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Abstract

Background: Fanconi anemia (FA) is a rare genetic disorder associated with hematological disorders and solid tumor
predisposition. Owing to phenotypic heterogeneity, some patients remain undetected until adulthood, usually following
cancer diagnoses. The uneven prevalence of FA cases with different underlying FA gene mutations worldwide suggests
variable genetic distribution across populations. Here, we aim to assess the genetic spectrum of FA-associated genes across
populations of varying ancestries and explore potential genotype–phenotype associations in cancer. Methods: Carrier
frequency and variant spectrum of potentially pathogenic germline variants in 17 FA genes (excluding BRCA1/FANCS, BRCA2/
FANCD1, BRIP1/FANCJ, PALB2/FANCN, RAD51C/FANCO) were evaluated in 3523 Singaporeans and 7 populations encompassing
Asian, European, African, and admixed ancestries from the Genome Aggregation Database. Germline and somatic variants of
17 FA genes in 7 cancer cohorts from The Cancer Genome Atlas were assessed to explore genotype–phenotype associations.
Results: Germline variants in FANCA were consistently more frequent in all populations. Similar trends in carrier frequency
and variant spectrum were detected in Singaporeans and East Asians, both distinct from other ancestry groups, particularly
in the lack of recurrent variants. Our exploration of The Cancer Genome Atlas dataset suggested higher germline and
somatic mutation burden between FANCA and FANCC with head and neck and lung squamous cell carcinomas as well as
FANCI and SLX4/FANCP with uterine cancer, but the analysis was insufficiently powered to detect any statistical significance.
Conclusion: Our findings highlight the diverse genetic spectrum of FA-associated genes across populations of varying ances-
tries, emphasizing the need to include all known FA-related genes for accurate molecular diagnosis of FA.

Fanconi anemia (FA; Online Mendelian Inheritance in Man
[OMIM] PS227650) is a rare, predominantly recessive disorder as-
sociated with bone marrow failure, hematological and congeni-
tal abnormalities, and cancer predisposition. It is clinically
heterogenous, and although many FA patients present overt
features at childhood, identifiable phenotype is subtle or absent
in 10%-20% of patients (1,2), most of whom remain undetected
until adulthood or subsequent to severe chemoradiation ther-
apy–related toxicity following cancer diagnosis. Recognizing
these FA patients with subtle features demands a high index of
suspicion.

FA is associated with 22 genes (FANCA-FANCW) of the cellu-
lar FA pathway, a critical safeguard for genome integrity (3,4).

Mutations in FA pathway genes are linked to defective DNA re-
pair, specifically the resolution of DNA interstrand cross-links
by homologous recombination, resulting in vulnerability to ge-
nomic instability and hypersensitivity to DNA cross-linking
agents that is characteristic among FA patients (3,5). Germline
biallelic inactivation of these genes leads to FA except FANCB
and RAD51/FANCR, which are associated in X-linked recessive
and dominant negative inheritance, respectively (1). Notably,
monoallelic inactivation of 5 FA genes is associated with heredi-
tary breast and ovarian cancers, namely BRCA1/FANCS, BRCA2/
FANCD1, BRIP1/FANCJ, PALB2/FANCN, and RAD51C/FANCO.

In most FA cases worldwide, deleterious germline variants
are found in FANCA, FANCC, and FANCG (1,3,6,7). However, there
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are differences across communities attributable to founder
mutations, such as a higher incidence of FANCA c.295C>T
among Spanish Gypsy (8), FANCC c.711þ 4A>T among
Ashkenazi Jews (9), and FANCC c.67delG among Mennonites of
Dutch ancestry (10,11). Prevalence of other FA genetic subtypes
is beginning to be discovered, such as FANCL c.1092G>A founder
mutation-linked FANCL FA in South Asia (12) and FANCG FA
among Japanese and Koreans associated with 2 FANCG founder
mutations (c.307þ 1G>C, c.1066C>T) (13,14). Such cross-
ancestry variability presents barriers to detection and molecular
diagnosis of FA in populations that are inadequately repre-
sented in literature, potentially challenging interpretations of
disease risk (15). Currently, the extent of genetic heterogeneity
in FA genes across ancestries worldwide is unclear.

Because our knowledge about the clinical and genetic spec-
trum of FA is derived predominantly from populations of
European ancestry, there exist possibilities of underdetection of
FA patients among non-European populations. Here, we aim to
profile the genetic variability in FA genes across racially diverse
populations, including an ancestrally heterogenous Asian group
represented by Singaporeans. Additionally, we sought to evalu-
ate associations of FA variants with different cancer types using
selected cohorts from The Cancer Genome Atlas (TCGA) to ex-
plore genotype–phenotype correlations potentially underlying
variability in solid malignancies presented by FA patients.

Methods

Participants

Patients suspected of FA were referred to our Cancer Genetics
Service at the National Cancer Centre Singapore for physical,
clinical, and family history assessment by a clinical geneticist
or genetic counselor. FA diagnosis was confirmed by
diepoxybutane-mediated chromosomal breakage test and
multi-gene panel testing (including 22 FA genes) on peripheral
blood performed by Clinical Laboratory Improvement
Amendments (CLIA)-certified commercial laboratories accred-
ited by the College of American Pathologists (CAP). Patients
were enrolled in this study with written informed consent. This
study was approved by SingHealth Centralized Institutional
Review Board (CIRB 2011/826/B).

Data Sources

To capture germline variation in the Singaporean population,
we analyzed a deidentified institutional control whole-exome
dataset derived from peripheral blood of 3523 Singaporeans
without known personal history of cancer (SingHealth Exome
Consortium [SEC]). Ancestry was self-reported by participants,
which was predominantly Chinese (overlapping East Asian
group from 1000Genomes Project) (16) followed by smaller
groups of non-Chinese ancestries, including Malay and Indian.

For comparison with populations of different ancestry, data
representing East Asian (EAS), South Asian (SAS), non-Finnish
European (NFE), Finnish European (FIN), Ashkenazi Jewish (ASJ),
admixed-Americans or Latino (AMR), and African American
(AFR) groups extracted from the non-TCGA subset of whole-
exome data from 118 479 individuals publicly available in the
Genome Aggregation Database (17) (gnomAD, v2.1.1, accessed
October 19, 2019) were used. For analysis of FA gene variants in
cancer cohorts, the following TCGA datasets were used: breast
invasive carcinoma (TCGA-BRCA), head and neck squamous cell

carcinoma (TCGA-HNSC), lung adenocarcinoma (TCGA-LUAD),
lung squamous cell carcinoma (TCGA-LUSC), ovarian serous
cystadenocarcinoma (TCGA-OV), uterine corpus endometrial
carcinoma (TCGA-UCEC) and uterine carcinosarcoma (TCGA-
UCS). To limit confounding effects from different ancestries,
only data from individuals with 1) self-reported White race, and
2) ‘not Hispanic or Latino’ or ‘not reported’ entry in ethnicity
were used. Germline variants were extracted from whole-
exome datasets of blood-derived normal or, if unavailable,
solid-tissue normal specimens. Somatic variants were derived
from Mutect2-annotated whole-exome datasets.

Variant Filtering and Analysis Criteria

Variant call format files from all datasets were annotated using
a customized version of ANNOVAR (18) and filtered for variants
1) from 17 FA genes (excluding hereditary breast and ovarian
cancer–associated genes: BRCA1/FANCS, BRCA2/FANCD1, BRIP1/

FANCJ, PALB2/FANCN, RAD51C/FANCO); 2) that passed quality

control; 3) within coding or canonical 62 splice site; 4) with less
than 3% minor allele frequency in gnomAD exomes database
(for gnomAD, TCGA datasets) or the Singaporean cohort (for SEC
dataset); and 5) with a minimum alternative allele fraction of
20% (for SEC, TCGA datasets) to exclude somatic mutations. In-
frame insertions or deletions and stop-loss variants were ex-
cluded. Variants were presumed to be pathogenic and inactivat-
ing if they met the following criteria: 1) result in protein
truncation (stop-gain, frame-shift); 2) affect splicing (splice ac-
ceptor or splice donor site with a dbscSNV rf score of 0.8 or
higher (19), Combined Annotation Dependent Deletion (CADD)
phred score of 20 or higher (20), or classified as pathogenic or
likely pathogenic in the ClinVar database without conflicting
interpretations); or 3) missense variants with a meta-predictor
Rare Exome Variant Ensemble Learner (REVEL) score of 0.7 or
higher (21). Variants with a computed score exceeding the
above-mentioned applied thresholds were interpreted with
higher confidence to result in potentially deleterious splice al-
teration (dbscSNV rf, CADD) (19,20,22) or predictive of deleteri-
ous effect on gene function (REVEL), consistent with our
internal calibration and current guidelines applied by other var-
iant interpretation groups (23,24). Finally, a FANCD2 variant
(rs750338758) was removed on manual curation because it was
too recurrent in the TCGA dataset and is likely an artifact.

Statistical Analysis

Participant characteristics and cohort data were tabulated with
descriptive statistics, including proportions for categorical vari-
ables. Prevalence of germline variant carriers was expressed as
carrier frequency (ie, the fraction of variant carriers over all
individuals in the cohort) as a normalized value for comparison
across cohorts of different sizes. Two-sided Fisher’s exact test
for statistical significance was performed for pairwise compari-
son of proportions, with Bonferroni correction for P values ap-
plied for multiple pairwise comparisons. All statistical tests
were performed on R 3.6.0 (R Core Team, 2019) using the R pack-
ages fmsb, stats, and heatmaps generated with the gplots pack-
age using default settings with row-based scaling, unless
otherwise specified.
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Results

Profile of Germline Variation in FA Genes Among
Singaporeans

To understand genetic variation in FA genes within the
Singaporean population, we investigated the spectrum and esti-
mated carrier frequency of potentially pathogenic germline var-
iants among 3523 Singaporeans comprising individuals of
Chinese ancestry (90.0%), Malay (5.0%), and 5.0% individuals of
other racial groups. Collectively, 71 carriers (71 of 3523, 2.0%)
across 17 FA genes were identified (Table 1), of whom 1 was a
carrier for 2 different variants in FANCD2 (c.2376G>C,
p.Trp792Cys) and FANCM (c.2255delC, p.Ser752*). There were no
homozygous carriers. Among the carriers, 29 (29 of 71, 40.8%)
harbored at least 1 protein truncating variant (PTV), whereas 25
(25 of 71, 35.2%) had a missense variant and 17 (17 of 71, 23.9%)
carried a splice-altering change (Table 1). One-half of the 71 car-
riers harbored a germline variant in FANCA, accounting for 1.0%
(35 of 3523) of Singaporeans. Among the remaining carriers,
germline variants were more frequent in FANCM (7 of 3523,
0.2%) followed by FANCD2, FANCG, and XRCC2/FANCU with a
carrier frequency of 0.1%, respectively.

Spectrum of Germline Variation in Singaporeans and
EAS Is Distinct From Other Ancestry Groups

Next, we compared the genetic spectrum in Singaporeans with
other ancestry groups in gnomAD. Although the collective fre-
quency of potentially pathogenic germline variant carriers in
other ancestry groups was similar to Singaporeans at 2%-5%
(Supplementary Table 1, available online), frequency of carriers
aggregated for each FA gene is diverse across ancestries
(Figure 1). Notably, all groups harbor a sizeable pool of patho-
genic variant carriers in FANCA (Figure 1A), especially
Singaporeans and gnomAD groups of EAS, NFE, and African
American ancestry (Supplementary Table 1, available online).

Overall, the carrier frequency distribution across 17 FA genes
in Singaporeans is consistent with gnomAD EAS, whereby car-
rier frequencies in FANCD2, FANCI, FANCL, and FANCM were dis-
tinctively lower than groups of European-descent (NFE, FIN, ASJ)
and AMR (Figure 1, B; Supplementary Table 2, available online).
This is partially due to higher carrier rates in a few recurrent
variants among the European-descent groups, as reflected by
the higher allele frequencies (Supplementary Table 3, available
online) and a greater overall carrier-to-variant ratio in specific
genes (Figure 2). For instance, the recurrent FANCL
c.1096_1099dup (p.Thr367Asnfs*13) variant is consistently over
10 times more frequent than other FANCL variants among NFE,
FIN, ASJ, and AMR (Supplementary Table 3, available online),
contributing to the statistically significantly higher FANCL car-
rier frequency than EAS and Singaporeans. Such a distinct effect
of recurrent variants was absent in Singaporean and EAS data-
sets, except for FANCA c.3068A>G (p.Glu1023Gly) with a slightly
elevated allele frequency of 2-3 times more than other FANCA
variants within both groups. Also noteworthy is that for certain
genes, namely FANCA, FANCG, FANCM, and XRCC2/FANCU, pro-
portionally more unique variants were detected in
Singaporeans (Supplementary Table 4, available online).

Among the 71 Singaporean carriers, 51 unique variants were
identified, of which 36 (36 of 51, 71%) were not seen in other
ancestries; 33 of these occurred in single individuals (Table 1).
The predominance of private variants in most FA genes is

consistent across all ancestries (Supplementary Table 4, avail-
able online). Of the unique variants, 15 (15 of 51, 29.4%) were
reported in ClinVar or Fanconi Anemia Mutation Database (4),
of which 11 were classified as pathogenic or likely pathogenic or
were identified in FA patients and comprise mostly FANCA var-
iants (Table 1). Furthermore, approximately one-half of the var-
iants unique to Singaporeans were rare PTVs.

Of the remaining 15 Singaporean variants, 9 overlapped ex-
clusively with gnomAD EAS, whereas 6 were also detected in
other groups (Table 1). Using genes with the most germline var-
iants as an example, namely FANCA, FANCD2, FANCI, and
ERCC4, we demonstrated that the spectrum of variants harbored
by Singaporeans and EAS was mostly distinct from other
groups, especially of European ancestry (Figure 3). For instance,
FANCA c.3068A>G (p.Glu1023Gly) and ERCC4 c.2169C>A
(p.Cys723*) occurred exclusively among Singaporean and EAS at
allele frequencies less than 0.1%, suggesting that both are rare
EAS-specific polymorphisms. Additionally, allele or codon
changes distinct to EAS were also observed, notably FANCA
c.1874G>A (p.Cys625Tyr) vs FANCA c.1874G>C (p.Cys625Ser) in
other groups, and FANCI c.84þ 1G>A vs FANCI c.84þ 1G>C in
NFE (Figure 3).

Profile of FA Gene Variations in FA-Associated Cancer
Cohorts

Approximately 26% of 417 young head and neck SCC (HNSCC)
patients were previously reported to harbor predicted deleteri-
ous germline FA gene variants, with an increased mutation bur-
den observed in FANCD2, FANCE, and FANCL (25). Using the
White racial subpopulation of the TCGA dataset, we sought to
explore whether such an association with specific FA genes
may occur for cancers commonly seen in FA.

Overall, TCGA-HNSC and TCGA-LUSC cohorts trend similarly
in having proportionally more pathogenic germline variant car-
riers in FANCA, FANCC, and FANCG compared with other
cohorts but less in genes, including FANCF, SLX4/FANCP and
XRCC2/FANCU (Supplementary Table 5; Supplementary Figure 1,
available online). The converse is true for TCGA-UCEC, where
germline variants were more frequent in SLX4/FANCP and
FANCF than FANCA, FANCC, or FANCG. Interestingly, germline
carriers of rare FANCI variants (allele frequency <0.002% in
gnomAD NFE) were more frequent in both TCGA-UCEC and
TCGA-HNSC cohorts, although these associations were not sta-
tistically significant (Table 2; Supplementary Table 6, available
online). Consistent with emerging data suggesting predisposi-
tion to breast cancer among FANCM (26,27) and XRCC2/FANCU
(28) monoallelic carriers, we observed proportionally more path-
ogenic germline FANCM and XRCC2/FANCU variant carriers in
the TCGA-BRCA cohort (Table 2). Association with an increased
breast cancer risk has been reported for several variants, includ-
ing FANCM c.5101C>T (p.Gln1701*) (26), c.5791C>A (p.Arg1931*)
(29), c.1972C>T (p.Arg658*) (30), and XRCC2 c.96del
(p.Phe32Leufs*30) (31). Although these broad trends were less
consistent on survey of somatic mutation burden across the
TCGA cohorts, we observed more mutations in FANCA with
TCGA-LUSC, FANCC with TCGA-HNSC and TCGA-LUSC as well
as FANCI and SLX4/FANCP with TCGA-UCEC (Supplementary
Table 7, available online).

The spectrum of germline variants is variable for FA genes
across TCGA cohorts. Notably, proportionally more PTVs were
observed with TCGA-HNSC and TCGA-LUSC in FANCA and with
TCGA-BRCA in FANCM (Table 2). Many of these PTVs occur
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closer to the protein N-terminal (Figure 4) and coincide with
domains of critical function, such as FANCA-FANCG interaction
(32) and FANCM helicase activity (33). Separately, some of the re-
current variants identified within the gnomAD NFE, such as
FANCL c.1096_1099dup (p.Thr367Asnfs*13) and FANCA

c.1874G>C (p.Cys625Ser), were seen in almost all TCGA cohorts
analyzed. However, we were unable to assess enrichment of the
variants in respective cohorts because the number of observa-
tions were insufficiently powered for statistical significance.

Genotype and Phenotype Spectrum of Singaporean FA
Patients

At our clinic, 4 individuals were referred for suspected FA, of
whom 2 presented HNSCC, 1 with lung SCC, and 1 uterine can-
cer (Table 3). Multi-gene panel testing revealed germline bial-
lelic FANCA variants in 1 HNSCC and lung SCC patients, and
biallelic FANCI variants in the other HNSCC and uterine cancer
patients. Notably, the genotype associated with cancer type

presented in all 4 FA patients was consistent with the associa-
tions observed within TCGA cohorts. Furthermore, of the 6
unique variants detected in our 4 FA patients, 3 were rare var-
iants found only in Asians, 2 were novel, and 1 (FANCA exon21
deletion) was previously reported in FA patients (34,35). The
Asian specificity of these identified variants is congruent to our
findings, supporting a distinction in variant spectrum between
Singaporeans and EAS with other ancestries.

Discussion

The extensive clinical and genotypic heterogeneity in FA has
made genotype–phenotype correlation challenging. A few stud-
ies have suggested associations between certain clinical pheno-
types with FA genes or variants (2,6,36), such as the occurrence
of classical congenital abnormalities, VACTERL-H (vertebral ab-
normalities, anal atresia, cardiac defects, tracheoesophageal fis-
tula, esophageal atresia, renal and radial abnormalities, limb
abnormalities, with hydrocephalus; OMIM 276950), among
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carriers of null FANCB and FANCI variants (2,37). A plausible
conjecture is that variability in carrier frequencies across FA
genes in different populations may underlie the heterogeneity
in clinical phenotype reported globally.

In this study, we explored the frequency and spectrum of po-
tentially pathogenic germline variant carriers in 17 FA genes in
Singapore and several selected populations of varying ancestry.
Consistent with the higher prevalence of FANCA FA cases
worldwide (4,38-41), germline FANCA variant carriers were more
frequently identified in all populations, with aggregated carrier
frequencies ranging from 0.4% to 1.3%. Importantly, we showed
that there are differences in carrier frequencies and the variant
spectrum across populations, particularly distinguishing popu-
lations of EAS ancestry from European-descent groups. This has
implications for clinical practices aimed at detection and diag-
nosis of FA individuals. First, given the variable distribution of

germline pathogenic variant carriers across different ancestries,
genetic testing for molecular diagnosis should not be restricted
to FANCA, FANCC, and FANCG, which are reported more fre-
quently in FA patients of European descent, but should include
all known FA genes. Second, although existing databases of FA-
related genetic variants are useful references, clinicians and ge-
netic professionals should be cognizant of ancestry-specific
alterations when interpreting genetic results of FA suspects. As
demonstrated in our series of Singaporean FA cases, one-half of
the identified variants were rare Asian variants, all of which
were classified as variants of uncertain significance. This high-
lights the importance for interpreting genetic findings within
the context of the patient’s clinical phenotype and genetic an-
cestry. Furthermore, it reflects the limitations of benchmarking
non-European variants to reference databases derived
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predominantly from Europeans and underscores the value of
ancestry-specific references toward more optimal patient care.

The absence of physical anomalies occurs in 20% of FA
patients (1,2), and many remain undetected until triggered by
cancer diagnosis or treatment-related toxicity at adulthood.
Timely identification and accurate diagnosis of these individu-
als are critical because it immediately informs the appropriate
treatment modalities important for mitigating potentially fatal
therapy-related toxicities. FA patients have a higher-than-
population risk of HNSCC, leukemia, and esophageal and vulvar
cancers (42), but correlations with the FA genotype have been
elusive (6). Our exploration using the TCGA dataset suggests a
higher likelihood of FANCA and FANCC PTVs in HNSCC and lung
SCC as well as FANCI PTVs in HNSCC and uterine cancer. This
finding was interestingly consistent with the cancer types pre-
sented by our Singaporean adult FA patients; however, we cau-
tion that the number of observations was small and not
statistically significant. Also noteworthy is that a different vari-
ant effect for the same gene may account for phenotypic hetero-
geneity among FA patients (2,6). Contrasting the adult-onset
cancers of our FANCI FA patients are 2 Japanese FANCI FA cases
reported with childhood-onset malignancies, 1 of whom with
severe features of VACTERL-H (38). Indeed, the VACTERL-H
Japanese patient harbored biallelic null variants resulting in
early truncation of FANCI (c.158-2A>G [p.Ser54Phefs*5],
c.288G>A [p.Cys56Phefs*8]) compared with variants in the
remaining Japanese and Singaporean patients with a predicted
protein truncating effect closer to the protein C-terminal (38),
indicating that phenotypic heterogeneity is potentially driven
by variant-level specificity. Furthermore, the Japanese study
also showed that the ancestry-specific polymorphism
ALDH2*504Lys may modify clinical severity in patients with

identical FA variants (38), accentuating the importance of inter-
preting molecular diagnosis in an ancestry-dependent context.

Because certain sample sizes were small and some observa-
tions rare, our study was limited in power to detect statistically
significant associations and may be subjected to ascertainment
bias. Comparisons of datasets derived from varying sources are
limited by technical differences such as sequencing methods
and data quality, which may confound our variant analysis and
carrier estimates. Additionally, predictions for variant pathoge-
nicity are constrained by our filtering criteria and assumption of
a loss-of-function mechanism for all FA genes, which could un-
der- or overestimate the true functional impact of variants lim-
ited to small alterations, such as single nucleotide changes and
small insertions or deletions. However, continuous reporting of
FA cases from various ancestry groups (38,41) and the progres-
sive evolution of prediction tools and variant characterization
studies will refine our genotype-phenotype profiling for FA in
time.

In summary, we have highlighted the diverse mutational
profile in FA-associated genes across ancestries, emphasizing
that molecular diagnosis of FA should include interrogation of
all known FA genes. Furthermore, clinicians suspecting FA
should be cognizant of the interplay between ancestry-specific
genetic variation and phenotypic variability to avoid missed di-
agnoses. This is especially critical in FA individuals first pre-
senting with adult-onset malignancies, because there is an
opportunity to reduce incidence of life-threatening treatment-
related toxicities.
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