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Abstract 

Midgut carcinoids are rare tumors arising from the diffuse neuroendocrine system 
anatomically located from the duodenum (Treitz ligament) to the middle of the transverse 

colon, their most common location is the ileum. These tumor cells are actively secreting 
hormones such as serotonin and tachykinins. Midgut carcinoids grow slow and unspecific 

symptoms such as abdominal pain, diarrhea, discrete flush and palpitations are common 
before diagnosis. In the majority of cases curative treatment is not possible but somatostatin 

analogues, -interferon and palliative surgery can alleviate symptoms and survival is often 
long. 

 
The genetic aberrations leading to tumorgenesis in midgut carcinoids are unknown. No cancer 
genes has been identified. A high percentage of midgut carcinoids have loss of heterozygosity 

at a region of chromosome 18q, this is a strong indicator that a tumor suppressor, a so called 
gate keeper is situated there. We have performed large-scale Sanger sequencing of 18 genes in 

this region. The sequencing of these genes were made in 24 tumor samples of patients with 
midgut carcinoid diagnosed at the Laboratory of Pathology and Cytology and treated at the 

Department of Endocrine Oncology, Uppsala University Hospital, Sweden. The sequencing 
was made in a highly automated way using robotics in many of the setup stages. 

 
The sequencing coverage in our study was good. All genes but one were sequenced with 70 % 

coverage or more in at least 12 tumors. Putative mutations were re-sequenced in tumor and 
matched normal tissue but no tumor specific mutations were found. Our study suggests that 

none of the sequenced 18 genes is a cancer gene frequently mutated in midgut carcinoids. 
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Abbreviations 

-IFN  alpha-interferon  
ALL  acute lymphoblastic leukemia  

AML  acute myelogenous leukemia  
CDK  cyclin-dependent kinases 

CGH  comparative genomic hybridization  
CIN  chromosome instability 

CML  chronic myelogenus leukemia  
CT  computer tomography  

DNA deoxyribonucleic acid 
GEP  gastroenteropancreatic   
GI  gastrointestinal  

LOH  loss of heterozyosity  
MEN1 multiple endocrine neoplasia type 1  

MMR  mismatch repair 
MRI  magnetic resonance imaging  

MSI  microsatellite instability 
NET neuroendocrine tumors  

PCR  polymerase chain reaction  
PET  positron emissions tomography  

RF  radiofrequency ablation 
SRS  somatostatin receptor scintigraphy  

SSV  small synaptic vesicle analogs  
SHDH  succinate dehydrogenase complex subunit D  

SPRI  solid phase reversible immobilization 

TNM tumor–node–metastasis  

WGA  whole genome amplification 
5HT  serotonin  

5-HIAA  5-hydroxyindoleacctic acid  
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Introduction 

This thesis is written by Daniel Moreno Berggren as a degree project part of the medicine 
programme at Uppsala University, it comprises 30 higher education credits. Supervisor is 
Associate Professor, Tobias Sjöblom, Department of Genetics and Pathology, Uppsala 
University and co-supervisor is Monica Lindman, research engineer, Department of Genetics 
and Pathology. 
 
This report contains a description of the study “Mutation analysis for identification of a 
candidate tumor suppressor gene in midgut carcinoids”. A study conducted by the cancer 

genetics group at the Department of Genetics and Pathology, Uppsala University. This study 
has been performed in cooperation with Eva Tiensuu-Janson, Department of medical sciences, 

Uppsala University and Teresita Diaz de Ståhl, Department of Genetics and Pathology, 
Uppsala University.  

A substantial part of this report includes a background to cancer genetics and neuroendocrine 
tumors focusing on midgut carcinoids. 
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Background to midgut carcinoids 

 
Historically gastroenteropancreatic neuroendocrine tumors (GEP NETs) have been classified 

by their embryological origin; foregut, midgut and hindgut according to the classification of 
William and Sandler. The current WHO-classification categorize these tumors into four 

groups; (1) well-differentiated endocrine tumors; (2) well-differentiated endocrine 
carcinomas; (3) poorly differentiated endocrine carcinomas; (4) mixed endocrine-exocrine 

carcinomas, with characteristics of both endocrine and exocrine tumors (Massironi, Sciola et 
al. 2008). Generally the well differentiated tumors are of low-grade malignancy and the 

poorly differentiated tumors of high-grade malignancy. Each of the four groups is further 
divided into functioning and non-functioning tumors. The classification is based on a number 

of factors including; tumor size, mitosis frequency, proliferation rate measured by Ki-67, 
invasion in to underlying tissues and vascular invasion. A tumor–node–metastasis (TNM) 

staging system including a grading system that has more clinical value and is more easily 
reproducible among pathologists has been proposed by the European Neuroendocrine Tumor 

Society (Rindi, Kloppel et al. 2007). This staging and grading system is still to be accepted 
universally. 

 

The focus of this work is neuroendocrine tumors arising from the diffuse neuroendocrine 
system of the gastrointestinal and respiratory tract. These types of tumors originate from the 

enterochromaffin cells and are called carcinoids, the name originating from the word 
karzinoide that Oberndorfers used in 1907 to differentiate these tumors from adenocarcinomas 

(Modlin, Lye et al. 2003) (Kaltsas, Besser et al. 2004).  
 

67% of the carcinoids arise in the gastrointestinal system (GI), 25% in the bronchopulmonary 
system. Remaining percents are unusual tumors occurring at obscure sites. 42% of the GI 

carcinoids are found in the small intestine, mostly the ileum. 
The carcinoid tumors are rare, only around 3% of all GI cancers 2008 were carcinoids (The 

National Board of Health and Welfare 2009). The small intestine is generally an unusual 

cancer location, 56 % of the small intestine cancers were carcinoids. No significant gender 

preference is reported. A epidemiological study using the Swedish Cancer Registry from 2001 
estimated the incidence rate of carcinoids to 2.0 for men and 2.4 for women per 100,000, 

based on 5184 tumors from the year 1958 to 1998 (Hemminki and Li 2001). The age at 
diagnosis show a conventional curve for cancers peaking at high ages. The exception to this 

are the appendiceal carcinoids with a peak incidence around 20 years of age, which coincides 
with the peak incidence of appendicitis, reflecting that they are often diagnosed at 

appendectomy. Median age at diagnosis for carcinoids tumors is 50 years, excluding 
appendiceal tumors for which it is 31-32 years.  
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Figure 1: Incidence of small intestine carcinoids for men and females in Sweden 1978-2008 (The National Board of Health 

and Welfare 2009) 

The incidence of carcinoids has increased during the last decades (see figure 1). This reflects 
a number of factors including higher awareness among physicians and improved diagnostic 

techniques, including endoscopy and radiological imaging.  
The 5-year survival rate according to embryological origin is reported to be 69.6% for foregut 

carcinoids, 61.3% for midgut carcinoids and 79% for hindgut carcinoids (Modlin, Lye et al. 
2003). 
 

 

The neuroendocrine system is embryonically derived from the neural crest, neuroectoderm 
and endoderm (Starker and Carling 2009) (Oberg, Astrup et al. 2004). This system consists of 

epithelial cells and nerve cells. The epithelial cells forms the parenchyme of the classical 
endocrine glands, e.g. parathyroid, pancreas and adrenal medulla, secreting amines and 

peptide hormones. However most of the neuroendocrine cells are spread diffusely in the 

mucosa of the gastrointestinal and respiratory tract. Both the epithelial cells of the glands and 

the diffusely spread cells can undergo neoplastic transformation. 
At least 13 different cell types producing many different amines and peptides are found in the 

diffuse endocrine system (Wiedenmann, John et al. 1998). The secretory products are stored 
in large dense-core vesicles and in small synaptic vesicle analogs (SSV). The large dense-core 

vesicles are immunohistochemically characterized by chromogranin-A expression  and SSV 
by synaptofysin expression. The hormone secretion is regulated by (1) G-protein coupled 

receptors, (2) ion-gated receptors and, (3) receptors with tyrosine kinase activity.  
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This part will cover the NET´s of the gastrointestinal system, focusing on midgut carcinoids, 
anatomically located from Treitz ligament to the middle of the transverse colon. The clinical 

presentation depends on tumor location, whether the tumor produces hormones and if so 
witch specific hormone or hormones. The production of hormones can result in various 

clinical syndromes.  
 

Midgut carcinoids grow slowly and unspecific symptoms such as abdominal pain, diarrhea, 
discrete flush, palpitations and intolerance to specific foods or alcohol are common before 

diagnosis. 30-45% of patients present themselves during acute laparatomy for abdominal 
obstruction (Akerstrom, Hellman et al. 2005). This obstruction is due to mesenteric fibrosis 

probably resulting from growth factors and other substances released mainly from carcinoid 
metastases. The obstruction can sometimes be due to a big primary tumor. The mesenteric 

fibrosis can also obstruct the blood vessels supplying the intestines leading to intestinal 
ischemia. For 50% of patients the diagnosis is made by the finding of liver metastases. 20 % 

of patients develop the carcinoid syndrome with cutaneous flushing, diarrhea, right-sided 
heart valve fibrosis, and bronchial constriction. The flushing involves the face and upper trunk 

and it is often triggered by foods and alcohol. Flushing has been associated with the secretion 
of tachykinins, a group of peptide hormones including neurokinin

 
A and substance P 

(Cunningham, Janson et al. 2008). The diarrhea is associated with both tachykinins and the 
secretion of the monoamine serotonin (5HT), both of them beeing present in normal 

enterochromaffin cells
 
of the gastrointestinal tract.  

 

The carcinoid syndrome can only be developed if there are liver metastases. This is beacause 
the liver normaly detoxifies the portal blood from substances e.g. serotonin, tachykinins, and 

other bioactive substances secreted from the primary tumor and intestinal metastases (Modlin, 
Oberg et al. 2008). Only in the case of liver metastases these substances leads to the carcinoid 

syndrome, bypassing the livers detoxifying ability. A life threatening complication of the 
carcinoid syndrome is carcinoid crisis. The symptoms are hypotension, tachycardia, bronchial 

wheezing, flush and arrhythmias. The carcinoid crisis can be triggered by anesthesia, surgery 

or medical treatment.  

 
40% of patients with carcinoid syndrome develop carcinoid heart disease and among these 

patients the morbidity in cardiac disease is significant (Gustafsson, Hauso et al. 2008) . It is 
mainly the valves of the right heart that are affected due to the ability of the lungs to degrade 

serotonin and other substances thus protecting the left side of the heart. The secreted 
hormones initiate a pathologic process that eventually leads to the destruction and dysfunction 

of the pulmonary and tricuspid valves, most commonly leading to tricuspid insufficiency. 

Patients with carcinoid syndrome should be monitored for symptoms of heart failure and 

transthoracic echocardiography is the golden standard for its diagnosis.  
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Biochemical measurements are essential for the diagnosis of carcinoids. Several markers in 
both blood and urine are available for analysis.  

The chromogranins are proteins localized in the secretory granules and are cosecreted with the 
secretory products in most of the neuroendocrine tumors (Kaltsas, Besser et al. 2004). 

Chromogranin A is the most important one and it is measured in blood. Among the 
neuroendocrine tumors the carcinoids, especially the metastatic ones, have the highest 

chromogranin A levels. Chromogranin levels correlate to both tumor burden and secretory 
activity. Common causes to false-positive chromogranin A results are renal insuffency, 

atrophic gastritis and therapy with proton pumps inhibitors.  
5-hydroxyindoleacctic acid (5-HIAA), a breakdown product of serotonin, is a marker for 

serotonin producing carcinoids that is measured in urine (Massironi, Sciola et al. 2008). The 
sensitivity is reported to be 65-75% and the specificity to 90-100%. Food and drug 

interactions need to be considered when performing the analyses.   
 

A variety of imaging techniques are used for the diagnosis, localization and staging of 
carcinoids. Computer tomography (CT) and magnetic resonance imaging (MRI) are useful in 

finding larger (1-3cm) tumors, detecting metastatic spread and evaluating response to 
treatment (Eriksson, Kloppel et al. 2008). Transabdominal ultrasonography is generally the 

first investigation to be performed evaluating the presence of liver metastases. If metastases 
are present ultrasonography guided biopsied can be obtained. Endoscopy and endoscopic 

ultrasonography are used for fore- and hindgut carcinoids but small primary midgut 
carcinoids are difficult to diagnose. Capsule- and double balloon endoscopy might be an 

option in the future. Functional imaging techniques such as somatostatin receptor scintigraphy 
(SRS) and positron emissions tomography (PET) are also important in the detection and 

staging of carcinoids. 70-90% of carcinoid tumors express somatostatin receptors 2 and 5, 
these tumors can be visualized with radioactively labeled octreotide, a somatostatin analogue, 

using scintigraphy techniques.  
 

18F-deoxyglucose (FDG)-PET reflect glucose metabolism and is used for the detection of 
many common cancers. This tracer is not useful for neuroendocrine tumors manly due to their 

low metabolic rate. A new PET-tracer has been developed in Uppsala, C11-5-HTP, it is a 
precursor to serotonin and is taken up by more than 95% of carcinoid tumors. This tracer has 

been shown to be superior to both SRS and CT (Oberg and Eriksson 2005).  

 

Tissue origin, classification, biochemical profile and prognosis are assessed by 

histopathological examination of tumor material from a biopsy or surgery. Both conventional 

light microscopy and immunohistochemistry is used, this examination is also the base for the 

WHO classification. To characterize the tumor markers of neuroendocrine cells and 
proliferation immunohistochemistry is used. Carcinoids are positive for serotonin, 

tachykinins, chromogranin A and synaptofysin (Oberg, Astrup et al. 2004). Ki67, a protein 
found in cells in active cell cycle, is measured resulting in a proliferation index. Most midgut 

carcinoids have a proliferation index around 2% and belongs to the group “well-differentiated 
endocrine carcinomas” (group 2) in the WHO classification.  
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The only curative treatment is radical surgery but due to late diagnosis this is not an option for 
most patients. Main goal for long term treatment is symptom alleviation and improvement of 

life quality, it is therefore important that treatment is highly individualized.    
 

The most effective medical treatment for metastasizing tumors is the somatostatin analogues 

(Janson 2006). Somatostatin has long been known for its inhibiting effect on hormone 
secretion from peptide and amine producing endocrine cells. Other effects of somatostatin are 

the regulation of proliferation, induction of apoptosis and antiangiogenetic effects. 
Somatostatin has a very short half-life and the development of more stable somatostatin 

analogues in the mid 1980´s has improved carcinoid treatment significantly. The most 
common analogues are octreotide and lanreotide. These drugs are given by subcutaneous 

injections, long acting formulas given every four weeks is the standard treatment. A requisite 
for treatment with somatostatin analogues is the presence of somatostatin receptors, usually 

verified with SRS. The somatostatin analogues are well tolerated and side-effects are often 
mild including abdominal pain, diarrhea and the development of gallstones. Short-acting 

formulas are used both for patients with high hormone secretion and to avoid and treat 
carcinoid crisis in relation to surgical procedures and anesthesia.  

Relief of symptoms is achieved in more than 60% of patients and in 70% the levels of 
biochemical markers are reduced. The antiproliferative effect of the somatostatin analogues is 

limited, tumor regression and shrinkage (reduction of the tumour surface area >50%) is seen 
in less than 10%, although tumor stabilization is reported in 36-70% of patients. Some studies 

indicate better antiproliferative results with higher doses but the dose-response relation is still 
not well understood (Aparicio, Ducreux et al. 2001).  

 
Alpha-interferon ( -IFN) is an antiproliferative agent inhibiting cellcycle, inducing apoptosis 

and stimulating leucocyte-function. -IFN can be the initial therapy for asymptomatic patients 
and later when symptoms occur it can be used in combination with somatostatin analogues. 

Studies indicate that the drugs act synergistically in preventing tumor growth (Kolby, Persson 

et al. 2003) Side effects are a greater concern than with the somatostatin analogues, chronic 

fatigue, depression and neurological disorders are often dose limiting symptoms. Anemia, 
leucopenia, thrombocytopenia and deranged liver enzymes is seen in 30% of patients.  
 

The treatment of carcinoid heart disease is a combination of standard pharmacotherapy for 

heart failure, medical and surgical control of the systemic carcinoid disease and when cardiac 

symptoms have reached a certain level, cardiac valve surgery (Gustafsson, Hauso et al. 2008). 
 

Chemotherapy has a limited value in the treatment of midgut carcinoids, only in the case of 
highly proliferative tumors it may be indicated (Oberg, Astrup et al. 2004). Responses in less 

than 15% of patients is reported both with single and combinations therapies. 
 

New possible treatments includes kinase and angiogenic inhibitors developed for other tumors 

although primary results have been limited (Modlin, Oberg et al. 2008). A treatment that has 

been more promising is the use of radiolabeled somatostatin analogs. Effects on symptom and 
tumor size are encouraging, mainly on patients with a high uptake on SRS, but randomized 

studies are needed to assess the potential of radiolabled somatostatin analogs in the future   
(Kwekkeboom, Mueller-Brand et al. 2005). 
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Many patients are diagnosed with midgut carcinoids at acute laparatomy due to urgent 
symptoms of bowel obstruction (Akerstrom, Hellman et al. 2005). The typical finding is a 

very small ileal tumor and larger mesenteric metastases often with pronounced fibrosis. 
Lymph node metastases are very common. Primary tumor, regional metastases and lymph-

node metastases should be removed. This can give the patient a long symptom free period but 
relapse after a median of 5-10 years occurs in 80% of patients. 

 
For patients already diagnosed, symptoms of abdominal pain, weight loss and malnutrition are 

signs indicating surgery should be considered (Kerstrom, Hellman et al. 2005). These 
symptoms are often related to mesenteric fibrosis, leading to partial obstruction and ischemia. 

Surgery should be considered early in the course of the disease, even in asymptomatic patients 
since advanced carcinoids may be inoperable and might increase the risk of severe 

complications. 
 

Treating liver metastases can in a few cases have curative intent but are mainly a palliative 
measure (Akerstrom, Hellman et al. 2005). Most of patients with midgut carcinoids have liver 

metastases, 5-10% of these patients have solitary or dominant metastases and liver surgery 
should be undertaken to remove such metastases. Effective palliation and long disease-free 

survival is often achieved but the recurrence rate is very high. Radiofrequency (RF) ablation 
is another method for treating liver metastases and it can be combined with conventional liver 

surgery. Liver metastases can also be treated with embolization, an obstruction of the arterial 
supply to parts of the liver leading to tumor ischemia. This treatment is reported to result in 

tumor regression and symptom control in 50 % of treated patients. The embolization can be 
combined with cytotoxic agents. A limited number of patients can be candidates for liver 

transplantation. 
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Background to cancer genetics  

Cancer is a group of genetic diseases mainly caused by mutations in genes that normally 
control cell growth, apoptosis, cellular differentiation and DNA-reparation. A mutation is a 

change in the genotype that can involve changes in the DNA-sequence, location of a segment 
of DNA and copy numbers of a segment. Some mutations are gross events affecting the 

number or structure of chromosomes. Some are small genetic events affecting only one 
nucleotide in a gene.   

 
One way of classifying mutations is by their effect on the structure of the DNA. A point-

mutation, also called a base-pair substitution, is when one nucleotide is exchanged for 
another. This can lead to three types of mutations: 
 

Point mutations   

Type of mutation Example Effect on aminoacid sequence 

 

Example of a 

mutated gene 

Silent mutation UUA UUG = 

Leucin Leucin 

No change  

Missense mutation AAA ACA = 

Lysine Threonine 

One amino acid is 

changed for another 

RAS 

Nonsense mutation AAA TAA = 

Lysine Stop codon 

A premature stop codon 

resulting in a truncated protein 

 

Rb 

 

Insertions are when one or more nucleotides are inserted in to the DNA. The opposite, when 
one or more nucleotides are removed from the DNA is called a deletion. 

 
When the number of inserted and deleted nucleotides is not a multiple of three this type of 

mutations results in the change of reading frame, called a frame shift mutation (Lodish 2003). 

 

There are also mutations on a larger scale, affecting the structure of chromosomes: 
 

 

Mutations affecting the structure of chromosomes  

Type of mutation Effect  Example 

Amplifications A region of a chromosome is multiplied leading  

to increased dosage of the gene product.                                    MYC, ERBB2 

Deletions A region of a chromosome is lost. CDKN2A                         

Translocations The interchange of genetic material between chromosomes BCR-ABL 

 

The cancer cells are derived from normal tissues, the majority from epithelia (Weinberg 

2007). The majority of tumors are monoclonal, one transformed cell is ancestor to all cancer 
cells of a tumor. 
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The incidence and prevalence of cancers vary greatly in different populations. Only a 

minority of cancer types have comparable frequencies in different populations, mainly 
pediatric tumors. Environmental factors (lifestyle and physical environment) and to a lesser 

extent hereditary factors explains the great variation in incidence of different cancer types. 
The fact that lifestyle is so importaint indicates that many cancers are avoidable. 

 
During the last 25 years cancer genetics has uncovered many of the molecular mechanisms 
underlying carcinogenesis. Mutations in three different subsets of cancer genes: oncogenes, 
tumor-suppressor genes and stability genes, leads to the development of tumors, each gene 
type contributing to tumorgenesis in different ways (Vogelstein and Kinzler 2004).  
Most cancers are caused by somatic mutations, only a small percentage are hereditary, caused 
by germ-line mutations in a cancer gene. These classic hereditary cancers are fairly rare. In 

contrast, weak genetic variants, variants that only increase the cancer risk slightly may be of 
much greater significance. Polygenic predisposition, a combination of different weak genes 

may explain a greater number of cancers. For a cancer to evolve several sequential mutations 
are required, each mutation driving the cell further into the cancer pathway.  

 
In the 1970’s one of the most popular theories in cancer research was that viruses could be the 

causative agents of cancer (Weinberg 1994). These theories had been around for some time 
and viruses soon turned out to play a limited part in human tumorgenesis, but this field of 

research proved itself to been very important since it gave the first keys to discover the genes 
involved in cancer development. Some retroviruses were found to cause tumors in infected 

animals, in one of these viruses a specific gene was found to cause the transformation from 
normal to malignant cell. This viral oncogene was then found not to be a viral gene but a 

cellular gene, and it was named a proto-oncogene. This showed that in the human genome 
there are genes that when activated (in this case by a virus) can cause cancer. 
 

A proto-oncogene is a gene that in a controlled fashion promotes proliferation (Weinberg 
1994). When a proto-oncogene is hit by an activating mutation it becomes an oncogene. The 
oncogene is more active and active under conditions when the normal gene is not. These 

activating mutations can be of different kinds, chromosome translocations, gene 
amplifications and single base pair change. Only one of two alleles of an oncogene is 

normally mutated since this is enough to drive the tumorgenesis. 

 

A good example of an oncogene is the Rat Sarcoma (RAS) gene. The RAS-protein is a G-
protein, functioning as a form of cellular “on and off switch”. The protein is coupled to a 

transmembrane receptor, when a ligand (a growth factor) binds to the receptor RAS is 
activated and transmits the activating signal downstream in to the cell. The RAS-protein 

encoded by the mutated gene is constitutively active and sends the downstream activating 
signals without any activation of the receptor. The signal pathways regulated by RAS controls 

growth and proliferation, the cells carrying a mutated RAS are therefore able to grow 

independently of extra cellular signals. Sequence analysis has revealed that the oncogene is 

the result of a point mutation replacing Guanosine (G) to a Thymidine (T). This subtle change 
in sequence leads to the substitution of the amino acid glycine to valine, a missense mutation. 

This is a good example of when a seemingly subtle change in the nucleotide sequence can 
result in the creation of a powerful oncogene. This mutation was first described in bladder 

carcinoma and was later found in many other human cancers (Weinberg 1994). The discovery 
of the RAS-oncogene was the first mutation found in a gene involved in human cancer. After 

this discovery a great number of genes have been identified as oncogenes. 
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Another example of an oncogene is the ABL oncogene (Weinberg 2007). This oncogene is 
created by a chromosomal translocation between chromosome 9 and 22, resulting in the 

Philadelphia chromosome. The Philadelphia chromosome is a characteristic of chronic 
myelogenus leukemia (CML), may also be found in acute lymphoblastic leukemia (ALL) and 

occasionally in acute myelogenous leukemia (AML). The ABL gene, located on chromosome 
9 is translocated to the BCR gene on chromosome 22. This gene fusion leads to deregulation 

of the normally well regulated ABL and the bcr-abl protein functions as a constitutively active 
tyrosine kinase, activating many of the cellular pathways governing cell proliferation and 

differentiation. The bcr-abl gene is a good example of when the discovery of a cancer gene 
can lead to therapeutical advances. A drug, Imatinib (Glivec), has been developed, which 

binds to the bcr-abl protein, blocking it’s effects. The development of  Imatinib has 
revolutionized the treatment of CML, greatly expanding the life expectancy of these patients. 

 
Tumor suppressor genes are in one sense the opposite of oncogenes. Their normal function is 
to suppress cell division. Mutations of these cells reduce their activity giving the cell a 
phenotype of uncontrolled growth. Mutations that leads to the inactivation or loss of these 
types of cancer genes plays an equally important role in tumorgenesis as does oncogenes. 
Generally both the maternal and paternal allele needs to be inactivated to contribute to 
tumorgenesis (Vogelstein and Kinzler 2004). 
 
The study of hereditary cancers has given much knowledge about the tumor suppressors. 
One example of a tumor suppressor gene is the Rb-gene. This gene is involved in 
retinoblastoma, a pediatric cancer of the retina (Weinberg 1994). Retinoblastoma exists in a 
hereditary and in a non-hereditary form. In the early 1970’s Alfred Knudson presented a 
theory where he suggested that in the hereditary form of retinoblastoma, a mutation in one of 
two copies of a gene is inherited, ie existing in all cells, including all retinal cells. This 
mutation does not lead to cancer and the cells are normal. Only when mutation occurs in the 
second copy of the gene the phenotype changes and cancer develops. It is highly likely that in 
one of the retinal cells an accidental loss of the remaining allele takes place and cancer 
develops. In fact a child that has inherited a mutation in the Rb gene has a 90 % risk of 
developing retinoblastoma at a young age. In the non-hereditary form two sporadic mutations 
are required, the event of two Rb mutations occurring in the same cell is highly unlikely, 
making this tumor very rare. This explains why patients with the hereditary form have an 
earlier onset, bilateral tumors and have a higher risk of other tumors later in life. When the 
retinoblastoma gene, RB1, was cloned the theory was proved right. The RB-gene was the first 
tumor suppressor gene to be discovered, both its alleles needed to be inactivated for it to lead 
to tumorgenesis, giving rise to the “two-hit” model (Knudson 2002) (Payne and Kemp 2005). 
Many of the familial cancers can be explained in a similar way as retinoblastoma, through the 
inheritance of a mutation in one copy of a tumor suppressor gene followed by a sporadic 
inactivation of the remaining copy.  
 
The Rb gene is not only important in the uncommon retinoblastoma, it appears that this gene 
and its pathway is one of the central pathways in tumorgenesis in general. In fact the vast 
majority of all cancers have some defect in this pathway, leading to the same phenotype, an 
uncontrolled proliferation (Knudson 2002).  
The Rb-protein is a cell-cycle inhibitor. The cell cycle has different phases and checkpoints so 
that the division of the cell can take place in a controlled manner. In the late G1 phase there is 
a restriction point, after this point the cell must proceed through the whole cell cycle. It is at 
this restriction point that Rb has its effect. When the cell is resting and not in active cell-cycle 
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Rb is bound to a group of transcription factors, one being E2F. Cyclin-dependent kinases 
(CDK) and cyclins phosphorylates Rb, when this happens 
E2F dissociates and activates factors that stimulate the 
propagation of the cell trough the cell cycle. Inactivating 
mutations of Rb or factors affecting Rb’s phosphorylation 
reduces the cells ability to control the cell cycle leading to 
increased cell division and uncontrolled growth, one of the 
most important traits of a cancer cell. Figure 2 shows parts 
of the Rb pathway. 
 
Another example of a tumor suppressor gene is tumor 
protein 53 (TP53). Whereas the inactivation of Rb 
increases cell proliferation an inactivating mutations of 
TP53 decreases cell death. The importance for cancer cells 
to avoid cell death is shown by the fact that this gene is the 
most frequently mutated gene in human cancers. Its 
importance has given it the name “the guardian of the 
genome". As with the Rb pathway almost all cancers 
have defects in the TP53 pathway (Knudson 2002) .  
 
The gene product, P53, is a sensor that halts the cell 
cycle if the cell is exposed to various forms of stress, if 
the DNA is damaged or if the regulatory or metabolic 
systems are malfunctioning (Knudson 2002). In the case 
of severe DNA damages or anoxia P53 initiates programmed cell death, apoptosis. P53 is a 
transcription factor, when the cell is damaged levels of P53 rise and activates the transcription 
of proteins that halts the cell cycle. The cell is given time to repair the damages and can then 
continue through the cell cycle. In this way the damages to the genome are reduced. P53 also 
induces a protein called trombospondin-1 (TSP) that has anti-angiogenic effects. The 
inactivation of P53 therefore enables tumors to form new blood vessels more easily.The 
inactivation of TP53 gives cancer cells many advantages. Mutations are not repaired and the 
cells can proliferate with damaged DNA, making it easier to require favorable mutations. The 
cells are less sensitive to anoxia, and can more easily induce angiogenesis.  
Germ line mutations in TP53 results in a rare inherited cancer syndrome called Li-Fraumeni. 
Affected individuals have a high risk of a wide variety of malignances often occurring at an 
early age.  
 
The two hit model requires two successive mutations one in each copy of the same gene. In 
the case of nonhereditary cancers this is a very unlikely event. This problem was solved by 
the idea that the second copy of the gene was inactivated by a chromosomal event occurring 
much more frequently.  
 
The chromosomes normally swap genetic information between each other (Weinberg 2007). 
One way the chromosomes can do this swap is by mitotic recombination. In the normal cell 
the two homologous chromosomes have some differences, they are heterozygous, reflecting 
the fact that one chromosome is maternal and the other paternal. When the chromosomes 
swap genetic information in the above described way loss of heterozygosity (LOH) arise. A 
certain region of the chromosome is no longer heterogenic. There are a number of ways the 
cell can achieve LOH, mitotic recombination is only one of them. Another way the cell can 
achieve LOH is by simply deleting a region of the chromosome without replacing it. The final 
outcome of LOH regardles how it is achieved is the inactivation of the remaining wild-type 
allele of a tumor suppressor gene.  
 

Figure 2: The phosphorylation of Rb is 

regulated mainly by CDK 4 and 6 in complex 

with Cyclin D1. The CDK4/6 activity is 

controlled by a group of proteins called INK4, 

one of the being p16. (Adapted from Vogelstein 

and Kinzler 2004)  
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The majority of retinoblastomas show LOH at the Rb and nearby genetic markers (Weinberg 
2007). Only a few tumors had two separate mutated alleles of the Rb gene. 
 
Tumor suppressor genes frequently undergo LOH in tumors. Looking for LOH is a way 
cancer scientist can use to find unknown tumor suppressor genes. If a certain region of a 
chromosome frequently undergoes LOH in a tumor type this is a strong indicator that a tumor 
suppressor gene is situated in that region. More sophisticated techniques for genetic mapping 
now allow cancer scientist to pin point the genes more correctly and new tumor suppressor 
genes have been found this way.  
 
The ”two-hit” model has been central in the definition of tumor suppressor genes. This model 
has During the last years been challenged. The concept of haploinsufficency is one of the 
challengers (Sherr 2004). Haploinsufficiency is when the inactivation of one allele of a tumor 
suppressor gene is enough to drive the tumorgenesis even when one normal allele remains. 
Some tumor suppressor genes have shown evidence of haploinsufficiency for some animal 
models but haploinsufficiency of tumor suppressor genes in human cancers has been difficult 
to prove. Another concept that further complicates the tumor suppressors is epigenetic 
silencing. Hypermetylation of genes or their promoters may be an important way for the cell 
to inactivate the second copy of the allele of a tumor suppressor gene (Jaenisch and Bird 
2003).  

 
 

 

 

 
 
 

 

Figure 3: During mitotic recombination genetic material is exchanged between the two homologous chromosomes. The result 

of this genetic crossing over is in some cases LOH. If the mutant allele  is Rb, the cell that has LOH for Rb has a cancer 

phenotype. Adopted from (Weinberg 2007) p.217 
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Mutations in both oncogenes and tumor suppressor genes increase the number of tumor cells, 
they directly control the functions of the cells (Vogelstein and Kinzler 2004). The stability 
genes or “caretakers” have a different role in tumorgenesis. In their normal function the 
stability genes are maintenance workers, repairing the genome, ensuring the stability of 
chromosomes and DNA-sequence. Some of these genes are responsible for the reparation of 
the errors in DNA-sequence that occur during replication or by exposure to mutagens. Others 
are responsible for the stability of chromosomes during mitosis. When these genes are 
mutated they affect tumorgenesis in an indirect way. They give cancer cells the phenotype of 
genetic instability, one of the hallmarks of a cancer cell. The genomic instability increases the 
rate of mutations making it more likely for a cell to develop mutations in oncogenes or tumor 
suppressor genes. There are two forms of well defined genomic instability. Microsatellite 
instability (MSI) and chromosome instability (CIN). MSI is characterized by changes in 
microsatellites, short repeated sequences scattered in our genome. Inactivation mutations in 
one subset of genes called mismatch repair (MMR) genes can cause MSI. The MMR’s are 
responsible for repairing small errors in basepair matching that occurs during replication and 
mutations in these genes leads to the accumulation of mutations in both tumor supressors and 
oncogenes. Whereas MSI leads to subtle changes in the DNA, CIN is characterized by gross 
chromosomal aberrations, leading to changes in chromosome ploidy and LOH. Mutations of 
genes involved in replication checkpoints and mitotic spindle checkpoint in mitosis cause CIN 
(Martin, Hewish et al. 2010). The stability genes have been studied most widely in colon 
cancer. Almost all colon cancers have genetic instability, CIN is the most common form and 
only a minor part, around 15%, show signs of MSI. The two different forms exist in an 
inverse relationship; cancers that have the characteristics of MSI have normal chromosomes. 
It seems that at some stage early in the development of a cancer the road divides in to a CIN 
or a MSI pathway.  One example of a stability gene is breast cancer 1 (BRCA1), a gene that 
repair breaks in the double DNA strand by homologous recombination.  
  

 

For a normal cell to evolve into a malignant cancer cell it has to undergo a number of genetic 
changes giving it an increasingly neoplastic phenotype. This process is called tumor 

progression. The tumor progression is driven by random sequential mutations occurring in the 
earlier described types of genes. The road from normal to malignant cell is long and the cell 

must overcome many obstacles in order to become malignant. The concept of tumor 
progression has been developed by Bert Vogelstein at Johns Hopkins University as the colon 

cancer “multi step” model (Vogelstein and Kinzler 1993). In colon cancers there are well 

defined morphological stages. Pathologists have characterized the gradual evolution from 

hyperplastic cells to the formation of benign adenomas to the fully developed malignant 
carcinoma. These morphological steps have their parallel in the genetic evolution. The more 

morphological evolved the colon epithelia is, the more mutations in cancer genes it has 
acquired. Figure 5 shows a simplified model of the multi step model for colon cancer. The 

figure also includes an estimated timeline of the evolution from normal epithelium to a small 
adenoma (6 years), from the small adenoma to the late carcinoma (17 years) and from late 

carcinoma to the time liver metastasis first takes place (2 years) (Jones, Chen et al. 2008).  
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Figure 4: Colon cancer evolves trough well-defined morphological stages, therefore it has been possible to establish the 

order in with the mutations occur. The process is initiated by a mutation in the APC/ -Catenin pathway. Inactivating 

mutations of APC leads to the formation of benign adenomas, around 90% of colon cancers have mutations in this 

gene.Activation of the oncogene KRAS is associated with the growth from small to large adenoma. These mutations are 

followed by others affecting, PI3K, TP53 and Smad4 resulting in the transformation from adenoma to the malign carcinoma. 

Adapted from (Jones, Chen et al. 2008)  

The tumor progression is a clonal evolution. In a population of normal cells one cell acquires 
a mutation in a cancer gene giving it a growth advantage. This cell gives rise to a clone that 

grows faster than the other cells. One cell in this clone will then acquire a second mutation in 
a cancer gene. This cell has now got two mutations and will give rise to a clone that grows 

faster than the old one. The mutations occur randomly but the evolutionary pressure ensures 
that only mutations favoring cell growth stays in the genome. This process continues with 

each mutation giving the cell a small advantage and when the cell has accumulated the 
sufficient mutations it becomes malignant. Earlier studies have suggested the number of 

mutations needed to form a cancer was around 3-7 (Vogelstein and Kinzler 1993). Newer 
studies suggest that the number is higher, around 15 (Sjoblom, Jones et al. 2006).  

This multi step process normally takes decades, reflecting the fact that cancer incidence is 
highly correlated to age (Vogelstein and Kinzler 1993). Cancer is in a way inevitable, if we 

were to live long enough sooner or later we would all get cancer. Genetic factors and lifestyle 
may influence the pace of the tumor progression.  

 
As described earlier the Rb and P53-pathways seems to be affected in the majority of cancers. 
Focusing on pathways rater than specific genes is emerging as a more effective approach to 
study cancer genetics. 
Alterations in any one of the components of a pathway or system can lead to the same 
phenotype (Vogelstein and Kinzler 2004). The Rb-pathway is a good example (see figure 1). 
Four genes controls this pathway, two of them, cdk4/6 and cyclin D, are oncogenes and two, 
Rb and p16 are tumor suppressor genes. Studies have shown that only one of these genes is 
mutated in a single tumor, they obey what has been called the “exclusivity principle”. The 
pathway must be altered for cancer to evolve but when one gene has been mutated there is no 
evolutionary pressure to change the other genes in the pathway. In many cases genes in the 
same pathway behave in this manner and follow the exclusivity principle. 

 
The genetic changes underlying the tumorogenesis of carcinoids are largely unknown. As 

earlier described the carcinoids are divided according to their embryological origin in foregut, 
midgut and hindgut. Most neuroendocrine tumors are sporadic but they can sometimes be part 

of a hereditary syndrome such as multiple endocrine neoplasia type 1 (MEN1), von Hippel 
Lindau syndrome, neurofibromatosis type 1 and tuberous sclerosis.  
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The most common of these hereditary syndromes is MEN1 (Leotlela, Jauch et al. 2003). This 

syndrome is caused by a mutation in the tumor suppressor MEN1 gene (menin gene) located 
on chromosome 11q13. The majority of MEN1 tumors have LOH in this region according to 

the “two hit” model of tumor suppressors  (Oberg 2009). The function of this gene is not well 
understood but it interacts with the transcription factor Jun and members of the NF-kB family.  
 
Foregut carcinoids are overrepresented in patients with MEN1 syndrome and both tumors 
associated with MEN1 syndrome and foregut carcinoids have frequent LOH at the MEN1 
locus (Lollgen, Hessman et al. 2001). The foregut carcinoids of the lung show loss of 
chromosome 3p as their most common genetic aberration.  
 
Hindgut carcinoids have not been so well characterized as the other types of carcinoids but it 
has been proposed that TGF  signaling and epidermal growth factor (EGF) receptors plays an 
important role (Leotlela, Jauch et al. 2003).  
 

Midgut carcinoids are in contrast to the foregut carcinoids as they are not overrepresented in 
the MEN1 syndrome and rarely have LOH at the MEN1 locus (Kim do, Nagano et al. 2008). 
Studies have indicated aberrations in a more distal region on chromosome 11, 11q23. This 
region contains the tumor suppressor succinate dehydrogenase complex subunit D (SHDH) 
gene, involved in paragangliomas of the head and neck. One study found LOH at 11q22-23 in 
5 of 8 midgutcarcinoids (Kytola, Nord et al. 2002). Repeated studies found no SHDH 
mutations in 45 NETs (Perren, Barghorn et al. 2002), and no LOH for 11q in midgut 
carcinoids. This indicates that the SHDH gene plays a minor role in the tumorgenesis in 
midgut carcinoids. 
 
Mutations studies of some known cancer genes have shown that mutations in  TP53 
(Lohmann, Funk et al. 1993), K-RAS (Younes, Fulton et al. 1997) and B-RAF (Wang, Yao et 
al. 2005) are rare or absent in midgut carcinoids and therefore probably have little or no effect 
on the patogenesis of these tumors.  
 
The most common genetic event in midgut carcinoids is aberrations of chromosome 18. Many 
studies have indicated a high percentage of LOH of this chromosome and the most common 
finding is loss of the entire chromosome (Kytola, Hoog et al. 2001). LOH at chromosome 18q 
has been found in many cancers including colon and pancreatic carcinomas (Fearon, Cho et 
al. 1990) (Schutte, Hruban et al. 1996) and the loss of chromosome 18 has been identified as a 
marker for poor prognosis in colon (Jen, Kim et al. 1994) and pancreatic carcinomas 
(Sunamura, Lefter et al. 2004).   
Two tumor suppressor genes located on chromosome 18q21 have been postulated as possible 
drivers of LOH, SMAD4/DPC4 and DCC. These two are frequently mutated in the more 
common GI-carcinomas. Mutation analyses of SMAD4/DPC4 in midgut carcinoids have not 
identified any mutations and the gene expression analyzed with immunohistochemical 
labeling was normal (Lollgen, Hessman et al. 2001). Immediately telomeric to DCC and 
SMAD4/DPC4 there are a group of proteins called serpins (serine protease inhibitors) (Zou, 
Zhang et al. 2002). One of these, maspin, has been shown to prevent tumor growth and spread 
in breast and prostate carcinoma.  
 
For midgut carcinoids the minimal region of overlapping deletion has been mapped to 18q22-
qter (Kytola, Hoog et al. 2001). This finding indicates the existence of a tumor supressor 
located in that region, mutated in a high percentage of midgut carcinoids, a so called 
“gatekeeper”.   
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Kary Mullins and others working for Cetus Corporation in California developed a technique 
in 1983 for the amplification of specific DNA sequences. The technique was given the name 

polymerase chain reaction (PCR). PCR enriches specific DNA sequences yielding an 
exponential accumulation of the specific DNA sequence.  

The key parts of the reaction are the two primers that flank the segment of DNA that is to be 
amplified, the polymerase catalyzing the hybridization reaction and the deoxyribonucleoside 

triphosphates (dNTPs).  The reaction is performed in a thermo cycler and contains three steps: 
 

1) Denaturation, 95°C: The DNA is denatured separating the two strands.  

2) Annealing of primers, 50-55°C: One primer anneals to the +strand and the other to the –

strand.  

3) Extension, 70°C: The polymerase uses the dNTPs to extend the primer complementary to the 

+strand yielding a new –strand fragment and the primer complementary to the -strand yielding 

a new +strand.  

As the two new fragments themselves are complementary to the primers repeated cycles of 
denaturation, annealing and extension leads to the exponential accumulation of the specific 

DNA sequence defined by the primers (Saiki, Scharf et al. 1985).  
The introduction of a thermostable polymerase from the bacterium, Thermus  Aquaticus (Taq) 

simplified and improved the quality of the technique dramatically (Saiki, Gelfand et al. 1988). 
This polymerase is stable at the denaturation temperatures making it possible to automate the 

procedure as there is no need to replenish the polymerase after each cycle.   
 

DNA sequencing is a technique to determine the sequence of the nucleotides G, C, A and T in 

the DNA molecule. This technology has been invaluable in many of the important 
breakthroughs of modern biological science, one example being the human genome project. 

Sanger sequencing bearing the name of its creator Fredrick Sanger is since the late 1970s the 
most used technique for DNA sequencing. Sanger received the 1980 Nobel Prize in chemistry 

for the development of the technique.  The Sanger method uses DNA polymerase and the four 
normal nucleotides (dNTPs) together with a small amount of modified nucleotides 

dideoxynucleotides  (ddNTPs) (Sanger, Nicklen et al. 1977). The modified nucleotides 
contain no 3’-hydroxyl group so once a modified nucleotide has been incorporated into the 

chain the elongation is terminated.  The ratio between the modified nucleotides ddATP, 

ddGTP, ddCTP, ddTTP and the normal nucleotide is adjusted so the terminator only partially 

incorporates.  The incorporation occurs in a randomly fashion, resulting in chains of different 
length all of them terminated by the modified nucleotides. In the early versions of this 

technique the ddNTPs were radioactively labeled and four different reactions, one for each 
nucleotide was needed.  

The technique has been improved and it is now automated using ddNTPs marked with 
fluorescent dyes in a PCR-based thermo cycling reaction, every nucleotide is marked with 

dyes of different wavelength (Pettersson, Lundeberg et al. 2009). At every position in some 
copy of the template a labeled ddNTP is bound and the elongation is terminated. Capillary 

electrophoresis is then used to separate the sequences and detect the fluorescence. Newer 
sequencing techniques called next generation sequencing are being developed with higher 
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throughput at lower costs. These new technique are believed to within some years sequence 

the entire human genome for under 1000 US dollars.  
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“Mutation analysis for identification of a candidate tumor 
suppressor gene in midgut carcinoids” 

As described in the background midgut carcinoids are genetically characterized by LOH on 
chromosome 18. The region has been mapped to 18q22-qter (Kytola, Hoog et al. 2001). Using 
comparative genomic hybridization, CGH, arrays the Diaz de Ståhl group has been able to pin 
point the LOH to three regions in these regions 18 genes were chosen, these genes are listed 
in table 1. In this study we have performed Sanger sequencing of these 18 genes in 24 tumor 
samples from patients with midgut carcinoids.  

 

The study includes 24 tumor and blood samples and these were obtained from 24 patients 

diagnosed at the Laboratory of Pathology and Cytology and treated at the Department of 
Endocrine Oncology, Uppsala University Hospital, Sweden. The diagnosis was based on 

international recommendations for the classification of endocrine tumors. DNA from tumor 
and normal was extracted by the Research Group of Endocrine Oncology. 
 

234 primer pairs where designed for the amplification of these exons as described in 
(Sjoblom, Jones et al. 2006). Primers for PCR amplification and sequencing of all the coding 

exons were generated using Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3 
www.cig). Forward and reverse primers were required to be located no closer to 50bp to the 

target exon boundaries. Exons larger than 350 bp were analyzed as multiple overlapping 
amplicons. The size of the PCR products were 300 to 600 bp. To minimize amplification of 

homologous genomic sequences, primer pairs were filtred using UCSC In Silico PCR and 
only pairs yielding a single products were used. One primer of each primer pair was tailed 

with a universal
 
primer sequence, M13 (5’-GTAAAACGACGGCCAGT- 3’) for subsequent 

sequencing reactions.  

 
To increase the DNA concentration whole genome amplification, (WGA) was carried out. 

The concentration in both tumor and normal was measured using real-time PCR before and 

after the whole genome amplification. A forensic matching using 24 markers was carried out 

to ensure that tumor and normal was from the same individual. These 24 markers were 
analyzed for LOH, those 24 tumors with most LOH on chromosome 18 was chosen.   

 
PCR setup was automated using two robots, Aquarius™ Te-MO (TECAN) and a Biomek® 

2000 (BECKMAN). A format with 384-well plates were used and all plates were bar-coded to 
simplify the handling and reduce the risk of mix-ups during the different steps of the protocol. 

All 234 primers pairs were used for PCR for each of the 24 tumor samples making a total of 
5.616 PCR-reactions.  
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The DNA samples were amplified in 5μl reactions containing: 1x PCR buffer (16,6mM 

(NH4)2SO4, 67mM Tris-HCl, pH8.8, 10mM 2-mercaptoethanol, 6.7 MgCl2), 1.0mM dNTPs 
each (GE), DMSO 6% (Sigma-Aldrich), 2.0mM ATP, 0.01 U platinum® Taq DNA 

polymerase (Invitrogen), 3ng DNA, 1μM forward and 1μM reverse primers. 
The thermocycling conditions consisted of denaturation at 96°C for 2 min, followed by a 

touch-down protocol consisting of three cycles at 96°C for 10s, 64°C-10s, 70°C-30s, three 
cycles at 96°C for 10s, 61°C-10s, 70°C-30s, additional three cycles at 96°C-10s, 58°C-10s, 

70°C-30s. The main cycling conditions were 96°C for 10s, 57°C for 10s, 70°C for 30s during 
41 cycles, with a final extension at 70°C for 5min. The PCR was performed in the 

thermocycler Eppendorf Mastercycler ep 384. 
 

A 8μl sequence reaction with the amplified fragments was setup using BigDye®Terminator 
v3.1. The contents were: 1x buffer (Applied Biosystems) 1.6μmol M13-primer (SIGMA), 

1/32 BigDye (Applied Biosystems). 4μl PCR-product was added resulting in a total volume of 
8μl.The thermocycling conditions for the sequencing reaction consisted of a denaturation at 

94°C for 30s followed by 35 cycles of 94°C for 25s, 50°C for 15s and 60°C for two minutes. 
This was performed in the thermocycler Eppendorf Mastercycler ep 384. 

 
After both the PCR and the sequencing reaction a “Solid Phase Reversible Immobilization” 

(SPRI) based system was used to purify the products. This system removes unincorporated 
primers, nucleotides, remaining reagents and template DNA. These purifying steps were 

automated using the freedom EVO® 96 MCA (TECAN) robot. 
The amplified sequences were run on an automated 96 capillary system sequencer, 3730xl 

DNA Analyzer (Applied Biosystems). The data from the capillary electrophoresis was 
analyzed using Sequence Scanner v1.1 (Applied 

Biosystems), failed reactions and sequences of low 
quality were rerun.  

The sequence data was processed by a mutation 
analysis software comparing the sequence with 

databases containing the human genome and known 

single-nucleotide polymorphisms. The software 

sorted out putative mutations and the chromatogram 
of these putative mutations were visually controlled. 

Sequence variation identified as artifacts were sorted 
out (see example of this in figure 7). After the visual 

control had sorted out obvious artifacts there were 
148 amplicons containing putative mutations. These  

could be sequencing artifacts, constitutional variants 

or true somatic mutations. The 148 amplicons were 

sequenced together with normal DNA from the same 
patient to identify true somatic mutations. Figure 5 

illustrates a brief overview of the production setup of 
this study.   
 

 

 

 Figure 5: The production setup. The PCR and sequencing 

steps were automated using robotics as often as possible 
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The overall coverage of the sequencing was good, all genes but one (SMAD7) was sequenced 
with a 70 % coverage or more in at least 12 tumor samples. Table 1 shows the exact sequence 
coverage for each of the 18 genes.  
 

Table 1: The sequencing coverage of the 18 sequenced genes including percentage of base covered in 18 and 12 of the 24 

tumors. 

 

Gene 

 

Transcript 

 

% bases covered 

in 18 or more 

tumors 

 

% bases covered 

in 12 or more tumors 

 

CDS exon(s)  

completely missing 

SOCS6 CCDS11998.1 94.80% 99.90%  

SMAD7 CCDS11936.1 52.60% 52.60%   1 (parts) 

TXNDC10 NM_019022 74.90% 86.10%  

ST8SIA3 NM_015879  99.50% 99.70%  

ONECUT2 NM_004852  52.00% 73.50% 1 (parts) 

NEDD4L NM_015277 94.80% 96.00%  

NARS NM_004539 90.40% 95.10%  

FECH CCDS11964.1 92.10% 99.00%  

DOK6 NM_152721 88.40% 100%  

CDH7 CCDS11993.1 77.80% 90.40% 1 

CDH19 CCDS11994.1 74.00% 76.50% 4, 6 

CD226 CCDS11997.1 72.50% 72.80% 3, 4 

CBLN2 CCDS11999.1 89.60% 89.70% 1 (parts) 

C18orf4 CCDS11995.1 94.60% 95.40%  

C18orf14 CCDS11996.1 87.40% 87.60% 2 

ATP8B1 CCDS11965.1 95.60% 96.10%  

ALPK2 CCDS11966.1 91.00% 95.10% 1, 4 (parts) 

ACAA2 CCDS11939.1 61.10% 74.30%  8 (parts), 

10 

 

In our mutations analysis we sorted out 148 putative mutations that we re-sequenced with 

their normal, the putative mutations were found in 15 of the 18 sequenced genes. The re-

sequencing of the tumor made it possible to find technical artifacts and the sequencing of the 
normal DNA made it possible to single out true somatic mutations from constitutional 

variants and unknown polymorphisms. See table 2 for the distribution of the putative 
mutations in the different genes.  
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Table 2: The number of putative mutations found in each of the genes. 

 

 
We found no somatic mutations in the 

sequenced genes. All the putative mutations 
were either sequencing artifacts or 

constitutional variants (for examples see 
figure 6 to 10). As shown in table 1 the 

sequencing coverage of this study was high 
for most of the studied genes. The aim of this 
study was to identify a tumor suppressor gene 

mutated in a high percentage of midgut 
carcinoids. It is highly unlikely that this tumor 

suppressor is located in any of the 18 genes 
studied in the present study. 

 
 

 
 

The following pictures illustrates some 
examples of sequencing artifacts and of 

putative mutations that were re-sequenced 
with their normal DNA. 

 

 
 

Gene Number of putative mutations 

ACAA2 2 

ALPK2 38 

ATPP8B1 23 

CBLN2 7 

CD226 3 

CDH7 5 

CDH19 6 

DOK6 7 

DSEL 13 

NARS 3 

NEDD4L 7 

ONECUT2 8 

SMAD 7 10 

SOCS6 11 

TMX3 5 

Figure 6: Chromatogram showing an example of two sequencing artifacts. The quality of the sequence in this region is not perfect, the artifacts 

 are not centered and the height of the curve is not reduced in comparison with the reference DNA. These aberrations were sorted out as putative 

mutations  by the software but manual inspection identified them as artifacts no re-sequencing were made. 
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Figure 7: A putative mutation in the exon 2 of the ATP8B1 gene. The reference DNA (top) contains a G but the sample DNA 

(bottom) has a A in the actual position. 

 

 

Figure 8: The amplicon from figure 7 was re-sequenced and the result was that the putative mutation was identified in the 

normal DNA from the same patient,  an unknown polymorphism 
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Figure 9: Another example of a putative mutation, this time in exon 6 in the ALPK2 gene. The reference DNA has a C where 

the sample DNA has both a C and a T. 

 

 

Figure 10: The putative mutation from figure 9 was also found in the normal DNA, this putative mutations was also a 

polymorphism.
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The region identifyed on chromosome 18 contains more genes than the 18 we have 

sequenced, sequencing the rest of the genes is the next logical step after this study. One other 
possible reason to the negative outcome of this study is other mechanisms by which the 

second allele in a tumor suppressor gene can be inactivated. Epigenetic silencing by 
hypermethylation is one such mechanism (Jones and Laird 1999). Cytocine residues are 

metylated in the promotor region inhibiting transcription. The sequencing aproach used in our 
study can not assess the potential role of epigenetic silencing. 

 
We did not find the tumor supressor gene we were looking for. The underlying studies still 

indicates the presence of a tumor supressor gene mutated in a high percentage of midgut 
carcinoids, located on chromosome 18. Importaint pathogenic information is to be found if the 

gene is identifyed. The finding of a cancer gene can lead to better diagnostic, prognostic and 
some times terapeutical tools, saving, prolonging and improving life quality for patients 

suffering from cancer. Cancer genes and their pathways are often shared with other cancer 
types. Since there are no known cancer genes in this region further studies could have 

importaint implications not only for the fairly rare neuroendocrine tumor, midgut carcinoids, 
but also for other more common cancer types. 
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