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Abstract
Fanconi anemia (FA) is a rare recessive DNA repair deficiency resulting from mutations in one of

at least 22 genes. Two-thirds of FA families harbor mutations in FANCA. To genotype patients in

the International Fanconi Anemia Registry (IFAR) we employed multiple methodologies, screen-

ing 216 families for FANCA mutations. We describe identification of 57 large deletions and 261

sequence variants, in 159 families. All but seven families harbored distinct combinations of two

mutations demonstrating high heterogeneity. Pathogenicity of the 18novelmissense variantswas

analyzed functionally by determining the ability of the mutant cDNA to improve the survival of a

FANCA-null cell line when treated with MMC. Overexpressed pathogenic missense variants were

found to reside in the cytoplasm, and nonpathogenic in the nucleus. RNA analysis demonstrated

that two variants (c.522G > C and c.1565A > G), predicted to encode missense variants, which

were determined to be nonpathogenic by a functional assay, caused skipping of exons 5 and 16,

respectively, and aremost likely pathogenic.We report 48 novel FANCA sequence variants. Defin-

ing both variants in a large patient cohort is amajor step toward cataloging all FANCA variants, and

permitting studies of genotype–phenotype correlations.
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1 INTRODUCTION

Fanconi anemia (FA) is a DNA repair deficiency syndrome associated

with congenital abnormalities, hematological manifestations, and

predisposition to cancer (Alter et al., 2010; Kutler et al., 2003a;

Rosenberg, Greene, & Alter, 2003). Two-thirds of FA patients exhibit

congenital defects involving multiple organs including the skeletal and

gastrointestinal systems as well as heart and kidneys (Alter & Giri,

2016; Skagen, Hansen, &Olesen, 1978). Hematologicalmanifestations

presenting at a median age of seven years include bone marrow

c© Published 2017. This article is a U.S. Government work and is in the public domain in the USA.

failure, myelodysplastic syndrome, and acute myeloid leukemia. FA

patients are at a 700-fold increased risk for developing squamous cell

carcinoma, primarily of the head and neck, as well as the esophagus

and anogenital region (Kutler et al., 2003b; Rosenberg, et al., 2003).

The cellular phenotype of increased chromosomal breakage upon

exposure to DNA crosslinking agents, diepoxybutane, or mitomycin C

(MMC) has been employed in the clinical diagnosis of FA (Auerbach,

2009). FA patients have been found to carry biallelic pathogenic

variants in any of 20 genes, FANCA (MIM# 607139), FANCC (MIM#

613899), FANCD1/BRCA2 (MIM# 600185), FANCD2 (MIM# 613984),
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FANCE (MIM# 613976), FANCF (MIM# 613897), FANCG (MIM#

602956), FANCI (MIM# 611360), FANCJ/BRIP1 (MIM# 605882),

FANCL (MIM# 608111), FANCM (MIM# 609644), FANCN (MIM#

610832)/PALB2 (MIM# 610355), FANCO (MIM# 613390)/RAD51C

(MIM# 602774), FANCP (MIM# 613951)/SLX4 (MIM# 613278),

FANCQ (MIM# 615272)/ERCC4 (MIM# 133520)/XPF (MIM# 278760),

FANCS/BRCA1 (MIM# 113705), FANCT (MIM# 616435)/UBE2T (MIM#

610538), FANCU (MIM# 617247)/XRCC2 (MIM# 600375), FANCV

(MIM# 617243)/MAD2L2 (MIM# 604094)/REV7, and FANCW/RFWD3

(MIM# 614151). Variants in FANCB (MIM# 300515), an X-linked gene

and an autosomal dominant variant in FANCR (MIM# 617244)/RAD51

(MIM# 179617), can also cause the disease, resulting in a total

of 22 FA genes reported thus far (Knies et al., 2017; Kottemann &

Smogorzewska, 2013;Mamrak, Shimamura,&Howlett, 2016; Rickman

et al., 2015; Wang & Smogorzewska, 2015). The underlying defect in

FA patients is the inability to repair DNA interstrand crosslinks (ICLs),

although many proteins encoded by the FA genes have functions

outside of ICL repair (Boersma et al., 2015; Schlacher et al., 2011;

Schlacher,Wu, & Jasin, 2012;West et al., 2015; Xu, et al., 2015)

Two-thirds of FA patients harbor pathogenic variants in FANCA,

which makes it the most frequently mutated FA gene, while 20% of

patients carry mutations in FANCC or FANCG, and causative muta-

tions in the other 19 FA genes account for 0.1%–4% of cases per

gene (Wang & Smogorzewska, 2015). FANCA variants include single-

nucleotide variations, small insertions and deletions (indels), and large

deletions. FANCA variants are largely private, except for three founder

mutations: exon12-31del, c.295C > T (p.Q99*), and exon15del in

South Afrikaner (Tipping et al., 2001), Spanish Gypsy (Callen et al.,

2005; Castella et al., 2011), and Tunisian (Amouri et al., 2014) fam-

ilies, respectively. In addition there are two frequently observed

mutations across ethnic groups: c.3788_3790delTCT in exon 38 and

c.1115_1118delTTGG in exon 13 (Levran et al., 1997) (FA MutDB:

https://www2.rockefeller.edu/fanconi//). Twenty to forty percent of

FANCA mutations are large deletions which were found, primarily,

by multiplex ligation probe analysis (MLPA) (Castella et al., 2011;

Centra et al., 1998; Flynn et al., 2014; Levran, Doggett, & Auerbach,

1998; Moghrabi et al., 2009; Morgan, Tipping, Joenje, & Mathew,

1999). Our recent study scanning for large deletions in the entire

gene and 200 kb 5′ and 3′ to the gene regions by high-resolution

aCGH (Comparative Genomic Hybridization) indicates that nearly half

of the FANCA large deletions extend beyond boundaries of the gene

(Flynn et al., 2014). In addition, because the FANCA gene is large, with

43 exons, it harbors complex heterogeneity of mostly private muta-

tions. As a result, many patients are left with uncharacterized disease-

causing FANCAmutations.

Completemolecular diagnosis of the disease-causing gene and spe-

cific pathogenic variants is required for confirmation of an FA diag-

nosis and understanding of genotype–phenotype correlations. Molec-

ular diagnosis is also critical for detection of mutation carriers, iden-

tification of appropriate donors for bone marrow transplantation,

counseling of families, and exploring novel therapeutic interventions.

We present here a summary of screening results from 216 FA fam-

ilies, and characterization of both variants in 159 FANCA families.

We employed high-throughput sequencing strategies for detection

of variants, and MLPA, aCGH, and SNP arrays for large deletions. In

situations where pathogenicity was uncertain, we performed func-

tional evaluation to obtain a more accurate characterization of poten-

tially pathogenic variants. This work highlights the importance of a

multipronged approach for identifying all causative mutations in FA

patients.

2 METHODS

Further details on the sequencingmethods and analysis, and additional

methods are presented online as Supplemental Material.

2.1 Study subjects

GenomicDNAsamples, fibroblast cultures, andEBV immortalized lym-

phoblastoid cell lines (LCLs) were from individuals diagnosed with FA

and registered in the International FanconiAnemiaRegistry (IFAR), fol-

lowing written informed consent. The Institutional Review Board of

theRockefellerUniversity,NewYork,USA, has approved these studies.

The Office of Human Subjects Research at the National Institutes of

Health and Institutional ReviewBoard of theNationalHumanGenome

Research Institute (NHGRI) approved the reception of de-identified

cell lines and DNA samples from The Rockefeller University and anal-

ysis of the underlying molecular variants. Genomic DNA was isolated

from peripheral blood, fibroblast, or EBV immortalized LCL. Genomic

DNA was extracted using heat lysis/proteinase K/RNaseA/SDS diges-

tion of the MNCs and cultured cells and purified by 2-propanol pre-

cipitation/70% ethanol wash or using the DNeasy blood & tissue DNA

extraction kit (Qiagen, Inc., Valencia, CA, USA). Phenol/chloroform

extraction and ethanol precipitation was included as a final step in the

preparation of DNA.

2.2 High-throughput Sanger sequencing

Forty-nine amplicons ranging in size from 222–740 bp were designed

to cover the exons and the flanking regions of FANCA (NG_011706.1,

NM_000135.3). We adopted published ClinSeq methodologies

(Biesecker et al., 2009) for high-throughput Sanger sequencing of

genomic DNA samples from 179 FANCA families. PCR products were

subjected to bidirectional Sanger sequencing. Sequence data from

∼19,000 sequence reads was analyzed to identify sequence variants

and to find rare, likely pathogenic variants. Common polymorphic

variantswere removed based on their frequency in the 1000Genomes

Project (1000G), NHLBI Exome Sequencing Project (ESP6500), Exome

Aggregate Consortium (ExAC), and dbSNP databases. Further details

are reported in the online SupplementaryMaterial.

2.3 TruSeq CustomAmplicon capturing and

sequencing and analysis

TruSeq Custom Amplicon design (Illumina.com) consisted of 67

amplicons targeting 14,642 bp, and generating a 250 bp paired-end

sequence for each amplicon. The uniquely tagged amplicon library

https://www2.rockefeller.edu/fanconi//
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was used for cluster generation and sequencing. The sequence

data was processed with RTA (v1.17.28) and analyzed using the

TruSeq Amplicon application within the MiSeq Reporter software

(v2.2.0). These alignments were fed in BAM format into bam2mpg

(https://research.nhgri.nih.gov/software/bam2mpg/index.shtml),

which calls genotypes at all covered positions using a proba-

bilistic Bayesian algorithm (Most Probable Genotype, or MPG).

Genotypes with MPG score >= 10 were considered reliable

(Teer et al., 2010). The variants were annotated using Annovar

(https://www.openbioinformatics.org/annovar/annovar_gene.html).

Variants detected in dbSNP (version 137), 1000 Genomes, NHLBI

6500ESP, ExAC, and HGMD are annotated. All variants, geno-

types, and annotations are viewed using VarSifter (https://research.

nhgri.nih.gov/software/VarSifter/). To be considered highly reliable,

genotypes should have an MPG score of at least 10 and a score to

coverage ratio greater than 0.5. Further details are reported in the

online SupplementaryMaterial.

2.4 arrayCGH

A custom CGH 12 × 135K Array was designed using NimbleDesign

(NimbleGen, Madison, WI). The design, hybridization, and data analy-

sis were as described previously (Flynn et al., 2014).

2.5 SNP array

Genotyping was performed using the HumanOmniExpress (750,000

SNPs), HumanOmniExpressExome (1 M SNPs), or HumanOmni2.5

(2.5 M SNPs) beadchips. DNA analysis using these BeadChip kits

(Illumina, Inc.) was as described earlier (Sood et al., 2016).

2.6 Multiplex ligation probe analysis

The SALSA MLPA probe mixes for FANCA, P031-B1 mix 1 and P032-

B1mix 2, were used to detect large deletions in FANCA (MRC-Holland,

Amsterdam, theNetherlands). Seventy-five to 100 ng of genomic DNA

in a volume of 5 𝜇l was used for each probe mix reaction. The denatu-

ration, hybridization, ligation, andPCRreactionswereperformedusing

the protocol provided byMRC-Holland.

2.7 Cell lines

Cell lines were derived from individuals who had been diagnosed with

FA andwere registered in IFAR. BJ cells are normal foreskin fibroblasts

obtained from ATCC. RA3087 cells are fibroblasts derived from a FA

patient with biallelic deletions in FANCA (c.793-?_4368+? del; delEx9-
43), resulting in no expression of FANCA protein (Kim et al., 2013).

2.8 Vectors andmutagenesis

The FANCA gene was amplified by polymerase chain reaction using

LFAPEG (gift from Dr. Detlev Shindler) and cloned into pDONR223.

FANCA mutants were generated with the QuikChange II XL Site-

DirectedMutagenesis kit (Agilent Technologies, Santa Clara, CA, USA)

using mutagenesis primers. Mutants were recombined into pHAGE

vector using LR clonase (Invitrogen, Grand Island, NY, USA). HPV E6

andE7andhTERTexpressionplasmidsweredescribedpreviously (Kim

et al., 2011).

2.9 Antibodies

Anti-HA antibody (MMS-101R; Covance, San Diego, CA, USA) was

used for immunofluorescence and Western blotting. Anti-GAPDH

(25778; Santa Cruz, Dallas, TX, USA), and anti-FANCA (A301-980A;

Bethyl, Montgomery, TX, USA) antibodies were used forWestern blot-

ting.

2.10 Immunofluorescence

Immunofluorescence was performed on human fibroblasts as

describedpreviously (Smogorzewska et al., 2007). Cellswere grownon

coverslips and washed twice with PBS. Cells were pre-extracted with

0.1% Triton X-100 in PBS, fixed in 3.7% formaldehyde and permeabi-

lized with NP-40. Cells were washed with PBS twice and blocked with

PBG (0.2% [w/v] cold fish gelatin, 0.5% [w/v] BSA in PBS) for 20 min.

Coverslips were incubated with relevant antibodies overnight at 4◦C.

Cells were washed three times with PBG and incubated with the

appropriate secondary antibody. After three additional washes in PBG

the coverslips were embedded in Vectashield (Vector Laboratories,

Burlingame, CA, USA) supplementedwith DAPI.

2.11 MMC sensitivity assay

2.5 × 104 cells were plated in each well of a six-well plate in triplicate.

Twenty-four hours later,MMC (M4287; Sigma, St. Louis,MO,USA)was

added at final concentrations from 0 to 75 nM. After 3–4 days in cul-

ture, cellswere split at appropriate dilutions and after total of 6–8days

in culture, cell numberswere countedwith aZ2Coulter counter (Beck-

man Coulter, Brea, CA, USA). The cell numbers at each dose of drug

were divided by the cell number in the untreated sample to calculate

percent survival.

3 RESULTS

3.1 High-throughput FANCA screening of 216 FA

families

We screened 216 families diagnosed with FA, but whose associated

pathogenic variants were unknown. The cohort included 87 families

assigned to the FA-A group based on prior complementation tests and

129 families that had not been previously complementation tested

(Figure 1). Using a variety of approaches, as described in sectionMeth-

ods and Table 1, we identified two likely pathogenic variants in 79 of

the 87 families known to be FA-A (Figure 1). In seven of the 87 fami-

lies, only one putative pathogenic variant was identified. In one family,

no FANCAmutations were found, but, rather, two putative pathogenic

FANCE variants were observed. In 129 families without complementa-

tion testing, we found two mutations in 80 families and one mutation

https://research.nhgri.nih.gov/software/bam2mpg/index.shtml
https://www.openbioinformatics.org/annovar/annovar_gene.html
https://research.nhgri.nih.gov/software/VarSifter/
https://research.nhgri.nih.gov/software/VarSifter/
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F IGURE 1 A schematic presentation of 216 FA families screened for FANCA mutations with their complementation and mutation status after
completion of the study. The 40 patientswith one FANCAmutation known is based on previously performed screening for a couple of very common
FAmutations or deletions byMLPA

TABLE 1 Number of patients carrying two pathogenic FANCAmutations and themethods employed to discover eachmutation

Mutation 2

Sanger NGS (TSCA) NGS (TC) aCGH SNP array MLPA Total # of patients

Mutation 1 Sanger 80 2 2 47 6 3 140

NGS (TSCA) 18 1 19

159

NGS, next-generation sequencing; TSCA, TruSeq CustomAmplicon; TC, targeted capture;MLPA, multiplex ligation-dependent probe amplification.

in 17 families. No FANCAmutations were identified in 32 families and

theymost likely represent non-FA-A complementation groups. In total,

wewere able to identify twoFANCApathogenic variants in 159FA fam-

ilies (Figure 1).

3.2 Identification and characterization of two

variants in each of 159 FANCA families

Characteristics of FANCA variants identified in the 159 FA families are

presented in Table 2 and Supp. Table S2. Of the 318 variant alleles

detected, 57were largedeletions and261were sequence variants that

included 130 distinct variants, illustrating the extensive heterogeneity

observed among FANCA pathogenic variants. Of these 130 sequence

variants, 82 were present in the Fanconi Anemia Mutation Database

(FAMutDB) (https://www.rockefeller.edu/fanconi/). These known vari-

ants accounted for 198 alleles, while 48 were novel, contributing to

the remaining 63 alleles (Table 3). The 82 known variants included 24

indel, 22missense, 18nonsense, 16 splice, and twopredicted tobe syn-

onymous but affect splicing. The 48 novel variants included 12 indel,

10 missense, nine nonsense, and 17 splice variants. We report more

novel than known splice mutations (17 vs. 16), and 37% of the iden-

tified sequence variants are novel. Strikingly, 46 known and 35 novel

mutations appear only once, and the highest number of alleles seen for

any novel variant is three, demonstrating a high prevalence of private

FANCA variants in FA patients.

Indel, nonsense, or splice variants affecting the canonical splice

donor GT or acceptor AG, were considered pathogenic based on the

type of variant and their presumed effect on the expression of FANCA

RNA/protein (Table 3). Among the previously identified missense vari-

ants, pathogenicity of somehavebeen shown through functional analy-

sis of engineeredmissense expression constructs or fromRNAanalysis

of patient cell lines, and all by prediction programs (Supp. Table S3).

3.3 Evaluation of novel missense variants by

functional assay

We identified 18 novel rare missense variants that were absent in

dbSNP and FAMutDB. To confirm their pathogenicity, we performed

functional analysis of all 18 variants by expressing a mutagenized

FANCA-expression construct in a FANCA null cell line (RA3087), and

assessing expression, cellular localization, and ability to complement

survival of the cells after MMC treatment (Figure 2). Ten of the 18

variants did not complement the FANCA null cells in this assay and

are most likely pathogenic: p.R435H, p.R435L, p.Y448C, p.D944A,

p.Q436R, p.P497S, p.L946P, p.L1181P, p.W1224S, and p.M1360I

(Figure 2A). All of the variants that did not complementMMC sensitiv-

itywerewell-expressedbutwere excluded from thenucleus (Figure2B

and C). Sensitivity assay revealed that 6/18 candidates tested were

most likely non-pathogenic as missense variants: p.Q174H, p.V230I,

p.K522R, p.V697I, p.Q1099H, and p.V1418M (Figure 2A). They were

expressedwell andwere localized to thenucleus (Figure2BandC). The

https://www.rockefeller.edu/fanconi/\051
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TABLE 3 Known and novel pathogenic FANCAmutations

FANCAMutations
Occurrences in
Analyzed Cohort

Frequency in Control
Databases

# of Occurrences
in the FA
Mutation
Database

Exon cDNAa
Nucleotide
(hg19) Protein

Mutation
Type

# of
alleles

# of
patients

NHLBI
ESP6500c ExACd

FAMutation
Databasee

1 c.14G>A 89883010 p.W5* Nonsense 2 2 – – 1x

1 c.1A>C 89883023 p.M1L Missense 3 3 – 0.00008422 1x

1 c.1A>G 89883023 p.M1V Missense 2 2 – – 4x

1 c.1A> T 89883023 p.M1L Missense 1 1 – – 4x

1 c.1delA 89883023 p.M1Cfs*43 Indel 1 1 – – –

1 c.2T>C 89883022 p.M1T Missense 5 5 – 0.00008389 10x

1 c.65G>A 89882959 p.W22* Nonsense 1 1 – 0.0002 9x

1i c.80-1G>C 89882395 Splicing 1 1 – 0.000009435 –

2 c.133G> T 89882341 p.E45* Nonsense 1 1 7.70E-05 0.000009416 –

2 c.154C> T 89882320 p.R52* Nonsense 4 4 – 0.000009416 1x

2i c.190-2A> T 89881023 Splicing 3 3 – 0.000009442 2x

2 c.97G> T 89882377 p.E33* Nonsense 1 1 – – –

3i c.284-2A>C 89877481 Splicing 2 1 – 0.000009562 –

4i c.426+1G>A 89877336 Splicing 2 2 – – –

5i c.522+1G> T 89877114 Splicing 1 1 – – –

5 c.522G>C 89877115 p.Q174H Missenseb 1 1 – – –

6i c.597-1G>C 89871801 Splicing 5 4 7.70E-05 0.000009939 1x

7i c.709+5G>A 89871683 Splicing 1 1 – 0.00001989 4x

7i c.710-10G>A 89869759 Splicing 3 2 – – 2x

7i c.710-2A>C 89869751 Splicing 1 1 – – –

8 c.752C>G 89869707 p.S251* Nonsense 1 1 – – –

9 c.811C> T 89866028 p.Q271* Nonsense 1 1 7.70E-05 – 5x

9i c.827-1G> T 89865641 Splicing 1 1 – – 2x

10 c.862G> T 89865605 p.E288* Nonsense 7 6 7.70E-05 0.00003771 13x

10i c.894-3C>G 89862429 Splicing 1 1 – – 1x

11i c.1007-2A>G 89858957 Splicing 1 1 – – –

11 c.916_917delAC 89862403-
89862404

p.T306Afs*32 Indel 1 1 – 0.000009419 1x

11 c.987_990delTCAC 89862330-
89862333

p.H330Afs*4 Indel 1 1 – 0.00003766 13x

11 c.991delA 89862329 p.S331Afs*4 Indel 1 1 – 0.000009416 –

12 c.1027C> T 89858935 p.Q343* Nonsense 2 2 – 0.000009439 1x

12 c.1073_1074delTG 89858888-
89858889

p.Y359Pfs*49 Indel 1 1 – – –

12i c.1083+1G> T 89858878 Splicing 1 1 – – –

12i c.1084-1G>A 89858477 Splicing 1 1 – – –

13 c.1115_
1118delTTGG

89858442-
89858445

p.V372Afs*42 Indel 11 11 0.0003 0.00005649 67x

13 c.1159C> T 89858401 p.Q387* Nonsense 1 1 – – –

13i c.1226-2A>G 89857946 Splicing 1 1 – 0.00003795 1x

13i c.1226-6_1226-
2delAACTA

89857946-
89857950

Indel 1 1 – – 1x

14 c.1285_
1288dupACTG

89857882-
89857885

p.A430Dfs*56 Indel 2 1 – – –

14 c.1303C> T 89857867 p.R435C Missense 4 4 7.70E-05 0.00001915 11x

14 c.1304G>A 89857866 p.R435H Missense 1 1 – – 1x

(Continues)
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TABLE 3 (Continued)

FANCAMutations
Occurrences in
Analyzed Cohort

Frequency in Control
Databases

# of Occurrences
in the FA
Mutation
Database

Exon cDNAa
Nucleotide
(hg19) Protein

Mutation
Type

# of
alleles

# of
patients

NHLBI
ESP6500c ExACd

FAMutation
Databasee

14 c.1307A>G 89857863 p.Q436R Missense 2 2 – – –

14 c.1343A>G 89857827 p.Y448C Missense 1 1 – 0.000009837 –

15i c.1470+2T>C 89851260 Splicing 1 1 – – –

16 c.1489C> T 89849492 p.P497S Missense 1 1 – – –

16 c.1565A>G 89849416 p.K522R Missenseb 1 1 – – –

16 c.1566G>A 89849415 p.K522K Synonymousb 1 1 – – 1x

18 c.1645C> T 89846347 p.Q549* Nonsense 1 1 – 0.000009416 1x

18 c.1683_
1689delGGGGAAC

89846303-
89846309

p.G562Sfs*41 Indel 1 1 – – 1x

19 c.1734_
1739delCTACGT

89845388-
89845393

p.Y578* Indel 2 2 8.00E-05 0.000009461 –

19 c.1771C> T 89845356 p.R591* Nonsense 3 3 – – 12x

19i c.1776+1G>A 89845350 Splicing 1 1 – 0.000009427 –

19i c.1776+2T>C 89845349 Splicing 1 1 – – –

19i c.1777-1G>C 89845259 Splicing 1 1 – 0.00002825 –

19i c.1777-2A>G 89845260 Splicing 1 1 – – –

20i c.1827-1G>A 89842224 Splicing 15 12 – 0.00001263 13x

22 c.1979T>C 89839714 p.L660P Missense 1 1 – – 1x

23 c.2021C>A 89838216 p.S674* Nonsense 3 3 – – 2x

25 c.2233dupT 89836657 p.W745Lfs*49 Indel 1 1 – – 2x

25 c.2266C> T 89836624 p.R756C Missense 2 1 – 0.0003 –

27 c.2524delT 89833626 p.S842Lfs*47 Indel 1 1 – – 4x

27 c.2533_2536delCTCT 89833614-
89833617

p.L845Afs*43 Indel 1 1 – – 1x

27 c.2534T>C 89833616 p.L845P Missense 1 1 – – 5x

27 c.2535_2536delCT 89833614-
89833615

p.C846Qfs*20 Indel 4 3 – 0.000009449 10x

27 c.2557C> T 89833593 p.R853* Nonsense 2 2 – – 2x

27i c.2602-9_2602-8delCT 89831482-
89831487

Splicing 2 2 – 0.0009 –

28 c.2606A>C 89831470 p.Q869P Missense 3 3 – 0.00001887 4x

28 c.2638C> T 89831438 p.R880* Nonsense 3 3 – – 2x

28 c.2639G>A 89831437 p.R880Q Missense 5 5 7.70E-05 0.00003767 8x

28 c.2641C> T 89831435 p.Q881* Nonsense 1 1 – – 1x

28 c.2678G>A 89831398 p.W893* Nonsense 2 1 – – 1x

28 c.2708G>A 89831368 p.W903* Nonsense 2 2 – – 1x

28 c.2730_2731delCT 89831345-
89831346

p.W911Dfs*31 Indel 1 1 – – 2x

28 c.2738A>C 89831338 p.H913P Missense 1 1 – – 4x

28 c.2749C> T 89831327 p.R917* Nonsense 1 1 – – –

28i c.2778+1G>A 89831297 Splicing 1 1 – – 1x

28i c.2778+83C>G 89831215 Splicing 1 1 – 0.000009624 3x

29 c.2812_2830dup 89828379-
89828397

p.D944Gfs*5 Indel 5 5 – – 7x

29 c.2831A>C 89828378 p.D944A Missense 1 1 – – –

29 c.2837T>C 89828372 p.L946P Missense 1 1 – – –

(Continues)
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TABLE 3 (Continued)

FANCAMutations
Occurrences in
Analyzed Cohort

Frequency in Control
Databases

# of Occurrences
in the FA
Mutation
Database

Exon cDNAa
Nucleotide
(hg19) Protein

Mutation
Type

# of
alleles

# of
patients

NHLBI
ESP6500c ExACd

FAMutation
Databasee

29 c.2839dupT 89828370 p.S947Ffs*4 Indel 3 3 – – –

29 c.2840C>G 89828369 p.S947* Nonsense 1 1 – 0.000009416 9x

29 c.2851C> T 89828358 p.R951W Missense 5 3 – 0.000009416 15x

29 c.2852G>A 89828357 p.R951Q Missense 3 3 – 0.00003767 9x

30 c.2854C> T 89825112 p.Q952* Nonsense 1 1 – – 1x

30 c.2860T>A 89825106 p.F954I Missense 1 1 – – 2x

30 c.2910delA 89825056 p.G972Afs*17 Indel 1 1 – – –

31 c.3004G> T 89818608 p.E1002* Nonsense 1 1 – – –

31 c.3064C> T 89818548 p.Q1022* Nonsense 1 1 – – –

32 c.3091C> T 89816286 p.Q1031* Nonsense 1 1 – – 1x

32 c.3130C> T 89816247 p.Q1044* Nonsense 1 1 – – 4x

32 c.3141_
3146delCCTCTT

89816231-
89816236

p.L1048_
F1049del

Indel 1 1 – – 1x

32i c.3240-2A>G 89815177 Splicing 1 1 – – 1x

33 c.3338A> T 89815077 p.N1113I Missense 1 1 – – 1x

33i c.3349-1G>A 89813299 Splicing 1 1 – – –

34 c.3349A>G 89813298 p.R1117G Missense 2 2 7.70E-05 – 5x

34 c.3391A>G 89813256 p.T1131A Missense 11 11 – 0.00005029 19x

34i c.3408+1G>C 89813238 Splicing 1 1 – – 1x

35 c.3490C> T 89813015 p.P1164S Missense 2 2 – – 1x

35 c.3494T>G 89813011 p.L1165* Nonsense 1 1 – – –

36 c.3520_3522delTGG 89811471-
89811473

p.W1174del Indel 5 5 – – 31x

36 c.3542T>C 89811451 p.L1181P Missense 1 1 – – –

36 c.3558dupG 89811435 p.R1187Efs*28 Indel 5 5 – – 23x

36 c.3601C> T 89811392 p.Q1201* Nonsense 2 1 – – –

36 c.3605_3607delAAG 89811386-
89811388

p.E1202del Indel 1 1 – – 1x

36 c.3624C> T 89811369 p.S1208S Synonymousb 4 4 0.0002 0.0001 4x

37 c.3634dupT 89809339 p.S1212Ffs*3 Indel 2 2 – – –

37 c.3761_3762dupAG 89809211-
89809212

p.E1255Rfs*12 Indel 3 3 – – 1x

38 c.3788_3790delTCT 89807250-
89807252

p.F1263del Indel 7 7 – 0.0001 261x

38 c.3791_3793delCCT 89807247-
89807249

p.S1264del Indel 3 2 – – –

38 c.3813dupA 89807227 p.H1272Tfs*6 Indel 1 1 – – 2x

38i c.3828+1G>C 89807211 Splicing 1 1 – – –

38i c.3828+2dupT 89807210 Splicing 1 1 – – 2x

39 c.3913C> T 89806423 p.L1305F Missense 1 1 – 0.00001883 5x

39 c.3915_3916delCT 89806420-
89806421

p.F1306Sfs*6 Indel 1 1 – 0.000009418 –

39 c.3920delA 89806416 p.Q1307Rfs*2 Indel 1 1 – – 4x

39 c.3931_3932delAG 89806404-
89806405

p.S1311* Indel 2 2 – – –

39i c.3934+2T>C 89806400 Splicing 2 2 – 0.00000942 5x

40 c.3971C> T 89805925 p.P1324L Missense 2 2 – 0.00006489 4x

(Continues)
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TABLE 3 (Continued)

FANCAMutations
Occurrences in
Analyzed Cohort

Frequency in Control
Databases

# of Occurrences
in the FA
Mutation
Database

Exon cDNAa
Nucleotide
(hg19) Protein

Mutation
Type

# of
alleles

# of
patients

NHLBI
ESP6500c ExACd

FAMutation
Databasee

40i c.4010+1_4010+18del 89805868-
89805885

Indel 1 1 – – 4x

40i c.4010+1G>A 89805885 Splicing 1 1 – – 1x

41 c.4015delC 89805693 p.L1339Sfs*24 Indel 1 1 8.00E-05 0.000009454 2x

41 c.4017_
4021delCTCCT

89805687-
89805691

Indel 1 1 – 0.00002834 1x

41 c.4080G>A 89805628 p.M1360I Missense 1 1 – – –

41i c.4168-2A>G 89805384 Splicing 1 1 – – 2x

42 c.4198C> T 89805352 p.R1400C Missense 3 3 – 0.00000942 4x

42 c.4199G>A 89805351 p.R1400H Missense 1 1 0.0002 0.00002826 2x

42i c.4261-19_4261-
12delACCTGCTC

89805128-
89805135

Indel 1 1 – – 4x

42i c.4261-2A>C 89805118 Splicing 2 2 – – –

43 c.4267_4368+36del 89804973-
89805110

Indel 1 1 – – 3x

43 c.4284_
4287dupCGAC

89805090-
89805093

p.P1430Rfs*17 Indel 1 1 – – –

abold typeface= novel mutation, plain typeface= knownmutation; FANCA (NG_011706.1, NC_000016.9, NM_000135.3); cDNA numbering is based on c.1
being the A of the ATG translation initiation codon
baffects splicing;
cas of December 2014;
das of April 2016;
eas of April 2016

p.D953E and p.R756C variants did not fully complement FANCA-null

cells. The p.D953E was expressed well and localized to the nucleus so

we consider it to be most likely non-pathogenic. The p.R756C variant

was expressed very poorly and although itwas localized to the nucleus,

staining was weak. Considering that the patient was homozygous for

this variant and the patient's cells were clinically complemented by the

FANCA cDNA, we consider this variant to bemost likely pathogenic.

3.4 Aberrant splicing caused by two

nonsynonymous variants and an intronic indel

FANCA variants, c.522G>C (predicted p.Q174H) and c.1565A>G (pre-

dicted p.K522R), were identified as second alleles in two patients

(FAM117 and FAM89, respectively) who were assigned to the FA-

A group by complementation. As described above, the p.Q174H and

p.K522R variants could complement MMC sensitivity in FANCA-/-

cells. Our exhaustive search had not produced any other variants in

FANCA, which prompted us to evaluate the patients’ RNA for potential

splicing effects. RNA analysis from the patient cell line with the novel

variant c.522G>C (exon 5) reveals that the variant allele causes exon 5

skipping (Figure3A). RT-PCRproducts spanning thevariant site in exon

5 were cloned and sequenced: nine out of 12 colonies contained the

presence of exon 5, while the other three lacked it. The exon 5 retain-

ing transcripts carried the WT p.Q174 allele, so we conclude that the

c.522G>C variant results in exon skipping. The transcripts with exon

5 skipping are expected to result in an in-frame deletion of 32 amino

acids. Similarly, RNA analysis from the patient cell line with the novel

variant c.1565A > G (exon 16), which is expected to cause a nonsyn-

onymous change (p.K522R), also revealed skipping, in this case, of exon

16 (Figure 3B). The transcripts with exon 16 skipped are expected to

result in an in-frame deletion of 32 amino acids in the FANCA protein.

A third patient (FAM8) known to belong to the FANCA group by

complementation, but for whom the second pathogenic variant was

unknown, was found to carry a novel variant in intron 27, c.2602-

9_c.2602-8delCT. RNA from this patient's cell line was tested and

found toaffect splicing, resulting in aberrant transcripts skippingeither

exons 28–30 or exon 29 alone (Figure 3C). A combination of DNA and

RNA sequencingmay be necessary to identify all FANCA alleles.

3.5 Consequence of FANCAmutations on FANCA

protein expression

We studied FANCA protein expression in a subset of patients

from whom cell lines had been created (Figure 4). As anticipated,

the carriers whose two mutations belong to nonsense, indel,

or large deletions showed none or low expression of FANCA

protein (RA2227/FAM95, RA2357/FAM100, RA2448/FAM102,

RA1535/FAM33, and RA1759/FAM46). In addition, RA2250/FAM96,

with a large deletion and a codon 1 mutation, also lacks FANCA pro-

tein expression. Among the patient cell lines with FANCA expression
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F IGURE 2 Functional assays of FANCAmissense variants to determine pathogenicity.A: MMC sensitivity in FANCA-null RA3087/E6E7/hTERT
cell lines expressing indicated FANCA variants. The two graphs represent two separate experiments. Empty vector (EV), wild-type (WT) FANCA,
and FANCAmutant K522Rwas included in both experiments. Indicated cell lineswere treatedwith increasing doses ofMMCand total cell number
was counted after 6–8 days. Values were normalized using untreated control to determine the percent survival of cells expressing the indicated
variants. Cell lines for survival assays were plated in triplicate; error bars represent standard deviation. B: Immunoblot with anti-HA antibody to
test expression levels of HA-tagged FANCA variants that were transduced into FANCA-null RA3087/E6E7/hTERT fibroblasts. The FANCA-null
RA3087 cell line was derived from a FA patient with biallelic FANCA deletions (delEx9-43). C: Immunofluorescence to detect HA-tagged FANCA
expressed in FANCA-null RA3087/E6E7/hTERT fibroblasts. Localization is categorized as being nuclear or cytoplasmic



KIMBLE ET AL. 249

F IGURE 3 Splicing errors from analysis of RNA from patient cell lines harboring variants predicted to cause nonsynonymous and intronic indel
variants. A: cDNA was prepared from the patient (FAM117) LCL cell line harboring the c.522G > C (predicted p.Q174H) mutation affecting the
last base of exon 5. The cDNA region spanning exons 1–6 was amplified using primers located in exons 1 and 7 and sequenced. Image shows the
RT-PCR products including aWT (686 bp) and a fainter smaller product indicated with an asterisk (590 bp). Sequence of the total cDNA (top right)
indicates presence of the WT product and the product resulting from skipping of exon 5. A representative cloned cDNA with exon 5 skipping is
shown (bottom right). B: cDNA from the patient (FAM89) fibroblast cell line harboring the c.1565A > G, (predicted p.K522R) mutation affecting
the second to last base of exon 16. The cDNA region spanning exons 15–22 was amplified using primers located on the flanking exons 14 and 23
and sequenced. Image shows RT-PCR products including aWT (777 bp) and a smaller product indicated with an asterisk (681 bp). Sequence of the
total cDNA (top right) indicates presence of the WT product and the product resulting from skipping of exon 16. A representative cloned cDNA
with exon 16 skipping is shown (bottom right). C: cDNA prepared from patient (FAM8) LCL cell line carrying the c.2602-9_2602-8delCT mutation
in the pyrimidine track of intron 27was tested for splicing errors. RT-PCR products spanning exons 27–31were generated using primers from the
flanking exons 26 and 32. Sequencing the RT-PCR product revealed skipping of exons 28–30, which appears to be predominant (band indicated
with an asterisk on the image and in the top sequence tracing; reverse sequence). RT-PCR and sequencing of the region spanning exons 23–29
region revealed exon 29 skipping (bottom sequence tracing; reverse sequence); the exon 28–30 skipping is not seen in this sequence due to reverse
primer binding within exon 30
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F IGURE 4 Analysis of FANCAexpression in FANCApatient cell lines. Expression of the endogenous FANCAwas analyzed in patient-derived LCL
(A) and fibroblasts (B). Cells were grown in the presence or absence of 1 𝜇Mmitomycin C (MMC) for 24 hr. A cell line from a normal individual (WT)
is a positive control. RA3087 fibroblasts derived fromapatientwith knownbiallelic nullmutations in FANCA are a negative control. Cell line IDs (RA
numbers), and family IDs (FAMnumbers) are on top and themutations present in the cell lines are indicated below the image. For the three patients
with no FAM ID, only one FANCA variant is known and the presence of a secondmutation has not been determined (ND). The variants denotedwith
* cause in-frame exon skipping

similar to WT, RA1038 is likely to be a non-FANCA group family as

the only known FANCA variant, p.Q1099H, is non-pathogenic as

determined by a functional assay. RA2572/FAM89 was shown to

belong to FA-A group by complementation testing, however the

robust FANCA signal is reflective of the two missense variants,

with one of the variants [c.1565A>G (p.K522R)] resulting in the

in-frame deletion of 32 aa as described above. The patient cell line,

RA2689/FAM117, which carries the exon skipping variant in exon 5

[c.522G>C (p.Q174H)] shows aweaker expression, as the second vari-

ant results in a stop codon. The other cell lines expressing a low level of

FANCA, RA1760/FAM25, RA2408/FAM1, and RA2259/FAM97, each

carry a missense variant and a nonsense variant or a large deletion.

RA2531 and RA475 carry one FANCA pathogenic mutation while the

other pathogenic variant is yet to be identified. There remains, how-

ever, a possibility that these two cell lines may represent non-FANCA

complementation groups.

4 DISCUSSION

Several studies have reported mutations in the FANCA gene since the

discovery of FANCA in 1996 (Apostolou et al., 1996; Lo Ten Foe et al.,

1996). This report includes the largest number of FANCApatients, and

identifies both mutations in 159 patients. As the precise characteriza-

tionofbothdisease-causingmutations in anFApatient is aprerequisite
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for genetic counseling and reliable correlation with the patient pheno-

type, multipronged approaches are required for molecular diagnosis.

4.1 A distinct set of FANCAmutations in nearly all

FANCA families studied

A distinct set of mutations accounted for the disease in 152 out

of 159 FA families, illustrating the exceptional genetic heterogene-

ity of FANCA mutations in FA patients (Table 2). Only two fam-

ilies had an identical pair of compound heterozygous mutations

(FAM10 and FAM8) and in fact, we subsequently learned that

they were related. Also, two distinct homozygous mutations were

present in two and three families each: c.2851C>T in FAM141 and

FAM129, and c.1827-1G>A in FAM23, FAM138, and FAM107. The

complex heterogeneity is also apparent from the fact that we identi-

fied 48 distinct and novel variants accounting for 63 mutant alleles, of

which nonewere homozygous, and nomore than three families carried

the same novel variant (Table 3). However, our study adds seven and

elevenmore patients respectively to the list of twomost often encoun-

tered FANCA variants in the FAMutDB, c.3788_3790delTCT (present

261 times), c.1115_1118delTTGG (present 67 times). We also add

elevenmorepatients to the19knownpatientswhocarry thep.T1131A

mutation, and four more to the known c.3624C>T list. The latter is

predicted to be a synonymous variant, (p.S1208S) but causes aberrant

splicing (Ameziane et al., 2008). Eleven of the novel pathogenic vari-

ants were present in the ExAC database, but none were observed at a

frequency greater than 0.009 (Table 3). Figure 5 illustrates the location

of the 130 novel and known sequence variants, and their frequencies,

accounting for 261most likely pathogenic alleles in this analysis.

Our large-scale effort to screen FANCA variants identified two

FANCA mutations in 159 FA families. Efforts are underway to identify

the second pathogenic variant for 24 families for whom only one

mutation has been identified. However, for many of these, we may not

identify additional FANCA variants aswemay not have the appropriate

DNA/cell line, the variant could have been lost from the cell line due

to hematopoietic stem cell mosaicism, which is common in FA patients,

or causative mutations could be present in a different FA gene despite

the patient carrying a FANCA variant. Thirty-two families with no

FANCA mutations (Table 1) are likely to be non-FANCA families and

their group can now be determined by methods described earlier

(Chandrasekharappa et al., 2013).

4.2 Large deletions account for nearly a quarter of

all pathogenic variants in FANCA

Of the 318 mutant alleles, we observed 57 deletions in this study. We

have reported previously ten FANCA families with biallelic deletions

(Flynn et al., 2014), and ten other families with a total of four deletions

(Chandrasekharappa et al., 2013; Donovan et al., 2016), accounting for

24 deletions among 20 FANCA families. Thus, large deletions (81 out

of 358 alleles) appear to account for 23%of all FANCAmutations in our

cohort. The frequency of large deletions compared with other types

of FANCA pathogenic variants from this study is similar to three of the

four previous reports 15% (Castella et al., 2011), 20% (Moghrabi et al.,

2009), 25% (Ameziane et al., 2008), and 40% (Morgan et al., 1999). The

lower end of the range is based on 20 large deletions in 65 individu-

als (130 mutations) that included 12 patients carrying a founder non-

sense mutation. The upper end of 40% is the earliest study of large

deletions and is based on 17 deletions in 26 individuals but only 43

mutations identified and thusmay be an overestimate.We provide the

precise breakpoint coordinates as determined by cloning and sequenc-

ing for twoout of three of thedeletions (Table 2). Precise deletion coor-

dinates allow recognition of shared deletions among FA families. Of

the 37 deletions with known precise deletion intervals, four deletions

are shared by a total of 11 families, and the rest are distinct. Of the

four shared deletions, one is found in a set of two related families, the

only two families with the same two compound heterozygous FANCA

mutations. Our extensive screening for deletion variants allowed us to

clearly distinguish genuine homozygous variants from those sequence

variants that appeared homozygous due to an overlapping deletion.

4.3 High-throughput and combinations of

technologies ensure comprehensivemutation analysis

We employed high-throughput sequencing methodologies for vari-

ant detection. Although the depth and the extent of coverage may

have varied to some extent among methods, each method was com-

petent to recognize the variants in the regions covered, with a few

exceptions. One issue we encountered is the overlap of an individ-

ual SNP or a pathogenic intronic variant with a PCR primer, and

subsequent lack of PCR product. The pathogenic variants, p.R1117G

(c.3349A>G) in exon 34 in two patients, and c.2778+83C>G in intron

28of another patientwere, thus, initiallymissed by Sanger sequencing.

Similarly, a SNP (rs7190823, 89866043T>Chg19) and an indel variant

(c.1734_1739delCTACGT) in two families prevented binding of MLPA

probes resulting in calling the respective exon nine and 19 deletions

incorrectly. Application of multiple methodologies, next-generation

sequencing, and aCGH helped sort out the respective sequence and

deletion variations. Our experience highlights that extra caution is

warranted to recognize technical issues that provide false positive or

false negative results.

4.4 Evaluation of pathogenicity of nonsynonymous

and intronic indel variants

The ability of a missense variant to complement the growth deficiency

of a null cell is a standard and reliable assay to determine pathogenicity

(or lack thereof). This functional evaluation helped identify eleven new

pathogenic variants. However, two of the seven variants (c.522G>C

and c.1565A>G) that behaved aswild-type in functional assays, turned

out to instead affect splicing. In both cases, the consensus AG exonic

sequences at the splice junctionwhere theU1snRNAbinds (AG|gtragt)

are altered, CAG|gt > CAC|gt in exon 5 and AAG|gt > AGG|gt in exon

16, and thus, may prevent U1snRNP from performing its normal func-

tion (Cartegni, Chew, & Krainer, 2002). We had observed earlier that

altering theG in thewobble position (last) of the same codon in exon16

in another patient (c.1566G>A; pK522K) produced exon 16 skipping

as well (Chandrasekharappa et al., 2013). We also report an intronic
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F IGURE 5 Mapping of all the coding and splicing variants identified in this study of FANCA and its encoded protein. A: FANCA pro-
tein diagram displaying the distribution of mutations. Novel mutations extend upward and known mutations extend downward. Nuclear
localization signal (NLS) at aa 18–34; FANCG binding domain (FANCG) at aa 18–29; region of reported interaction w/BRCA1 at aa
740–1,083; FAAP20 binding domain (FAAP20) at aa 1,095–1,200; phosphorylation sites, serine residues at aa 849, 850, 858, and 1449
(https://atlasgeneticsoncology.org/Genes/FA1ID102.html). B: FANCA diagram displaying the distribution of intronic splicing mutations. Exons are
represented by vertical lines and not drawn to scale. Novel splicingmutations extend upward and the known splicingmutations extend downward

variant, c.2602-9_c.2602-8delCT, located eight nucleotides from the

splice junction which causes splicing errors. Recognition of pathogenic

synonymous andnonsynonymous FANCA variants, and the resulting in-

frame deletions in the transcript, will allow the effect of these varia-

tions on FANCA protein function and disease phenotype to be studied.

4.5 Pathogenic nonsynonymous variants are

retained in the cytoplasm

All nonsynonymous variants that were shown to be pathogenic by

functional analysis resided in the cytoplasm and, conversely, those cat-

egorized as nonpathogenic localized to the nucleus. Nuclear localiza-

tion of FANCA protein is critical for normal biological function (Naf,

Kupfer, Suliman, Lambert, & D'Andrea, 1998). Impairment of nuclear

localization by pathogenic missense variants has been recognized pre-

viously by several investigators (Adachi et al., 2002; Castella et al.,

2011; Garcia-Higuera, Kuang, Denham, & D'Andrea, 2000). The mech-

anism causing so many deleterious variants to localize erroneously in

the cytoplasm is unexplored; however, a likely explanation is that the

resultant proteins are inappropriately folded. Exploring ways to cor-

rect the impaired subcellular localization may lead to novel therapeu-

tic approaches. A recent report indicates that relative levels of inter-

action between the FANCA mutant proteins with chaperonins HSP90

and HSP70 can directly contribute to the clinical course of the dis-

ease (Karras et al., 2017). It remains to be tested if FANCAvariants can

localize appropriately to the nucleus following upregulation of HSP90

activity.

4.6 Final remarks

Identification of the precise molecular nature of variants at the

genomic level is a prerequisite for efficient clinical management of

FA patients, genetic counseling for families, understanding the dis-

ease process to explore novel therapeutic options, and discovery of

genotype-phenotype correlations with prognostic implications. The

enrollment of these patients in registries, such as the IFAR, enables us

to obtain the patient-derived cell lines and RNA necessary for func-

tional analysis of FA variants, thereby confirming their pathogenicity,

or lack thereof, which is especially important for genes like FANCA

which exhibit complex heterogeneity. This ensures the correct diagno-

sis is given, and allows for accurate carrier and prenatal testing.

https://atlasgeneticsoncology.org/Genes/FA1ID102.html
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