene mutations can predispose to the de-
velopment of a MEN1-like phenotype (53). 

Eight of the eighteen tumors did not express p15 mRNA, and this did not 
generally relate to the MEN1 gene/11q13-status. In two cases of non-
functioning sporadic tumors, p15 mRNA expression was detected in the 
primary tumors, but not in the corresponding metastases. Two out of three 
tumor-free pancreatic tissues did not express p15. Thus, p15 is silent in some 
PETs and clearly expressed in others, regardless of MEN1 gene mutational 
status. Biallelic deletion has been observed for p16 in some PETs (165), but 
the p15 gene was not deleted in any of our tumors as demonstrated by quan-
titative PCR. We found p15 CpG island hypermethylation in two tumors 
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with silent expression, one benign and one malignant sporadic insulinoma. 
Non-detectable p15 mRNA expression has been reported in PETs (172), and 
treatment of the human endocrine cell line QGP-1 with the demethylating 
agent decitabine activated p15 mRNA expression (172). Whether this was 
due to CpG- or lysine H3K9 demethylation, or other epigenetic mechanisms, 
is not known. Sequencing of the p15 gene in the eighteen tumors did not 
reveal inactivating mutations. Furthermore, the three tumors lacking p18 
mRNA expression also showed undetectable p15 expression. 

Whether p18 and p15 functionally cooperate in the repression of cy-
clin/CDK-complexes is not known. Sotillo et al suggested that the only tu-
morigenic function of p18 is inhibition of CDK4, based on results from a 
mouse knock-out model (224). When combining p18 or p27 knock-out mice 
with MEN1 knock-outs, it was found that deletion of the p18 gene, but not 
of the p27 gene, led to increased tumor formation. The p27 gene deletion 
was even found to have a protective function on -cell proliferation when 
introduced into mice lacking menin (122). 

In conclusion, p15, p18, and p27 were expressed in many or all of the in-
vestigated tumors, and the undetected expression of p18 in three tumors 
could be related to menin inactivation. Undetectable p15 expression could be 
caused by menin inactivation in some tumors and/or promoter hypermethyla-
tion in others. 

Paper V 

CDK4 is overexpressed in pancreatic endocrine tumors regardless of 
MEN1 mutational status  
As previously outlined, mouse pancreatic islets with deleted MEN1 gene 
have increased CDK4 mRNA levels (47), and shutting down MEN1 mRNA 
expression in a rat duodenal cell line resulted in increased mRNA levels of 
CDK4 and cyclin D1, but unaltered cyclin D3 levels (113). CDK4 binds to a 
D-cyclin, and subsequently phosphorylates Rb. CDK6 has been suggested to 
function similarly to CDK4 but immunohistochemistry revealed low CDK6 
staining in PETs (162). 

When we determined the CDK4 mRNA levels in eighteen PETs, we 
found similar or increased CDK4 mRNA levels as compared to the pancre-
atic control tissue. There was however no difference in CDK4 mRNA levels 
when PETs with different MEN1/11q13-status were compared. CDK4 is not 
expressed in normal pancreatic islets as reported by western blot analysis 
and immunohistochemistry (225). 

Immunohistochemistry revealed CDK4 expression in all eighteen tumors, 
and not in normal islets as expected. CDK4 expression was confirmed by 
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Western blot analysis of a subset of the tumors. CDK4 gene amplification 
was excluded by using quantitative PCR.  

A germline point mutation in the CDK4 gene, where an amino acid in po-
sition 24 is altered, impedes binding to p16 and induces PETs in mice (29). 
The corresponding human germline mutation is associated with familial 
melanoma (28). An increased incidence of pancreatic tumors in families with 
this mutation has not been observed (226). However, MEN1 mutations have 
been detected in sporadic melanomas (227). We sequenced all coding CDK4 
exons in fifteen PETs, and found no mutations. 

The identified increased CDK4 expression in PETs is possibly a result of 
altered regulation by menin, or more likely by other factors. For example, c-
Myc is overexpressed in all examined PETs (186-188), and regulates CDK4 
expression directly by binding to the promoter region (76). Therefore, we 
investigated c-Myc expression in our PETs and found overexpression in all 
tumors. Immunohistochemically stained successive tumor sections showed 
that c-Myc and CDK4 expression was clearly overlapping. 

In summary, we find that CDK4 is overexpressed in all the eighteen 
PETs, possibly caused by c-Myc overexpression. CDK4 overexpression 
could result in augmented kinase activity, increased Rb phosphorylation, and 
subsequent initiation of DNA replication. Acetylation of a lysine residue in 
the CDK docking site of Rb in response to DNA damage has been shown to 
hinder Rb phosphorylation (228). The acetylation status of this residue is not 
known in PETs. Whether increased CDK4 expression, and in some PETs 
also increased cyclin D1 expression, is sufficient to induce cell proliferation 
is not known. 
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Concluding remarks 

The MEN1 syndrome, well-known since long time, is caused by inactivating 
mutations of the MEN1 gene on chromosome 11q13 (2). In paper I, we es-
tablished the fact that mutations of the MEN1 gene is involved also in the 
tumorigenesis of sporadic PETs. Large effort has been invested in research 
of the MEN1 gene, since the cloning in 1997 (86), and several functions 
have been ascribed to the menin protein (92). Truncating mutations of menin 
are most common in tumor development, but no mutational hot-spots can be 
found (89). Some menin mutations interfere with binding to different regula-
tory factors that have been found to promote proliferation on their own. For 
example, mutation of amino acid residue 255 potentially disrupts interaction 
with Smad3, nm23, FANCD2, and HDAC1, as well as disrupting a leucine 
zipper-like motif with unknown properties (107). In addition, many missense 
mutations cause increased and rapid protein degradation by the ubiquitin-
proteasome pathway (125). Whether the missense mutation observed in the 
PETs (paper I) lead to rapid degradation or interfere with the binding to spe-
cific factors remain to be established.  

Inactivation of menin leads to inhibition of the TGF  growth-inhibitory 
response, through diminished Smad3 interaction (112), and decreased TGF
signaling may in turn lead to increased c-Myc expression (68), which is 
commonly observed in PETs (paper V). Furthermore CDK4, which is over-
expressed in PETs (paper V), can phosphorylate Smad3 and thereby inhibit 
TGF  signaling (24). Altogether, aberrant inactivation of TGF  signaling 
may play a major role in PET development. We observed LOH in 18q21 in 
PETs, and the Smad4 gene was excluded as potential tumor suppressor gene 
(paper II). Now it is clear that the Smad2 gene locates within the observed 
deleted region at 18q21, and therefore should be regarded as a candidate 
tumor suppressor gene.  

That menin regulates p18 and p27 expression is undisputable (47, 117), 
but the results presented here indicate that the mechanisms behind tumori-
genesis are likely not identical in human PETs and MEN1 mice knock-out 
models. In these models, the expression of p18 and p27 are commonly to-
tally extinguished. This appears not to be the case in human PETs. These 
genes are regulated at several levels and under the influence of a range of 
regulatory proteins. For example, p27 is subject to phosphorylation by 
AKT1 (229), and the effects of this modification is largely unknown. AKT 
activation can induce -cell hyperplasia, a process counteracted by CDK4 
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deletion (32). p18 deletion and CDK4 overexpression have also been sug-
gested to activate AKT signaling (230). AKT1 has been found to be acti-
vated in a subset of PETs (163). Furthermore, cyclin D1 has been shown to 
be able to induce cell migration in breast cancer, but this process requires 
p27 (56). Increased quantities of cyclin D/CDK-complexes, as well as c-
Myc, has also been found to sequester p21 and p27 (231), thereby function-
ally removing p27 from inhibiting the cyclin E/CDK2 complex to phos-
phorylate Rb (232). c-Myc seems to be overexpressed in all examined PETs 
(186-188). 

Cyclin D1 has been studied in PETs, and was in two studies reported to 
be upregulated in 43% and 65% of PETs (163, 164), and in paper V we show 
that CDK4 is overexpressed in all investigated tumors. It is possible that p27 
is beneficial for tumor growth in PETs, but that the inhibition of Rb-
phosphorylation by p27 is restricted by sequestration, phosphorylation 
and/or by other mechanisms. Indeed, MEN1/p27 double knock-out mice had 
decreased number of pancreatic islets compared to MEN1 single knock-out 
mice (122). The mystery deepens as it turns out that CDK2 knock-out mice 
develop almost normally (12), and that CDK2/p27 double knock-out mice 
still developed tumors, although the obvious p27 substrate was missing (54).  

CDK4 needs coupling to a corresponding D-cyclin, for activation of its 
kinase activity. Since we found overexpressed CDK4 in all studied PETs, 
maybe overexpression of other D-cyclins also occur. While there may be a 
D-cyclin surplus due to decreased CDK6 sequestration, caused by the CDK6 
downregulation in PETs (162), it is uncertain if this, on its own, is enough to 
supply all CDK4s with cyclins. In rat islets of Langerhans, both cyclin D1 
and cyclin D2 are essential for development, whereas cyclin D3 mRNA was 
nearly undetectable and does not appear to play an important role (10). 
AKT1 has been shown to induce both cyclin D1 and cyclin D2 in mice (32), 
and cyclin D2 is overexpressed in insulinomas from heterozygous menin 
knock-out mice (233). Furthermore, c-Myc has been found to directly induce 
cyclin D2 (77). So far, there are no studies on the cyclin D2 and cyclin D3 
expression in human PETs. 

The function of CDK4 seems important for tumor development, a notion 
which has been picked up by the pharmaceutical industry. Several CDK 
inhibitors, both CDK4-specific (234, 235) and agents with broader CDK-
specificity (236, 237), have been constructed and are able to arrest the cell 
cycle in tumor cells. 

In summary, we have investigated menin, Smad4, WNT7A, HDAC11, 
p15, p18, p27, c-Myc, and CDK4 in PETs, and found that menin, p15, p18, 
c-Myc, and CDK4 show different signs of deregulation. Furthermore, we 
have found allelic loss on chromosome 3p25, 11q13, and 18q21 in different 
PETs, and related allelic loss at 3p25 and 11q13 to malignancy.  
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