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ARTICLE

|dentification of a robust DNA
methylation signature for Fanconi anemia
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Summary

Fanconi anemia (FA) is a clinically variable and genetically heterogeneous cancer-predisposing disorder representing the most common
bone marrow failure syndrome. It is caused by inactivating predominantly biallelic mutations involving >20 genes encoding proteins
with roles in the FA/BRCA DNA repair pathway. Molecular diagnosis of FA is challenging due to the wide spectrum of the contributing
gene mutations and structural rearrangements. The assessment of chromosomal fragility after exposure to DNA cross-linking agents is
generally required to definitively confirm diagnosis. We assessed peripheral blood genome-wide DNA methylation (DNAm) profiles in 25
subjects with molecularly confirmed clinical diagnosis of FA (FANCA complementation group) using Illumina’s Infinium EPIC array. We
identified 82 differentially methylated CpG sites that allow to distinguish subjects with FA from healthy individuals and subjects with
other genetic disorders, defining an FA-specific DNAm signature. The episignature was validated using a second cohort of subjects with
FA involving different complementation groups, documenting broader genetic sensitivity and demonstrating its specificity using the
EpiSign Knowledge Database. The episignature properly classified DNA samples obtained from bone marrow aspirates, demonstrating
robustness. Using the selected probes, we trained a machine-learning model able to classify EPIC DNAm profiles in molecularly unsolved
cases. Finally, we show that the generated episignature includes CpG sites that do not undergo functional selective pressure, allowing
diagnosis of FA in individuals with reverted phenotype due to gene conversion. These findings provide a tool to accelerate diagnostic
testing in FA and broaden the clinical utility of DNAm profiling in the diagnostic setting.

Introduction are also common features, while less frequent malforma-

tions involve the genitourinary, cardiovascular, gastroin-

Fanconi anemia (FA) (MIM: PS2276350) is a clinically het-
erogeneous multisystem, cancer-predisposing disorder rep-
resenting the most common inherited bone marrow failure
(BMF) syndrome.' Clonal defects of hematopoiesis usu-
ally appear in the first decade of life and involve mild to
moderate cytopenia. The risk of developing BMF, hemato-
logical malignancies (e.g., myelodysplastic neoplasms,
acute myeloid leukemia), and other cancers (e.g., squa-
mous cell carcinomas of head and neck) significantly in-
creases with age and characterizes the natural history of
the disease.” > Café au lait spots, skeletal anomalies (e.g.,
deformities of the thumb and radius), and short stature

testinal, and cerebral systems.” In subjects presenting
with absent or subtle congenital anomalies, FA diagnosis
is suspected only at the onset of the hematologic condi-
tion, which is often indistinguishable from other constitu-
tional or acquired BMF syndromes.

The phenotypic heterogeneity of FA is mirrored by an
equally marked genetic heterogeneity. The disorder is
caused by inactivating variants in genes encoding proteins
of the FA/BRCA pathway, whose function mediates the
DNA damage repair process required for maintenance of
genomic stability and regulates cell-cycle checkpoints
and replication fork remodeling.®'® To date, 23 genes
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have been implicated in FA, with 60%-70% of cases attrib-
uted to biallelic loss-of-function variants in FANCA (MIM:
607139) (Human Gene Mutation Database; Fanconi Ane-
mia Mutation Database; Leiden Open Variation Database).
FA is largely characterized by an autosomal recessive
inheritance; exceptions are represented by RADS51-related
FA (FANCR; MIM: 617244), which is transmitted as an
autosomal dominant trait, and FANCB-related FA
(FANCB; MIM: 300514), which is a recessive X-linked
condition.’

Molecular diagnosis of FA still represents a challenge due
to the genetic heterogeneity characterizing the disease and
extremely variable nature of the underlying genetic le-
sions. As for other genetic diseases, establishing the clinical
relevance of variants of uncertain significance (VUSs) re-
mains a major diagnostic issue requiring dedicated func-
tional validation efforts and leaving the diagnosis undeter-
mined in most cases.'"'* The identification of variants in
non-coding regions of the genome further adds to the
complexity."* Based on the well-known hypersensitivity
of FA cells to DNA interstrand crosslink-inducing agents,
cytogenetic testing for the increased chromosomal break-
ages or rearrangements occurring in peripheral blood
(PB) cells in presence of diepoxybutane (DEB) or mito-
mycin C (MMC) is currently used to confirm diagnosis.'*
However, these assays are labor intensive, time consuming,
and can provide false-negative results in case of low cellu-
larity and mosaicism.

DNA methylation (DNAm) is an epigenetic mark occur-
ring throughout the genome with key function in control-
ling gene expression.'> DNAm patterns vary across tissues
and developmental stages and are mitotically heritable
with high fidelity through individual cell lineages.'®™'®
Unique and stable DNAm signatures (also known as “epis-
ignatures”), which are defined as the cumulative DNAm
patterns occurring at multiple cytosine-phosphate-gua-
nine (CpG) dinucleotides across the genome, have been
described in a growing number of genetic disorders and
have been postulated to be a functional consequence of
pathogenic variants affecting epigenetic regulators. They
are emerging as highly accurate and stable biomarkers.'**"
Indeed, DNAm profiling has successfully been used to
confirm the diagnosis in subjects with strong clinical suspi-
cion who could not be molecularly solved routinely via
genomic sequencing.”' %

Here, we show that FA is characterized by a distinctive
DNAm signature. We provide evidence that the resolved
episignature is robust and highly sensitive and specific for
classification of FA individuals with respect to subjects
with other blood and bone marrow (BM) disorders, other
rare disorders with known episignatures, and healthy con-
trol individuals. We successfully applied this episignature
to confirm or provide evidence against diagnosis of FA in
clinically and/or genetically unsolved cases. Finally, we
demonstrate that the identified DNAm signature maintains
“memory” of FA in subjects with genetic reversions and can
be applied using DNA obtained from either PB or BM.

Material and methods

Subjects

The OPBG discovery cohort (n = 25) included individuals with
DEB-positive, molecularly confirmed clinical diagnosis of FA
(FANCA complementation group [MIM: 227650]). The OPBG vali-
dation cohorts included 14 subjects with clinical diagnosis of FA
belonging to different complementation groups with molecularly
confirmed diagnosis and/or positive DEB testing. This validation
cohort also included 6 apparently healthy subjects heterozygous
for pathogenic variants associated with FA and two subjects with
FA in whom molecular reversion of one of the mutated alleles
was observed, resulting in a complete phenotypic rescue in
hematopoietic cells. The clinical characteristics of these cohorts
are summarized in Table 1. The OPBG cohort also included
201 healthy subjects, 23 hematological acquired/constitutional
disorders (14 individuals with refractory cytopenia of childhood
[RCC; MIM: 614286], 4 with aplastic anemia [AA; MIM: 609135],
2 with Diamond-Blackfan anemia 6 [DBA6; MIM: 612561], 1
with GATA2-deficiency disorder [GATA2-D; MIM: 614172], 1
with BMF syndrome 2 [BMFS2; MIM: 615715], and 1 with unclas-
sified BM dysplasia) tested negative by DEB assay, as well as 94 in-
dividuals belonging to a clinically heterogeneous group of genetic
diseases, which were also included in the analyses directed to
define and validate the FA DNAm signature. The validation anal-
ysis also included BM aspirates obtained from 10 individuals of
the discovery cohort along with one individual with RCC and 9
healthy subjects. The testing phase analyzed 9 molecularly un-
solved cases with a clinical diagnosis of FA or having features sug-
gestive of the disorder. The molecular and clinical information of
the subjects belonging to the FA sub-cohorts or having other he-
matological conditions and healthy individuals heterozygous for
pathogenic variants in FA-associated genes (i.e., healthy carriers)
isreported in Tables S1 and S2. Finally, two large cohorts including
healthy individuals (n = 795) and individuals affected with one
of >60 genetic disorders (n = 1,927) collected in the EpiSign
Knowledge Database (EKD) were used for a second independent
validation phase to determine specificity of the classifier relative
to a range of other previously described episignature disorders.

All subjects had been screened by parallel sequencing using
either custom gene panels or clinical exome sequencing. In all in-
dividuals with clinical diagnosis of FA (or having a suggestive
phenotype), DEB/MMC testing was performed, and mutation
scan included all the currently known genes implicated in FA
and SNP array/multiplex ligation-dependent probe amplification
(MLPA) analysis (supplemental methods).

The study was approved by the Ethical Committees of the Ospe-
dale Pediatrico Bambino Gesu (1702 OPBG 2018) and Western
University (REB116108 and REB106302). Clinical data and DNA
specimens were collected, stored, and used in accordance with
the ethical standards of the declaration of Helsinki protocols,
with signed informed consents from the participating subjects/
families.

Methylation analysis

PB/BM genomic DNA was extracted using standard techniques.
DNAm profiling was performed using the Illumina Infinium
MethylationEPIC BeadChip (EPIC) arrays and 500 ng DNA as
input material,>>** according to the manufacturer’s protocol.
BeadChip processing was carried out using an Illumina iScan mi-
croarray platform. To minimize systematic bias, the 135 newly
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Table 1.

Clinical characteristics of the discovery and validation FA cohort

Number or median

Percentage or range

Subjects 39
Males 28
Females 11

Median age, years
At diagnosis 7
At sampling 8

Hematological status at sampling

BM failure® 34
Mild 6
Moderate 9
Severe 19
Clonal evolution 2
Acute myeloid leukemia 1
Acute lymphoid leukemia 1
Absence of hematological alterations 3
Transfusion dependency 14
BM, cytogenetic abnormalities 1

Clinical phenotype

Skin manifestations 32
Ocular defects 17
Renal and urinary tract malformations 17
Thumb or radial abnormalities 9
Congenital heart disease 9
Ear abnormalities/conductive deafness S
Other skeletal abnormalities 6
Endocrinopathy 4

100
72

28

0-26

2-26

87
18
26

56

2.5

2.5

36

82
44
44
23
23
13
15

10

BM, bone marrow.

@Reduction of neutrophil count and/or platelet count and/or Hb level below standard-age ranges, classified as mild, moderate, and severe in the presence of at
least one of the following criteria: mild, absolute neutrophil count <1.5 10°/L, platelet count 150,000-50,000 10°/L, Hb lower than normal for age but >8 g/dL;
moderate, absolute neutrophil count <1 10°/L, platelet count <50,000 10°/L,Hb< 8 g/dL; severe, absolute neutrophil count <0.5 10°/L, platelet count <30,000

10%/L, Hb < 8 g/dL.

processed samples were randomly distributed in different
experiments.

Data analysis was performed as previously described.'®** IDAT
files were imported into R version 4.2.1 for analysis by means of
ChAMP v.2.26.0>° and normalized with background correction us-
ing the minfi package (v.1.44.0).%” Probes located on X/Y chromo-
somes or known to cross-react with chromosomal locations other
than their target regions, containing SNPs at/near the tested CpG
sites, and with a detection p value >0.01 were excluded, resulting
in approximately 700,000 high-quality probes that were used in
the subsequent analyses. Principal component analysis (PCA)/
multidimensional scaling (MDS) was performed to inspect any
batch effect and identify outlier samples. For the discovery of
the DNAm signature, the Matchlt package (v.4.5.4)*® was used to
select the best-matching controls considering an in-house data-
base including >300 samples, considering age and sex as matching
variables, providing a control sample size (n = 111, labeled as

“training”) four times larger than that of tested FANCA cases
(n = 25).

Methylation levels (B values) were converted to M values, which
were used for linear-regression modeling by means of empirical
Bayes moderated t-statistic corrected for false discovery rate
(Benjamini-Hochberg’s FDR, limma package [v.3.54.2]) to identify
differentially methylated probes (DMPs).?° Estimated blood cell
type proportions for each sample were added to the model matrix
to reduce the bias associated with those confounding variables.*’
The most informative 1,000 probes were identified considering
the interaction between the effect size (i.e., absolute mean methyl-
ation difference |B| > 0.05) and FDR threshold <0.05. Receiver’s
operating curve characteristic (ROC) analysis was performed to
identify the top 500 probes. Then, probes with a Pearson’s pairwise
correlation >0.84 were removed to identify the minimal set of in-
dependent probes defining the FANCA-specific DNAm signature.
Normalized B values for each sample were compared by means
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of MDS, considering the pairwise Euclidean distances between
samples. Hierarchical clustering was performed using the ggplots
package (v.3.4.2).>' Leave-one-out sample cross-validation was
evaluated by MDS analysis.

A machine-learning classification model based on the generated
DNAm signature was used to categorize samples.'>* A support
vector machine (SVM) model was trained by using 75% of the
set, including the 25 molecularly and clinically confirmed
FANCA cases and the corresponding matched controls. This model
generates probabilities of pathogenicity score from “0” (control
matching) to “1” (FA matching) for each sample. The SVM classi-
fier was trained with linear kernel function with the e1071 R pack-
age (v.1.7) by using the nu-classification option. The remaining
25% of samples represented the test set by which the algorithm
calculates the model’s best hyperparameters and accuracy, per-
forming a S5-fold cross-validation during the training process.
This procedure was repeated four times to verify that each sample
was used three times for training and once for testing. An SMOTE
(imbalance R package v.1.0.2.1) oversampling technique was car-
ried out to overcome class imbalance between affected and control
samples in the training process.*”> SVM classifier scores below 0.30
were considered as not matching the DNAm signature, from 0.30
to 0.70 were considered inconclusive, and >0.70 indicated high-
confidence occurrence of match.

A second SVM classifier using the EKD dataset was also trained
based on the same DNAm signature using a set composed of the
25 FANCA samples and 63 matched control samples of the
OPBG cohort plus a portion of samples from EKD (healthy con-
trols and individuals with other rare disorders), which was simi-
larly split in training and test set (75% and 25%, respectively).
The detailed process of constructing the classifier has previously
been reported.'”?! This additional classifier, created using a refer-
ence cohort comprising thousands of samples, was developed to
validate the DNAm signature and maximize the sensitivity and
specificity of the model toward FANCA.

Differentially methylated regions (DMRs) were determined by
extracting regions containing at least five different CpGs within
1 kb with a minimum methylation difference of 10% and an
FDR <0.01 by using the DMRcate package (v.2.12.0).*> DMRs
were evaluated for pathways and gene-set enrichment by means
of missMethyl R package (v.1.32.1),** and Manhattan plot was car-
ried out by using ggman R package (v.0.1.8).%° The overlap between
DMRs and 127 reference epigenomes from the NIH Roadmap
Epigenomics Consortium was evaluated using GIGGLE.*®

Results

DNAm profiling splits FANCA subjects and control
subjects with full specificity

EPIC-based PB DNAm profiling of 25 individuals with
bona fide diagnosis of FA, complementation group A,
was performed to explore the occurrence of a specific
DNAm signature in FA. Within this discovery cohort,
24 subjects had a clinical diagnosis of FA, harbored
biallelic pathogenic/likely pathogenic variants in FANCA
(GenBank: NM_000135.4), and had a positive DEB test.
These subjects had variants that could be considered as
representative of the molecular spectrum of pathogenic
FANCA lesions, as they included large gene/intragenic
(multi-exon) deletions and non-sense, splice site, frame-

shift, and missense changes (Table S1). All variants were
classified according to the American College of Medical Ge-
netics and Genomics (ACMG) criteria.’” A single subject
(individual 13) with clinical features of FA, positive DEB
and FANCD2 ubiquitination tests, and showing com-
pound heterozygosity for a pathogenic variant and a VUS
affecting a residue adjacent to a codon previously reported
altered in FA was also included. In these individuals, the
clinical diagnosis of FA was established during childhood
(mean age at diagnosis = 7.4 + 2.8 years) (Table S2). At
sampling, these subjects ranged from 2 to 18 years of
age with an average of 9.2 + 3.7 years. Non-FA individuals
(n = 111) were selected from an internal database (OPBG,
Rome) to generate an age-, sex-, and batch-matched
control group including both healthy subjects (n = 69)
and individuals affected by a heterogeneous group of rare
disorders (n = 42). MDS analysis documented a superim-
posed distribution pattern of the control samples jointly
processed with the discovery cohort and the remaining
age- and sex-matched controls, supporting the absence
of any significant batch effect (Figure S1). An unbiased
evaluation of the distribution of genome-wide p values
for differentially methylated sites in FA samples pointed
out the involvement of >160,000 CpGs throughout the
EPIC array (o = 0.76) (Figure S2). By using a combination
of linear regression modeling and ROC analysis followed
by removing the most correlated CpG sites, we selected
82 probes constituting the minimal informative set
defining the FANCA-specific DNAm signature (Figure 1A;
Table S3). MDS-based leave-one-out sample cross-valida-
tion confirmed the robustness of the selected probes
(Figure S3), 32% of which were hypomethylated and
68% were hypermethylated compared with controls
(Figure 1B).

To validate further the identified episignature and test
its specificity and robustness, MDS and unsupervised hier-
archical clustering analyses were performed including
additional 132 healthy control subjects (age at sampling
ranging between 1.4 and 79.2 years, mean = 22.3 =+
17.4), 41 individuals with a genetically heterogeneous
group of rare disorders (age at sampling range: 0.8 to 48
years, mean = 13.7 = 12.6), and 14 children with hemato-
logical disorders with clinical features partially overlapping
with FA (RCC,n=7; AA,n = 3; DBA6,n =2; GATA2-D,n =
1; BMES2, n = 1) (Tables S1 and S2). Both analyses
confirmed a distinct clustering of the FANCA samples
with respect to all the other subcohorts (Figure 1C),
providing evidence that the selected subset of EPIC probes
defines a disease-specific signature able to properly classify
these individuals with high specificity.

The FANCA DNAm signature has broad specificity for FA

To further assess the specificity and sensitivity of the gener-
ated episignature, 12 subjects with clinical diagnosis of
FA having biallelic pathogenic/likely pathogenic variants
in genes implicated in FA and positive DEB test were
analyzed. These subjects belonged to different FA
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Figure 1. Identification of a DNAm signature for the Fanconi anemia complementation group A

(A) DNAm discovery. MDS (left) and heatmap (right) plots showing clustering of the DNAm profiles of 25 FANCA samples (red) segre-
gating from those of 111 age-, sex-, and batch-matched control samples (blue) using 82 differentially methylated CpG probes defining
the FA episignature. Control samples were used for model training and included healthy subjects and individuals with other genetic dis-
orders. The heatmap showing the DNAm levels were clustered by Ward’s method with dendrograms representing the Euclidian distances
between samples (columns) and individual CpG sites (rows). Sample groups are indicated using color bars above the heatmap.

(B) Volcano plot showing differences in methylation of the tested probes (represented as circles on the plot) between the FANCA and
control groups. For each probe, the magnitude (mean methylation difference, x axis) and significance (—log10 adjusted p value, y
axis) of DNAm difference between groups was evaluated to identify the most informative probes (red). Negative and positive mean
methylation differences reflect decreased methylation (hypomethylation) and increased methylation (hypermethylation) in FA samples
compared with controls, respectively.

(C) DNAm signature validation. MDS (left) and unsupervised hierarchical clustering (right) analyses were performed by considering addi-
tional 132 healthy controls and 41 individuals affected with other genetic diseases (light blue) and 14 pediatric cases with hematological
disorders with clinical features partially overlapping with FA (RCC, AA, DBA6, GATA2-D, and BMFS2) (orange). Sample groups are
indicated using color bars above the heatmap.

complementation groups (FANCA, n = 6; FANCC [MIM: who showed a DNAm pattern consistent with the FA

227645], n = 2; FANCG [MIM: 614082], n = 2; FANCL
[MIM: 614083], n = 1; FANCP [MIM: 613951], n = 1)
(Tables S1 and S2). Two other affected siblings (family
23), who were homozygous for a FANCA VUS but DEB
test and FANCD?2 ubiquitination test positive, were also
included. These analyses also considered 6 healthy subjects
harboring heterozygous pathogenic/likely pathogenic
FANCA/FANCG variants to test the ability of the approach
to discriminate between affected individuals and healthy
carriers. MDS and hierarchical clustering analyses properly
classified all FANCA, FANCC, FANCG, and FANCP subjects

episignature and were plotted apart from the 295
control subjects, including healthy subjects and individ-
uals with different genetic diseases (Figure 2A). Proper
classification of these individuals was attained by
applying a machine learning-based scoring system (SVM
prediction scores >0.7 indicate a high-confidence match)
(Figure 2B). Of note, individual 38, representing the
only sample belonging to the FANCL complementation
group, slightly diverged from the FA cluster, though also
showed a supportive SVM score (0.75). In this subject,
genotyping performed using DNA obtained from buccal
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Figure 2. The FANCA DNAm signature shows broad specificity for Fanconi anemia

(A) MDS (left) and heatmap (right) plots showing clustering of the peripheral blood DNAm profiles of 14 subjects with FA belonging to
different complementation groups (FANCA, orange; FANCC, purple; FANCG, light blue; FANCL, brown; FANCP, magenta), segregating
from those of healthy heterozygous carriers (gray), and healthy controls plus other genetic disorders (blue). FANCA samples used for
training are depicted in red; FA subjects with reverted phenotype due to gene conversion (individual 40 and individual 73) are in unfilled
red circles. The heatmap showing the DNAm levels were clustered by Ward’s method with dendrograms representing the Euclidian dis-
tances between samples (columns) and individual CpG sites (rows). Sample groups are indicated using color bars above the heatmap,
using the same color code of the left; individual 40 and individual 73 were depicted in yellow, and their profile is highlighted by
light-blue box.

(B) Sample classification using the FA DNAm signature. An SVM classification model was trained with FANCA samples used for probe
selection (red) and used to classify different cohorts available in an internal database. Showed results are the summary of 4-fold
cross-validation when the SVM model is trained using FANCA training samples and 75% of all other control samples in the OPBG data-
base. The FA samples belonging to the different complementation groups (peripheral blood, purple; bone marrow aspirates, magenta),
heterozygous healthy carriers (yellow), molecularly and clinically unsolved FA cases (orange), reverted FA cases (maroon), and 25% of
controls (healthy subjects and individuals with different genetic diseases) (peripheral blood, gray; bone marrow aspirates, pink) were
used for testing. Each sample is plotted on the basis of its scoring by the model. SVM scoring ranges from O to 1 (y axis), representing
the probability of having a DNAm profile fitting FA. All FA samples showed an SVM score >0.75, while non-FA samples had an SVM score
<0.50. RATARS: Radio-Tartaglia syndrome (MIM: 619312); MRD23: intellectual developmental disorder 23 (MIM: 615761); DYT28: dys-
tonia 28 (MIM: 617284); WDSTS: Wiedemann-Steiner syndrome (MIM: 605130); KBG syndrome (MIM: 148050).
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swab confirmed the compound heterozygosity for the two
pathogenic variants, excluding somatic mosaicism (data
not shown). Conversely, all healthy heterozygous carriers
were properly classified within the control groups (Figure 2;
Table S4). These findings demonstrate that the generated
DNAm signature is sufficiently robust to properly weigh
FA gene dosage and has broad specificity to accurately clas-
sify the different FA complementation groups.

The FA DNAm signature is retained in reverted FA due to
gene conversion

Revertant mosaicism occurs in FA.*® Indeed, genetic insta-
bility might be potentially beneficial by increasing the op-
portunity to correct the constitutional genetic lesions by
reversion of the original mutations. In FA, the proliferative
advantage of the progeny of the self-corrected precursor
cell is expected to result in clonal expansion and gradual
replacement of the defective cell population, leading to
complete reversal of the hematologic phenotype.*®*’
Though rare events, we had the chance to test the gener-
ated DNAm signature in two subjects with revertant mosa-
icism. The first individual (individual 40) was a 33-year-old
male who had been diagnosed with FA when he was 7
years old (Tables S1 and S2). His 1-year-older affected
sibling had developed acute leukemia shortly after the
diagnosis of BM aplasia. In this subject, BM reversion
involving the maternally inherited allele was demon-
strated (Figure S4). Nevertheless, the subject showed
normal blood cell counts (normal leukocyte differential
count, white cells: 5.86 10%/mmc, red cells: 4.66 109/
mmc, platelets: 217 10%/mmc) as well as normal chromo-
some breakage rates as a consequence of the reversion,
and the DNAm pattern of this subject matched the FA-spe-
cific DNAm signature, as shown by the MDS and hierarchi-
cal clustering analyses (Figure 2A). The second individual
(individual 73) was an 18-year-old girl born to a consan-
guineous family of Kurdish origin. The subject showed
radial dysplasia at birth; she had short stature (—4.1 SDS)
with normal body proportions, microcephaly (—2.3 SDS),
delayed bone age, and hypo-/hyperpigmentation in the
neck and left side of the abdomen. MLPA analysis docu-
mented a paternally transmitted increased copy number
of exons 28 and 29 in both blood- and fibroblast-derived
DNA. Scans of the entire coding sequence of FANCA did
not allow the identification of the maternal variant. The
MMC test was positive in fibroblasts but negative in leuko-
cytes, indicating a diagnosis of FA with reverse mosaicism
in BM, which was in line with the observed DNAm pattern
(Figure 2A). The applied SVM classifier supported a diag-
nosis of FA with high confidence in both individuals
(SVM score >0.95, in both cases) (Figure 2B; Table S4).

The FA DNAm signature properly classifies molecularly
and/or clinically unsolved cases

The generated episignature was applied to 9 molecularly
unsolved cases, including 7 subjects with clinical features
suspicious of FA with inconclusive molecular data and 2 in-

dividuals with a complex phenotype with compound het-
erozygous variants in FANCI (MIM: 611360) (individual
71) or having one pathogenic variant in BRCA1 (MIM:
113705) and one VUS in LIG4 (MIM: 601837) (individual
72) (Tables S1 and S2). In the first subgroup, four subjects
harbored at least one VUS involving FANCA (individual
45 and individual 46), FANCG (MIM: 602956) (individual
42), and FANCI (individual 41), while variants and struc-
tural rearrangements associated with FA had not been re-
ported in three individuals by using a specifically designed
gene panel or clinical exome sequencing (individual 43, in-
dividual 44, and individual 47). In all of these subjects,
MDS and hierarchical clustering analyses based on the
selected informative FA-specific probes consistently docu-
mented a clear clustering with FA samples, while the two
other individuals were placed in the control group
(Figure 3A). In line with these findings, the SVM classifier
unambiguously scored the first 7 samples as matching FA
while rejecting FA diagnosis in the remaining two cases
(Figure 2B; Table S4). Subsequent molecular reassessment
of individual 47 led us to identify a homozygous exon 5
deletion in FANCA. While the genetic defects could not
be identified in the remaining two subjects, a positive
DEB test was found in all 7 samples, confirming the
DNAm profiling findings. Similarly, DEB testing performed
in individual 72 was negative, in line with the DNAm
profiling finding. No additional analyses could be per-
formed in individual 71.

The FA DNAm signature correctly classifies DNA samples
obtained from BM aspirates and demonstrates
specificity using the EKD

Due to the different cell composition of PB and BM, we
then tested whether the generated DNAm signature could
be successfully applied to classify genomic DNA samples
obtained from BM aspirates of 10 affected individuals
with molecularly confirmed clinical diagnosis of FA and
10 age-matched non-FA subjects, the latter including 9
healthy subjects and one individual with RCC (Tables S1
and S2). All samples correctly matched with their relative
group in the MDS and unsupervised hierarchical clustering
analyses (Figure 3B) and were properly classified by the
SVM scoring with high confidence (Figure 2B; Table S4),
further providing evidence of robustness.

The specificity of the generated DNAm signature was
finally tested using the EKD dataset, the largest EPIC data-
base. A classifier was created by training the 25 FANCA
samples against the matched control samples and 75% of
control samples and samples with other disorders from
the previously published clinical EpiSign v3 classifier
within EKD.?” Based on this SVM classifier, methylation
variant pathogenicity (MVP) scores between 0 and 1 were
generated to measure the similarity of EKD samples to
the identified episignature. The remaining 25% of samples
were reserved for testing the model.”” The model demon-
strated high specificity, with all but 3 testing samples
from healthy controls and other genetic disorders
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Figure 3. The FA DNAm signature successfully classifies molecularly or clinically unsolved FA cases as well as bone marrow aspirate

samples

(A) MDS (left) and heatmap (right) plots showing the clustering of 9 “unsolved” cases who were tested using the FA DNAm signature.
Clustering with FA samples is observed for 7 subjects with clinical features fitting or suggestive of FA with inconclusive molecular data
(orange), confirming diagnosis of FA. In these cases, DEB testing validated the DNAm analysis. The remaining 2 individuals (green) were
found to cluster with the control group (blue), rejecting a diagnosis of FA. DEB testing performed in one of the two cases confirmed the
DNAm finding. The FANCA samples used for training are shown in red. Sample groups are indicated using color bars above the heatmap.
(B) MDS (left) and heatmap (right) plots showing the episignature robustness in properly classifying BMA samples from FA cases (orange)
and those from healthy individuals (blue) and a subject with RCC (magenta). FANCA and control samples from peripheral blood are
depicted in red and light blue, respectively. Sample groups are indicated using color bars above the heatmap.

(n = 1,927) classified as not matching the FA episignature
when using a cutoff MVP score of 0.25. Genetic informa-
tion to verify/exclude occurrence of biallelic FA gene vari-
ants in these individuals was not available. The model
also exhibited high sensitivity, with all FANCA samples
and the majority of samples belonging to different FA
complementation groups classified as FA with high confi-
dence (MVP score: 0.50) (Figure 4; Table S5), demon-
strating a broader applicability of the signature as part of
an established clinical diagnostic classifier.

In silico functional analysis of FA DMRs

Comparison of the DNAm profiles characterizing the FANCA
and control cohorts identified 124 FA-specific DMRs, the ma-
jority showing DNA hypermethylation (91%) (i.e., higher

DNAm levels than controls) (Figure S5). Functional annota-
tion of DMRs did not reveal consistent enrichment of any
particular biological processes/pathways using annotated
gene sets from Gene Ontology (GO), Kyoto Encyclopedia
of Genes and Genomes (KEGG), and gene set enrichment
analysis (GSEA) (Table S6). By exploring the genomic distri-
bution of the probes identifying the FA-specific DMRs, a
striking enrichment in CpG islands was observed (47% vs.
19%) (Figure S6A). Such enrichment mainly involved gene
bodies, which are positively correlated with gene expression
when methylated, and was underrepresented in promoters
(TSS200/1500) and 1st exon regions, which are generally
poorly methylated in actively transcribed genes
(Figure S6B). Remarkably, an opposite distribution was
observed when considering shelves and open-sea regions.
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Figure 4. The FA DNAm signature demonstrates high specificity using different datasets from the EpiSign knowledge database
Training samples are depicted in blue, while testing samples are in gray. For each tested sample, the MVP score was generated using an
SVM classifier. With only 3 exceptions, all testing samples from controls and other rare genetic disorders (approx. 2,000 samples)
received MVP scores <0.25, demonstrating an overall high specificity of the model. Genetic information to verify/exclude the occur-
rence of biallelic FA gene variants in the three non-FA cases was not available. Additionally, healthy carriers and samples from other he-
matological disorders also received scores below 0.25, further confirming the model’s specificity to FA. All tested FA individuals,
including the revertant ones due to gene conversion, received scores above the cut-off value of 0.25, indicating an overall high sensitivity
of the model. ADCADN, cerebellar ataxia deafness and narcolepsy syndrome (MIM: 604121); ARTHS, Arboleda-Tham syndrome (MIM:
616268); ATRX, X-linked alpha-thalassemia/impaired intellectual development syndrome (MIM: 300032); AUTS18, susceptibility to
autism 18 (MIM: 615032); BEFAHRS, Beck-Fahrner syndrome (MIM: 618798); BFLS, Borjeson-Forssman-Lehmann syndrome (MIM:
301900); BIS, blepharophimosis-intellectual disability SMARCA2 syndrome (MIM: 619293); CdLS, Cornelia de Lange syndrome
(MIM: 122470); CSS_c.6200, Coffin-Siris syndrome 1,2 (MIM: 135900 and 614607), missense variants within the BAF250_C domain;
CSS4_c.2650, Coffin-Siris syndrome 4 (MIM: 614609), missense variants within the helicase ATP-binding domain; CSS9, Coffin-Siris syn-
drome 9 (MIM: 615866); DYT28, dystonia 28 (MIM: 617284); EEOC, epileptic encephalopathy-childhood onset (MIM: 615369);
FLHS, Floating-Harbour syndrome (MIM: 136140); GADEVS, Gabriele-de Vries syndrome (MIM: 617557); GTPTS, genitopatellar syn-
drome (MIM: 606170); HMA, Hunter-McAlpine craniosynostosis syndrome (MIM: 601379); HVDAS, Helsmoortel-van der Aa syndrome
(MIM: 615873), central region (C), terminal region (T); ICF, immunodeficiency-centromeric instability-facial anomalies syndrome (MIM:
242860); IDDSELD, intellectual developmental disorder with seizures and language delay (MIM: 619000); KDM2B, KDM2B-related neu-
rodevelopmental disorder; KDM4B, intellectual developmental disorder, autosomal dominant 65 (MIM: 619320); KDVS, Koolen-De
Vries syndrome (MIM: 610443); LLS, Luscan-Lumish syndrome (MIM: 616831); MKHK, Menke-Hennekam syndrome 1 and 2 (MIM:
618332 and 618333), ID4 domains (ID4); MLASA2, myopathy lactic acidosis and sideroblastic anemia 2 (MIM: 613561); MRD, intellec-
tual developmental disorder (MRD23 [MIM: 615761], MRDS51 [MIM: 617788]); MRX93, intellectual developmental disorder X-linked
(MIM: 300659); MRXSA, intellectual developmental disorder X-linked syndromic Armfield type (MIM: 300261); MRXS(], intellectual
developmental disorder X-linked syndromic Claes-Jensen type (MIM: 300534); MRXSN, intellectual developmental disorder X-linked
syndromic Nascimento type (MIM: 300860); MRXSSR, intellectual developmental disorder X-linked syndromic Snyder-Robinson
type MIM: 309583); PHMDS, Phelan-McDermid syndrome (MIM: 606232); PRC2, PRC2 complex (Weaver and Cohen-Gibson) syn-
drome; RENS1, Renpenning syndrome (MIM: 309500); RMNS, Rahman syndrome (MIM: 617537); RSTS, Rubinstein-Taybi syndrome
(MIM: 180849); SBBYSS, Ohdo syndrome (MIM: 603736); TBRS, Tatton-Brown-Rahman syndrome (MIM: 615879); VCFS, velocardiofa-
cial syndrome (MIM: 192430), deletions of chromosome 22q11.2 with the typical deletion range (core), comprehensive (comp), also
including proximal deletion range; WDSTS, Wiedemann-Steiner syndrome (MIM: 605130); WHS, Wolf-Hirschhorn syndrome (MIM:
194190).

The genomic distribution of DMRs was also assessed (MIM: 601950) (Table S7), which encodes a well-estab-
considering the genome-wide maps of histone modifica- lished transcription factor, FOG1, with a role in the regula-
tions, chromatin accessibility, DNAm, and mRNA expres- tion of erythropoiesis.*"** The biological significance of
sion across 127 human cell types and tissue provided by the hypermethylated status at this locus requires further
the NIH Roadmap Epigenomics Consortium,*’ document-  investigation.
ing an enrichment of regions associated with both active
(i.e., active transcription start sites [TSSs] and flanking re-
gions of active TSSs) and inactive states (i.e., bivalent Discussion
poised TSSs, bivalent enhancers, and regions flanking biva-
lent TSS enhancers) (Figure S7). Notably, both regions are ~ We identify a disease-specific DNAm signature associated
characterized by H3K4me1/3 markers and low percentage with biallelic loss-of-function FANCA variants. This epis-
of methylated CpGs in healthy individuals.*” FA-specific ~ignature demonstrates broad specificity, properly classi-
DMRs, however, did not display any clear cell lineage-/tis- fying FA cases of different complementation groups and
sue-specific patterns (Figure S8). discriminating FA from other clinically overlapping hema-

To further explore the occurrence of functional selection  tological and other genetic disorders. It is robust as it can
of DMRs in FA, we looked for statistically significant DMP  be applied to categorize DNAm profiles generated from
enrichments (p < 107°) in genes with roles in biological ~BM aspirates. Notably, the episignature correctly classified
processes dysregulated in FA (Figure S9). Among the 6 iden-  two reverted FA cases, indicating that it is based on the use
tified genes, a single DMR was identified to involve ZFPM1  of CpG sites that do not undergo functional selection.
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Despite concerted efforts to standardize guidelines for
the clinical classification of sequence variants, VUS func-
tional interpretation remains challenging in the clinic.*’
Negative and inconclusive findings also contribute to leav-
ing the diagnosis undetermined in a significant proportion
of cases. Both issues apply to FA, which is also character-
ized by wide phenotypic heterogeneity and has consider-
able clinical overlap with other BMF diseases, making the
diagnosis of this disorder even more challenging in some
individuals based on their clinical manifestations, particu-
larly in the absence of pancytopenia. In these subjects, FA
is suspected based on the genomic findings. As a conse-
quence, validation of the genetic findings or a clinical hy-
pothesis of FA commonly requires DEB testing, which is
considered the gold standard for FA diagnosis. While often
used as a first-line test for subjects with clinical suspicion of
FA, DEB testing requires appropriate expertise and dedi-
cated biosamples, is labor intensive and time consuming,
and might provide false-negative results. Our results sup-
port the use of DNAm profiling as a complementary diag-
nostic tool for FA. The identification of a DNAm signature
for FA makes classification of VUSs possible as well as estab-
lishing or refuting a clinical diagnosis in molecularly unin-
formative and revertant cases. Notably, the episignature is
sufficiently robust to be successfully applied considering
BM aspirates as a tissue source. While it has been generated
specifically for subjects with biallelic pathogenic FANCA
variants who represent the most common FA subgroup,
the generated DNAm signature has successfully been
applied to subjects belonging to different complementa-
tion groups, documenting wide specificity, in principle.
Testing of larger validation cohorts representative of the
other FA subgroups is, however, a required step to validate
its use cross-sectionally and to consider this tool as a first-
line diagnostic approach.

Somatic mosaicism in FA can occur from reversion or
other compensatory mutations in hematopoietic progeni-
tor cells from which eventually a stem cell population with
functional DNA repair capacity emerges.** In this case,
DEB/MMC testing on PB may provide negative results; in
the presence of clinical signs/features highly suggestive
of FA, the test is usually performed on other cell lineages
(e.g., skin fibroblasts or hair follicles), which might lead
to confirmation of mosaic FA. By applying DNAm
profiling, we proved the first-tier diagnostic capability of
this signature in reverted FA resulting from gene conver-
sion. This finding indicates that the identified DNAm
signature sites are not subjected to functional selection
and that their methylation status keeps memory of the
originally perturbed epigenetic landscape independently
from relevant functional changes controlling cellular
endophenotypes. In line with these considerations, func-
tional annotation of FA DMRs excluded enrichment of bio-
logical processes/pathways and involvement of genes
participating in pathways relevant to hematopoiesis and
BM failure. Our findings imply that the selected CpG sites
can be considered as “passive footprints” of prior DNA

damage/repair events associated with the defective use of
homologous recombination to repair DNA interstrand
crosslinks.” In FA, the impaired function of the FA/BRCA
pathway causes accumulation of toxic DNA double-strand
breaks and the use of alternative error-prone DNA repair
pathways (e.g., non-homologous end-joining [NHE]]
repair), which is believed to cause increased susceptibility
in structural rearrangements in the genome. Of note, the
occurrence of a specific genome-wide DNAm pattern in
FA suggests that the repair of DNA double-strand breaks
by NHE] repair may play a role in perturbing the landscape
of the DNAm status. Consistent with our findings, a direct
involvement of NHE] repair in rewriting or revising the
methylation status of the repaired genomic regions has
been suggested as a putative source contributing to the
altered methylation patterns characterizing cancer cells.*
Indeed, deep sequencing analysis of post-repair DNA has
documented the occurence of both loss and gain of
DNAm in areas flanking the break sites. Based on the
consideration that double-strand breaks are largely sto-
chastic events, the identification of shared aberrantly
methylated CpG sites suggests that specific genomic re-
gions might be prone to NHE] repair-associated DNAm
rewriting. On the other hand, histone methylation
changes are known to occur in response to DNA damage
to orchestrate damage-induced chromatin state transition
and DNA damage response,*®*” which is expected to indi-
rectly impact the DNAm status. The finding that double-
strand breaks induce DNA hypermethylation*®* is in
line with the overall hypermethylated status character-
izing the DMPs of FA subjects compared with control
subjects.

DNAm signature testing has been demonstrated to over-
come both technical and interpretative limitations of the
diagnostic workflow based on genome scan. To date, over
60 Mendelian disorders have been associated with specific
DNAm profiles that have been successfully applied to clin-
ical diagnostics.”’ Mostly characterized by developmental
delay/intellectual disability, these genetic conditions
constitute an increasingly diverse group of diseases. While
originally functionally linked to chromatin accessibility
regulation, recent findings have documented that DNAm
signatures can also be identified in disorders involving
genes that are not directly related to the epigenetic ma-
chinery. This work demonstrates that genome-wide
DNAm profiling can be used as an informative diagnostic
tool in hematological disorders.

Data and code availability

Some of the datasets used in this study are publicly avail-
able and may be obtained from Gene Expression Omnibus
(GEO) using the following accession numbers: GSE11
6992, GSE66552, GSE74432, GSE97362, GSE116300, GSE
95040, GSE104451, GSE125367, GSES55491, GSE108423,
GSE89353, GSE52588, GSE42861, GSE85210, GSE87571,
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GSE87648, GSE99863, and GSE35069. The remaining
generated and analyzed DNAm datasets supporting the
study are not publicly available due to privacy/ethical/legal
restrictions. Data are available from one of the correspond-
ing authors (M.T.) upon reasonable request and with
permission of individual participating subject/legal guard-
ian. The R code used for DNAm signature identification,
validation, and testing (OPBG, Rome, Italy) is available at
GitHub (https://github.com/Ferix96/EpiMethHub.git).

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2023.09.014.
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