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SECOND CANCERS IN SURVIVORS 
OF CHILDHOOD CANCER 
Smita Bhatia* and Charles Sklar‡

More than 70% of children diagnosed with cancer can now be expected to be long-term
survivors. However, the consequences of ‘cure’ might be considerable for the survivors of
cancer: 60–70% of young adults who have survived childhood cancer will develop at least one
medical disability as a result of their cancer or, more commonly, as a result of their therapy. 
Of these, the most devastating is a second cancer.
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A second cancer is defined as a histologically distinct can-
cer that develops after the first cancer. In total, 95,000 of
the ~1.2 million new cancers diagnosed every year in the
United States are second cancers. Second cancers there-
fore account for ~6–10% of all cancer diagnoses, and are
the fourth or fifth most common cancer in the United
States1.Several studies following large cohorts of child-
hood cancer survivors have reported a 3–6-fold increased
risk of a second cancer, when compared with the back-
ground incidence of cancer in the general population,
and this risk continues to increase as the cohort ages (FIG.1).
Abnormalities of the endocrine and central nervous sys-
tems are far more common among childhood cancer
survivors2, but second cancers are associated with greater
morbidity and mortality. Recent research indicates that
the risk determinants of second cancers are multifactorial
(FIG. 2); second cancers are more likely to develop in sur-
vivors who were diagnosed with cancer at a younger age,
following exposure to high-dose radiation therapy and
certain chemotherapeutic agents, and in those with a
known genetic predisposition to cancer3–13.Although we
have begun to understand some of the causes of second
cancers, we still have much to learn about the nature of
the interaction between the treatments given for the 
initial cancer, genetic susceptibility to cancer, medical
complications and an individual’s lifestyle choices in the
genesis of subsequent new cancers.

Second cancers after cancer in adulthood
What is the burden of second cancers following 
primary cancers in adulthood? Several large epidemio-
logical studies have tried to answer this question. For

example, 470,000 cancer patients registered between
1953 and 1991 in Finland14, and followed for the
development of a second cancer, revealed that, overall,
the cohort was not at an increased risk of developing a
second cancer, when compared with the risk of cancer
in an age- and gender-matched healthy population.
However, patients who were less than 50 years of age at
diagnosis of their primary cancer were at a 1.7-fold
increased risk of developing a second cancer. Another
cohort of 633,964 cancer patients diagnosed between
1958 and 1996 in Sweden, and followed for the devel-
opment of subsequent cancers, revealed a modestly
increased risk (less than twofold), when compared
with the general population15. A third cohort of
250,000 patients followed for the development of a
second cancer in the United States showed that cancer
patients had a 1.3-fold increased risk of developing a
second cancer, when compared with the general popu-
lation16. However, when we look at second cancers 
following a first cancer in childhood or adolescence, a
clearer and somewhat different picture emerges.

Second cancers after cancer in early life
Follow-up of a Nordic cohort of 30,880 patients, diag-
nosed with their first cancer at 21 years of age or less
between 1943 and 1987, resulted in the identification
of 247 second cancers17. The estimated cumulative
incidence of second cancers in this cohort was 3.5% at
25 years, and the cohort was at a 3.6-fold increased
risk of developing a second cancer when compared
with an age- and gender-matched healthy population.
In a recent report, a retrospective cohort of 13,581
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types of primary cancer are associated with higher risks
of specific second cancers. For subjects with hereditary
retinoblastoma, this is due to an interaction between a
genetic predisposition to develop cancer and specific
cancer therapies (for example, radiation; see below).
However, for individuals with Hodgkin’s disease and
soft-tissue sarcomas, it is not yet clear whether the pri-
mary diagnosis is an independent risk factor for the
development of second cancer, or whether the specific
therapy required to treat the primary cancer is the main
contributor (in addition to other host-related factors, as
discussed below) to the development of second cancer.

Host-related risk factors
Age at diagnosis and treatment of primary cancer.
Younger age at diagnosis is associated with an
increased risk of second cancers3,6–10, with the excep-
tion of secondary MYELODYSPLASIA and acute myeloid
leukaemia (AML), in which the risk increases with
older age at diagnosis and treatment of the primary
cancer19,20. The association of younger age at diagnosis
of the primary cancer with an increased risk of a sec-
ond cancer is seen primarily among radiation-associ-
ated second cancers (see below). The reasons for these
age effects might be related to one or more of the fol-
lowing: increased susceptibility of the underlying tis-
sue to the mutagenic effect of therapy at a younger age;
the higher rate of cell proliferation during the early
stages of development; genetic susceptibility; or a
longer period of follow-up of the childhood cancer
survivor cohort, which allows second cancers with typ-
ically long latencies to emerge. Conversely, the associa-
tion of secondary myelodysplasia and leukaemia with
older age at treatment could possibly be related to the
greater susceptibility of the haematopoietic stem cells

under- 21-year-olds diagnosed with common cancers
in the United States between 1970 and 1986, and sur-
viving at least five years, were followed for the develop-
ment of second cancers. The estimated cumulative
incidence of second cancers was 3.2% at 20 years.
Overall, the cohort was at a 6.4-fold increased risk of
developing a second cancer. However, only 1.9 excess
malignancies occurred per 1,000 years of patient fol-
low-up so, even though the incidence of a second can-
cer is greater in those whose first cancer occurred in
early life, the annual excess risk of second cancers in
this group is still very small3.

Second cancers following a primary childhood cancer
can be of two main types — acute leukaemias and
myelodysplastic syndromes, or solid non-haematopoietic
tumours. Certain second cancers have been reported
more commonly after particular first cancers3; these asso-
ciations between first and second cancers are summarized
in TABLE 1. The latency between diagnosis and treatment of
the primary cancer and the development of a secondary
leukaemia is generally short, whereas non-haematopoietic
malignancies seem to have a longer latency, and the risk
continues to rise for two or more decades4 (FIG. 3; TABLE 1).

Known risk factors for second cancers
Although acute lymphoblastic leukaemia (ALL) and
central nervous system tumours are the most common
types of childhood cancer18, neither type is among the
most common primary cancers in children who go on
to develop a second cancer. A review of the literature on
second cancers following childhood cancer reveals that
hereditary retinoblastoma, soft-tissue sarcomas and
Hodgkin’s disease are the most common first cancers
associated with the development of second cancers, and
are considerably over-represented among patients with
second cancers relative to their incidence in the general
population3,5. It has, therefore, become clear that certain

MYELODYSPLASIA

A syndrome that is characterized
by ineffective haematopoiesis.
Morphological abnormalities
occur in at least one, and often
several, types of haematopoietic
cell, particularly erythrocytes.
Secondary myelodysplasia is
characterized by progression to
acute myeloid leukaemia after a
variable length of time.
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Figure 1 | Cancer incidence in childhood cancer survivors.
This schematic representation compares cancer incidence in the
general population with the incidence of second cancers in
survivors of childhood cancer, as a function of age. We have
substantial data on the risk of second cancers in the first 10–20
years after diagnosis of the initial cancer, whereas the magnitude
of the risk with advancing age remains largely unknown.

Summary 

• Survivors of childhood cancer are at a 3–6-fold increased risk of developing a second
cancer, compared with the general population. Although second cancers are a
comparatively rare complication in cancer survivors, they are associated with
significant morbidity and mortality.

• For most second cancers, the risk decreases with increasing age of diagnosis of the first
cancer; female gender is also associated with an increased risk of second cancers.

• Radiation therapy increases the risk of several second cancers in a dose-dependent
manner. Most second cancers associated with radiotherapy occur in or near the area
that was irradiated, and most have a long latency.

• Certain chemotherapeutic agents, particularly alkylating agents and topoisomerase II
inhibitors, increase the risk of developing a second cancer. In some cases, specific genetic
changes caused by these agents explain the increased risk of particular second cancers.

• Emerging risk factors for second cancers include familial cancer syndromes,
gene–environment interactions, lifestyle choices and other medical complications
associated with treatment for the primary cancer.

• By understanding the factors that increase risk of second cancers, we might be able to
implement strategies to prevent them. For example, individuals known to be at
increased risk of therapy-induced cancers can be treated with modified regimens that
reduce this risk.
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Therapy-related risk factors
Radiation. Ionizing radiation can cause most types of
cancer, but different organs vary in their susceptibility.
The risk is highest when the exposure occurs at a
younger age4,6–13 — possibly because younger children
have a larger number of dividing stem cells, although
there are no data to support this idea. The cancer risk
increases as the total dose of radiation increases22–32 and
there seems to be a long latency period, probably due to
the time required for sufficient mutations to accumu-
late33. Most radiation-associated second cancers develop
within the radiation field (TABLE 2).

Radiation-associated bone tumours and sarcomas
show all the characteristics of radiation-associated 
second cancers: there is a clear relationship with 
radiation dose and the second cancers develop within the
radiation field, typically after a latency period of ten years.
The radiation-associated bone tumours and sarcomas
can be aggressive and respond poorly to therapy23,25.

Another radiation-associated tumour is breast cancer,
which has been increasingly reported among patients
receiving radiation for Hodgkin’s disease3,4,26,27. The
latency is typically between 15 and 20 years from primary
diagnosis, and the risk is highest among patients diag-
nosed at a younger age, decreasing to that of the general
population for patients receiving radiation for their pri-
mary cancer after the age of 30 years.Again, the risk seems
to increase with radiation dose and the tumours typically
develop within or at the edge of the radiation field4,26.

Patients receiving radiation to the neck region are at
an increased risk of developing thyroid cancers25,30,31.
Radiation therapy and younger age at treatment have
been identified as risk factors for the development of
secondary thyroid cancers25. Thyroid cancer has also
been reported among patients receiving radiation to the
craniospinal axis for ALL and brain tumours3,6.

Brain tumours have been reported following cranial
radiation for histologically distinct brain tumours or
for prophylaxis or treatment of central nervous system

among older subjects to the mutagenic effects of
chemotherapy and/or radiation therapy, possibly
because of a background accumulation of premalignant
mutations from environmental exposures.

Gender. Female sex is associated with an increased risk
of second primary cancers. This effect is due primarily
to the excess number of secondary breast cancers and,
to some extent, to the increased occurrence of thyroid
cancer in female survivors4. Among adults, several stud-
ies indicate that, for a given dose of radiation, women
are more susceptible to carcinogenesis than men.
Possible mechanisms that underlie this increased 
susceptibility are greater activity of CYTOCHROME P450

enzymes, enhanced formation of DNA ADDUCTS and TP53
mutations, and the effects of hormones, particularly
oestrogens, on tumour promotion21.

CYTOCHROME P450

A family of enzymes, most
abundant in the hepatic
endoplasmic reticulum, that are
responsible for the metabolism
of various chemicals, including
carcinogens.

DNA ADDUCT

A DNA adduct forms as a result
of DNA binding to a genotoxic
chemical. It reflects exposure to
specific carcinogens, and is a
marker of cumulative
unrepaired DNA damage.
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Figure 2 | Risk factors for subsequent cancers. This
schematic illustrates the difficulties that are involved in
unravelling interactions between risk factors.

Table 1 | Second cancers and their relationship with primary cancers

Second cancers Primary cancers Latency Risk factors References
(median in years) 

Brain tumours ALL; brain tumours; HD 9–10 Radiation; younger age 3,4,6,103

MDS/AML ALL; HD; bone tumours 3–5 Topoisomerase II inhibitors; 4,6,103,
alkylating agents 104

Breast cancer HD; bone tumours; soft- 15–20 Radiation; female gender 3,4,22
tissue sarcomas; ALL; brain 
tumours; Wilms’ tumours; NHL

Thyroid cancer ALL; HD; neuroblastoma; 13–15 Radiation; younger age; 3,4,6,103
soft-tissue sarcomas; bone female gender
tumours; NHL

Bone tumours Retinoblastoma (heritable); 9–10 Radiation; alkylating 6,11,23,103
other bone tumours; Ewing’s agents; removal of 
sarcoma; soft-tissue sarcomas; the spleen
ALL

Soft-tissue Retinoblastoma (heritable); 10–11 Radiation; younger age; 3,11,12,
sarcomas soft-tissue sarcomas; HD; anthracyclines 22,23,103

Wilms’ tumours; bone tumours; 
ALL

ALL, acute lymphocytic leukaemia; AML, acute myelogenous leukaemia; HD, Hodgkin’s disease; MDS, myelodysplasia; NHL, non-
Hodgkin’s lymphoma.
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agents is correlated with the formation of interstrand
DNA crosslinks, which probably interfere with the orderly
segregation of chromosomes at anaphase, leading to the
loss of genetic material in some cells. This damage proba-
bly occurs throughout the genome, but loss of putative
tumour-suppressor genes on chromosomes 5 or 7 seems
to provide a selective advantage43. However, these genes
have not yet been identified.

There is a wide variation in the estimates of risk of
leukaemia associated with topoisomerase II ihibitors,
which reflects small sample size, differences in susceptibil-
ity among different patient populations, varying sched-
ules of drug administration and different cumulative
doses34,44–48. A series of studies from St Jude Children’s
Research Hopsital have shown that the risk of secondary
leukaemia associated with epipodophyllotoxins is related
to the intensity of the dosing schedule, but not to the total
dose of epipodophylotoxins44. The overall cumulative risk
of secondary leukaemia was 3.8%, but within the sub-
groups of patients who received epipodophyllotoxins
(etoposide (VP-16) or teniposide (VM-26)) twice weekly
or weekly, the cumulative risks were 12.3% and 12.4%,
respectively. Of the remaining subgroups — including
patients who received epipodophyllotoxins every two
weeks, did not receive epipodophyllotoxins, or received
them only after their primary cancer had gone into remis-
sion — the cumulative risk was 1.6%. Smith et al. have
similarly shown a lack of dose–response relationship for
exposure to epipodophyllotoxins34. Less intensive use of
these agents (for example, administration every two
weeks) might allow sufficient time for DNA to be
repaired, so that relatively high doses can be given without
appreciably increasing the risk of AML. However, there
are no data to support this idea.

DNA topoisomerase II catalyses the relaxation of
supercoiled DNA by covalently binding, and transiently
cleaving and re-ligating, both strands of the DNA helix.
DNA topoisomerase II inhibitors stabilize the
enzyme–DNA covalent intermediate, decrease the re-
ligation rate and have the net effect of increasing cleavage
by topoisomerase II. This damages the DNA, and cells
with irreparable DNA damage die by apoptosis48. But if
the drug-induced DNA damage is insufficient to kill the
cells and, instead, the damage is repaired, translocations
form49–53. Most of the translocations disrupt a breakpoint
cluster region between exons 5 and 11 of the MLL gene at
chromosome band 11q23, and fuse MLL with a partner
gene54–58.A large comprehensive study of chromosomal
abnormalities among patients with therapy-related
leukaemia indicates that translocations to 11q23 pre-
dominated following therapy with epipodophyllotoxins,
whereas patients with translocations to 21q22, inv(16),
t(15;17) and t(9;22) had, most often, received anthracy-
clines59. The generation of balanced translocations by
topoisomerase II inhibitors is probably due to the gener-
ation of double-strand breaks that then predispose to
non-homologous recombination. The reason why spe-
cific translocations are generated remains the subject of
speculation. It is possible that these translocations confer
a growth or survival advantage on myeloid cells but this
remains to be proven.

disease among patients with ALL3,6,32. Patients identified
to be at greatest risk were those receiving radiation
before the age of six years.

Finally, patients receiving radiotherapy for retinoblas-
toma are at an increased risk of developing leukaemias
and osteosarcoma. Interestingly, the incidence of second
cancers among patients with retinoblastoma is primarily
restricted to patients with hereditary retinoblastoma;
very few cases are seen among patients with sporadic
retinoblastoma11. This illustrates the potential of a germ-
line RB mutation to interact with radiation and increase
the incidence of secondary cancer.

Chemotherapeutic agents. Secondary myelodysplasia and
AML have been associated with certain chemotherapeu-
tic agents, such as ALKYLATING AGENTS4,5 and TOPOISOMERASE II

INHIBITORS (epipodophyllotoxins and anthracyclines)34

(TABLE 3). Exposure to alkylating agents has also been
shown to increase the risk of bone25 and bladder cancers35.
The incidence of therapy-related leukaemia associated
with alkylating agents varies greatly among studies,
depending on the intensity of the therapeutic schedule,
the cohort size and the primary diagnosis. Increasing
doses of alkylating agents and older age at exposure have
been identified as risk factors19,20,36–40. The incidence,
which is typically less than 5%, peaks between four and
six years after exposure, with a plateau after 10–15 years.
Different alkylating agents are not equally leukaemogenic:
melphalan and mechlorethamine are more potent
leukaemogens than cyclophosphamide38,39.

Alkylating agents kill cancer cells by transferring alkyl
groups to cellular molecules, and alkylation of DNA is the
main cause of cell killing. The most significant site of
alkylation in DNA in terms of cytotoxicity is probably the
formation of a covalent bond between the drug and the
7N group of guanine in DNA, although the 6O-alkyl-
guanine position is also favoured. Alkylation results in
inaccurate base pairing during replication, and single-
and double-strand breaks in the double helix as the 
alkylated bases are repaired41,42. The toxicity of alkylating

ALKYLATING AGENTS

An important group of
anticancer drugs that exert their
cytotoxic effect through the
alkylation of DNA, resulting in
inhibition of DNA replication
and transcription. Examples
include mechlorethamine,
cyclophosphamide, melphalan,
busulphan and cisplatin.

TOPOISOMERASE II INHIBITORS

Topoisomerase II inhibitors
block the unwinding of
supercoiled DNA during DNA
cleavage by forming a complex
between the enzyme and DNA.
Those that are used as
chemotherapeutic agents
include epipodophyllotoxins,
anthracyclines, acridine,
anthracenedione and
doxorubicin.
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Figure 3 | Second cancers in survivors of Hodgkin’s
disease. Cumulative probability of secondary leukaemia and
solid tumours among survivors of Hodgkin’s disease in
childhood, showing the longer latency (but higher incidence)
for solid tumours compared with leukaemia. Reproduced with
permission from REF. 4 © (1996) Massachusetts Medical
Society.
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tumour-suppressor genes occurring as a consequence
of treatment of a primary malignancy. Another study
reported microsatellite instability in 5–7 loci in the
secondary tumours of all nine paediatric patients
studied62. This hypothesis for why only a small per-
centage of those receiving chemotherapy for
leukaemia go on to develop a second cancer awaits
confirmation, but could offer a potential means of
screening patients at increased risk of developing 
second cancers.

Emerging risk factors
Gene–environment interactions. Interactions
between the gene and environment are defined as the
interaction between genetic susceptibility and envi-
ronmental exposures, resulting in a greater risk for
the development of cancer than could be attributed
to either risk factor alone. These same gene–environ-
ment interactions have an impact on the risk of
developing second cancers, as exemplified by the
extremely high incidence of secondary sarcomas
among subjects with hereditary retinoblastoma who
are treated with external radiotherapy11.

Traditionally, the alkylating agent cisplatin has not
been regarded as a carcinogenic agent, but secondary
myelodysplasia and AML can develop among
patients receiving cisplatin-based therapy. Two epi-
demiological studies have addressed the question of
cisplatin as a carcinogenic agent: one indicated that
the combination of cisplatin and the topoisomerase
II inhibitor doxorubicin is leukaemogenic in humans,
whereas the other implicated etoposide rather than
cisplatin. Formal epidemiological studies of large
cohorts of patients treated with cisplatin are now
needed to resolve this question60.

DNA repair is necessary to maintain genomic
integrity, and defects in DNA repair and its regula-
tion increase susceptibility to cancer, so we might
expect that individuals with defects in DNA repair
would be particularly susceptible to therapy-induced
cancers. In one study, 15 out of 16 patients (94%)
with therapy-related leukaemia had microsatellite
instability61, which indicates that patients with 
therapy-related leukaemia might have an inherited
defect in a mismatch repair gene, leading to 
accelerated DNA instability in other oncogenes or 

Table 2 | Characteristics of selected radiation-associated second cancers

Second cancer Primary Cohort size Cumulative probability Relative risk* Risk factors References
cancer

Bone tumours Childhood 9,170 2.8% 133 Radiation therapy (+ve dose–response 25
cancer (20 years) relationship); alkylating agents (+ve dose–

response relationship)

Childhood 13,175 0.9% NA Radiotherapy (+ve dose–response relationship); 23
cancer (20 years – overall) alkylating agents (+ve dose–response)

7.2% relationship)
(hereditary retinoblastoma)
5.4% 
(Ewing’s sarcoma)
2.4% 
(other bone tumours)

Breast cancer HD 885 NA 136 Radiation therapy 26
(<15 years Age <30 years at irradiation
at diagnosis)

HD 483 28% 75 Radiation therapy 4
(30 years) Age between 10 and 16 years at irradiation

Childhood 13,851 NA 16 Radiation therapy 3
cancer
HD 5,925 NA 14 Radiation therapy 27
HD 257 1.7% 20 Radiation therapy 28

(25 years)
HD 3,869 NA 61 Age <16 years at diagnosis 29

(<16 years 
at diagnosis)

Thyroid cancer Childhood 4,096 NA NA Radiation therapy (+ve dose–response 30
cancer relationship)

Childhood 9,170 NA 53 Radiation therapy (+ve dose–response 25
cancer relationship); younger age at irradiation

HD 1,791 NA 18 Radiation therapy 31

Brain tumours ALL 9,720 NA 22 Younger age (<6 years) at irradiation to central 6
nervous system axis

ALL 5,006 1.0% 19 Radiation therapy (+ve dose–response 32
(15 years) relationship); younger age at irradiation

Childhood 13,581 NA 9.9 Younger age at irradiation to the 3
cancer central nervous system axis

ALL, acute lymphoblastic leukaemia; HD, Hodgkin’s disease; NA, information not available. *Relative risk is the ratio of risk in an exposed group to the risk in an
unexposed group.
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Another example shows how underlying genetic
characteristics can interact with chemotherapy to
increase the risk of certain second cancers. The
enzyme thiopurine S-methyltransferase (TPMT)
catalyses the inactivation, by S-methylation, of
thiopurines, including 6-mercaptopurine and 
6-thioguanine. Approximately 10% of the population
carries a polymorphism in the gene for TPMT that
leads to an inactive enzyme, and about 1 in 300 indi-
viduals inherit two copies of this polymorphism, so
they accumulate thiopurines. There is emerging 
evidence that this increases the risk of second cancers,
including brain tumours and AML68,69.

Several other genetic polymorphisms of enzymes
that are capable of metabolic activation or detoxifica-
tion of anticancer drugs have been examined for their
involvement in the development of therapy-related
leukaemia or myelodysplasia70–78. The quinone
metabolites that are generated as a result of metabo-
lism of epipodophyllotoxins are carcinogenic, proba-
bly owing to the generation of DNA adducts, which
enhance chromosomal breakage and recombination.
These carcinogenic quinone metabolites are reduced
to catechol by NAD(P)H:quinone oxidoreductase
(NQO1). There is evidence that an NQO1 polymor-
phism (homozygosity for serine at codon 187) result-
ing in loss of function of the enzyme is significantly
associated with the genetic risk of therapy-related
acute leukaemia and myelodysplasia70. Glutathione S-
transferases detoxify potentially mutagenic and toxic
DNA-reactive electrophiles, including metabolites of
several chemotherapeutic agents. Functional poly-
morphisms exist in at least three genes that encode
GSTs — GSTM1, GSTT1 and GSTP1 — which result
in a functional decrease in the activity of the enzymes,
so increasing the carcinogenic potential of the sub-
strate. For example, Allan et al. have reported that
inheritance of at least one Val allele at GSTP1 codon
105 confers a significantly increased risk of developing
therapy-related leukaemia after chemotherapy, but
not after radiotherapy77. The cytochrome P450
CYP3A metabolizes epipodophyllotoxins and other
chemotherapeutic agents. CYP3A metabolism gener-
ates epipodophyllotoxin quinone metabolites, which
could damage DNA. Individuals with the CYP3A4-W
genotype might be at increased risk of treatment-
related leukaemia, by increasing the production of
reactive intermediates that might damage DNA72.

Environmental and lifestyle factors. Environmental
risk factors have been most frequently studied in sur-
vivors of adult cancers, and the exposures most com-
monly examined include tobacco and alcohol79–89.
Tobacco use is strongly associated with respiratory
and upper digestive tract cancers, but has also been
linked to cancers of the uterine cervix, pancreas, blad-
der, and kidney90. Smoking also seems to increase the
risk of at least one radiation-associated second cancer:
survivors of Hodgkin’s disease are at an increased risk
of lung cancer, and the excess risk of lung cancer in
Hodgkin’s disease survivors treated with radiation

Patients with a family history of early-onset cancers
have been shown to be at an increased risk for develop-
ing a second cancer. In one study, 159 three-year sur-
vivors of childhood soft-tissue sarcoma and their rela-
tives were surveyed to determine the frequency of second
malignant neoplasms in patients and cancer in their rela-
tives12.A highly significant excess of cancer was observed
in the relatives of cancer survivors who developed a sec-
ond cancer. The tumour types that occurr in excess in
close relatives were also observed as second cancers in
patients (that is, cancers of the breast, bone, joint or soft
tissue), which indicates that the risk of second cancers is
associated with a familial predisposition.

In another study, members of families with
Li–Fraumeni syndrome — a hereditary susceptibility
to several cancers that is usually caused by mutation of
the TP53 tumour-suppressor gene — were reported to
be at increased risk of multiple subsequent cancers
compared with the general population63. The highest
risk was observed among survivors of childhood can-
cer. Moreover, the excess risk was mainly for cancers
that are characteristic of Li–Fraumeni syndrome. It
therefore seems that germ-line mutations in tumour-
suppressor genes, as occur in Li–Fraumeni syndrome,
might interact with therapeutic exposures to result in
an increased risk of second cancers.

Mutational analysis of the ATM gene — which is
mutated in individuals with a recessive hereditary
cancer syndrome, ATAXIA TELANGIECTASIA (AT) — has
been carried out in cohorts of patients with radiation-
associated second cancers. ATM encodes a protein
kinase that is involved in regulation of the G1/S cell-
cycle checkpoint. Following ionizing radiation, ATM
phosphorylates p53 to result in its stabilization. In
vitro studies have shown that cells from AT patients
and ATM heterozygotes have an increased sensitivity
to ionizing radiation, and there is epidemiological evi-
dence that heterozygotes are at an increased risk of
radiation-induced breast cancer64. The studies con-
ducted so far have failed to support the hypothesis
that AT carriers account for a significant fraction of
radiation-induced second cancers65,66, although there
is some evidence that missense mutations in ATM are
more common in primary breast cancer cases selected
for family history and young age at diagnosis67.

ATAXIA TELANGIECTASIA

An autosomal recessive genetic
disorder that is characterized by
cerebellar ataxia,
oculocutaneous telangiectasia
and immunodeficiency.

Table 3 | Features of chemotherapy-induced haematopoietic cancers

Property Alkylating agents Epipodophyllotoxins References

Median latency 4–6 years 1–3 years 4,6,20,105
(range, 1–20 years) (range, 0.5–4.5 years)

Presentation Myelodysplasia Abrupt, no pre-leukaemia 105,106

Cytogenetic Loss of genetic Balanced abnormalities 106
translocations material, often (often include 11q23)

from chromosomes
5 and 7

Age Typically older patients Younger patients 106

Cumulative 0.8–2.8 3.8–18.4 4,36–38,
probability (%) 44–46

Outcome Poor Poor 4,19,105,106
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the complication and other risk factors for second
cancers. For example, loss of ovarian function is
nearly universal following total body irradiation as
preparation for stem-cell transplantation of
leukaemia patients102. Most of the young women who
undergo this treatment will require oestrogen
replacement to optimize their physical and psycho-
sexual health, but we understand very little about the
interplay between long-term hormone-replacement
therapy and breast irradiation on the lifetime risk of
breast cancer in these individuals. The challenge of
future research will be to identify and quantify the
contribution of these endocrinological factors on
cancer risk, both to understand the underlying 
mechanisms and to learn ways to minimize the risks
of second cancers.

Implications and future directions
Survivors of childhood cancer are at a 3–6-fold
increased risk of developing a second primary cancer
when compared with the general population. A
potential limitation of the cohort studies used to
derive these figures is the inability to follow all
patients completely. The reported incidence could be
an underestimate, because of incomplete reporting,
or it could be artificially inflated because patients
who develop complications are likely to be followed
up more completely. However, as similar estimates
have been reported from several large studies, the
reported incidence does seem to reflect a fairly 
accurate representation of the true incidence.

Now that we have established this increased risk,
high priority needs to be given to characterizing and
preventing second cancers because they are associated
with high levels of morbidity and mortality. Patients
and health-care providers must be aware of risk factors
for second cancers so that surveillance is focused and
early prevention strategies can be implemented. PRIMARY

PREVENTION strategies are now being implemented to tai-
lor the therapy of the primary cancer for patients con-
sidered at high risk of developing a second cancer. An
example of primary prevention is the use of gender-
specific therapy for patients with Hodgkin’s disease: to
reduce the risk of radiation-associated breast cancer,
adolescent girls with Hodgkin’s disease now receive a
chemotherapy-based regimen; radiation therapy to the
chest area is reserved primarily for those patients with
disease that is considered to be at high risk of local
relapse. Other primary prevention strategies include
identification of patients who are heterozygous for
TPMT or other drug-metabolizing enzymes before ini-
tiation of therapy for the primary cancer; therapy can
then be modified accordingly, to reduce the risk of
developing a second cancer. SECONDARY PREVENTION strate-
gies that are being considered include programmes to
educate clinicians and survivors about the risk of sec-
ond cancers, and about measures that can be taken to
decrease the morbidity associated with second cancers,
including adopting healthy lifestyle choices such 
as giving up smoking. Other approaches include 
periodic and aggressive screening for breast, lung and

therapy is related to the radiation dose received.
However, smokers experience a significantly greater
risk attributable to radiotherapy than non-smokers.
Alcohol consumption has been shown to be a risk fac-
tor for oral, oesophageal and liver cancers, when they
occurr as second cancers91–93.

Medical complications and therapy for them. The
impact of medical complications on subsequent can-
cer risk in cancer survivors has received little atten-
tion. For various reasons, it is reasonable to assume
that the endocrine and metabolic sequelae of cancer
therapy (BOX 1) might contribute to overall cancer risk
in these survivors. First, many human cancers are
modulated by the endocrine system. Examples
include the role of oestrogen in the development of
breast cancer94,95, the androgen dependence of many
prostate cancers96, and the association between high
circulating concentrations of the growth-hormone-
dependent growth factor insulin-like growth factor 1
(IGF1) and a heightened risk for the common can-
cers of adulthood (for example, breast, prostate,
colon, and lung cancers)97. Second, endocrine disor-
ders are the most prevalent late complications
observed in survivors of childhood cancer; some
20–50% of survivors followed into adulthood will
develop an endocrinopathy2. So, a substantial per-
centage of survivors will experience alterations of
their hormonal system and many will require 
long-term hormone therapy.

Some of these endocrine and metabolic distur-
bances, such as obesity and early menarche, both of
which are seen following whole-brain irradiation98,99,
are established risk factors for future cancer risk100,101.
For others, potential interactions might exist between
the endocrine complication and/or the therapy for

PRIMARY PREVENTION

Prevention of disease by altering
susceptibility or reducing
exposure for susceptible
individuals.

SECONDARY PREVENTION

The early detection and
treatment of disease.

Box 1 | Endocrine and metabolic consequences of cancer therapy 

Endocrine and metabolic complications are the most prevalent late effects observed in
survivors of childhood cancer. These sequelae occur more commonly following therapy
for Hodgkin’s disease and brain tumours, and in survivors of stem-cell transplantation.
The most frequently diagnosed endocrine and metabolic disorders include:
• Primary hypothyroidism. The main risk factor is radiation (10 Gy or more) to the neck

area. It is more common in females and can develop as soon as six months or as late as
25 or more years after treatment.

• Primary ovarian failure and premature menopause. Risk factors include irradiation to
the pelvis, treatment with high doses of alkylating agents (for example,
cyclophosphamide, busulphan) and older age at treatment.

• Growth hormone deficiency. This is seen primarily in survivors treated with higher
doses (>18 Gy) of irradiation to the region of the hypothalamus and pituitary (for
example, whole-brain irradiation for acute leukaemia or various brain tumours).
Growth hormone deficiency usually develops within the first five years after high-dose
irradiation (>30 Gy), whereas it can take ten or more years to develop following lower
doses (18–24 Gy) of irradiation.

• Obesity. Exposure to glucocorticoids and radiation to the brain are established risk
factors. Obesity might be more prevalent in females treated at a younger age.

• Early onset of puberty. This is observed most often in young girls (<four years) treated
with whole-brain irradiation.
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