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ni mig om livet lär, tydlig nu är livets mening
stoltare & lyckligare kan ingen mamma vara
Nu och för evigt finns ni i det allra innersta av mitt hjärta

ABSTRACT
Cancer affects essentially everyone, directly or indirectly. The aim of this thesis was to study the genetic
and environmental factors in cancer development and survival. Our studies were based on a record linkage
between several Swedish population-based registries, principally the Multi-Generation Register, which
records familial relationships, the Swedish Cancer Registry, and the Cause of Death Registry. In
summary, the Swedish Family-Cancer database comprised over 11 million individuals organized into
around three million families, including more than one million cancers.
In study I, we developed a generalized linear mixed model, enabling analyses of genetic and
environmental effects in two- and three-generational families, considering all relationships in a family at
once avoiding pairwise analyses of dependent family members. The two- and three- generational family
design resulted in similar genetic and environmental estimates. In the two-generational families, no
noteworthy differences were observed correcting for the unequal follow-up time in parents and children.
Further, in our second study, the genetic contribution to melanoma was estimated at 18% (95%
Confidence Interval [CI]=13% to 22%) in the analysis of all body sites. Contrasting the family-shared
environment in sun-covered and sun-exposed body sites, the contribution was higher in covered sites,
possibly conveying the benefit from cautious sunbathing on sensitive skin. The estimated childhoodshared environment for both melanoma and squamous cell carcinoma of the skin (SCC) elucidated the
impact of sun habits and the avoidance of risk inflicted sunburns during infancy and youth. Moreover, in
SCC, the familial shared environment at 18% (95% CI=16% to 19%) is important in defining the
susceptibility to the disease. Genetic variability in individuals enhancing sensitivity to accumulated sun
exposure will most probably also be involved in the aetiology. Finally, we propose that genetic factors are
vital in the common liability to both melanoma and SCC. We estimated that 47% (95% CI=43% to 51%)
of the susceptibility was estimated to be attributed to genetic factors.
It has been established that genetic variability influences the susceptibility to cancer; still little is known
about the inheritance of cancer survival. In study III and IV, we present the first population-based
comprehensive analyses of cancer survival concordance among family members. In study III, we noted a
significantly increased risk of poor survival in children with poor parental survival compared to the risk in
children with good parental survival in colorectal cancer (Hazard Ratio [HR]=1.44, 95% CI=1.01 to 2.01),
lung cancer (HR=1.39, 95% CI=1.00 to 1.94), breast cancer (HR=1.75, 95% CI=1.13 to 2.71), ovarian
cancer (HR=2.23, 95% CI=0.78 to 6.34) and prostate cancer (HR=2.07, 95% CI=1.13 to 3.79). All hazard
ratio estimates, except for ovarian cancer, were statistically significant with trends of increasing risk of
death among offspring by degree of survival outcome among parents. In study IV, lung cancer survival in
children was associated with the lung cancer survival in their parents with a decreased hazard ratio for
death in children with good parental survival (Hazard Ratio [HR]=0.71, 95% CI=0.51 to 0.99), compared
to those with poor parental survival. We also found a strong protective effect (HR=0.14, 95% CI=0.030 to
0.65) for siblings, while no effect was seen on spouse survival. Genetic background of an individual may
be more important than lifestyle factors such as smoking in lung cancer survival. The very strong
protective effect in siblings compared to parent-child pairs further suggests a possible recessive pathway
of inheritance. In light of study III and IV, we propose that genetic background is of importance in
foreseeing an individual’s cancer specific survival.
In conclusion, genetic factors are vital in the familial aggregation of melanoma in addition to the coaggregation of melanoma and SCC. The ability to fight cancer disease and survive may also be inherited.
In the future, I envision that population-based studies will help in identification of genetic variation
influencing both the liability to cancer disease development and subsequent survival.
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ABBREVIATIONS
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GLMM
HNPCC
HPV
HR
ICD
PSA
SCC
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Confidence Interval
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Human Papilloma Virus
Hazards Ratio
International Classification of Diseases
Prostate Specific Antigen
Squamous Cell Carcinoma of the skin
Single Nucleotide Polymorphism
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INTRODUCTION
In history, there has been increasing support for the idea that hereditary factors are involved in
the development of cancer. The earliest reports of aggregation of cancer in families dates back to
breast cancer in the wife and family of the French physician Broca and gastric cancer in
Napoleon Bonaparte’s family.1 In the 19th century, an early childhood tumour to the eye,
retinoblastoma, was recognised to cluster in families. This phenomenon puzzled Alfred Knudson
and by 1971 based upon the clinical records of 48 retinoblastoma patients, he concluded that
individuals inheriting a mutation in the retinoblastoma gene will only need one additional
mutation and are thus far more likely to develop the malignancy earlier and bilaterally in contrast
to sporadic cases who require two mutational hits in retinal cells.2 The gene for retinoblastoma
was the first hereditary cancer gene to be discovered, starting the molecular genetic era of
modern research.3,4
The study of extended families has been important through the history of cancer research, mainly
in the study of Mendelian diseases. This approach is still today vital in for instance understanding
the aetiology of cancers, in the identification of cancer related genes and in clinical decisions and
counselling. Certain limitations are however posed on the use of families in the study of cancer as
a common and complex disease. Traditionally, cancer research was based on studies of family
pedigrees with clear inheritance of cancer from generation to generation. Very large pedigrees
with information on relatives could be retrieved by interviews of family members in several
generations. These studies yield good results when the interest is set on high penetrance
Mendelian inheritance genes. However, extended families are less likely to give insights to the
general and complex disease nature of cancer, in a very limited set of individuals. Also, the
recollection of relatives often stops at individuals’ second or third cousins along with their
disease status. Now, the majority of genes segregating in a high-penetrant Mendelian fashion may
have been discovered leaving the high risk genes as more narrow examples of the inheritance of
cancer disease. The focus may shift to the discovery of particular genetic dysfunctions involving
heterogeneous expression in multiple genes and functional pathways, guided by indication of
genetic importance in addition to environmental effects on cancer susceptibility. Consequently,
advancement in one field of study will expand our knowledge of other intrinsically related
disciplines, see figure 1.
It is only in the last twenty years we have started to identify abnormalities in cancer-predisposing
genes. However, these abnormalities still today explain no more than a small proportion of the
observed familial aggregation of cancer.5-7 Cancer research has only entered a fascinating epoch
leaving the vital findings in understanding the true nature of cancer still to be unravelled. In the
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future, rather than traditional high-risk family studies, larger population-based family studies may
be fundamental in determining individual cancer susceptibility and ability to fight cancer disease.

Gene & Environmental Studies

Linkage Analyses Molecular & Functional Studies

Figure 1 - Studies on genes & environment, molecular & functional traits and linkage analyses are inherently
related
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CANCER DEVELOPMENT
Neoplasia is originally a Greek word denoting the growth of new tissue, inhabiting cells with
growing ability beyond their normal boundaries, see figure 2. Hence, the balance between
proliferation and programmed cell death is disturbed, allowing cells with genetic abnormalities to
survive. Neoplasias may be both benign (localized) or malignant (invading host tissues).
Nonetheless, some benign neoplasias are precancerous lesions and develop over time into
invasive cancers. Cancer research still attempts to understand the genetic basis of cancer to
explain its progressive nature, but it is now beyond all dispute that cancer is a genetic disease at
the cellular level.

Figure 2 - A breast cancer cell

In Sweden, the most common cancers are prostate and breast cancer contributing to 35% and
29% of all cancers in men and women, respectively, see figure 3.8 Skin cancer (excluding
melanoma) and colorectal cancer are the second and third most common cancers accounting for
around 15% of all cancer cases. During the last decade melanoma has increased by 3% annually
and the yearly increase of other skin cancers has been even higher. The underlying reason may at
least partly be due to changed sun-tanning and vacation habits. However, an increase has also
been seen for both prostate (3% yearly) and breast cancer (1.3% yearly) during the last decades,
which may be partly explained by enhanced diagnostic methods such as mammography screening
and prostate specific antigen testing (PSA) in Sweden. In women lung cancer has increased by
3% yearly the last twenty years and almost 4% in the last decade, whereas the trend is the
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opposite in men with a yearly decrease of 1%. It has been suggested that the increasing smoking
in women since the 1950s in Sweden explain most of the increase.9

Percent of all cancer cases
18 Prostate
14 Breast
8 Skin
7 Colon
6 Lung
5 Urinary bladder
5 Melanoma
4 Rectal
3 Malignant lymphoma
3 Cervical

Percent of all cancer cases
35 Prostate
9 Skin
7 Colon
7 Urinary bladder
6 Lung
5 Rectal
4 Melanoma
3 Malignant lymphoma
2 Kidney
2 Leukemia

Percent of all cancer cases
29 Breast
8 Colon
8 Skin
6 Lung
6 Cervical
5 Melanoma
4 Rectal
3 Ovarian
3 Brain and nerve system
3 Malignant lymphoma

Figure 3 - The ten most common cancers divided by gender

FAMILIAL CANCER
Studies of familial cancer have been the main approach in the assessment of the hereditary effects
in cancer. Population-based family studies provide reliable quantitative estimates on familial
risks once family relationships and cancers in relatives have been confirmed.10-15
Familial aggregation can be described by familial risk and in population-based family studies an
individual with an affected parent or sibling develop the specific cancer twice as often as
compared to individuals without family history, see table 1.16 Moreover, individuals with two or
more affected first-degree relatives are even more susceptible to cancer. In breast cancer for
instance, these individuals are three times more likely to develop the disease.17
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Table 1 - Familial risk of cancer
Risk in offspring by
Site or type

Parent concordant cancer
95% CI
SIR

Sibling concordant cancer
95% CI
SIR

Colorectala
Lung
Breast
Ovary
Prostate
Melanoma
Skin

1.86
2.09
1.84
3.15
2.45
2.62
2.52

2.87
3.13
2.03
4.25
4.46
2.93
3.63

a

1.73
1.88
1.76
2.56
2.30
2.23
1.99

2.01
2.32
1.93
3.85
2.62
3.05
3.15

2.40
2.53
1.89
3.01
3.85
2.38
1.87

3.40
3.84
2.17
5.84
5.15
3.57
6.37

Including only adenocarcinoma

Some cancers co-aggregate in families unravelling hereditary cancer syndromes, while for others
the common aetiology is still unknown. For instance, melanoma and squamous cell carcinoma of
the skin (SCC) have been shown to co-aggregate within families.18,19 The reason for this familial
aggregation and relatively high familial risk is still unknown but a shared sensitivity to ultraviolet
radiation has been suggested to be the main risk factor for both diseases.20
Second or multiple cancers in the same individual may also signal an inherited susceptibility. For
instance in Li-Fraumeni syndrome, primary breast cancer tumours often develops followed by
secondary brain tumours or leukaemia. Further, secondary endometrial cancers are commonly
seen in families with HNPCC (hereditary nonpolyposis colorectal cancer) and in familial breast
cancer syndrome families, ovarian and pancreatic cancer are known to co-aggregate as second
cancers.21-25 However, second or multiple cancers in the same individual may also signal
sensitivity to specific environmental factors, such as ultraviolet radiation in skin cancers or
susceptibility to carcinogens in smoking or immunological factors. Thus, secondary cancers offer
interesting insights into the risk of cancer. However, the aetiology of secondary cancers may also
include effects of radio- and chemotherapy, or an increased probability to find a new tumour due
to intensive medical surveillance after the first diagnosis.23,24,26
Studies on familial risk of cancer give reliable estimates on familial susceptibility, even though
since no more than one order of genetic relationship are exploited such studies are less
advantageous in the dissection of the effects of shared genes from the effects of shared
environment. Family members share many environmental factors, such as lifestyle, including diet
and habits, which may increase or decrease exposures to cancer-causing or protective factors.

GENES VERSUS ENVIRONMENT
Cancer is caused by environmental and genetic events, see figure 4, which transform a benign
cell to a malignant cell through a sequence of molecular changes. In the human cell a portion of
the genes regulate cell growth and cell division. Mutations altering the expression and function of
these genes in cells may lead to cancer. These mutations can either be inherited, occur
spontaneously or be due to environmental exposures (carcinogens, physical mutagens, certain
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viruses, or by epigenetic events). Even without the environmental hazardous factors, spontaneous
mutations will occur because of limitations of the accuracy of the DNA replication and DNA
repair. Still, all these mutations and those caused by environmental factors together occur much
more frequently than do cancer in humans.

Figure 4 - Myself (genetic factors), my choices (lifestyle and behaviour), and my world (physical environment in
which you live)

Some individuals inherit a mutation in a cancer related gene. In their families the number of
additional mutations required to develop cancer are fewer, resulting in cancer occurring with a
higher frequency and on average at an earlier age.27 These families are more susceptible to a
certain type of cancer and identification of these susceptibility genes have led to a deeper
understanding of the carcinogenic process. Today 1-5 % of all cancers are believed to be
associated with single-gene, dominant traits.28 In addition, accumulated data now point at cancer
being a complex disease, where the causal pathway may be several genes which each have a
minor importance and hence account for a larger part of all cancer cases.5,7,29 However, family
studies have suggested that life-style related factors may explain at least a small part of the
familial aggregation observed in some cancers.12,13
One strategy to unravel the underlying reasons of familial aggregation of a certain cancer is to
disentangle the genetic and environmental factors by use of population-based family data of
different degrees of relationships. Quantitative genetic methods are well developed for twin
studies because of the innate simplicity comparing the similarity among monozygotic twins and
dizygotic twins. Due to the rarity of twinning (1-2%), the sample size is a common problem
especially when studying rare diseases such as cancer. Even in a large study disentangling genetic
and environmental factors, combining twins from Swedish, Finnish, and Danish registers,
significant heritability estimates were only obtained for colorectal, breast and prostate cancer, see
table 2.30
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Table 2 - Effects of genetic and environmental factors, twin study

Site or type
Colorectal
Breast
Prostate

Percentage of variance (95% CI)
Genetic
Family-shared
environment
35 (10-48)
27 (4-41)
42(29-50)

5 (0-23)
6 (0-22)
0 (0-9)

Families are in contrast to twins more abundantly available and population-based family studies
have previously estimated the genetic and environmental contribution to cancer susceptibility, see
table 3.31
Family studies have inherent methodological concerns related to the dependence among
individuals in a family. To enable analysis, individuals have been analysed in a pairwise manner
assuming independence between different relative pairs in a family such as sibling-sibling and
parent-offspring pairs.
Table 3 - Effects of genetic and environmental factors in cancer, family study

Site or type
Stomach
Colon
Rectum
Lung
Breast
Cervix invasive
Cervix in situ
Testis
Kidney
Urinary bladder
Melanoma
Nervous system
Nervous system: Age >15 yrs
Thyroid
Endocrine glands
Non-Hodgkin lymphoma
Leukemia
Leukemia: Age >15 yrs

Percentage of variance (95% CI)
Genetic
Family-shared
Childhood-shared
environment
environment
1 (1-6)
13 (12-18)
12 (8-13)
8 (5-9)
25 (23-27)
22 (14-27)
13 (6-15)
25 (15-37)
8 (7-9)
7 (2-11)
21 (12-23)
12 (10-18)
13 (6-20)
53 (52-53)
28 (27-28)
10 (8-10)
1 (0-1)
9 (9-16)
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15 (15-16)
12 (11-13)
9 (9-9)
9 (8-9)
9 (9-9)
0 (0-12)
0 (0-3)
0 (0-0)
8 (8-9)
12 (9-12)
2 (1-2)
5 (4-7)
5 (2-8)
1 (1-2)
3 (3-3)
6 (5-6)
8 (5-8)
9 (6-9)

13 (12-16)
6 (5-7)
3 (3-5)
4 (0-4)
6 (6-6)
3 (0-8)
13 (12-14)
17 (8-24)
6 (6-7)
4 (4-12)
8 (7-10)
3 (0-6)
2 (0-6)
10 (9-11)
11 (11-11)
2 (2-4)
4 (4-5)
4 (4-7)

ENVIRONMENTAL RISK FACTORS
In the 1960s, cancer was generally viewed as being caused by environmental and lifestyle factors
and thus preventable.32 Today, shared environmental factors in a family have been observed to
slightly increase the predisposition to many cancers, see table 2. The understanding on what the
‘environment’ actually is and on the mechanisms through which the ‘environment’ is able to
cause cancer are still truly fragmentary.33 Some established environmental carcinogens described
below are genuinely vital in influencing cancer susceptibility.
The carcinogenic effect of tobacco is possibly the most important discovery in the history of
cancer epidemiology.33 In Sweden, an estimated 8000 to 10 000 new cancer cases per year are
caused by smoking and the majority of lung cancer patients smoke.9 Smoking also increases the
risk of other cancers such as cancer in the pancreas, urinary bladder, kidney, liver, stomach and
most probable also cancer to the cervix.34-36
In the last twenty years, the discovery that infectious pathogens are potentially carcinogenic
greatly enhanced the understanding of the fundamentals of cancer. For instance, a gastric bacteria
called helicobacter pylori known to cause ulcers, was found to be a major risk factor in the
development of stomach cancer.33,37 In addition, human papilloma virus (HPV), in particular
HPV16, 18 and 45, cause cervical cancer, and a common belief is that HPV infection is a
necessary cause for cervical cancer development.38 In leukaemia, many epidemiological studies
have associated infection with disease onset, but no specific pathogen has been discovered. 39
It is widely believed that dietary factors are important in the susceptibility to cancer. However,
still no dietary factors have been shown to consistently increase or decrease the risk to develop a
certain type of cancer,33,40 other than drinking alcohol and certain local customs as for instance
giving salted fish to infants causing nasopharyngeal cancer and consumption of food with
aflatoxin.33,41

Figure 5 - Suntan with reason
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Ultraviolet radiation in sunlight and sun tanning beds scar the skin when exposed repeatedly and
excessively, increasing the risk to develop skin cancer, figure 5.20 In Nordic countries, the
population exposure to ultraviolet radiation has increased dramatically during the twentieth
century and the average exposed skin area has doubled.42 The pattern of ultraviolet exposure
seems to be vital. For melanoma, ultraviolet exposure of intermittent nature has been seen to
induce malignant changes in melanocytes increasing the risk of invasive disease.20,43-47 For SCC,
on the other hand, the accumulated exposure of ultraviolet radiation during an individual’s
lifetime is fundamental to disease development and indeed the majority of squamous cell
carcinomas appear on sun-exposed areas such as the face, lower-lip, neck, ears, and hands.20,48
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INHERITED PREDISPOSITION
Essentially, inherited susceptibility to cancer has been seen in rare genetic syndromes resulting in
cancer occurring with a higher frequency and on average at an earlier age. More commonly,
predisposition to cancer is also seen in families with a family history of one or more common
malignancies. It has been proposed that cancer may occur mainly in genetically predisposed
individuals, indicating that the greater part of the inherited susceptibility to cancer is due to the
combined effects of many genetic variants at a number of different loci.5-7 Identifying these
susceptibility gene variations will have the potential to fundamentally deepen the understanding
of the carcinogenic process.
HIGH-PENETRANCE GENES
Studies of extended families with site-specific aggregation of cancer have provided important
leads in identifying the genetic susceptibility to cancer. Rare predisposing genes associated with a
high risk of cancer with multiple cases of disease in families, were first identified through linkage
analysis or positional cloning in the beginning of the era of genetic epidemiology. Key signalling
molecules such as p53 (TP53) were originally discovered as important mutation sites for
viruses49-51 and somatic mutations in tumours. Later these signalling molecules were identified as
germline cancer susceptibility genes.52
Many fundamental and unanticipated insights into the mechanisms of carcinogenesis have been
provided by high-penetrance alleles. For instance, in the rare autosomal dominant condition
familial adenomatous polyposis (FAP), responsible for less than 1% of all colorectal cancers,
hundreds to thousands of adenomatous polyps in the colon and rectum usually have developed by
the age of 30 years.53,54 An individual with FAP will if untreated almost unavoidable develop
cancer at an average age of 39 years.53,55 By genetic linkage APC, the gene for FAP, was
localized on chromosome 5q21-q22.56 A straightforward correlation was established between the
genetic change in APC and the corresponding phenotype of the colorectal cancer. Mutations in
the early part of the gene often resulted in late onset non-aggressive polyps, while further up
(from exon 9 to exon 15) mutations led to more severe disease.54 In the end of the gene,
mutations gave features recognised as Gardner’s syndrome and mild polyp disease. In sporadic
cancer, the APC gene is likewise vital, however, with the difference that the losses of both
functioning copies of the gene are acquired and thus the onset of disease is generally later.
Familial Cancer syndrome

Gene

Type of Tumours observed

Li-Fraumeni Syndrome

TP53

Breast cancer, brain tumours and leukemia

Familial Adenomatous Polyposis

APC

Colon cancer

Familial Melanoma

CDKN2A

Melanoma and pancreatic cancer

Hereditary Nonpolyposis Colon Cancer

MSH2 MLH1

Colon cancer and extracolonic cancer

Familial Breast Cancer

BRCA1 BRCA2

Breast and ovarian cancer

17

Families with hereditary nonpolyposis colorectal cancer (HNPCC) also called Lynch syndrome,
have an autosomal dominant syndrome accounting for 2-5% of all colorectal cancer cases.57
Families with HNPCC are characterised by development of extra colonic cancer in the
endometrium, ovary, stomach, small bowel and brain among others with early disease onset
(median age around 45 years).58 In HNPCC families, mutations in the DNA mismatch repair
genes including genes MSH2, MLH1 and MSH6, affect the expansion or contraction of short
repeat sequences of DNA known as microsatellite instability (MSI) and cause disease.54
In the 1990s two major susceptibility genes, BRCA1 and BRCA2, for breast cancer were
identified.59-61 Later several other genes including TP53, PTEN, STK11, and CDH1 have also
been associated with an increased risk of breast cancer.62-67 Other identified variants in the DNA
repair genes CHEK2, ATM, BRIP1 and PALB2 confer a roughly twofold increase in the risk of
breast cancer.68-74 Susceptibility to melanoma in families with many affected individuals is
known to be linked to mutations in the cell cycle regulator CDKN2A gene on chromosome 9p2175
and less frequently to CDK4.76-79 The cell cycle regulator CDKN2A controls the cyclin-dependent
kinase inhibitor 2a, that inhibit CDK4 and CDK6 ability to phosphorylate the retinoblastoma
protein.44 CDKN2A has been found to be deleted homozygously or mutated in nearly 75% of
melanoma cell lines.75 The CDK4 gene controls one of the binding partners of the cyclindependent kinase inhibitor 2a76 and the CDK4 mutations occur exclusively at the inhibitor
binding domain.44 In addition, a yet unidentified mutation has also been proposed at chromosome
1p22.80 However, mutations are rare in kindreds with a fewer number of affected individuals, and
only 7.8% of the Swedish melanoma families have CDKN2A mutations.80
IS CANCER A POLYGENIC DISEASE?
Shared alterations in high risk genes merely explain a small part of the familial aggregation of
cancer, whereas the genetic variation of an individual including common single nucleotide
polymorphisms (SNPs) and a number of low penetrance susceptibility genes may explain a larger
part of cancer familiality. Accumulating data suggest that cancer is a truly complex disease since
the liability to develop cancer may be caused by many genes or SNPs that each have a minor
importance for the individual susceptibility.5-7,81,82 Predisposition by combinations of weak
genetic variants may be of greater significance to public health than the individual risks seen in
the inherited cancer syndromes.
In melanoma few low-penetrance risk alleles have been discovered and only variants in the
melanocortin receptor gene MC1R have been validated.83-86 However, recent large-scale genomewide association studies have suggested many loci associated with melanoma susceptibility87-89
and liability is now believed to be caused by an interaction between the presence of inherited
susceptibility genes, sun exposure, and other genes that together moderate the skin's responses to
the sun.44,90,91
In breast cancer, known susceptibility genes have been estimated to account for around 15%-20%
of the observed familial clustering of disease.5 The remainder of the familial risk (80-85%) may
be due to genetic or environmental factors. However, several studies on breast cancer support the
belief that genetics predominate.5,33,92,93 Indeed, in the past two years many genome-wide
association studies have investigated breast cancer susceptibility identifying new loci associated
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with risk of disease.94-102 Five SNPs in novel independent loci were strongly associated with
breast cancer development and in particular four genes were of functional interest.95
Various genes involved in the inflammation pathways were associated with prostate cancer risk,
for instance, the macrophage regulating factor MIC1,103 the Toll-like receptor TLRs helping the
innate immunity to recognize pathogen-associated molecular patterns,104,105 and the proinflammatory inhibitor IL1RN.106 Also, in a more global genome-wide approach, new SNPs were
found to be significantly associated with prostate cancer.107

19

CANCER SURVIVAL
Cancer is the second largest cause of death in the Western world. Family history of cancer is a
well established risk factor for essentially all common cancers10,16 but less is known about cancer
survival. It may potentially be determined by various factors such as metastatic potential of the
tumour, treatment, behavioural and sociodemographic factors. Today, it is not possible to
accurately identify patients that do not benefit from available therapy or to differentiate between
slow and fast growing tumours at the time of diagnosis. Most patients die from metastases and
not the primary tumour, which means that prognosis is more strongly associated with distant
spread of the disease.108 The inefficient multi-step nature of metastasis in cancer progression has
puzzled researchers for decades. It has been suggested that the genetic background of a cancer
patient may be essential for the metastatic ability of the tumour, since genetic variants have the
potential to increase or decrease the probability of a tumour to metastasize.109-111
Generally, cancer survival has generally improved during the last decades and for some types of
cancers, the survival increase has been substantial. The relative Swedish 5-year cancer survival is
presented in figure 6, illustrating the survival for cancer patients compared to the general
population of the same age.8 In the 1970s, the 5- year relative survival for all cancer patients was
36% for both males and females in Sweden. This has almost doubled to around 62% in 2008. For
prostate cancer the 5-year relative survival has increased from 37% to 78%. The prostate-specific
antigen (PSA) tests may be the true reason behind most of the survival increase, because the
proportion of men diagnosed with prostate cancer at ages younger than 70 years has increased
along with well differentiated tumours. The decision of whom to treat is problematic and many
patients with prostate cancer are today overtreated due to lack of good prognostifying factors. In
breast cancer, improved treatment and diagnostics are believed to be the true reasons behind the
increased relative survival with a 5-year survival increase from 61% to 86% during the last three
decades. A continuous 5-year relative survival increase from 33% to 57% has been observed for
colorectal cancer. Several factors are believed to have contributed, for instance earlier diagnosis,
increased use of cytostatic agents and improved surgical procedures enabling old individuals to
be operated successfully. However, despite intense research, efforts to detect tumours earlier and
more aggressive surgical procedures and radiotherapy, lung cancer survival has only slightly
improved during the last three decades. Still today only around one in ten patients is alive 5 years
after diagnosis.
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5-year relative survival (percent)
90 Skin
88 Melanoma
86 Breast (female)
78 Prostate
68 Cervical
57 Colon
57 Rectal
12 Lung

5-year relative survival (percent)
89 Skin
84 Melanoma
80 Skin
78 Prostate
71 Urinary bladder
56 Colon
56 Rectal
10 Lung

5-year relative survival (percent)
91 Melanoma
91 Skin
86 Breast
58 Colon
58 Rectal
45 Ovarian
15 Lung
68 Cervical

Figure 6 - 5-year relative survival for the most common cancers

THE METASTASIS PROCESS IN CANCER
In cancer, the metastasis process is fundamental given that 60% to 70% of cancer patients may
have initiated the metastatic process by the time of diagnosis.113 Even patients with no signs of
tumour dissemination at primary diagnosis are at risk. Roughly one-third of sentinel lymph node
negative women at primary breast cancer diagnosis are affected by metastatic disease.114
Approximately 15% to 25% of patients with small primary and node negative tumours will
develop secondary tumours.115 Hence, better understanding of the factors leading to tumour
dissemination is essential, especially since the first stages of metastasis can be early events.116
Despite the relatively high percentage of cancer patients developing distant metastasis, the
metastatic cascade is very inefficient.111 A cancer cell must go through a complete cascade before
it can be successful in colonising at a secondary site, see figure 7. If all steps are not completed,
the result will be failure to colonize and proliferate. The cells need to separate from the primary
tumour, invade surrounding tissue and basement membranes, proceed to the blood vessel or
lymphatic system and survive in the circulation. Finally the cancer cells may arrest in a distant
target organ and more often than not continue to extravasate into the surrounding tissue. To
survive in the new microenvironment and to be able to proliferate, the cancer cells continuously
have to escape apoptotic death and immunological response. Although the mentioned metastatic
cascade may explain the metastatic inefficiency, it is likely that we are aware of some but not all
of these key regulatory points. For instance, cells have been seen to extravaste from capillary
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beds in the bloodstream with high efficiency and in the secondary sites reside dormant for long
periods of time,117,118 sometimes for years.119

Figure 7 - The metastatic process in cancer

Cancer has been argued to generally be a local disease that may spread and metastasise over time.
On the other hand, some argue that cancer is rather a systemic disease with formation of distant
micrometastases very early in cancer development leading to high probability of disease spread
before diagnosis. These different views on cancer development and metastatic process have
immense implications for treated patients.120
Today, the common perception of the carcinogenic process combines historical contradictory
views and cancer is generally considered to be a heterogeneous disease including cancers that are
local in their nature continuously and cancers that are systemic very early in the cancer
development. It is known that metastasising tumour cells primary use direct haematogenous
routes and indeed, the higher the probability for distant metastasis to have formed the less will
local therapies influence the patient’s survival. Studies support the current view that cancer is a
heterogeneous disease and in breast cancer, for instance, mammographic screening has been seen
to reduce breast cancer mortality, with a relative risk of death of 0.85 in screened compared to
unscreened populations.121 Hence, earlier diagnosis can in some patients prevent the development
of distant metastases since the length of a patient’s survival is heavily dependent on if the disease
has spread or not. In addition, this point to the fact that the probability of metastasis formation is
influenced by the time of diagnosis and some tumours may develop the ability to spread to distant
sites as a function of time, leaving strict definitions of either having the propensity or not to
spread less likely. Local control of a tumour has been associated with better overall survival in
many studies and indeed a significantly increased overall survival has been seen in women with
breast cancer with a high risk of recurrence when adding radiation therapy after mastectomy.122126
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GENETIC BACKGROUND & METASTATIC DISEASE
The genetic background of an individual has been suggested to be essential for metastasis
potential and cancer survival. It is hypothesised that allelic variants may modify the likelihood of
tumour metastasis through vital secondary events, such as deletions, amplifications, and
epigenetic modulations in the metastatic cascade.110,111
The microenvironment of the tissue where tumour cells escape is known to be important in
metastasis formation,127 because tumour cells are highly dependent on for instance normal stroma
for their signalling events.128 Studies have proposed that a majority of tumour cells are capable to
spread,118,129 which suggests that success in proliferating at secondary sites may determine
whether cancer cells proliferate into a secondary tumour or undergo apoptosis. Furthermore,
allelic variation may affect escape from the immune surveillance, because small variations in the
ability of an individual to rise an effective cytolytic defence, together with the tumour cell’s
ability to downregulate specific antigens,130 may also be important in the metastatic potential.
Currently, little is known about the involvement of genetic variants in cancer survival.
Nevertheless, some genetic variations modulating disease progression and thus survival have
been proposed in the literature. A locus altering the aggressiveness of prostate cancer has been
mapped and confirmed by linkage analysis, and recently also CAV-1 involvement situated in this
region was presented.131-134 In lung cancer, fifteen SNPs in the DNA repair pathway and five
gene signatures significantly influenced lung cancer survival,135 and the EGFR gene polymorphic
simple sequence repeat length,136 the Y/X polymorphism of the innate-immunity gene MBL2 with
haplotypes,137 and glutathione-related genes have been associated with improved lung cancer
survival.138 Moreover, several investigators have explored the possible relationship between
breast cancer survival and genetic polymorphisms in growth factor receptors as well as genes
involved in angiogenesis, DNA repair, cell cycle checkpoints, and in extracellular and carcinogen
metabolism.139-141 Recently, metastasis suppressor genes inhibiting metastases without blocking
tumour formation were discovered,109,142-145 and a large population-based study assessed the
association of genetic polymorphisms in DNA repair, hormone metabolism, carcinogen
metabolism and other genes with breast cancer survival.139 A gene involved in the DNA doublestrand break repair, LIG4, had the largest effect on survival. Recently, genomic alterations in
chromosome 16 have been associated with survival as well.146 Finally, in colorectal cancer,
genetic variation in genes involved in response to inflammation, DNA repair, and cell cycle
checkpoints have been associated with survival.147
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AIMS OF THE STUDIES
The aim of this thesis was to study familial aggregation of cancer with interest in genetic and
environmental factors affecting disease development and survival.

CANCER DEVELOPMENT
Study I:
Extend the generalised linear mixed model (GLMM), enabling the analyses of genetic and
environmental effects in two- and three-generational families, using melanoma as a model
cancer.
Study II:
Enable analyses of co-aggregation of two diseases in a population-based setting by extending the
GLMM model from study I, with special interest in disease aetiology of melanoma and squamous
cell carcinoma of the skin.
CANCER SURVIVAL
Study III:
Test the novel hypothesis that cancer survival may be inherited by applying analyses of survival
correlation in parent-child pairs.
Study IV:
Investigate the importance of genetic and environmental factors in lung cancer survival by means
of analysis of pairs with different degrees of familial relationships.
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MATERIALS & METHODS
POPULATION-BASED FAMILY DATA
National population-based registers with information on family members and possible cancer
diagnosis are unique tools in epidemiologic cancer research. For instance, the Icelandic registers
comprise good documentation of more than 687 500 individuals tracing the population back to
the founding days including practically complete records of cancer cases from 1955 and today
approximately 95% of cases in the register are histologically verified.148 Also, the Utah
population database, assembled originally from records from the Utah Family History Library
called ”Family Group Sheet”, constitutes high-quality family information with more than 6
million included individuals linked to the Utah Cancer Registry recording cancer cases since
1966.149
In Sweden excellent resources for register-based research are found in the Multi-Generation
Register and the Cancer Registry. All studies described in this thesis were based on Swedish
population-based register data. Record linkage of personal information is possible since all
residents have unique national registration numbers. Our studies are based on a record linkage
between several population-based registers: the Multi-Generation Register, the Swedish Cancer
Registry, the Cause of Death Registry, and the Migration Registry. Finally, additional linkages
were made to the Censuses of 1960, 1970, 1980 and 1990 that holds information on individual
socioeconomic status, figure 8.
Swedish Cancer
Registry
From 1958
1.3 million cancer cases

Swedish
Death and Migration
Registry

Swedish
Censuses
1960, 70, 80, 90

Swedish
Multi-Generation
Register
11.3 million individuals

Swedish
Family-Cancer
Database

Figure 8 - Linkage in the creation of the Swedish Family-Cancer Database
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The Multi-Generation Register includes individuals born in Sweden since January 1932 with
their biological parents.150 The registry was initiated in 1961 from written records in church
parishes and country registration offices. A prerequisite to be included in the Multi-Generational
Register, however, is that the individual is registered in Sweden at some time after 1961. In the
Multi-Generation Register children exist only once while parents are present as many times as
number of children. An individual can be in the database both as offspring and parent, and
parents are those that admit to parenthood at birth, thus not only married individuals.
Incident cancers in Sweden have been recorded since 1958 in the Swedish Cancer Registry. All
tumours in an individual are recorded separately in the Cancer Registry together with a unique
personal number using a four digit diagnostic code according to the seventh revision of the
International Classification of Diseases (ICD-7), together with information on date and county of
diagnosis and histopathological type.151 The records are based on compulsory reports from all
treating physicians in both the private and public health care system. In the 1970s, the
completeness of cancer registration (with cytological or histological verification) was assessed to
be around 95% and has been regarded to be close to 100% since the 1990s.152 In our studies,
deaths caused by cancer were collected from the Cause of Death Registry, which has a reported
accuracy of 96% from 1961 onwards and socioeconomic status was assembled from the
Censuses. In summary, our database comprised over 11 million individuals organized into around
three million families, including more than one million tumours.
The Swedish population-based registers are ideal for the conduct of large epidemiological
studies. But as with all registers, there are some limitations by reasons of incompleteness and
missingness.153 In particular, about half of the individuals dying before the 1990s have missing
parental information. This means that, for instance, early onset or fatal cancer cases are more
likely to have missing parent information compared to non-fatal cases. Analyses only including
cases with parental information may as a consequence potentially lead to biased estimates as it
would selectively remove the fatal cases. Comfortingly, Leu et al concluded that missing familial
information results in little or no bias in familial risk estimates when the mortality for familial
and nonfamilial cases do not differ immensely.154 Further, in the Swedish Cancer Registry,
cancers before the start of the registry in 1958 were not recorded causing the family history of
cancer to be misclassified in some individuals. However, left truncation of the cancer registry,
has been seen to result in small downward non-differential bias, especially at moderate familial
risk of disease.154
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STATISTICAL ANALYSIS
STUDY I & STUDY II
SINGLE-TRAIT MODEL
In our analysis, cancer was defined as a binary trait with the assumption of an underlying normal
distribution of liability defining the liability as the sum of the genetic and environmental effects
in an individual.
We utilized a mixed effects model, assuming that the mean outcome can be explained by a set of
fixed effects and a set of random effects. The probability to get cancer (pij) for each member (j) in
a family (i) was assumed to be Bernoulli distributed and a transformation to the standard normal
scale with the probit link was used for modelling reasons.
The random effects (z'ijbi) capture all the effects that explain the aggregation of cancer in
families, while the fixed effects (x'ijβ) in our case describe the prevalence levels of the disease
within in the different generations.
The model is given by

Φ-1 (pij) = x'ijβ + z'ijbi ,

where Φ() is the normal distribution function.
Family members share genes and common environment including all lifestyle factors. We define
several types of environment shared by different members in our families. The family-shared
environment is shared by all members in a family, while the adult-shared environment is shared
only by the spouses in a family whereas the children in a family share childhood environment.
In study I, we modelled melanoma and specifically wanted to separate the adult-shared and
childhood-shared environment. The shared factors were modelled as a sum of genetic (gij), adultshared environment (aij) and childhood-shared (cij).
Φ-1(pij) = x'ijβ + gij + aij + cij,
In study II, to shed light on the aetiology of melanoma and SCC we wanted to analyse the
relative environmental and genetic burden in covered sites and exposed sites. Thus, we modelled
the shared factors as a sum of genetic (gij), family-shared environmental (fij), and childhoodshared environmental (cij) effects, so that
Φ-1(pij) = x'ijβ + gij+ fij + cij,
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The definition of the random effects, the variance components for each model and the covariance
for the individuals in each family are seen below.

Genetic,
childhood-shared
and adult-shared
environment model
Genetic, familyshared and
childhood-shared
environment model

Variance
(Random effects)

Covariance
(spouse-spouse)

Covariance
(sibling-sibling)

Covariance
(parent-child)

σ g2 + σ c2 + σ a2

σ a2

1 2
σ g + σ c2
2

1 2
σg
2

σ g2 + σ 2f + σ c2

σ 2f

1 2
σ g + σ 2f + σ c2
2

1 2
σ g + σ 2f
2

In both studies, different family structures are assumed to be independent, but the random effects
within the families are correlated according to the usual assumptions in quantitative genetic
analysis, where the correlations between relatives for environmental and genetic effects are set to
fixed values according to their degree of genetic and environmental relationship. Hence, all firstdegree relatives (parent-offspring and full siblings) were assumed to be correlated by 0.5 for the
genetic factors while the grandparents and grandchildren in the three-generational model were
correlated by 0.25 for the genetic effects. A higher correlation among relatives that are more
closely related to each other genetically indicates the importance of genetic effects. Moreover, all
members in a family shared the family-shared environment, while only spouses are fully
correlated for the shared adult environmental factors, and siblings share childhood environment.
Childhood-shared environmental effects result in greater environmental resemblance among
siblings than among parents and children, inhabiting also recessive genetic effects. Non-shared
environmental effects are seen in the within-family differences.
Within family differences in liability to disease are seen in non-shared environmental effects and
is implied by the randomness of the probit model. The variance of these non-shared
environmental effects was set to 1 for identifiability.
In quantitative genetics, the estimated variances of liability attributable to various factors are
usually presented. The heritability, in particular, is defined as the proportion of susceptibility due
to genetic factors given by
2

ҺS =

σ 2g

σ 2g
,
+ σ 2e + 1

where e stands for the defined environmental effects in the model, s stands for single trait and
finally 1 in the denominator is derived from the non-shared environment as explained above. To
reduce the amount of computation and without any impact on the results, we first summarized the
data according to all possible configurations in a family with regard to the event. The probability
of each family pattern was then computed using a fast Monte Carlo integration method. The total
likelihood was retrieved by summing the individual log-likelihood contributions from all
families, assuming that the family patterns were independent.
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Optimization of the total log-likelihood was done by employing optim(), a derivative-free
simplex algorithm available in the statistical package R. Although the exact location of the
maximum of the likelihood could not be found because of the Monte Carlo approximation used in
the computation of the likelihood, we confirmed that the estimate was within the statistical
uncertainty in the data by smoothing the log likelihood around each estimated parameter value.

FAMILIAL CO-AGGREGATION MODEL
In study II the occurrence of melanoma and SCC in an individual or in a family were studied
with our newly developed co-aggregation model. The co-aggregation of two diseases results in
the binary outcome of disease with the possibility of each individual being affected with
melanoma and SCC. Thus, for a family including mother, father, and two children, the vector has
a length of 8, consisting of four family members with binary outcomes for each disease.
Similar to the single-trait model, in the co-aggregation model the random effects were assumed to
be independent. Analysing the variance, the covariance matrix between the two diseases was
defined as a matrix combining the effects of melanoma (m) and SCC (s) including two variance
components (σ2m and σ2s) and one covariance component (σms). The covariance component is
presented below,
M m Fs M m C1s M m C 2 s ⎞
⎛ M ms
⎟
⎜
Fms
Fm C1s
Fm C 2 s ⎟
⎜ Fm M s
σ ms = ⎜
C1 M
C1m Fs
C1ms
C1m C 2 s ⎟
⎟
⎜ m s
⎟
⎜C2 M C2 F
C
C
C
2
2
2
m s
ms
m
s ⎠
⎝ m s

where M stands for mother, F stands for father, and C1 and C2 stand for sibling 1 and sibling 2,
respectively.
The genetic, family-shared environmental, childhood-shared environmental and the unshared
environmental factors were modelled in the familial co-aggregation model inhabiting two
malignancies. The unshared effect (ui) describes exposures that affect the co-aggregation of two
diseases within an individual and are not shared with the rest of the family. The proportion of
variance for genetic and environmental effects can be defined employing the quantitative genetic
approach in a similar manner as for the single-trait model as given by,
Һ2Co =

σ msg

σ msg
σ msf
σ msc
2
,
f
=
, c2Co=
Co
2
2
+ σ msf + σ msc + σ u
σ msg + σ msf + σ msc + σ u
σ msg + σ msf + σ msc + σ 2 u

where Co stands for co-aggregation.
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STUDY III & STUDY IV
In study III, we analysed the cancer-specific survival in children with a parent diagnosed with
the same cancer. All parents with a first primary cancer diagnosed between 1961, and 2001, who
had a child diagnosed with cancer between 1991 and 2001, were included in the study.
In study IV, all parent-child, sibling and spouse pairs concordantly diagnosed with a first
primary invasive lung cancer were included. Cause-specific lung cancer death within 5 years was
the outcome of interest. Children and siblings in our analyses were diagnosed between January
1991 and December 2001, while for parents and spouses the follow-up was unrestricted (January
1961 until December 2001).

Depending on the modelled survival in proband the survival in proband’s relative (child, sibling,
spouse) was analysed. First, by use of the Kaplan-Meier method following individuals for five
years after diagnosis, and secondly with a multivariate proportional hazard model adjusting for
possible confounders on survival such as calendar year of diagnosis, age at diagnosis,
socioeconomic factors, county of diagnosis, tumour histology and gender.
In both studies, we restricted our offspring analysis to 1991 and onwards, because complete data
for parents of children who died from 1991 are available in the Multi-Generation Register,
whereas before this date the data are incomplete. The start of follow-up was the date of cancer
diagnosis and follow-up continued until death, emigration, or the end of follow-up. Since the
Cause of Death Registry has a high reported accuracy of 96% from 1961 onwards, we limited our
follow-up back to 1961.
In study III, the survival in children in relation to parental survival was analysed using the
Kaplan-Meier method. The parents were grouped into either dead within ten years (from the same
cancer as their child) or alive ten years after diagnosis. To ensure that all parents had the
possibility of a 10-year survival, only parents diagnosed between 1961 and 1991 were included.
In study IV, the proband survival was defined from the multivariate proportional hazards model
described below.

In both studies the survival in the probands (parent, sibling, spouse) was modelled with a
multivariate proportional hazards (Cox) model adjusting for the calendar year of diagnosis and
age at diagnosis. The residuals from this model were used to describe proband survival compared
to the cumulative baseline hazard, adjusting for calendar year of diagnosis and age at diagnosis,
resulting in residual values below, above, and around zero. Subsequently, by defining groups
according to quartiles of survival the probands were categorized to better than expected survival
group as the best quartile of survival, the expected survival group as the middle two quartiles of
survival, and the worse than expected survival group as the worst quartile of survival. For
simplicity, we refer to these categories as good, expected and poor.
Finally, the proportional hazard assumption for the main exposure variable was assessed using
Schoenfeld’s test statistics;155 no significant deviation was noted for the family pairs studied. An
arbitrary level of 5% statistical significance was used.
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FINDINGS & INTERPRETATION
STUDY I
Population-based family studies have inherent problems in contrasting gene and environmental
factors due to the dependence among individuals in a family. Until now, family members been
analysed in a pairwise manner assuming independence between different relative pairs in a
family, such as sibling-sibling and parent-offspring pairs.
In study I, we extended the previously developed generalized linear mixed model enabling
analyses of genetic and environmental effects in two- and three-generational families considering
all relationships in a family at once avoiding pairwise analyses of dependent family members.
More specifically, we aimed at comparing the relative importance of genetic and environmental
factors in the development of melanoma. Melanoma was selected as a model cancer since it is a
common sex-unspecific cancer with reasonably early onset of disease. From our populationbased Swedish database we defined two-generational families as families consisting of a mother
and a father together with their oldest two children (or their only child). We also linked our
nuclear family data into three-generational families, constituting a grandmother and a
grandfather, their two oldest children with spouses, and the two oldest grandchildren, see figure
9.
3-generations
Gen I

2-generations
Gen I

Gen II
Gen II
Gen III

Figure 9 - Two- and three-generational families where individuals within brackets are optional in the family
structures accommodated by our analysis

To reduce the computational burden, we restricted our three-generational families by only
including the two oldest siblings in generation II, excluding families with less than two siblings
in generation II, in order to obtain a good estimation of the childhood-shared effect. We included
the two oldest siblings in generation II since the oldest sibs are more likely to have their own
children contributing to more person–time of observation in the analysis. Our model can easily be
modified to inhabit different structured pedigrees.
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After the restriction, 2.6 million two-generational families and one million three-generational
families could be included in our analyses. In the three-generational families, individuals in
generations II and III belong both to the family with their own parents and to the family with
their spouses’ parents, while the grandchildren in generation III are biological members of both
their mothers’ and fathers’ family with grandparents.
In the two-generational families, the median age of children and parents was 34 and 58 years,
respectively. The median attained age up to the end of follow-up in families with three
generations of relatives was 20 years for children, 47 years for parents and 69 years for
grandparents. Thus, a proportion of the children belonging to the three-generational families were
too young to be at risk to develop melanoma, so in estimating the environmental and genetic
contribution we included a baseline risk for each generation in the two- and three-generational
families.
In previous studies, family members have often been assumed to either share environment in the
whole family (familial environment) or the environment has been assumed to be shared by the
spouses (adult) or siblings (childhood) separately. In our case, defining a familial environment
across three generations assuming common environment in grandchildren and grandparents did
not seem reasonable. Instead, a separate childhood-shared and adult-shared environment was
defined to be shared in the families. Thus in summary, we assumed that all first-degree relatives
(parent-offspring and full siblings) shared 50% of their genes while grandparents and
grandchildren shared 25% of their genes, as generally the case when thinking in average
inheritance terms. Spouses are assumed to share adult environment and the siblings in addition to
genes are also assumed to share childhood environment in our model. Childhood-shared
environmental effects result in greater environmental resemblance among siblings than among
parents and children and a higher concordance of melanoma among closely related family
members would indicate an importance of genetic effects.
The estimated contributions of the genetic and adult-shared environment in the two- and threegenerational families were 29% and 6% in both family structures, table 4. The childhood-shared
environmental effect differed slightly and was estimated at 8% and 4% in the two- and threegenerational families, respectively, see table 4.
Table 4 - Two- and three-generational families and genetic and environmental factors in melanoma
Family structure

Percentage of variance (95% CI)
Adult-shared
Childhood-shared
environmental
environmental

Genetic

Two generations

29 (27-31)

6 (3-9)

8 (2-13)

Three generations

29 (26-32)

6 (3-9)

4 (0-9)

In our data, we have unequal observation time on children compared to their parents. In addition,
the incidence of melanoma has changed with a steep increase during the last twenty years. In
order to correct for this potential survival length bias, we made a cumulative incidence restriction
in our two-generational model within each family, resulting in equal cumulative hazard in the two
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generations. For example, in a family with children with an average age of 45 years, the parents
were followed for around 53 years to achieve to same cumulative incidence in the family, see the
age cumulative incidence graph below.
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No noteworthy differences in the estimated genetic and environmental components were obtained
from the restriction, particularly when considering the confidence intervals of the estimates, table
5.
Table 5 - Cumulative incidence restriction in two-generational families
Family structure

Two generations

Percentage of variance (95 % CI)
Genetic
Adult-shared
Childhood-shared
environmental
environmental
24 (17-30)

13 (6-20)

10 (5-15)

Our newly developed models enable analyses on complete family structures. Although we
consider our developed GLMM model to be statistically superior to standard structural equation
modelling,156 still these two models resulted in very similar estimates with respect to melanoma.
Further, the two- and three-generational family design resulted in very similar genetic and
shared-environmental estimates. However, because of inherent difficulties in the threegenerational family approach, such as for instance truncation problems of our database leading to
young average age in grandchildren, we favour the two-generational design. Lastly, since the
correction for differential length of follow-up in our families resulted in estimates of similar
magnitude, the potential survival length bias owing to unequal follow-up in families did not
distort our final genetic and environmental estimates. In view of that and by reasons of reduction
in number of disease concordances within the families, we decided not to restrict the survival
time within the families in the subsequent familial studies.
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STUDY II
AETIOLOGY OF MELANOMA & SCC
In both melanoma and SCC, genetic and environmental susceptibility to ultraviolet exposure is
mainly unexplored. The pattern of sunlight to sun-covered sites has been suggested to be of a
more intermittent nature than the sunlight pattern of sun-exposed sites.

The estimates on genetic contribution in sun-covered and sun-exposed sites in melanoma, see
table 6, indicate that the pattern of sun exposure does not interact with the genetic susceptibility
to melanoma, since the genetic effect was stable over different patterns of environmental
exposure.
Table 6 - Effects of genetic and environmental factors in melanoma and SCC
Site or type

Percentage of variance (95% CI)
Genetic
Family-shared
Childhood-shared
environmental
environmental

Melanoma
All sites
Exposed sites
Covered sites

18 (13-22)
12 (6-18)
13 (5-21)

6 (4-7)
6 (3-8)
9 (6-11)

8 (3-12)
8 (1-15)
9 (1-17)

SCC
All sites
Exposed sites

8 (4-12)
8 (4-13)

18 (16-19)
17 (16-19)

7 (3-11)
7 (2-12)

Family-shared environment in sun-covered sites seem more important than in the sun-exposed
sites for melanoma. Hence, familial habits of sunbathing especially on sensitive winter skin
unaccustomed to ultraviolet radiation may increase the susceptibility to melanoma. Higher
familial risks at sun-covered compared with sun-exposed sites support our finding.157 Generally,
familial risks can be attributed to both genetic and environmental factors, but in light of our
results we can now suggest that the higher familial risk in sun-covered compared to sun-exposed
sites may mainly be explained by familial environment. The difference in genetic effects for sunexposed, sun-covered, and all-sites may be due to random variation or be a true difference in the
aetiology of the sites since the sun-covered and sun-exposed analyses exclude discordant sites in
families. Also, childhood-shared environment estimated at 8-9% suggests that sun habits during
infancy and youth are important in the susceptibility to melanoma.
Only a small proportion of the estimated genetic effect in melanoma can today be explained by
identified mutations. In families with many affected individuals however, susceptibility has been
linked to mutations in the cell cycle regulator CDKN2A (p16) gene and the CDK4 gene.76-79
Nevertheless, genetic susceptibility to melanoma may also include low-penetrance genes and
SNPs, such as the melanocortin-1 receptor as well as variability in various DNA repair
mechanisms.83-86 Generally today the susceptibility is believed to be caused by an interaction
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between the presence of inherited susceptibility genes, and other genes that together moderate the
skin's responses to the sun.44,90,91
Previously, a reasonably high familial risk of 2.7 in SCC has revealed a familial aggregation.18 In
light of our results estimating familial shared environment at 18%, we propose that familial
suntanning habits are of vital importance in determining the liability to SCC, consequently
familial habits such as lengthy sunlight exposure, seems to be a cornerstone in defining the
familial risk. However, genetic factors and childhood-shared environment are also clearly
involved in the susceptibility to SCC, but to a seemingly smaller extent. Nonetheless, we also
conclude that inherited factors including skin type and pigmentation or other so far unknown
mechanisms may increase the sensitivity to accumulated sun exposure. In addition, sunburn at a
young age has been found to increase the risk of SCC supporting our findings that childhoodshared environment is involved in SCC susceptibility.158
The estimation of genetic and environmental effects in melanoma including all body sites
resulted in very similar estimates compared to the estimates in study I fitting a model with adultshared environment effects instead of family-shared environment for model comparison reasons.
However, it is our belief that the present model (including genetic, family-shared environment
and childhood-shared environment) is favourable in a biological perspective in addition to being
statistically superior.

CO-AGGREGATION OF MELANOMA & SCC
Melanoma and SCC co-aggregate in families, still the underlying familial susceptibility is
unknown. A familial shared sensitivity to ultraviolet radiation has been proposed to be the reason,
but high relative risks in families with co-aggregation of both diseases imply possible
involvement of genetic factors.18,19
Table 7 - Genetic and environmental contribution to the familial co-aggregation of melanoma and SCC
Co-aggregation

Melanoma and SCC

Genetic

Percentage of variance (95% CI)
Family-shared
Childhood-shared
environmental
environmental

47 (43-51)

36 (33-39)

8 (4-13)

We disentangled the familial co-aggregation and apportioned it to genetic and environmental
factors, table 7. Interestingly, our results indicate that inherited factors are vital in the common
aetiology of melanoma and SCC. Today, the suggested genetic susceptibility is unexplained and
only in a few rare syndromes such as Werner’s syndrome and xeroderma pigmentosum, genetic
variation has been seen to lead to co-aggregation of melanoma and SCC. In addition, familial
sun-tanning habits also appear to be important in the common susceptibility to melanoma and
SCC.
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We conclude that genetic factors are vital in familial aggregation of melanoma. However, only a
small portion of the genetic effect can today be explained by known genetic alterations.
Nonetheless, inherited susceptibility genes, in addition to other genes that together moderate the
skin's response to the sun will most probably determine the susceptibility to melanoma. The
family-shared environmental contribution in sun-covered sites of the body was higher compared
to sun-exposed sites, probably conveying the benefit from cautious sunbathing on sensitive skin.
Further, suntanning habits in childhood seem to be significant in both melanoma and SCC. In
SCC, both family-shared environment and genetic variability influence the susceptibility to
disease. Lastly, genetic components are involved in the familial co-aggregation of melanoma and
SCC.
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STUDY III & IV
Today, it is not possible to accurately identify patients that do not benefit from available therapy.
However, it has been suggested that the genetic background of a cancer patient is essential for the
metastatic ability of the tumour.110,111 As a first nation-wide Swedish population-based
epidemiological study, we analysed the familial correlation in cancer survival.
In study III, we investigated whether cancer specific survival was concordant among parents and
children, identifying all pairs of parents and children diagnosed with colorectal, lung, female
breast, ovarian, and prostate cancer along with the number of cancer-specific deaths.
Table 8 - Hazard ratio of poor, expected or good survival in children depending on parental survival
Follow-up (parent, child)
10, 5 years
a
b
Parental
Trend test
Site or type
Adjusted
survival
HR (95% CI)
p-valuesc
Colorectal

Good
Expected
Poor

1.0 ref.
1.20 (0.87-1.66)
1.44 (1.01-2.01)

0.045

Lung

Good
Expected
Poor

1.0 ref.
1.21 (0.90-1.62)
1.39 (1.00-1.94)

0.047

Breast

Good
Expected
Poor

1.0 ref.
1.29 (0.86-1.94)
1.75 (1.13-2.71)

0.010

Ovary

Good
Expected
Poor

1.0 ref.
1.62 (0.60-4.37)
2.23 (0.78-6.34)

0.13

Prostated

Good
Expected
Poor

1.0 ref.
2.02 (1.16-3.51)
2.07 (1.13-3.79)

0.026

a

Parental survival was defined by a separate proportional hazard model adjusted for parental age and period of diagnosis

b

Adjusted for age of diagnosis, socioeconomic status, and area of diagnosis in children

c

Trend test with one degree of freedom

d

Children are followed between January 1961 and December 2001

We noted a significantly increased risk of poor survival in children with poor parental survival
compared with the risk in children with good parental survival in all cancer sites assessed, except
of ovarian cancer, see table 8. A significant trend of increasing risk of death in children by
worsening parental survival was also seen for colorectal, lung, female breast and prostate cancer.
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Both genetic and environmental factors could explain the cancer-specific survival concordance
between family members in a family, because individuals who share environment share
behavioural and other exposures that may affect cancer survival. Therefore we conducted study
IV aiming at disentangling the importance of genetic and environmental factors in lung cancer.
We selected lung cancer because it is a sex unspecific cancer and so far adjuvant therapeutic
survival gains have been small compared to other common cancers making interpretations on
survival less complicated.
In study IV, lung cancer survival in an individual was seen to be dependent on the lung cancer
survival in his/her parents or siblings, see table 9. However, in spouses, no effect on spouse
survival was seen.
Table 9 - Risk of lung cancer-specific death in proband's relative depending on proband survival

Pairs of
relatives

Survival
in probanda

Risk of lung cancer related death in proband's relative
Trend test
Adjustedb
HR (95% CI)
p valuesc

Parentd-Childe

Good
Expected
Poor

0.71 (0.51-0.99)
0.86 (0.65-1.13)
1.0 ref.

0.04

Sibling-Siblinge

Good
Expected
Poor

0.14 (0.030-0.65)
1.26 (0.48-3.27)
1.0 ref.

0.05

Spouse-Spoused

Good
Expected
Poor

0.85 (0.64-1.13)
0.90 (0.70-1.15)
1.0 ref.

0.26

a

Multivariate proportional hazard (Cox) model adjusted for calendar year of diagnosis and age at diagnosis

b

Multivariate proportional hazard (Cox) model adjusted for age, year and place of diagnosis, socioeconomic status,

gender and histology
c

One degree of freedom

d

Parents (Spouses) diagnosed between January 1961 and December 2001

e

Children (siblings) diagnosed between January 1991 and December 2001

A potential limitation to our study was the absence of information about smoking. However, we
believe that our inability to adjust for smoking habits will have only very small effects on our
results for several reasons. Firstly, in literature the impact of smoking on lung cancer survival
seems to be dependent on a number of factors such as sex, histological type and years since
smoking cessation,159-162 and the overall effect of smoking on lung cancer survival has been seen
to at most, in certain histologies and in women, increase the risk with around 30% of dying.159,160
Secondly, although smoking is a genuinely established risk factor for lung cancer development,
with utmost risk in individuals who begin to smoke at young age and continue through life,33
familial cases of lung cancer can not be attributed to shared smoking habits.163 Lastly, previous
reports do not support higher correlation of smoking habits between siblings or parent-offspring
as compared to spouses.164-169 Based on our strong protective findings and the relatively limited
effect of therapy on survival, we believe that an individual’s genetic makeup is more important
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than lifestyle factors such as smoking in explaining the similarities in lung cancer survival. In
addition, we should not rule out the possibility of a recessive pathway of inheritance as indicated
by the sibling estimates.
In both study III and IV, the absence of information on prognostic factors such as stage of
disease is a limitation. However, adjusting for such factors is problematic because if familial
correlation in cancer survival is a genuine biological effect, this correlation would be seen in
prognostic factors called mediators, and adjusting for them would weaken or eliminate the
association. Nonetheless, such information would give us an opportunity to study whether the
cancer prognosis of a parent is an independent survival prognosticator in the newly diagnosed
individual.

Little is currently known on the involvement of genetic variants in cancer survival, nevertheless,
some genetic variations modulating progression and thus survival such as the CAV-1 locus in
prostate cancer, 131-134 several genes such as the EGFR136 and MBL2137 and fifteen SNPs in the
DNA repair pathway135 have been discovered in lung cancer. For breast cancer genetic
polymorphisms in growth factor receptors in addition to genes involved in angiogenesis, DNA
repair, cell cycle checkpoints, and in extracellular and carcinogen metabolism influence
survival.139-141 Also, in colorectal cancer, genetic variation in genes involved in response to
inflammation, DNA repair, and cell cycle checkpoints have been associated with
survival.147,170,171
In study III and IV, we tested the novel hypothesis that cancer survival is inherited. Encouraged
by our results, we now suggest that genetic background influences the individual’s ability to fight
cancer and survive. We see many advantages in our study design, for instance an almost complete
ascertainment of cancers along with a complete follow-up of cancer patients in addition to robust
estimates only slightly differing on the inclusion of potential confounding factors. Additionally,
genetic background appears to be more important than lifestyle factors in lung cancer survival.
Summing up, currently little is known about genetic variants influencing cancer survival,
nevertheless, some have been suggested in literature and the list is growing by the day.
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CONCLUSIONS & FUTURE PERSPECTIVES
DEVELOPMENT OF CANCER
In a very large population-based family study of two- and three- generational families, we
conclude that it is possible to use our GLMM model in estimating the contribution of genetic and
environmental effects within a feasible time. We believe that our GLMM model is superior to the
standard Mx methodology. The resulting estimates from the two- and three-generational family
analyses were very similar and complicating factors in the use of three-generational family
approach, such as increased analysis time and truncation of our database leading to young
average age in grandchildren, leaves us to prefer the two-generational design. Even so, when the
inclusion of additional covariates to the model such as age is possible, we will favour the threegenerational design since it enriches the analyses contributing with more genetic and
environmental relations among the family members comparing to the two-generational setting.
The correction for differential length of follow-up in our families resulted in estimates of similar
magnitude. We conclude that the potential survival length bias by reasons of unequal follow-up
in our families does not seem to distort our final genetic and environmental estimates. However,
since the restriction on observation time in the parental generation reduces the concordances of
disease within the families and the power of the study, we chose not to restrict our families in the
following studies. In the future, the next step would be to further develop our model enabling
analyses of multiple covariates, for instance age and period explicitly in families in a populationbased setting.
Genetic factors are vital in familial aggregation of melanoma. Still, no more than a small
proportion of the estimated genetic effect in melanoma can today be explained by identified
mutations. Melanoma susceptibility is likely to be determined by the presence of hereditary
susceptibility genes, sun exposure, and other genes that moderate the skin’s responses to the sun.
In the future, large molecular studies will have the potential to unravel the nature of the genetic
susceptibility to melanoma. Additionally, comparing the liability to disease in sun-covered and
sun-exposed body sites, the familial environmental contribution was higher in sun-covered sites,
conveying the benefit from cautious sunbathing on sensitive skin. Sound childhood environment
is important to avoid risk inflicted sunburns that increase the susceptibility to both melanoma and
SCC. In SCC family-shared environment appeared to be vital with the highest contribution of
family-shared environmental effects ever seen in cancer. Genetic variability in individuals
enhancing the sensitivity to accumulated sun exposure is also likely to be involved in the
aetiology of SCC. Lastly, genetic components are involved in the familial co-aggregation of
melanoma and SCC. The reason behind the genetic susceptibility to both melanoma and SCC is
unknown today and the co-aggregation has only been seen in a few rare syndromes.
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CANCER SURVIVAL
The novel hypothesis that prognosis is inherited was tested in study III and IV. In light of our
studies, we propose that genetic factors are important in determining cancer survival. Our large
population-based study had an almost complete ascertainment of cancers along with a complete
follow-up of cancer patients. We conclude that our model estimates were robust showing only
small differences adjusting for factors that would possibly confound our estimates. Further, we
conclude that the cancer-specific survival of an individual may be predicted from the parental
survival of a cancer in the same site. Individuals in a family share environmental factors that
influence their cancer survival. However, genetic background seems more important than
lifestyle factors in lung cancer survival. Little is currently known on the involvement of genetic
variants in cancer survival, nevertheless, some genetic variations modulating progression and
thus survival have been suggested and the list is growing by the day.
We believe that information about the outcome of cancer among affected first degree relatives
may help to foresee the cancer survival of a newly diagnosed individual. However, this novel
observation only become relevant for clinical management provided that it is independent to
established survival predictors. Further, our results advocate a need for future large powered
molecular studies illuminating the genetic determinants of inherited survival in common cancers.
Finally, molecular studies unravelling the possible correlation of tumour characteristics among
first-degree relatives with cancer may allow a deeper understanding of the biologic mechanisms
behind cancer survival.
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CONCLUSIONS IN BRIEF
•

Our newly developed GLMM model enables us to estimate the genetic and environmental
contribution in a two- and three- generational design.

•

In the future, if further model developments enable the inclusion of additional variables, such as
age and period, the three-generational approach may be preferable since it enriches the analyses
with more genetic and environmental relations among the family members.

•

Genetic factors seem essential in the familial aggregation of melanoma. The genetic variation
enhancing the liability to melanoma may be a combination of inherited susceptibility genes and
other genes that moderate the skin's responses to the sun.

•

Contrasting the family-shared environment in sun-covered and sun-exposed body sites, the
contribution was higher in covered sites, possibly conveying the benefit from cautious sunbathing
on sensitive skin.

•

In SCC, the family-shared environment appears to be vital with the highest contribution of familyshared environmental effects ever seen in cancer.

•

Genetic variability enhancing sensitivity to accumulated sun exposure is probably involved in the
aetiology of SCC.

•

It is likely that genetic variability is involved in the familial co-aggregation of melanoma and
SCC.

•

Genetic factors are likely to be important in determining cancer survival. The cancer-specific
survival of an individual may be predicted from the parental survival of a cancer in the same site.
In addition, for lung cancer we conclude that genetic factors seem more important than lifestyle
factors in lung cancer.

•

Our model estimates were robust showing only small differences adjusting for factors that would
possibly confound our estimates.

•

We believe that information about the outcome of cancer among affected first degree relatives
may help to foresee the cancer survival of a newly diagnosed individual.

•

Finally, our results advocate a need for future large powered molecular studies illuminating the
genetic determinants of inherited survival in common cancers.
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SVENSK SAMMANFATTNING
Cancer berör i stort sett alla, direkt eller indirekt. Syftet med denna avhandling var att studera det
genetiska och miljömässiga bidraget bakom risken att få cancer och att dö i cancerrelaterad sjukdom. Våra
studier är baserade på en samkörning av flera svenska populationsbaserade register, däribland
Multigenerationsregistret, Svenska Cancerregistret och Dödsorsaksregistret. Sammanfattningsvis
baserades studierna på 11 miljoner individer i tre miljoner familjer och på mer än en miljon cancerfall.
I studie I utvecklade vi en statistisk modell för att möjliggöra analys av genetiska och miljömässiga
faktorer i två- och tregenerationsfamiljer. Våra familjeanalyser resulterade i lika estimat. I studie II
beräknades det genetiska bidraget för melanom till 18%. Vi analyserade även solexponerade och
solskyddade kroppsdelar i en separat analys. Familjemiljön var viktigare i de täckta kroppsdelarna jämfört
med de solutsatta vilket kan tyda på att känslig hud som är ovan vid sol bör solas varsamt, annars ökar
risken för melanom. Barndomsmiljön visade sig vara viktig både för att undvika melanom och
skivepitelhudcancer. Man bör särskilt tänka på att undvika att bränna sig som barn och ungdom. Vidare
estimerades familjemiljön i skivepitelhudcancer till 18%. De nedärvda anlagen ökar sannolikt också risken
att få sjukdomen, kanske genom ökad känslighet för ultraviolett strålning. Slutligen tyder våra estimat på
att genetiska faktorer även kan vara avgörande i familjer där individer är känsliga för både melanom och
skivepitelhudcancer. I familjer med förekomst av både melanom och skivepitelhudcancer beror nästan
hälften av känsligheten på genetiska faktorer.
Numera är det klarlagt att genetiska skillnader hos individer påverkar risken att drabbas av cancer. Lite är
dock känt om genetiska faktorers inverkan på canceröverlevnad. Vi presenterar den första
populationsbaserade studien av kopplad canceröverlevnad hos familjemedlemmar. I studie III såg vi en
signifikant ökat risk för dålig överlevnad hos vuxna barn till föräldrar med dålig prognos vid en jämförelse
av vuxna barn med föräldrar med bra överlevnad. För kolorektal cancer var risken 44% högre, 40% för
lungcancer, 75% för bröstcancer och mer än dubbelt så hög risk att dö i prostatacancer om ens förälder
hade dålig överlevnad i samma typ av cancer. I studie IV analyserade vi föräldrar och vuxna barn, syskon
och makar med lungcancer. Vi såg att vuxna barn till föräldrar med bra överlevnad hade signifikant bättre
prognos jämfört individer med föräldrar med dålig överlevnad. Vi såg även att syskon med lungcancer
hade signifikant bättre överlevnad om syskonet hade bra prognos. Ingen skillnad kunde dock ses hos
makar. Nedärvda anlag verkar därför sammanfattningsvis viktigare än livsstilsfaktorer som rökning för
överlevnad i lungcancer. Vår samlade slutsats för studie III och IV är att genetiska faktorer är mycket
väsentliga för en individs canceröverlevnad.
Sammanfattningsvis tyder våra resultat på att genetisk variabilitet är mycket viktig i en individs känslighet
för melanom och även i familjer som är drabbade av både melanom och skivepitelhudcancer. Våra studier
stödjer även antagandet att den kroppsliga förmågan att kämpa mot cancer och överleva är delvis nedärvd.
I framtiden ser jag populationsbaserade studier som en integrerad del i att identifiera genetiska faktorer
som påverkar känsligheten för cancer och möjligheten att överleva då man har drabbats.
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