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abstract

PURPOSE Fanconi anemia (FA) and ataxia-telangiectasia (AT) are rare inherited syndromes characterized by
abnormal DNA damage response and caused by pathogenic variants in key DNA repair proteins that are also
relevant in the pathogenesis of breast cancer and other cancer types. The risk of cancer in children with these
diseases is poorly understood and has never been assessed in a population-based cohort before.

METHODS We identified 421 patients with FA and 160 patients with AT diagnosed between 1973 and 2020
through German DNA repair disorder reference laboratories. We linked patients’ laboratory data with childhood
cancer data from the German Childhood Cancer Registry.

RESULTS Among 421 patients with FA, we observed 33 cases of childhood cancer (15 cases of myelodysplastic
syndrome; seven cases of acute myeloid leukemia; two cases of lymphoma, carcinoma, medulloblastoma, and
nephroblastoma, respectively; and one case of rhabdomyosarcoma, acute lymphoblastic leukemia, and glioma,
respectively) versus 0.74 expected (on the basis of population-based incidence rates in Germany). This
corresponds to a 39-fold increased risk (standardized incidence ratio [SIR] 5 39; 95% CI, 26 to 56). For all FA
subgroups combined, the cancer-specific SIR for myeloid neoplasms was 445 (95% CI, 272 to 687). Among the
160 patients with AT, we observed 19 cases of childhood cancer (15 cases of lymphoma, three cases of
leukemia, and one case of medulloblastoma) versus 0.32 expected. This corresponds to a 56-fold increased risk
(SIR5 56; 95% CI, 33 to 88). The cancer-specific SIR for Hodgkin lymphoma was 215 (95% CI, 58 to 549) and
for non-Hodgkin lymphoma 470 (95% CI, 225 to 865).

CONCLUSION Approximately 11% of patients with FA and 14% of patients with AT develop cancer by age 18
years.
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INTRODUCTION

Fanconi anemia (FA; complementation groups A, B, C,
D1, D2, E, F, G, I, J, L, N, O, P, Q, R, S, T, U, V, and W;
Mendelian Inheritance in Man [MIM]: 227650,
300514, 227645, 605724, 227646, 600901, 603467,
614082, 609053, 609054, 614083, 610832, 613390,
613951, 615272, 617244, 617883, 616435, 617247,
617243, 617784) is a rare DNA-repair deficiency
disorder characterized by congenital malformations,
bone marrow failure, endocrine abnormalities, and an
elevated cancer risk. The most common cancers are
myelodysplastic syndrome (MDS), acute myeloid leu-
kemia (AML), and squamous cell carcinoma.1 To date,
germline pathogenic variants in 21 genes (FANCA-W)
have been associated with FA, with complementation
groups FA-A, FA-C, and FA-G representing the most
common genetic subtypes.2 FA is usually a recessive
condition with the exception of complementation group
FA-B (X-linked) and FA-R (autosomal dominant).

Ataxia-telangiectasia (AT; MIM 208900) is an auto-
somal recessive disorder caused by biallelic patho-
genic variants in ATM (ataxia-telangiectasia–mutated),
a DNA damage–sensing kinase.3 Patients present with
cerebellar ataxia, conjunctival telangiectasias, oculo-
motor apraxia, choreoathetosis, immunodeficiency,
and an increased leukemia and lymphoma risk.4

Monoallelic pathogenic germline variants in ATM are
associated with a two- to threefold increased breast
cancer risk in women.5 Moreover, the pathogenic
variants in rare FA genes such as FANCD1 (BRCA2),
FANCN (PALB2), FANCS (BRCA1), and FANCO
(RAD51C) are known to be associated with an in-
creased breast cancer risk.6

The childhood cancer risk and the risk of individual
cancer types in individuals with FA or AT have been
studied in literature case series7,8 and volunteer
cohorts.9-13 However, access to larger unbiased pop-
ulation data is limited. In this unique nationwide
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register study, we matched data from 581 patients with the
German Childhood Cancer Registry (GCCR) in an
encrypted approach. This allowed a population-based
statistical analysis while minimizing the risk of selection
bias. The diagnoses were genetically and/or functionally
confirmed (FA: sensitivity to DNA crosslinking agents, AT:
sensitivity to ionizing radiation) during a 47-year period by
the major and nationwide German reference laboratories
for DNA repair disorders for all patients enrolled in this
study.

METHODS

We investigated the occurrence of childhood cancer in
cohorts of 421 individuals with FA and 160 individuals with
AT. In all cases, the suspected diagnosis FA was confirmed
by cellular hypersensitivity toward mitomycin C or die-
poxybutane (DEB) via chromosome breakage or cell cycle
analysis,14,15 AT was confirmed by the presence of cellular
radiosensitivity testing,16-18 and/or causative pathogenic
variants have been identified. A majority of patient data
have been published in various other studies on FA or AT
dealing with mutation analysis, genotype-phenotype cor-
relations, or new FA gene identification. The laboratory
analyses used in the present study were performed or
confirmed at the Department of Human Genetics, Uni-
versity of Würzburg, Biocenter, Germany, the major na-
tionwide reference laboratory mainly for FA and also for AT
and other DNA repair disorders, and/or at the Gynecology
Research Unit of Hannover Medical School, Germany.
Notably, in FA patients, the diagnosis can be confirmed by
functional assays without knowledge of the precise FA
subtype and without mutational analysis. In fact, a con-
firmed FA diagnosis often preceded the identification of the
respective FA disease-causing gene variant.

Confirmed cases of FA and AT diagnosed between January
1, 1973, and September 22, 2020, were linked to the da-
tabase of the GCCR (71,614 patients with childhood cancer
on September 22, 2020), using a cryptographed stochastic

record linkage approach on the basis of names and dates of
births as described previously.19-21 Patients were considered
under risk and contributed person-years to the analysis until
death, a cancer diagnosis, or September 22, 2020,
whichever came first. Vital status information at cutoff was
available for 40% of the FA and AT cases. The GCCR is the
nationwide population-based childhood cancer registry of
Germany, monitoring incident cases of all malignancies and
nonmalignant CNS tumors diagnosed in individuals age 0 to
17 years since 1980. Before 2009, the registry covered only
diagnoses before age 15 years. On average, approximately
2,250 incident cases are observed annually on the basis of a
population of about 13.5 million children annually below age
18 years. The study was approved by the ethical committee
at the Hannover Medical School (no. 2850-2015).

All identifiable cases in the GCCR from 1980 until Sep-
tember 22, 2020, with German residence and below the
ages 15 (until 2008) or 18 years (since 2009) at the time of
diagnosis were included in the base cohort. The range of
diagnoses is defined by the International Classification of
Childhood Cancer.22 The GCCR follows patients with a first
childhood cancer diagnosis and collects subsequent ma-
lignant neoplasms at any age as completely as possible
from various sources, including the patients and their
families (subsequent malignant neoplasm diagnoses are
validated by treating physicians and histologically con-
firmed). Age-specific incidence rates for first neoplasms
were calculated on the basis of this file (ie, excluding
nonidentifiable patients) and corresponding population
data from the Federal Statistical Office. This process en-
sures that the standardized incidence ratio (SIR) estimates
are not biased by (1) the inclusion criterion for age
changing in 2009 and (2) excluding nonidentifiable pa-
tients from the analyses. MDS was not registered sys-
tematically before 2000 as a result of international changes
in coding, but as this applies to the cancer case ascer-
tainment and the comparison incidence rates, this too does
not lead to a biased SIR estimate. Cumulative incidences

CONTEXT

Key Objective
What is the cancer risk in children with Fanconi anemia (FA), a DNA-repair deficiency disorder caused by mainly biallelic

germline variants in at least 21 different DNA repair genes, and what is the cancer risk in children with ataxia-
telangiectasia (AT) caused by biallelic pathogenic variants in the ATM gene, also involved in DNA repair? We used a
nationwide register-based cohort study enrolling 421 patients with FA and 160 patients with AT to address these
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children with AT. Compared with the general population, this amounts to a 39- and 56-fold increased risk, respectively.
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(risk until 18th birthday) were estimated as the sum of the
age-specific incidence rates in the syndrome cohort. SIRs,
comparing observed and expected numbers of cases, and
their respective 95% CIs were calculated by the usual
standard procedures. The process automatically excludes
all person-years that occurred outside the respective age
window and outside the time window 1980 to September
22, 2020. In genetic diseases, there is always the risk of
cases going undetected, and, as a (suspected) cancer di-
agnosis can be the reason why a genetic assessment was
performed, leading to an overestimation of the SIR. For 556
of 581 cases, the laboratory was able to provide the dates of
the initial genetic reports and to assess whether a cancer
diagnosis was the indication for genetic testing. The extent of
this overestimation was estimated by running an analysis
excluding every individual and their person-years for whom
genetic testing was because of a (suspected) cancer diag-
nosis and/or the date of the syndrome diagnosis close to or
after the cancer diagnosis as a sensitivity analysis. This
analysis is unbiased, although the exclusion reduces power.

RESULTS

We identified 421 individuals with a confirmed diagnosis of
FA and German residence between 1973 and 2020. In 301
of 421 cases, the molecular data were available: comple-
mentation group FA-A (n 5 182), FA-G (n 5 31), FA-C
(n5 29), FA-D2 (n5 20), FA-D1 (n5 9), FA-I (n5 7), FA-P
(n 5 6), FA-B (n 5 4), FA-N (n 5 4), FA-E (n 5 2), FA-J
(n5 2), FA-L (n5 2), FA-F (n5 1), FA-Q (n5 1), and FA-T
(n 5 1). The 421 FA patients contributed a total of 5,245.1
person-years of observation time overlapping with the GCCR
database. Patients were born between 1963 and 2017 and
age at genetic testing ranged from 0 to 48 years (median: 7.2
years). The male-to-female ratio was 1.15. Cryptographed
stochastic record linkage with the GCCR identified 33 pa-
tients who developed a primary cancer in childhood or
adolescence of 419 patients overlapping with GCCR, of
whom 10 patients additionally presented with a second
neoplasm (Table 1).

On the basis of all person-years and the age distribution of
the studied FA population, 0.74 cases of childhood cancer
would have been expected versus 33 observed, which
corresponds to a 39-fold increased risk (SIR 5 39; 95% CI,
26 to 56; Table 2). Age at cancer diagnosis ranged from 0.4
to 16.8 years (median: 11.1 years). The cancer SIRs for
individual FA subgroups are given in Table 2. The highest
cancer risks were observed in patients with biallelic muta-
tions in FANCD1 (BRCA2; SIR, 324; 95% CI, 88 to 830) or
FANCN (PALB2; SIR, 422; 95% CI, 51 to 1,526), whereas
no cancer was observed among the 20 patients with biallelic
mutations in FANCD2 (Table 2). The cumulative cancer risk
before age 18 years was 10.6% in the entire FA cohort.
Figure 1 shows cumulative incidences of AML, MDS, and
other cancer types. SIRs of selected cancers in individuals
with FA are given in Table 3. High SIRs were observed for

TABLE 1. Description of the 33 Individuals With Fanconi Anemia Who
Developed Cancera

Subgroup No.

Ages at Cancer
Diagnosis
(years) and

Sex

Secondary Neoplasms
Documented by the
German Childhood
Cancer Registry

(age, sex)

MDS

FA-A 6 4.4, mb; 9.8,
m; 11.1, m;
12.1, fb;
13.3, fb;
16.8, m

Hematologic neoplasm
(13.3, f)

FA-C 3 4.8, mb; 6.5,
m; 14.5, m

Carcinoma (19.3, m),
carcinoma (22.0, m)

FA-G 5 8.3, m; 11.1,
fb; 14.8, m;
15.8, m;
16.4, m

AML (26, m),
carcinoma
(22.3, m)

AML

FA-A 4 8.7, f; 11.9, m;
12.8, mb;
13.9, m

Carcinoma (21.9, f)

FA-C 2 6.3, f; 11.6, fb

Unknown 1 1.3, m

Unknown 1 5.7, f

Medulloblastoma

FA-N 1 4.1, fb

FA-D1 1 6.9, m AML (7.5, m)

Nephroblastoma

FA-N 1 0.6, f Hematologic neoplasm
(0.7, f),
neuroblastoma (0.8,
f), MDS (0.9, f)

FA-D1 1 1.9, mb AML (3.0, m)

Rhabdomyosarcoma

FA-D1 1 0.4, f

Mature B-cell lymphoma

FA-D1 1 15.4, m

ALL

Unknown 1 0.6, f

Carcinoma

FA-L 1 13.8, f

Glioma

FA-A 1 13.1, f

Hodgkin lymphoma

FA-A 1 10.9, m

Skin carcinoma

FA-A 1 15.0, m AML (16.0, m)

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acutemyeloid
leukemia; f, female; FA, Fanconi anemia; FA-A, complementation group
FA-A; FA-C, complementation group FA-C; FA-G, complementation group
FA-G; FA-D1, complementation group FA-D1; FA-N, complementation
group FA-N; m, male; MDS, myelodysplastic syndrome.

aObservation period from January 1, 1980, to September 22, 2020.
bExcluded cases for sensitivity analysis (see results): in these

patients, the positive cancer history may have prompted molecular
testing for FA.
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MDS (FA, all subtypes combined: SIR5 1,104; 95%CI, 588
to 1,888) and AML (FA, all subtypes combined: SIR5 211;
95% CI, 85 to 435). To reduce selection bias, we conducted
a sensitivity analysis after excluding nine FA cases in whom
we cannot rule out a timely relationship between the diag-
nosis of FA and cancer. After exclusion of these cases, we
observed a 29-fold increased cancer risk (SIR5 29; 95%CI,
16 to 48) for all FA patients combined.

We identified 157 of 160 AT patients whose childhood period
overlapped with the GCCR database. These patients con-
tributed 2,267.9 person-years of observation time. Patients
were born between 1968 and 2015 and the age at genetic

and/or sensitivity to ionizing radiation testing ranged from 0 to
35 years (median age: 7.2 years). The male-to-female ratio
was 1.44. Nineteen patients developed childhood cancer
(Table 4). On the basis of all person-years and the age dis-
tribution of the studied AT population, 0.32 cases of child-
hood cancer would be expected versus 19 observed, a 56-
fold increase (SIR 5 56; 95% CI, 33 to 88; Table 2). Age at
cancer diagnosis ranged from 3 to 17 years (median age: 9.8
years). The risk of cancer diagnosed before age 18 years was
14.3%. Cancer-specific SIRs are provided in Table 3. High
SIRs were found for Hodgkin lymphoma (SIR5 215; 95%CI,
58 to 549) and non-Hodgkin lymphoma (SIR5 470; 95%CI,

TABLE 2. Genotype-Dependent Categorization of Individuals With FA and ATa

Syndrome Mutated Gene No.

Cases of Cancerb

PY SIR (95% CI)
Cancer Risk Up to
18th Birthday (%)Observed Expected

FA, all subtypes 421 33 0.74 5,245.1 39 (26 to 56) 10.6

FA, female patients 200 13 0.30 2,388.7 43 (23 to 74) 8.8

FA, male patients 221 20 0.44 2,856.4 36 (21 to 59) 12.3

FA, mutated gene

FANCA 182 13 0.36 2,736.9 36 (19 to 61) 8.8

FANCC 29 5 0.05 341.0 101 (33 to 236) 26.8

FANCD1 9 4 0.01 83.9 324 (88 to 830) 76.1

FANCD2 20 0 0.04 293.1 0 (0 to 95) 0.0

FANCG 31 5 0.07 483.6 76 (25 to 178) 22.4

FANCN 4 2 0.00 26.3 422 (51 to 1,526) —c

AT ATM 160 19 0.32 2,267.9 56 (33 to 88) 14.3

AT, female patients 68 6 0.13 990.2 48 (18 to 104) 9.9

AT, male patients 92 13 0.20 1,277.8 60 (31 to 105) 18.1

Abbreviations: AT, ataxia-telangiectasia; FA, Fanconi anemia; PY person-years, SIR standardized incidence ratio.
aObservation period from January 1, 1980, to September 22, 2020.
bData from the German Childhood Cancer Registry.
cNot estimable because of five or less persons under risk.
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FIG 1. Cumulative cancer incidences in patients with (A) FA and (B) AT. AML, acute myeloid leukemia; AT, ataxia-telangiectasia; FA, Fanconi anemia; HL,
Hodgkin lymphoma; MDS, myelodysplastic syndrome; NHL, non-Hodgkin lymphoma.
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225 to 865). The corresponding cumulative incidences are
depicted in Figure 1. When excluding two cases in whom the
cancer diagnosis was known before the AT diagnosis, we
calculated a 34-fold increased cancer risk (SIR5 34; 95%CI,
9 to 88).

DISCUSSION

We conducted a nationwide population-based cohort study
to quantify the cancer risk in children with FA and AT and

observed a significant excess risk for all childhood cancers
combined compared with the general population. The el-
evated cancer risk was primarily because of significant
excesses of MDS and AML in children with FA and lym-
phoma in children with AT. The highest cancer risks were
observed in children belonging to subgroups FA-D1
(BRCA2) and FA-N (PALB2). In addition to AML and
MDS, latter patients developed a range of other neoplasms
such as rhabdomyosarcoma, medulloblastoma, nephro-
blastoma, and lymphoma, which is consistent with previous
reports.8 Notably, some patients developed multiple can-
cers within the first years of life.

Our cohort is unique because of the unbiased case ascer-
tainment over a long interval of almost five decades. Es-
pecially the FA cohort is substantially larger than any other
cohort that has been analyzed in the past.9-12 A linkage of
patient data with the GCCR allowed us to identify cases of
cancer in an unbiased manner and to calculate SIRs.
Therefore, our results provide robust cancer risk estimates
for the childhood period of patients with both conditions. Of
note, on the basis of these results and lifetime estimates, we
appreciate that a considerable proportion of cancer burden
in FA and AT patients is beyond childhood.9-12 The fact that
the sensitivity analyses resulted in only slightly smaller SIRs
shows that the estimates are only minimally biased.

In addition to the different strategies of how patients with FA
and AT as well as cases of cancer were ascertained in
previous studies compared with ours, there are further
methodical differences that challenge a direct comparison
of our study with previous risk estimates. Alter et al11,12 used
competing risk analyses and excluded the cases of MDS
from cancer incidence estimates. Indeed, MDS is not

TABLE 3. Standardized Incidence Ratio for Specific Cancers in Patients With FA and ATa

Syndrome Mutated Gene Cancer Type No.

Cases of Cancerb

PY SIR (95% CI)
Cancer Risk Up to
18th Birthday (%)Observed Expected

FA, all subtypes
combined

AML 421 7 0.03 5,245.1 211 (85 to 435) 2.2

MDS 421 15 0.01 5,245.1 1,104 (588 to 1,888) 4.9

MDS or AML 421 22 0.04 5,245.1 445 (272 to 687) 7.1

FA FANCA AML 182 4 0.02 2,736.9 253 (69 to 647) 2.6

MDS 182 6 0.01 2,736.9 993 (365 to 2,162) 4.1

FA FANCC AML 29 2 0.00 341.0 904 (110 to 3,265) 11.1

MDS 29 3 0.00 341.0 3,862 (796 to 11,285) 15.8

FA FANCD2 — 20 0 0.04 293.1 0 (0 to 95) 0.0

FA FANCG MDS 31 5 0.00 483.6 5,052 (1,640 to 11,789) 22.4

AT ATM HL 160 4 0.02 2,267.9 215 (58 to 549) 3.1

NHL 160 11 0.02 2,267.9 470 (225 to 865) 8.4

Abbreviations: AML, acute myeloid leukemia; AT, ataxia-telangiectasia; FA, Fanconi anemia; HL, Hodgkin lymphoma; MDS, myelodysplastic syndrome;
NHL, non-Hodgkin lymphoma; PY, person-years; SIR, standardized incidence ratio.

aObservation period from January 1, 1980 to September 22, 2020.
bData from the German Childhood Cancer Registry.

TABLE 4. Description of the 19 Individuals With Ataxia-Telangiectasia Who
Developed Cancera

No. Ages (years) and Sex

Secondary Neoplasms
Documented by the German
Childhood Cancer Registry

(age, sex)

NHL

11 5.5, mb; 6.8, m; 7.1, f; 8.8,
m; 8.9, m; 9.8, m; 10.0,
f; 14.4, m; 15.3, f; 16.3,
m; 16.5 m

NHL (17.8, m)

HL

4 5.6, fb; 8.4, m; 13.3, m;
16.3, m

NHL (15.6, m)

ALL

3 3.3, m; 6.9, f; 11.3 m

Medulloblastoma

1 10.5, f

Abbreviations: ALL, acute lymphoblastic leukemia; f, female; HL, Hodgkin
lymphoma; m, male; NHL, non-Hodgkin lymphoma.

aObservation period from January 1, 1980, to September 22, 2020.
bExcluded cases for sensitivity analysis (see results): in these patients, the positive

cancer history may have prompted molecular testing for ataxia-telangiectasia.
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always a malignant condition and children with refractory
cytopenia of childhood can remain stable without trans-
formation. We were able to include MDS in our cancer risk
analysis because all MDS cases were confirmed by the
European Working Group on MDS in Childhood and the
included patients displayed definite signs of transforma-
tion, such as elevated blast percentage or monosomy 7.
Despite these different approaches, the cancer risks that
result from our analysis are consistent with results from
previous reports.7-13,23,24 Notably, the previous studies on
FA provide valuable information on the high cancer risks
(mainly squamous cell carcinoma) in adults with FA.7-12

Our study has several limitations: (1) We were unable to
ascertain cancer diagnoses in patients being older than 17
years for statistical analysis, as the case-identifying resource
in this study was the GCCR. (2) We assume that the FA and
AT diagnoses were prompted by the cancer diagnosis in
some cases (eg, in all children withMDS, FA is routinely ruled
out in Germany) potentially leading to a selection bias. If we
exclude cases in whom the cancer diagnosis occurred in
timely relationship with the syndrome diagnosis, the cancer
risks remain significantly elevated. Conversely, patients with
FA and AT aremore likely to undergo cancer surveillance and
this may potentially lead to an overestimation of the cancer
risk, although such surveillance effects are not known for
AML, MDS, or lymphoma. (3) Patients in whom the diagnosis
of FA or AT was established as adults are biased toward those
that did not develop childhood cancer leading to an un-
derestimation of the childhood cancer risk. (4) Vital status
information of the FA and AT cases was incomplete; indi-
viduals without a specified status were assumed to be alive at
the cutoff date by default potentially leading to an under-
estimation of the cancer risk. (5) Although we calculated FA
gene–dependent differences in cancer risk (Table 2), our
sample is too small to draw a definitive conclusion and the
SIR CIs overlap. Especially estimating the difference in
cancer risk for subtypes with only four patients (eg, FA-N) is
unlikely to be clinically meaningful. (6) Factors such as
mosaicism in the hematopoietic system or hematopoietic

stem-cell transplantation (HSCT) may influence (reduce) the
risk for MDS and AML. Mosaicism is observed at different
rates in different FA subtypes. The relatively frequent oc-
currence in FA-A may perhaps explain their relatively lower
group-specific and MDS/AML-specific SIR rates compared
with FA-C and FA-G patients. Moreover, HSCT at a young
age, as is often performed for early bonemarrow failure in FA-
D2 patients,25 may contribute to the zero incidence rates for
MDS andAML in the FA-D2 patients in our study. Notably, we
observed no myeloid neoplasms in children following HSCT
for bonemarrow failure (data not shown). (7) We were unable
to determine specific lymphoma subentities associated with
AT as the data source was the GCCR and not the original
pathology report. (8) We were unable to include patients with
cancer who were not registered in the GCCR leading to a
potential underestimation of the cancer risk. (9) We were
unable to analyze details on treatment response and toxicities
as these data are not part of the GCCR data set. (10) We
cannot exclude that ancestry influences cancer risks in FA
and AT patients.

Despite these limitations, our risk estimates are based on a
unique and large cohort of patients and provide clinically
valuable and robust information on the cancer risks and
spectra in children with FA and AT. The cancer risk in
children with FA and AT is high but not as high as in
children with Li-Fraumeni syndrome (approximately 40%
of patients develop cancer by age 18 years) or constitu-
tional mismatch repair deficiency (patients generally de-
velop cancer by age 18 years). For patients with either of
these conditions, surveillance has been documented to
improve survival.26-29 FA- and AT-specific recommenda-
tions for childhood cancer screening and surveillance al-
ready exist for these children30 and are supported by our
results. Notably, among patients with FA-A, FA-C, and FA-
G, MDS and AML did not occur before age 4 years.
Therefore, our data suggest that it may be safe to start bone
marrow surveillance in FA patients of these subgroups
following the third year of life.
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