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ABSTRACT

Background The contribution of hereditary factors
to the causation of sporadic cancer is unclear. Stud-
ies of twins make it possible to estimate the overall
contribution of inherited genes to the development
of malignant diseases.

Methods We combined data on 44,788 pairs of
twins listed in the Swedish, Danish, and Finnish twin
registries in order to assess the risks of cancer at 28
anatomical sites for the twins of persons with cancer.
Statistical modeling was used to estimate the rela-
tive importance of heritable and environmental fac-
tors in causing cancer at 11 of those sites.

Results At least one cancer occurred sin 10,803
persons among 9512 pairs of twins. An increased risk
was found among the twins of affected persons for
stomach, colorectal, lung, breast, and prostate cancer.
Statistically significant effects of heritable:factors were
observed for prostate cancer (42 percent of the risk
may be explained by heritable facters; 95 percent
confidence interval, 29 to 50 percent), colorectal can-
cer (35 percent; 95 percent confidence interval, 10 to
48 percent), and breast cancer (27 percent; 95 per-
cent confidence interval, 4.t0,41 percent).

Conclusions Inherited, genetic factors make a mi-
nor contribution to susceptibility to most types of
neoplasms. This finding indicates that the environ-
ment has the principal role in causing sporadic can-
cer. The relatively large effect of heritability in cancer
at a few sites (such as prostate and colorectal can-
cer) suggests major gaps in our knowledge of the
genetics of cancer. (N Engl J Med 2000;343:78-85.)
©2000, Massachusetts Medical Society.
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XGEPT for certain types of familial cancer,

such ‘asradenomatous polyposis coli, the con-

tribution of hereditary factors to the devel-

opment of cancer is thought to be relatively
minor."3This premise, however, applies mainly to
dominant genes, which have been assessed in family
studies that cover two or more generations. By con-
trast, the contributions of recessive traits and com-
binations of genes to the causation of sporadic can-
cer are difficult to determine from family studies.*
Consequently, the risks associated with single-gene
mutations with low penetrance, recessive genes, and
oncogenic mechanisms that involve multiple genes
are poorly understood.

Family studies of breast, prostate, ovarian, and uter-
ine cancer can estimate risks for siblings and parent—
offspring pairs512 but cannot distinguish between ge-
netic and nongenetic (environmental or infectious)
causes of familial aggregations of cancer. By contrast,
comparisons of the concordance of cancer between
monozygotic and dizygotic pairs of twins provide in-
formation on whether the familial pattern is due to
hereditary or environmental influences.!3

If studies of groups of twins show that concord-
ance for cancer is higher among monozygotic twins
(who share all genes) than among dizygotic twins
(who, on average, share 50 percent of their segregat-
ing genes), genetic effects are likely to be important.
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If, however, the concordance is similar for both types
of twins, then shared environmental effects are prob-
ably important. Furthermore, the use of statistical
models to analyze data from large samples of twins
makes it possible to estimate the magnitude of the
genetic and environmental effects on susceptibility to
sporadic cancer.

For these reasons, studies of twins can not only
point to hereditary effects, but also estimate herita-
bility, a term denoting the magnitude of the genetic
effect. However, the rarity of twins limits this ap-
proach, even for the common forms of cancer.1+19

In the present study, we used data from the Swed-
ish, Danish, and Finnish twin registries to estimate
the effects of genetic and environmental factors on the
most common cancers. We also assessed how age at
the time of diagnosis modified these estimates.

METHODS
Swedish Twins

The Swedish Twin Registry consists of two birth cohorts.2 The
first is made up of 10,503 pairs of twins of the same sex who were
alive in 1961 and who were born during the period from 1886
through 1925. Information from questionnaires completed by both
twins was available for 81 percent of the eligible pairs. A second
cohort consists of 12,883 pairs of twins of the same sex born
from 1926 through 1958. In this cohort, both twins were living
in Sweden in 1972 and had responded to a questionnaire in that
year. The rate of response to this questionnaire was 83 percent.

We determined vital status and any diagnoses of cancer from the
records of the Swedish Mortality Registry and the Swedish Cancer
Registry, using the unique national registration number assignedsto,
each Swedish citizen. According to these records, cancer was diag-
nosed in 4490 persons in the first cohort from 1961 through1995
and in 1157 persons in the second cohort from 1973 threugh 1995.

Danish Twins

The Danish Twin Registry holds data on 8461/pairs of twins
of the same sex with known zygosity who were born'between 1870
and 1930. This registry, established in 1954 includes all twins
born in Denmark from 1870 through 1910,2! and/it was later ex-
panded to include twins of the same sex born‘from 1911 through
1930.2123 Included in the registry are all paits of twins who both
survived to the age of six years. A questionnaire was mailed to the
twins, or to their closest relatives if one orboth twins had emigrat-
ed or were dead at the time of ideatification.

We checked vital status annually through 1979 by obtaining

copies of death certificates from the Central Register of Deaths.
After 1979 vital status was regularly updated by linkage to the Civil
Registration System, which includes all persons living in Denmark
since April 1, 1968.

The Danish Cancer Registry contains information on all malig-
nant diseases diagnosed in Denmark since 1943.242¢ All pairs of
twins of the same sex who were born from 1870 through 1930
and were both alive on January 1, 1943, have been linked to the
Cancer Registry for the period from 1943 through 1993. A total
of 3572 persons in this cohort received a diagnosis of cancer (ex-
cluding nonmelanoma skin cancer).

Finnish Twins

The Finnish twin cohort includes 12,941 pairs of twins who
were born from 1880 through 1958 and who were both living in
Finland on December 31, 1975.27 The cohort was compiled from
the Central Population Register i 1974. The following year, a ques-
tionnaire was mailed to all twins who were 18 years of age or older
and for whom an adequate address was available. The overall re-
sponse rate was 89 percents

Malignant neoplasms that were diagnosed among the Finnish
twins from 1976 through 1996 were identified by linkage of rec-
ords to national cancer registry data with the use of the personal
identification number assigned to every resident of Finland. The
Finnish CancerRegistry has information on all cancers diagnosed
in Finland since 1953.28 In addition, the study cohort was linked to
the Central.Population Register to obtain data on death and em-
igration. Gancer was diagnosed in 1584 persons in the cohort.

Determination of Zygosity

For all/three studies, zygosity was determined by a questionnaire
that has been shown in validation studies to classify more than 95
percent of pairs of twins correctly.22.29.30

Statistical Analysis

The relative risk of cancer for persons whose twins had a par-
ticular type of cancer, as compared with those whose twins did
not, was calculated according to sex and zygosity for cancer at each
anatomical site. The risk was estimated as an odds ratio. Ninety-
five percent confidence intervals were estimated according to the
Mantel-Haenszel method.3!

The absolute risk of cancer for the twin of a person with cancer
within the period of the study was calculated as the proportion
of all persons with cancer whose twins had cancer at the same site
(i.e., the concordance).3? For clinical guidance, we also calculated
the risk for twins up to the age of 75 years for the sites for which
significant effects of heritable factors were found.

Quantitative genetic analyses were used to estimate the relative
importance of hereditary and environmental factors in determin-
ing variations in susceptibility to cancer,!3333¢ on the usual assump-
tions of a classic twin study (that there was random mating, no

TABLE 1. EFFECTS ESTIMATED IN THE QUANTITATIVE GENETIC ANALYSES.

Type oF EFFeCT DEFINITION

Hereditary The proportion of phenotypic variance ac-
counted for by inherited genetic differenc-
es among persons (heritability)

The proportion of phenotypic variance ac-
counted for by environmental factors
shared by both twins, thus contributing to
similarity between them

The proportion of phenotypic variance ac-
counted for by environmental factors caus-
ing differences between twins

Shared environmental

Nonshared environmental

Similarity greater in MZ

Similarity among both MZ

Lack of similarity in both MZ

INDICATION OF EFFECT* EXAMPLES
Additive and dominant genetic effects
twins than in DZ twins

Environmental factors contributing to simi-
larity in pairs of twins — e.g., passive
smoking in childhood family (lung cancer)
or similar dietary habits (stomach cancer)

Environments that are not shared by twins
— e.g., sporadic mutations, occupational
exposure, or viral infections

and DZ twins greater than
would be expected from
genetic effects alone

and DZ twins

*MZ denotes monozygotic, and DZ dizygotic.
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interaction between genes and environment, and equivalent envi-
ronments for monozygotic and dizygotic twins).3* Phenotypic vari-
ance was divided into a component due to inherited genetic factors
(heritability), a component due to environmental factors common
to both members of the pair of twins (the shared environmental
component), and a component due to environmental factors unique
to each twin (the nonshared environmental component) (Table 1).
Structural-equation modeling,3 which incorporates data on all
types of twins (male and female monozygotic and dizygotic twins
from the three countries) simultaneously, provided estimates of the
unobserved variables — that is, additive genetic, shared environ-
mental, and nonshared environmental factors.

The correlations between the genetic and environmental fac-
tors for the twins were set to their theoretical values (1.0 and 0.5
for additive genetic effects for monozygotic and dizygotic twins,
respectively, and 1.0 for shared environmental effects for both types
of twins). These values, 1.0 and 0.5, reflect the facts that mono-
zygotic twins share their entire genomes (theoretical value, 1.0)
and dizygotic twins share 50 percent of their segregating genes
(theoretical value, 0.5). This method, which uses two-by-two con-
tingency tables of disease status in pairs of twins, also tests for the
sex specificity of the genetic and environmental effects. Because
of considerations related to statistical power, analyses were per-
formed only for cancers for which there were at least four pairs
of twins in which both twins had the cancer. We assumed an un-
derlying normal distribution of susceptibility to the disease.

We defined susceptibility as the sum of the effects of many ge-
netic and environmental factors. When a person receives a diagno-
sis of cancer, a value (the threshold) in the distribution of suscep-
tibility is assumed to have been exceeded. The threshold value
was estimated in the model from the prevalence of the disease.!3:37
The relative importance of hereditary and environmental effects for
individual differences in this underlying susceptibility was then esti-
mated. When sex-specific models did not fit significantly better than
a model in which estimates were defined as being the same in men
and women, the latter model is presented. Because the birth dates
and follow-up periods of the twin cohorts differed among coun=
tries, the threshold values were also allowed to differ among coun-
tries. However, the estimates for genetic and environmental ¢compo-
nents were set to be equal in all countries, because nosevidence of
heterogeneity according to country was found for cancer at any site.

For colorectal, breast, and prostate cancers, there were enough
affected persons (i.e., more than 50 pairs of twins Who,were con-
cordant for the cancer) to enable structural model-fitting analysis to
be performed in two age groups. Because of power eonsiderations,
the groups were defined so that the younger groupncluded about
35 percent of the affected twins. For coloréctalcancer, the young-
er group was followed up to 63 years of.age; for breast cancer, it
was followed up to 56 years of ageyand for prostate cancer, it was
followed up to 70 years of age. Pefsons insthe younger group were
followed until they reached the maximal age for that group, until
they died, or until the study ended. For the older group, follow-up
started when they reached the maximal age for the younger group
and ended at death or at the end of the study period. At the end of
follow-up in the younger andelder groups, each pair of twins was
recorded as concordant for cancer (if both twins had had cancer at
the same anatomical site) or discordant for cancer (if only one twin
had had cancer at a particular site). For colorectal, breast, and pros-
tate cancer, we examined the differences in the ages at which cancer
was diagnosed in pairs of twins who were concordant for cancer.

RESULTS

Among the 44,788 pairs of twins included in this
analysis, we identified 10,803 persons (among 9512
pairs) in whom at least one cancer had been diagnosed.

Opverall, the twin of a person with cancer had an
increased risk of having the same cancer. This was
especially evident for cancer of the stomach, colorec-
tum, lung, breast, and prostate (Table 2). The twin
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TABLE 2. TYPES OF CANCERS INCLUDED IN THE STUDY AND CONCORDANCE ACCORDING TO SEX AND ZYGOSITY IN 44,788 PAIRS OF TWINS FROM SWEDEN, DENMARK, AND FINLAND.*
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of a male monozygotic twin who had stomach can-
cer had a risk of stomach cancer that was 9.9 times
that of the monozygotic twin of a person without
stomach cancer. The concordance for stomach can-
cer in male monozygotic twins was 0.08, which means
that there is an 8 percent probability that the identical
twin of a man with stomach cancer will have the same
cancer. The concordance was usually less than 0.10,
and no concordant pairs were observed for cancers at
nine sites (non-Hodgkin’s lymphoma, Hodgkin’s dis-
ease, and cancer of the lip, oral cavity, pharynx, kidney,
thyroid, bone, and soft tissue). For cancers at most of
the remaining sites, the concordance between mono-
zygotic twins, whether male or female, was greater
than the concordance between dizygotic twins.

Table 3 presents the results of model fitting, which
we used to obtain estimates of the contributions of
heritability and environmental effects. For stomach
cancer, for example, heritability was estimated to ac-
count for 28 percent of the variation in susceptibility
to that neoplasm, shared environmental effects for
10 percent, and nonshared environmental eftects for
the remaining 62 percent. Stated another way, these
estimates indicate that of the various factors that to-
gether constitute the total risk of developing stom-
ach cancer, inherited genes contribute 28 percent to
the risk, shared environmental effects contribute 10
percent, and nonshared environmental factors make
up the remaining 62 percent of the risk. For stom-
ach cancer, therefore, our model predicts the involve-
ment of major environmental factors plus minor ‘ge-
netic components, which may or may not inferact
with these environmental factors.

The statistical model we used provided an excellent

82

fit to the observed data (xy2=8.9, with 38 df; P=1.0).
Estimated effects of heritability — the proportion of
susceptibility to cancer that was accounted for by ge-
netic defects — that were statistically significant (i.e.,
for which the 95 percent confidence interval did not
include zero) were obtained for cancers of the colo-
rectum (35 percent), breast (27 percent), and prostate
(42 percent). The estimates for the shared environ-
mental effects ranged from 0 to 20 percent, but none
were statistically significant. There were no signifi-
cant differences between the sexes in the heritability
of cancer at any of the sites that we studied.

Table 4 presents the risks.of having the same can-
cer before the age of 75 years among twins of persons
with cancer at sites involving statistically significant
genetic factors. For colorectal, breast, and prostate
cancer, the estimated hereditary components were
slightly greater in the yeunger than in the older groups
(data not shown),

The time interval between the diagnoses of pros-
tate cancer ‘wasssignificantly shorter for concordant
pairs of menozygotic twins than that for concordant
pairs of dizygotic twins (5.7 vs. 8.8 years) (Table 5).
There weré no significant differences between dizy-
gotic and monozygotic twins in the time between
diagnoses of colorectal and breast cancer.

DISCUSSION

Assessments of the contributions of inherited and
environmental factors to the causation of cancer in
studies of twins have had a relatively small effect on
research and clinical practice, because twins are rare,
and only a few twin registries go back far enough in
time to provide enough cases of cancer for reliable

TABLE 3. EFFECTS OF HERITABLE AND ENVIRONMENTAL FACTORS IN CANCERS AT VARIOUS SITES,
ACCORDING TO*DATA*FROM THE SWEDISH, DANISH, AND FINNISH TWIN REGISTRIES.

SITE OR TYPE PROPORTION OF VARIANCE (95% Cl)* FiT oF MobEL
SHARED NONSHARED
ENVIRONMENTAL ENVIRONMENTAL
HERITABLE FACTORS FACTORS FACTORS X2 (df) P VALUE

Stomach 0.28 (0-0.51) 0.10 (0-0.34) 0.62 (0.49-0.76) 8.9 (38) 1.0
Colorectum 0.35 (0.10-0.48) 0.05 (0-0.23) 0.60 (0.52-0.70) 25.8 (38) 0.93
Pancreast 0.36 (0-0.53) 0 (0-0.35) 0.64 (0.47-0.86) 0.5 (3) 0.92
Lung 0.26 (0-0.49) 0.12 (0-0.34) 0.62 (0.51-0.73) 28.1 (38) 0.88
Breast} 0.27 (0.04-0.41) 0.06 (0-0.22) 0.67 (0.59-0.76) 10.1 (18) 0.93
Cervix uteritt 0(0-0.42) 0.20 (0-0.35) 0.80 (0.57-0.97) 0.3 (3) 0.96
Corpus uterit 0 (0-0.35) 0.17 (0-0.31) 0.82 (0.64-0.98) 6.6 (18) 0.99
Ovaryt 0.22 (0-0.41) 0 (0-0.24) 0.78 (0.59-0.99) 6.0 (18) 1.0
Prostate§ 0.42 (0.29-0.50) 0 (0-0.09) 0.58 (0.50-0.67) 26.5 (18) 0.09
Bladdert 0.31 (0-0.45) 0 (0-0.28) 0.69 (0.53-0.86) 1.7 (3) 0.64
Leukemiat 0.21 (0-0.54) 0.12 (0-0.41) 0.66 (0.45-0.88) 0.0 (3) 0.99

*CI denotes confidence interval.

tData for all countries and both sexes are pooled because of small numbers.

fData are for women only.

§Data are for men only.
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TABLE 4. ABSOLUTE RisksS OF COLORECTAL, BREAST,
AND PROSTATE CANCER (CONCORDANCE RATES)
IN TWINS OF AN AFFECTED PERSON UP TO
THE AGE OF 75 YEARS.

MonozyGoTic DizvGoric
SITE OF CANCER Twins Twins
Colorectum 0.11 0.05
Breast (in women) 0.13 0.09
Prostate 0.18 0.03

TABLE 5. DIFFERENCE IN AGE AT THE
Di1AGNOSIS OF CANCER IN CONCORDANT PAIRS
OF MONOZYGOTIC AND DI1zYGOTIC TWINS.*

DIFFERENCE IN

SITE OF CANCER AGE AT
AND SuBJEcTs  No. oF PAIRs DiaGNosIs P VaLUE
yr

Colorectum
MZ twins 29 9.48+9.49 0.86
DZ twins 32 9.94+10.00

Breast (in women)
MZ twins 41 7.90£5.95 0.12
DZ twins 52 10.21+8.16

Prostate
MZ twins 39 5.69+3.39 0.04
DZ twins 20 8.75+5.66

*Plus—minus values are means *+SD. Data from pairs with.
a mean difference larger than 3 SD were excluded from these
analyses. MZ denotes monozygotic, and DZ dizygoti€:

conclusions to be drawn. The fact that e combined
data from three Nordic countries, with”population-
based twin registries and well-established cancer reg-
istries adds strength to the present.study. Moreover,
with statistical methods, it #as possible to go beyond
a simple comparison of concordance rates. With the
knowledge that monozygetic twins are genetically
identical and dizygotic twins share, on average, 50
percent of their segregating genes, we could estimate
the magnitude of the contributions of genetic fac-
tors and environmental factors (both shared and non-
shared) to the development of cancer.

There is general agreement that environmental fac-
tors and somatic events are the predominant contrib-
utors to the causation of sporadic cancer,?® and our
results support this notion. Even though we found
familial (hereditary or nonhereditary) effects for can-
cer at many sites, the rates of concordance in twins
were generally below 0.10. This result indicates that,
for nearly all sites, the twin of a person with cancer
has only a moderate absolute risk of having cancer at
the same site. Using a statistical model, we also es-

timated the contribution of nonshared environmen-
tal factors, which include any unique environmental
cause of cancer that is not inherited and not shared
between twins. For different cancers, this contribu-
tion ranged from 58 to 82 percent.

In our model, shared environment, the sum of the
common family experiences and habits of the twins,
accounted for 0 to 20 percent of causation, but none
of these values were statistically significant, partly be-
cause studies of twins have limited power to detect
shared environmental effects in dichotomous pheno-
types (e.g., the presence or absence of cancer).?®
Risk factors in the environment shared by a family
could include human papillomavirus infection for
cervical cancer, smoking_(passive or active) for lung
cancer, and diet and Helicobacter pylori infection for
stomach cancer.

The total contributien of hereditary factors to the
causation of sporadic’cancer is unclear; previous as-
sessments have’estimated only the proportion of can-
cers caused by genetic syndromes. It has been argued
that “unmiStakable hereditary cancer syndromes” ac-
count for about 1 percent of cancers and “upward of
10 to 15/pércent of all cancers have a major inherited
component, albeit one that may be enigmatic”?; that
“highly penetrant single-gene mutation” accounts
for,5 percent!; and that “primary genetic factors” ac-
count for 5 to 10 percent of all cancers.*® The results
of our study summarize the total effects of heritable
factors, but it should be noted that our estimates are
population-specific. Thus, if environmental effects are
very different in Scandinavia and in other regions,
the proportion of susceptibility to cancer that is due
to hereditary effects will also differ. And for popula-
tions consisting entirely of smokers or of nonsmokers,
the contribution of smoking to the variation in risk
would be much lower than in a mixed population.
Previous studies of cancer in twins have found higher
rates of concordance among monozygotic twins than
among dizygotic twins for cancer at some sites,4-19:41-44
but generally with very wide confidence intervals.

We found statistically significant effects of herit-
able factors, ranging from 27 percent to 42 percent,
for colorectal, breast, and prostate cancer. These re-
sults are in agreement with those of most previous
studies.1*16:43 Our model also revealed suggestive
evidence of limited heritability of leukemia and of
cancer of the stomach, lung, pancreas, ovary, and
bladder, but the estimates did not reach statistical sig-
nificance. Population-based studies in Utah and Swe-
den have found a familial effect for cancers at all of
these sites.4547

If we consider that the contribution of inherited
genetic factors to the causation of these types of can-
cer is indeed 27 to 42 percent, and that single-gene
mutations in familial cancer syndromes account for
1 to 15 percent of all cancers,*#° then there must
be major gaps in our understanding of the genetic
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basis of colorectal, breast, and prostate cancer. The
frequency of mutations in the known high-risk sus-
ceptibility genes — BRCAI and BRCA2 in breast
cancer, DNA mismatch-repair genes in hereditary
nonpolyposis colorectal cancer, and the candidate gene
HPCI in prostate cancer — is too low to explain
more than a fraction of the genetic effects we found.
For example, in a recent study of 12 pairs of Swedish
monozygotic twins who were concordant for breast
cancer (and who were also included in the present
study), 2 pairs had a BRCA2 mutation and none had
a BRCAI mutation (unpublished data). Our findings
suggest that other genes are yet to be identified, but
because they are likely to be relatively common and
carry only a moderate risk, proving that they are in-
volved in causing cancer will be difficult.2

Although model fitting can be used to estimate
the magnitude of the heritable component of suscep-
tibility to cancer, it cannot reveal how this compo-
nent acts or how it interacts with other factors. For
example, a cancer gene could be expressed without
any environmental influence or only when activated
by environmental factors. For this reason, we cannot
exclude a modifying effect of environment on the
genetic component found in our analyses of twins.
However, without specific environmental measure-
ments, interactions cannot be assessed. For colorectal,
breast, and prostate cancer, the estimated hereditary
components were slightly higher in the younger than
in the older groups; this finding is in accordance with
observations that hereditary effects are strongest in
early-onset cancers.574546.48

The absolute risk of the same cancer before'the
age of 75 years for the monozygotic twin of a person
with colorectal, breast, or prostate cancer was between
11 percent and 18 percent. For dizygoticitwins, who
have the same degree of genetic similarity-as full sib-
lings, the risk of these cancers was,3 t0 9 percent.
These figures could be valuable ifiproviding clinical
guidance not only to the twins of\persons with can-
cer but also to other first-degree-relatives.

One limitation of our study is that, despite its size,
it did not have enough.power to distinguish herit-
able genetic effects drom)environmental factors as
causes of the familial aggrégation of the less common
types of cancer. The main reason for this limitation
is that birth-cohort and calendar-period restrictions
of twin registries set limits for analyses. Because er-
rors in determining zygosity or diagnoses of cancer
lead to an overestimation of nonshared environmen-
tal effects, the familial effects are, if anything, under-
estimated. The incidence of cancer among twins in
the Finnish study did not differ from that in the gen-
eral population,'s and in the Danish study, twins who
responded to the questionnaire had the same distri-
bution of zygosity and incidence of cancer as those
who did not respond.¥ Thus, bias due to selective
response rates is improbable.
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We conclude that the overwhelming contributor
to the causation of cancer in the populations of twins
that we studied was the environment. For some forms
of cancer, in which a shared environment is impor-
tant, it may be possible to find clues in studies of
childhood environment or long-lasting family habits.
The relatively large heritability proportions for can-
cers at some sites, despite the wide confidence inter-
vals, suggest major gaps in our understanding of her-
itable cancer. Even for cancers for which there is
statistically significant evidence of a heritable compo-
nent, most pairs of twins were discordant for the can-
cer — indicating that, on the population level, the
increase in the risk of canger even among close rela-
tives of affected persons is'generally moderate.
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