W) Check for updates

Received: 24 July 2024 Revised: 24 October 2024 Accepted: 27 October 2024
DOI: 10.1002/2jh.27520 0

®
RESEARCH ARTICLE ‘g WILEY

Prognostic significance of mutation type and chromosome
fragility in Fanconi anemia

Maria José Ramirez*>3® | Roser Pujol¥*® | Jordi Minguillon®® |

Massimo Bogliolo® | llaria Persico” ® | Debora Cavero®?3® |

|2,5,8 I 2,5,8 I 2,58 |

Paula Rio Susana Navarro

2,5,8 |

AuroradelaCa
José Antonio Casado Almudena Bailador®> | Antonio Sanchez de la Fuente® |
Miguel Lopez de Heredia | Francisco Almazan® | M. Luisa Antelo° |
Bienvenida Argilés!? | Isabel Badell’®> | Marta Baragaiio®*® |

Cristina Beléndez*® | Mar Bermudez'®> | Marta Bernués® |

Maria Isabel Buedo'’ ® | Estela Carrasco®® | Albert Catala?'® |

Dolors Costa?® | Isabel Cuesta?® | Rafael Fernandez-Delgado??%® |

Ana Fernandez-Teijeiro?* | Angela Figuera®®> | Marta Garcia?® |

Ainhoa Gondra?’ | Macarena Gonzalez?® | Soledad Gonzilez Muiiiz?® |

Ines Hernandez-Rodriguez®’ | Fatima Ibafiez®® | Nicholas John Kelleher®! |
Francisco Lendinez®?> | Ménica Lépez33 | Ricardo Lépez-Almaraz3* |

Inmaculada Marchante®> | Carmen Mendoza3® | José Nieto®” | Emilio Ojeda3® |
Salvador Payan-Pernia®® | Irene Peldez*® | Inmaculada Pérez de Soto>’ |

Raquel Portugal** | Maria A. Ramos-Arroyo*?>© | Alexandra Regueiro®® |

Ana Rodriguez*® | Jordi Rosell’® | Raquel Saez* | José Sanchez*® |
Martha Sianchez?” | M?Leonor Senent!! | Maria Tapia®® |

Juan Pablo Trujillo-Quintero®® © | José Manuel Vagace®®°® |

Jaime Verdu-Amor6s??2 @ | Victéria Verdugo®! | Isabel Vidales®? |
Jasson Villarreal®® | Cristina Diaz-de-Heredia®* | Julian Sevilla?®>>© |

25,8 | 1,2,3,12

Juan Antonio Bueren Jordi Surrallés

Correspondence

Jordi Surrallés, Joint Research Unit on Abstract
Genomic Medicine, Universitat Autonoma de
Barcelona (UAB)-IR SANT PAU. C/Sant Quinti
77, Barcelona 08041, Spain. genotypic heterogeneity, and extreme chromosome fragility. To better understand
Email: jordi.surralles@uab.cat and
jsurralles@santpau.cat

Fanconi anemia (FA) is a rare genetic disease characterized by high phenotypic and

the natural history of FA, identify genetic risk and prognostic factors, and develop
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novel therapeutic strategies, the Spanish Registry of Patients with FA collects data
on clinical features, chromosome fragility, genetic subtypes, and DNA sequencing
with informed consent of participating individuals. In this article, we describe the clin-
ical evolution of 227 patients followed up for up to 30 years, for whom our data indi-
cate a cumulative cancer incidence of 86% by age 50. We found that patients with
lower chromosome fragility had a milder malformation spectrum and better out-
comes in terms of later-onset hematologic impairment, less severe bone marrow fail-
ure, and lower cancer risk. We also found that outcomes were better for patients
with mutations leading to mutant FANCA protein expression (genetic hypomorphism)
than for patients lacking this protein. Likewise, prognosis was consistently better for
patients with biallelic mutations in FANCD2 (mainly hypomorphic mutations) than for
patients with biallelic mutations in FANCA and FANCG, with the lack of the mutant
protein in patients with biallelic mutations in FANCG contributing to their poorer out-
comes. Our results regarding the clinical impact of chromosome fragility and genetic
hypomorphism suggest that mutant FA proteins retain residual activity. This finding
should encourage the development of novel therapeutic strategies aimed at partially
or fully enhancing mutant FA function, thereby preventing or delaying bone marrow

failure and cancer in patients with FA.

1 | INTRODUCTION

Fanconi anemia (FA) is a rare genetic disease and it is considered to be
one of the most common gene-related causes of aplastic anemia and
leukemia. Prevalence is 1-9/1 000 000 persons and expected preva-
lence at birth is >1/160 000. FA carrier frequency has been estimated
as 1:181 and 1:93 in the United States and Israel, respectively.?

Up-to-date, 23 genes®* involved in the FA/BRCA DNA repair
pathway have been identified as causative factors for FA; all, except
for FANCB (X-linked)® and RAD51 (FANCR) (autosomal dominant
inheritance),®” associated with autosomal recessive inheritance. Phe-
notypic variation is high in patients with FA, even in those with the
same mutation and the same involved gene. The characteristic fea-
tures of patients with FA include congenital malformations, bone mar-
row failure (BMF), and an increased risk of cancer,® particularly
leukemia and solid tumors. Common treatments are surgery for some
congenital malformations and solid tumors, and allogenic hematopoi-
etic stem cell transplantation (aHSCT) for BMF and leukemia.’ New
promising treatments are expected to improve survival and quality of
life for patients with FA in the near future.*%!?

The cells of patients with FA exhibit spontaneous chromosome
fragility,lz'13 which increases after treatment with crosslinking
agents.21> For this reason, FA is most commonly diagnosed by iden-
tifying chromosome or chromatid breaks after diepoxybutane (DEB)
treatment of in vitro cultured peripheral-blood T cells.2¢"8 In patients
with somatic mosaicism, chromosome fragility in peripheral blood can
decrease over time.'? When bone marrow mosaicism is high, there-

fore, it is necessary to test the fibroblasts for chromosome fragility to

Clinical Trial Registration number: NCT06490510.

confirm the diagnosis, especially when mutational analysis is not avail-
able or is inconclusive. Mutational analysis is increasingly used, as it
reveals not only the gene that causes the disease, but also the specific
mutation, thereby facilitating genetic counseling, carrier detection,
prenatal and preimplantation diagnosis, and the application of
advanced gene therapies.?°

Since the severity and clinical evolution of FA may differ depend-
ing on the mutated gene and even the mutation type,2 it is important
to analyze the relationship between the phenotype and genotype of
patients with FA. This study of 227 patients in the Spanish Registry of
Patients with FA, using data collected over approximately 30 years,
aims to throw light on epidemiological aspects related to FA in Spain
and to evaluate the clinical impact of chromosome fragility and

mutation type.

2 | METHODS

21 | Registry

The Spanish Registry of Patients with FA, initially created by the
Centro de Investigaciones Energéticas Medioambientales y Tecnolégicas
(CIEMAT) and currently hosted at the Centro de Investigacién Biomédica
en Red de Enfermedades Raras (CIBERER) under the GENRARE Project
framework, includes biological and clinical data on Spanish patients
with FA dating back to 1998. All patients in the registry are diagnosed
with FA based on clinical findings and the results of DEB chromosome

fragility tests of T cells or of gene complementation studies.
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Patients or legal guardians give signed consent for registry inclu-
sion, and all relevant ethical regulations are followed. This study was
approved by the Ethics Committee of Hospital de Sant Pau, Barcelona
(IIBSP-PFA-2024-47).

For the registry, the onset of hematologic impairment is determined
according to criteria established by the International Fanconi Anemia Regis-
try (IFAR), namely, at least one of the following: absolute neutrophil count
<1 x 10%/uL, hemoglobin <100 g/L, platelets <100 x 10°/uL? or a diag-

nosis of myelodysplastic syndrome (MDS) or acute myeloid leukemia.

2.2 | Population

The results of this study are based on clinical, genetic, and chromo-
some fragility data collected, from 1998 to January 2021, from
227 patients (living and deceased) included in the Spanish Registry of
Patients with FA. Also included in the chromosome fragility analyses
were 34 FA mutation carriers (mostly siblings of patients with FA) and
406 control individuals.

2.3 | Affected gene

Gene complementation studies with retroviral vectors or whole
exome sequencing were performed to identify the affected gene.
Phenotypic hypersensitivity to mitomycin C was corrected after
retroviral infection with FA genes in blood T cells or fibroblasts, as
previously described.?>?* Whole exome sequencing was per-

formed as previously described.?°

2.4 | Definition of mosaicism

According to the criteria used in Ramirez et al.'? in 2021, for the pur-
poses of this study, patients with mosaicism were defined as having
fewer than 50% of T cells with chromosome aberrations following
DEB treatment.

2.5 | DEBT cell chromosome fragility testing

The FA diagnosis was confirmed via a chromosome fragility test of
peripheral-blood T cells, performed as described previously.'??>-27
Briefly, after stimulation with phytohemagglutinin, blood cultures
were treated with and without DEB (0.1 pg/mL), and metaphase
spreads were then obtained and stained with Giemsa (25-50 meta-
phases with 46 chromosomes per patient and condition). The
metaphases were studied using a Leitz Aristoplan microscope or Zeiss
Imager M1 microscope coupled to a computer-assisted metaphase
finder (Metasystems, Werfen SAU, Barcelona, Spain).

For the purposes of this study, chromosome fragility was expressed
as the percentage of aberrant cells (% aberrant cells) or as the number of

aberrations per aberrant cell (aberrations/aberrant cell), both expressions

of chromosome fragility correlated with each other. The % aberrant cells
measure was used to compare chromosome fragility between patients
with FA compared to controls and to carriers, and between patients with
biallelic mutations in the FANCD2 gene and patients with biallelic muta-
tions in the FANCA or FANCG genes. In all our other studies, chromo-
some fragility was expressed as aberrations/aberrant cell.

To study the effect of chromosome fragility on BMF and solid
tumor development, patients with FA were classified according to
their chromosome fragility after DEB treatment. The distribution
median (4.07 aberrations/aberrant cell) was used as the cut-off point
to obtain two groups (Figure S1): patients with low chromosome fra-
gility (<4.07 aberrations/aberrant cell), and patients with high chromo-
some fragility (>4.07 aberrations/aberrant cell).

2.6 | FANCA protein absence or presence

In our cohort, 135 patients with confirmed mutations in FANCA were
classified in two groups by predicted protein expression according to
mutation type, that is, as patients with a total absence of protein and
as patients with some mutant protein expression. Mutations that proba-
bly led to total protein absence were nonsense mutations (e.g., ¢.295
C>T/p.GIn99Ter), indel frameshift mutations that produce premature stop
codons, or large deletions (one or more exons), whereas mutations that
probably led to mutant protein expression were missense mutations and
in-frame deletions (c.3788_3790delTCT/p.Phe1263del).

2.7 | Celllines

Western blot (WB) was used to analyze FANCA protein absence or
presence in 16 fibroblast or lymphoblastoid cell lines from patients with
biallelic mutations in FANCA. A cell line was analyzed by WB when
(i) both mutations were identifiable, (ii) the cell line was not genetically
reverted, and (iii) the cell line showed proper growth. Two additional
cell lines from two donors without FA were used as controls for wild-
type FANCA expression. Our studies were further enriched by the
10 additional cell lines analyzed by Castella et al.2®in 2011.

2.8 | Western blot

WB was performed as previously described.*?? Briefly, whole-cell pro-
tein extracts were prepared using the RIPA buffer, immunodetection
was performed using an anti-human FANCA primary antibody (Rb-anti-
FANCA Bethyl-A301-980A, 1:1000), and anti-vinculin (Rb-anti-vinculin
abcam-ab129002; 1:5000) was used as an internal loading control.

29 | Statistics

Three-way comparisons were performed using the non-parametric

Kruskal-Wallis test (ANOVA), and two-way comparisons were
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performed using Dunn's multiple comparison test after non-
parametric ANOVA or the Mann-Whitney non-parametric test to
compare two independent samples. Percentage distributions were
statistically compared using the chi-square test. Survival was
determined using the Kaplan-Meier method and survival curves
were compared using the log-rank (Mantel-Cox) test. Survival and
cumulative incidences were calculated with censoring at the last
follow-up. Fit with a Gaussian distribution was evaluated using
the Kolmogorov-Smirnov test, and non-parametric tests were
used when the distribution was not Gaussian. Statistical analyses
were performed using GraphPad Prism and SPSS software. Multi-
variate Cox regression was performed using SPSS to analyze the
effects of clinical data, chromosome fragility, and mutations on
patient survival. In all analyses, statistical significance was estab-
lished as p <.05. Multiple testing correction was applied when

necessary.

3 | RESULTS

3.1 | Spanish FA population

To determine FA prevalence in Spain, we analyzed the number of
patients with FA born over a 10-year timespan (2006-2015). In
that decade, 4.7 million people were born,*° of whom 47 had
FA according to the Spanish Registry of Patients with
FA. Consequently, assuming Hardy-Weinberg equilibrium and the
inclusion of all newborns with FA in the registry, estimated preva-
lence in Spain is 1/100000 live births and estimated carrier fre-
quency is 1:167.

Of the 227 patients included in the registry (1998-January 2021),
116 were women and 111 were men (51% and 49%, respectively). At
the time of our analysis, 60 of the 130 surviving patients were chil-
dren and 70 were adults (46% and 54%, respectively). According to
IFAR criteria, 183 of the 227 patients had hematologic disease (82%),
91 (40%) required aHSCT, 30 (13%) had solid tumors, and 38 (17%)
had leukemia or MDS (Figure 1A).

Of the 117 non-transplanted patients, 15 (13%) developed leuke-
mia or MDS. Of the 30 patients with solid tumors, 8 developed the
tumor post-transplantation and 21 did not require transplantation up
to January 2021 (the transplantation status of the remaining patient is
unknown). Of the 38 patients with leukemia or MDS (none of whom
developed post-transplantation leukemia or MDS), 23 required trans-
plantation following leukemia or MDS development, and 15 did not
undergo transplantation.

Most patients (189; 83%) had congenital malformations, and of
these, 123 (65%) had >3 malformations (Figure 1A). The most fre-
guent congenital malformations were short stature and skin and skel-
etal abnormalities, followed by head, face, kidney, and urinary tract
alterations (Figure 1B). Skin pigmentation alterations and short stature
were most frequent in patients with <3 malformations and >3 malfor-

mations, respectively.

e WiLey- L

3.2 | Natural history of FA
Cumulative incidence rates for key clinical events in the Spanish Reg-
istry of Patients with FA are shown in Figures 1C and S2A-F.

The cumulative incidence of hematological impairment increased
rapidly during childhood to reach 79% by age 13 (95% confidence
interval [Cl]: 76-82%), slowing down thereafter to reach 90% by age
40 (Figures 1C and S2A). The median hematologic impairment onset
age was 7 years, and consequently, the cumulative incidence of
aHSCT increased drastically in the first decade of life, reaching 25%
by age 10 (95% Cl: 16-35%) (Figures 1C and S2B), to then slow down,
and around age 30 (probably due to higher rates of leukemia and
MDS) this incidence increased again, reaching 71% by age 44 (95% Cl:
60-80%) (Figures 1C and S2C).

While BMF mainly occurred mainly in the first decades of life,
solid tumors tended to develop in later decades. The cumulative inci-
dence of solid tumors in patients aged up to 20 years was <3% (95%
Cl: 0-27%); note that the upper Cl of 27% is explained by two
patients in our cohort with Wilms [kidney] tumors, which typically
develop in early childhood (Figures 1C and S2D). However, after age
20, the cumulative incidence of solid tumors began to increase—most
dramatically after age 30—to reach 69% (95% Cl: 53-80%) by age 47.
The risk of developing a solid tumor by 38 years of age was calcu-
lated as 50%.

The most common solid tumors were head and neck squamous
cell carcinoma (HNSCC), followed by solid tumors in the genitals,
and to a lesser degree, in the breast, rectum, bones, lung, digestive
system, colon, and kidney. Breast and (Wilms) kidney tumors were
only present in patients with two BRCA2 mutations (Figures 1D
and S2E). aHSCT was observed not to increase the solid tumor risk
(b =.5631; Figure 1E). Analysis of the global cancer (solid
+ hematologic) incidence revealed that FA was associated with a
cancer risk of 50% at 33 years, increasing to 86% by 50 years
(Figure S2F).

The high incidence of cancer, BMF, and post-transplantation
complications, together with the lack of effective treatment for solid
tumors, accounted for the reduced life expectancy of patients with FA
(Figure 1F). Most especially, the crucial impact of cancer on these
patients is highlighted by the fact that only 50% are expected to sur-
vive to age 33, and only 18% to age 50 (95% Cl: 2-47%) (Table S1).

3.3 |
for FA

Chromosome fragility as a prognostic factor

In peripheral blood, chromosome fragility was spontaneously and
more markedly observed in T cells after DEB treatment, both for the
aberrations/aberrant cell and % aberrant cells measures (Figures 2A,B
and S3A,B). High chromosome fragility was observed in patients with
FA compared with both the control population and the FA gene muta-
tion carriers (controls and carriers had the same level of chromosome

fragility).
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In our cohort, patients with malformations had greater chro-
mosome fragility than patients without malformations (p = .0194;
Figure 2C); however, no differences were found on comparing
patients with <3 malformations and with 23 malformations
(p = .1352; Figure 2D).

In terms of the effect of chromosome fragility on BMF and solid
tumor development, on comparing the low and high chromosome fra-
gility groups (see Section 2 and Figure S1), it was observed that
patients with low chromosome fragility had later-onset hematologic
impairment (p = .0031, Figure 2E), less need for aHSCT (p < .0001,
Figure 2F), and a lower risk of solid tumor development (p = .0062)
(Figure 2G). When only non-mosaic patients were analyzed, the effect
of chromosome fragility on the need for aHSCT and on solid tumor

development was corroborated (Figure S4A-C).

3.4 | FANCA protein absence as a risk factor for
patients with FA

A schematic representation of FANCA protein with point mutations
and indels for our patients is shown in Figure S5. We studied
238 alleles with mutational information from 138 patients harboring
point mutations or indels in FANCA, the most frequent of which were
as follows: ¢.295C > T (the most frequent mutation in Spanish
Gypsies), accounting for 13.3% of FANCA mutated alleles and 10.6%
of all mutated alleles in the complementation groups; and
€.3788_3790delTCT (the most frequent mutation in patients with FA
worldwide), accounting for 11.7% of FANCA mutated alleles and 9.4%
of all mutated alleles in the complementation groups. Of the patients
with FANCA mutations, 16.8% had one or two FANCA alleles with the
€.3788_3790delTCT mutation, and 12.7% had one or two alleles with
the c.295C>T mutation.

For the 135 patients for whom protein absence or presence could
be predicted, FANCA expression according to FANCA mutation type
was as follows: 64% had biallelic mutations that probably led to total
protein absence, and 36% probably had some mutant protein expres-
sion. Results for a WB analysis of FANCA—performed to confirm pro-
tein absence or presence in patient-derived cell lines (Table S2;
Figure S6AB)—showed 85% concordance with the predictions
according to mutation type. Comparing the protein absence and pres-

ence groups, we observed that the patients with some mutant protein

expression showed later-onset hematologic impairment (p = .0003;
Figure 3A), less need for aHSCT (p = .0292; Figure 3B), and a lower
tendency to develop leukemia or MDS (p = .0901; Figure 3C). How-
ever, no effect was observed regarding the cumulative incidence of
solid tumors (Figure 3D; p = .9905). Improved survival was observed
in patients with some mutant protein expression (p =.0025;
Figure 3E; Table S1), especially up to age 30, when the impact of
hematologic impairment was high; after age 30, the survival curves

of both groups converged.

3.5 | Complementation group as a risk factor in FA
evolution

Of the 217 patients with FA whose complementation group was
obtained, 80% had two allele mutations in FANCA.2° FANCD2 and FANCG
were the next most frequently observed genes, at 6.5% and 5.5%, respec-
tively, and all the other mutations were below 3% (fewer than six individ-
uals per group). Only the most frequent gene groups were included in our
complementation group analysis, namely, the FANCA, FANCD2, and
FANCG groups, with 173, 14, and 12 patients, respectively.

Regarding the three groups, the FANCD2 group had lower chro-
mosome fragility in terms of % aberrant cells after DEB treatment
(52%) than either the FANCA (68%) or FANCG (75%) groups
(Figure 4A). All patients in the FANCD2 and FANCG groups had mal-
formations, compared to just 86% of those in the FANCA group
(Figure S7A). The proportion of 23 malformations in the FANCD2
group was higher than in the FANCA (p =.0002) or FANCG
(p = .0007) groups (Figure S7B).

Regarding FA clinical evolution, patients with FANCD2 mutations
had better outcomes than those with FANCA and FANCG mutations.
Data were not available on solid tumors, leukemia or MDS in the
patients with FANCG mutations, given that most of them had died
before the typical age of development of these diseases (Figure 4B).
Comparing the other two groups, fewer patients with FANCD2 muta-
tions required aHSCT (p = .0471) (Figure S7C) or developed leukemia
or MDS (p =.0107) compared to patients with FANCA mutations
(Figure S7D). No significant differences were observed between those
two groups in terms of the percentage of patients with solid tumors
(p =.1828) (Figure S7E); however, this result should be interpreted
with care as only one patient with FANCD2 mutations developed a solid

FIGURE 1 Description and clinical evolution of 227 (living and deceased) Spanish patients with Fanconi anemia (FA). (A) Patients with FA
distributed according to sex and age (gray), by hematologic impairment onset, allogenic hematopoietic stem cell transplantation (aHSCT), solid
tumor, leukemia or myelodysplastic syndrome (MDS), and malformations (yes: Dark purple; no: Light purple; no clinical data: Pale purple), and by
malformations classified as <3 or 23 (gray). The vertical dashed line denotes 50% of the population. (B) Patients with each type of malformation,
sorted from most to least frequent. (C) Cumulative incidence for hematologic impairment onset (red), aHSCT (green), leukemia and MDS (pink),
and solid tumor (blue). (D) Patients with each type of solid tumor, with the different colors indicating the percentage of individuals in each
complementation group (FANCA: purple, FANCD2: green, FANCJ: yellow, BRCA2: red; and unknown: gray). Note that only the first solid tumors
are shown for four individuals who developed two different solid tumors in their lifetime: Head and neck squamous cell carcinoma (HNSCC) then
lung cancer; HNSCC then breast cancer; solid rectal tumor then HNSCC; and breast cancer then colon cancer. (E) No differences were observed
in the cumulative incidence of solid tumors between transplanted patients (blue; n = 91) and non-transplanted patients (red; n = 117). Of the
transplanted patients, 8 developed solid tumors, and of the non-transplanted patients, 21 developed solid tumors. (F) Survival by age is denoted
by a black line and the 95% confidence interval (Cl) is denoted by the shaded region. Curves were compared using the log-rank (Mantel-Cox) test.
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Chromosome fragility as a predictive factor in Fanconi anemia (FA) evolution. Chromosome fragility after diepoxybutane (DEB)
treatment is expressed as aberrations/aberrant cell and as percentage aberrant cells. (A and B) No differences in chromosome fragility were observed
between controls and monoallelic FA mutation carriers. Patients with FA had greater chromosome fragility than controls and carriers. Three-way
comparisons were performed using the Kruskal-Wallis non-parametric test (ANOVA; p < .0001), and two-way comparisons were performed using
Dunn's non-parametric multiple comparison test. (C and D) Patients with malformations showed greater chromosome fragility than patients without
malformations (p = .0194), while no chromosome fragility differences were observed between patients with <3 and with >3 malformations

(p = .1352). Comparisons between the groups were performed using the Mann-Whitney non-parametric test. (E and G) Patients with FA classified,
according to aberrations/aberrant cell after DEB treatment, in a low or high chromosome fragility group (<4.07 and >4.07 aberrations/aberrant cell,
respectively), where 4.07 is the median aberrations/aberrant cell distribution for the Spanish FA population (see Figure S1). (E) Cumulative incidence
for hematologic impairment onset. Patients with low chromosome fragility (light purple) showed later onset (p = .0031) than patients with high
chromosome fragility (dark purple). (F) Cumulative incidence for allogenic hematopoietic stem cell transplantation (aHSCT). Patients with low
chromosome fragility (light purple) had less need for aHSCT (p < .0001) than patients with high chromosome fragility (dark purple). (G) Cumulative
incidence of solid tumors. Patients with low chromosome fragility (light purple) had a lower risk than patients with high chromosome fragility (dark
purple). Curves were compared using the log-rank (Mantel-Cox) test (GraphPad Prism software). [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3 Patients with some mutant FANCA protein expression have better outcomes than patients with total protein absence. Cumulative
incidence for 135 patients classified according to predicted protein expression based on FANCA mutation type: Total FANCA protein absence
(dark purple), and some FANCA protein expression (light purple). (A) Hematologic impairment onset. (B) Allogenic hematopoietic stem cell
transplantation (aHSCT). (C) Leukemia and myelodysplastic syndrome (MDS). (D) Solid tumor. (E) Survival. Curves for the two groups were
compared using the log-rank (Mantel-Cox) test (GraphPad Prism software). [Color figure can be viewed at wileyonlinelibrary.com]

tumor during the analysis period. Survival was greatest in the patients Regarding mutated alleles, most FANCD2 mutations (60%) were
with FANCD2 mutations, at around 90% at age 40—well above the rates missense mutations (under 5% were nonsense mutations); in FANCA,
for the FANCA and FANCG groups (29% and 0%, respectively). nonsense mutations accounted for 32% and missense mutations for
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FIGURE 4 Patients with biallelic mutations in FANCD2 have better outcomes than patients with biallelic mutations in FANCA or FANCG.

(A) Percentage aberrant cells after diepoxybutane (DEB) treatment in the peripheral blood of patients with FANCA (light purple), FANCD2 (dark
purple), and FANCG (intermediate purple). Two-way comparisons were performed using the Mann-Whitney non-parametric test (GraphPad Prism
software). (B) Survival curves for patients with FANCA (light purple), FANCD2 (dark purple), and FANCG (intermediate purple). Curves were
compared using the log-rank (Mantel-Cox) test (GraphPad Prism software). (C) Percentage of alleles in patients with FANCA, FANCD2, and
FANCG according to mutation type: Duplication (light pink), large deletion (intermediate pink), missense mutation (dark pink), small deletion (light
purple), and nonsense mutation (dark purple). Patients with mutations in FANCD2 had more alleles with missense mutations and fewer alleles with
nonsense mutations compared to patients with mutations in FANCA and FANCG. Comparisons were made using the chi-square test.

(D) Percentage patients with FANCA, FANCD2, and FANCG with mutations leading to total protein absence (dark purple) or some mutant protein
expression (light purple). [Color figure can be viewed at wileyonlinelibrary.com]

17%; and in FANCG, nonsense mutations accounted for the highest 4 | DISCUSSION
proportion of alleles (42%) (Figure 4C). Most patients with FANCD2

mutations (90%) showed mutant protein expression (only a single
patient of the 14 had two truncated proteins), compared to only 36%
of FANCA patients and 29% of FANCG patients (Figure 4D).

This study describes the clinical impact of chromosome instability and
mutational profile in 227 patients included in the Spanish Registry of
Patients with FA between 1998 and January 2021. Estimated
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prevalence of FA is 1/100000 live births, although this figure may be
higher due to undiagnosed patients not included in the registry. Carrier
frequency, at approximately 1:167, is higher than in the United States
(1:181) and lower than in Israel (1:93),2 with the differences explained
by the effects of founder mutations in each population.

FA incidence was similar for both sexes in our cohort, as reported
elsewhere.??31%2 The increase in the proportion of adults in the
cohort of living patients points to the fact that FA is no longer exclu-
sively a pediatric disease. Many children with FA now reach adult-
hood, owing to extensive translational and clinical research leading to
early diagnosis, new and improved treatments, and optimized aHSCT
protocols. This has important implications for healthcare, as it high-
lights the importance of transitioning healthcare from pediatric to
adult clinicians to ensure the best possible care for adult patients
with FA.

The cumulative incidence rates we report for hematologic impair-
ment (81%), aHSCT (40%), solid tumor development (13%), and leuke-
mia or MDS (17%) are similar to results reported elsewhere,?2°1:32
while the congenital malformations rate of 83% for our cohort falls
within the range reported in the literature.233-23

Some patients with FA do not have malformations or do not
develop BMF. Such occult FA cases are likely to be diagnosed in
adulthood due to infertility®* or the development of a solid tumor and
severe toxicity following chemotherapy or radiotherapy.®® This issue,
extensively discussed by Alter et al.,*¢ points to the need to consider
the possibility of FA in patients with early-onset solid tumors indepen-
dent of hematologic manifestations. Given that the classification of
malformations differs between countries and registries, extensive
national and international FA studies are needed that use identical
malformation classification criteria. Use of Human Phenotype Ontol-
ogy standardized vocabulary, for instance, could throw light on corre-
lations between patient phenotypes, diagnoses, and clinical evolution.

The main FA threat for adults is the development of hematologic
cancer or solid tumors, both of which currently face many limitations
in terms of effective treatment. Life expectancy for these patients is
much lower than for the general population; in our cohort, only one
patient has survived beyond age 50 (53 years).

Regarding survival, we observed three stages as follows: a stable
period lasting up to age 10 (88% survival); decline from ages 10 to
20 (74% survival); and further decline after age 20. The effect of
aHSCT on the development of solid tumors remains controversial:
some studies have reported an increase in solid tumor incidence in

83738 \yhereas this effect was not observed

transplanted patients,
in our study nor in other previous studies.?>*1%2 Further studies are
clearly necessary to clarify whether aHSCT, specific conditioning pro-
tocols, or the development of acute or chronic graft versus host dis-
ease are risk factors for solid tumor development.

A main characteristic of patients with FA is the high chromosome
fragility of their cells, especially after treatment with DNA interstrand
crosslinking agents. Apoptosis or genomic instability may develop in
these patients, given that tissues with a high replication rate are likely
to develop chromosome fragility. Excess apoptosis may be the main

cause of malformations during embryonic development and in
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childhood BMF, while genomic instability may be the main driver of
cancer in adulthood. As expected, chromosome breakage was clearly
greater in our cohort of patients with FA compared to both controls
and carriers. Consistent with an autosomal recessive pattern, no dif-
ferences were found between the controls and heterozygous muta-
tion carriers. Interestingly, since high chromosome fragility was
associated with poorer outcomes in terms of malformations, early-
onset hematologic impairment, a need for aHSCT, and a high risk of
solid tumor development, chromosome fragility can be considered a
novel prognostic factor for patients with FA.

When the effect of FANCA gene mutation was studied, we
observed that, compared to patients with mutant FANCA protein
expression, patients lacking the FANCA protein had earlier hemato-
logic impairment onset and a higher risk of developing leukemia or
MDS, as previously observed for a smaller cohort.®? Those patients
also showed a greater need for aHSCT and lower survival. However,
consistent with previous reports,®? no differences in the solid tumor
development risk were observed between those two groups. Conse-
quently, mutations leading to the presence, as opposed to the
absence, of a mutant FANCA protein are biomarkers of better out-
comes in terms of hematologic evolution and survival and are sugges-
tive of a hypomorphic effect. In our cohort, the most common FANCA
mutations were ¢.295 C>T (p.GIn99Ter), which led to total protein
absence, and c¢.3788_3790delTCT (p.Phe1263del), which led to
mutant protein expression. The latter mutation has elsewhere been
described as the most frequently occurring mutation, not only in
Spain, but also worldwide.?84° Those observations warrant the search
for new drugs that can fully or partially restore the functionality of
mutant proteins and so improve the clinical prognosis of patients
with FA.

Note that the smaller number of patients with two mutated
alleles in FANCD2 and FANCG may affect the interpretation of our
comparative findings for the three main FA groups (FANCA, FANCD2,
and FANCG). We observed that patients with two mutated FANCD2
alleles had lower chromosome fragility, more malformations, less need
for aHSCT, lower leukemia and MDS incidence, and better survival. In
contrast, patients with FANCG mutations showed a more severe phe-
notype than patients with FANCA mutations, as reported elsewhere.>?
The better clinical evolution of patients in the FANCD2 complementa-
tion group is explained by the fact that 60% of the mutated alleles
were missense mutations, and that 90% of the patients showed some
mutant protein that may function partially within the DNA repair
pathway. This finding is consistent with previous data demonstrating
FANCD2 hypomorphism.*? In a recent study, we demonstrated that a
hypomorphic BRCA2 allele retaining 37-54% of normal repair function
in an adult patient with FANCD1 mutations was sufficient to delay
blood disease onset by some 30 years.%® This would suggest that
prognosis—compared to that for patients with total protein absence—
is improved in patients with hypomorphic mutations that result in the
expression of mutant FA proteins with reduced functionality. This
observation opens the door to novel therapeutic strategies aimed at
reactivating or rescuing the FA/BRCA pathway in patients with hypo-

morphic mutations.
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In summary, we found the following: (a) patients with FA and with
high chromosome fragility had a greater need for aHSCT and were at
a greater risk of developing solid tumors; (b) patients with some
mutant FA protein expression experienced better hematologic evolu-
tion and, consequently, survived for longer than patients with muta-
tions resulting in total protein absence; (c) patients with FANCD2
mutations (primarily hypomorphic) had better outcomes than patients
with FANCA or FANCG mutations; and (d) phenotypes were more
severe for patients with FANCG mutations. In view of those findings,
therefore, chromosome fragility, genetic subtype, and mutation type,
as possible indicators of BMF and cancer risk, should be taken into
account in the care of patients with FA. Finally, our results should
encourage the development of novel therapeutic strategies that facili-
tate partial or total restoration of the FA/BRCA repair pathway,
thereby preventing or delaying BMF and cancer in patients with FA.
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