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Abstract

Prolonged cytopenias are a non-specific sign with a wide differential diagnosis. Among inherited disorders, cytopenias pre-
disposing to leukemia require a timely and accurate diagnosis to ensure appropriate medical management, including adequate
monitoring and stem cell transplantation prior to the development of leukemia. We aimed to define the types and prevalences
of the genetic causes leading to persistent cytopenias in children. The study comprises children with persistent cytopenias,
myelodysplastic syndrome, aplastic anemia, or suspected inherited bone marrow failure syndromes, who were referred for
genetic evaluation from all pediatric hematology centers in Israel during 2016-2019. For variant detection, we used Sanger se-
quencing of commonly mutated genes and a custom-made targeted next-generation sequencing panel covering 226 genes
known to be mutated in inherited cytopenias; the minority subsequently underwent whole exome sequencing. In total, 189
children with persistent cytopenias underwent a genetic evaluation. Pathogenic and likely pathogenic variants were identified
in 59 patients (31.2%), including 47 with leukemia predisposing syndromes. Most of the latter (32, 68.1%) had inherited bone
marrow failure syndromes, nine (19.1%) had inherited thrombocytopenia predisposing to leukemia, and three each (6.4%) had
predisposition to myelodysplastic syndrome or congenital neutropenia. Twelve patients had cytopenias with no known leuke-
mia predisposition, including nine children with inherited thrombocytopenia and three with congenital neutropenia. In sum-
mary, almost one third of 189 children referred with persistent cytopenias had an underlying inherited disorder; 79.7% of
whom had a germline predisposition to leukemia. Precise diagnosis of children with cytopenias should direct follow-up and
management programs and may positively impact disease outcome.

differential diagnosis, including acquired and inherited
disorders.> Among inherited disorders, predisposition to
Prolonged cytopenias are a non-specific sign with a wide leukemia has recently emerged as an important clinical

Introduction
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entity with immediate implications for follow-up and
management programs of patients and their family
members.® The clinical presentation of syndromes predis-
posing to leukemia is variable, and may include isolated
thrombocytopenia, neutropenia, anemia or pancytopenia,
with or without bone marrow failure. Diagnosing such
syndromes before the emergence of leukemia is essential
for proper treatment and cure.

Classical inherited bone marrow failure syndromes
(IBMFS) are well recognized as predisposing to myeloid
malignancies.*®* Non-classical IBMFS with pathogenic vari-
ants in an increasing number of genes has been profusely
described.® IBMFS differ in their extra-hematopoietic con-
genital anomalies, the age of onset of BMF, and the risk
and age of developing myelodysplastic syndrome (MDS)
and acute myeloid leukemia (AML). Refractory cytopenia
of childhood (RCC) is the most common form of MDS in
children.” In contrast to MDS in adults, pediatric MDS is
more commonly associated with genetic predisposition.®
Genetic alterations in GATA2 and SAMDYL have emerged
as the most common cause of inherited pediatric MDS.®°
Familial platelet disorder, associated with MDS and leuke-
mia, was first described in 1999, with the identification of
deleterious heterozygous RUNXT variants in families with
inherited thrombocytopenia (IT) and AML.® Later, addi-
tional genes causing thrombocytopenia and a predisposi-
tion to MDS/AML were described, for example, ETV6 and
ANKRD26." RUNXT and ETV6 variants also predispose to
lymphocytic malignancies.” The presentation of IT in in-
dividuals with a predisposition to MDS may include iso-
lated mild to moderate thrombocytopenia, and normal
platelet size and morphology; and thus overlaps with
classical IT.%®

An accurate diagnosis of inherited syndromes with a pre-
disposition to leukemia has major therapeutic implica-
tions, including intensive follow-up of patients; this may
entail an annual bone marrow examination. The diagnosis
is also crucial for determining the management program,
including decisions regarding hematopoietic stem cell
transplantation (HSCT) prior to the development of acute
leukemia, and for selecting the appropriate conditioning
for transplant. In addition, accurate molecular diagnosis
is essential for identifying asymptomatic family members
who may be at risk for myeloid transformation, for pro-
viding genetic counseling to affected patients and family
members, and for selecting unaffected related donors for
transplantation.

Genetic workup may be initiated with Sanger sequencing,
when a single gene is the major cause of a particular dis-
order. However, due to the non-specific clinical and lab-
oratory presentation of syndromes causing cytopenias, an
unbiased diagnosis, as offered by next-generation se-
quencing (NGS) technologies, is usually essential.™®' |n-
deed, several studies have demonstrated advantages of
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NGS technologies for improving diagnosis,"?"*® and re-
ported genetic diagnostic rates of 13-54%. However, dif-
ferences were evident in the patient populations (IBMFS
only, MDS only, IT only or all these conditions), age
(children, adults or both), sequencing method (NGS panel
or whole exome sequencing [WES]), the type of variants
detected (germline variants or both somatic and germline
variants) and the types of sequence variants reported (pa-
thogenic and likely pathogenic [P/LP]) only or also variants
of unknown significance [VOUS]). Therefore, comparing
the results of those studies is challenging.

We hypothesized that a substantial fraction of children
with persistent cytopenias may have inherited syndromes
predisposing to MDS/AML and should be identified prior
to the development of leukemia. We hereby present the
results of a comprehensive Israeli nationwide study of
germline variants detected in children with prolonged
cytopenias, referred to our laboratory during a 4-year
period. Only P/LP sequence changes were reported. Our
study revealed that almost one third of the children had
identifiable inherited disorders, of whom 79.7% predis-
posed to leukemia. Based on our findings, we suggest that
children and young adults presenting with prolonged
cytopenias should undergo genetic evaluation.

Methods

Patients

The study included children and adolescents (aged 0-20
years at presentation) with prolonged cytopenias, evalu-
ated between January 2016 and December 2019. The pa-
tients were classified into five subgroups according to
referral diagnoses: (i) suspected IBMFS, based on the
presence of extra-hematopoietic manifestations and early
onset cytopenias; (ii) MDS with BM dysplasia and less than
20% blasts or BM cytogenetic abnormality;"®" (iii) severe
aplastic anemia (SAA), based on an abrupt onset of severe
pancytopenia and marrow aplasia;?° (iv) a refractory single
cytopenia including thrombocytopenia (platelet count
<150X10°/L) or neutropenia (absolute neutrophil count
<1X10°%/L up to 1 year of age or <1.5X10°%/L in older children
and adults).? Exclusion criteria were hemolytic and micro-
cytic anemias, overt leukemia, and a known pathogenic
variant in the family.

Data extracted from medical charts included age at pres-
entation, current age, ethnic origin, family history, extra-
hematopoietic manifestations, and therapy. The laboratory
data recorded comprised complete blood counts, hemo-
globin electrophoresis, fluorescent in situ hybridization
(FISH) telomere length, chromosomal breakage tests and
BM morphology, cellularity (based on trephine biopsies in
the majority of patients), cytogenetics and FISH-MDS pa-
nels for detecting common chromosomal changes.?
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The study was approved by the Rabin Medical Center In-
stitutional Review Board.

Sanger sequencing

We initiated the genetic workup by Sanger sequencing in
patients with a clear clinical presentation and when vari-
ants in a single gene were a common cause of the specific
suspected diagnosis. This approach included the genes
FANCA for Fanconi anemia (FA), ELANE for severe congen-
ital neutropenia (SCN), RPS79 for Diamond Blackfan ane-
mia (DBA), SBDS for Shwachman Bodian Diamond
syndrome (SBDS) and DKC7 for dyskeratosis congenita
(DC). Sanger sequencing was also used to confirm NGS
findings and family segregation.

Next-generation sequencing

Our custom-made NGS panel is continuously updated.
The latest version included 226 known genes that cause
inherited cytopenias (Online Supplementary Table S7). Im-
portantly, the panel includes the TERC gene encoding for
the RNA component of the telomerase, the non-coding
5'UTR regions of DKC1 and ANKRD26, and intron 5 of
GATA2, in which disease-causing variants have been de-
scribed.?® Panel design, library preparation and sequencing
were performed as previously described.?* The DNA used
for genetic analysis was extracted from peripheral blood.
Germline variants were identified by the variant allele fre-
quency. In patients for whom it was uncertain whether
the variant was of a germline origin, we performed Sanger
sequencing on DNA extracted from fibroblasts.

Whole exome sequencing
WES was performed as described in Goldberg et al.?*

Table 1. Referrals and genetic diagnoses in our cohort.

Referral diagnosis N of pts
IBMFS 48
MDS 26
SAA 31
Isolated thrombocytopenia 33
Isolated neutropenia 51
Total 189

0. Gilad et al.

Sequencing results and bioinformatics pipeline
Sequencing reads were aligned against a reference ge-
nome (GRCh37/UCSC hg19) and variants were called and
annotated using the SureCall software (v.3.5.1.46; Agilent
Technologies). SNP filtering was established as pre-
viously described,?* using both an in-house platform
and the Emedgene Al-based genomic analysis platform
(Emedgene Technologies, Tel-Aviv, Israel). Genetic vari-
ants were reported according to the American College
of Medical Genetics guidelines.?®?” Only P/PL results
were reported.

Copy number variant detection

Copy number variant (CNV) analysis was performed
using “Rainbow”-Genoox CNV Caller. The Rainbow caller
employs a machine-learning based anomaly detection
algorithm, in which variants are determined based on
exon-level coverage, using a cohort of samples (n>30).
The model considers several factors including GC con-
tent, coverage variance over multiple samples and
neighboring gene coverage (Genoox,Tel-Aviy, Israel). CNV
findings were confirmed by multiplex ligation-depend-
ent probe amplification (MLPA, MRC, Amsterdam, Hol-
land) available for: FANCA, RPS19, RPL5, RPS26, RPLI1,
RPS17, RPL35A, TERT and DKCT and by cytoscan-high
density SNP-array.?®

Statistical analysis

Fisher exact test was used to compare the clinical and
demographic characteristics between patients who
were and were not diagnosed with inherited disorders.
A P-value of <0.05 was considered statistically signifi-
cant.

N of genetically diagnosed pts Diagnosis according to

(%) molecular findings (N of pts)
29 (60.4) IBMFS (29)
MDS predisposition (3)
6 (23.1) IBMFS (2)
IT with MDS predisposition (1)
1(3.2) IBMFS (1)
Classical IT (9)
17 (51.5)
IT with MDS predisposition (8)
6 (11.8) Congenital neutropenia (6)
59 (31.2)

IBMFS: inherited bone marrow failure syndromes; IT: inherited thrombocytopenia; MDS: myelodysplastic syndrome; SAA: severe aplastic ane-

mia; No: number; pts: patients.
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Results

Clinical diagnosis

During the study period, 189 DNA samples of children
presenting with persistent cytopenias from twelve pedi-
atric hematology centers in Israel were sent to the Mol-
ecular Hematology Laboratory in Schneider Children's
Medical Center of Israel. The clinical referral diagnosis, de-
fined by the treating hematologists, was IBMFS (48 pa-
tients), MDS (26 patients), SAA (31 patients), isolated
neutropenia (51 patients) and isolated thrombocytopenia
(33 patients) (Table 1).

Most patients were Israelis (96%). Eighty-seven (46%) of
our patients were of non-Jewish origin, mainly Arabic,
which is considerably higher than their proportion in the
Israeli population (26.1%).2° Almost one-third of the pa-
tients originated from consanguineous families (Online
Supplementary Table S2). The median age at clinical pres-
entation was 1 year (range, 0-20) and the median age at
referral was 8 years (range, 0.5-41). Patients were referred
at a median of 5.8 years following their first clinical pres-
entation.

Genetic diagnosis

Of the 189 children referred for genetic evaluation, 49 had
a clinical presentation suggestive of a specific diagnosis
and, therefore, Sanger sequencing of commonly mutated
genes was initially performed (Online Supplementary Fig-
ure S7). Diagnosis was reached for 13 (6 were homozygous
for FANCA variants, 5 had heterozygous variants in RPS79
and 2 were compound heterozygous for variants in the
SBDS gene). Fourteen patients with a negative Sanger se-
quencing result were further evaluated using our NGS
panel and 22 did not undergo further genetic workup (11
recovered, 6 are clinically stable and are being followed,
4 underwent successful HSCT and one was lost to follow-
up). In total, 140 patients were initially directly referred for
NGS panel diagnosis (Online Supplementary Figure ST).
Overall, P/LP variants were identified in 59 of 189 patients
(31.2%). Of the diagnosed patients, 47 (24.9% of the whole
cohort and 79.7% of the diagnosed patients) had an in-
herited predisposition to leukemia, while nine had IT af-
fecting platelet production and function, and three had
congenital neutropenia not currently known to cause
leukemia predisposition (Figure 1; Tables 2 to 7; Online
Supplementary Table S3). Eleven sequence variants, in ten
patients, were defined as VOUS; these patients are not in-
cluded in the analyses (Online Supplementary Table S4).
In addition, 12 patients with a clinical and genetic diagno-
sis compatible with benign ethnic neutropenia were not
included in the analyses.

Overall, 28.6% of the patients had congenital anomalies,
with a statistically significant higher proportion among pa-
tients that were genetically diagnosed (39% and 23.8% in
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diagnosed and undiagnosed patients, respectively; P-
value =0.038, Online Supplementary Table S2).

Patients presenting with inherited bone marrow failure
syndromes

Of 48 patients who were referred with IBMFS, five had in-
creased chromosomal breakage and three had short te-
lomeres (Table 2; Table 3). In 29 of 48 (60.4%) patients,
genetic variants explaining the clinical phenotype were
found; of those, 27 had classical and two had non-classi-
cal IBMFS. Twelve patients were diagnosed with FA: ten
were homozygous for FANCA variants, one had a homozy-
gous FANCS (BRCA1) variant and one had a FANCE variant.
Ten patients were diagnosed with DBA: six had heterozy-
gous variant in RPS19, and one each had a heterozygous
variant in the genes RPS10, RPS15, RPS26 and RPS28. One
additional patient carried a homozygous variant in the
CECRI1 gene, which caused a DBA-like phenotype. Four pa-
tients with DC had genetic alterations in the TERT, TERC,
WRAP53 and TINF2 genes. Two patients had non-classical
IBMFS, with homozygous variants in the ERCC6L2 and
MYSM1 genes (Figure 1; Table 3; Online Supplementary
Table S3). Both were of consanguineous Arab families. The
patient with the biallelic ERCC6L2 variant also had con-
genital anomalies and developmental delay. The patient
with a MYSM7 homozygous variant had early onset pan-
cytopenia, with a hypocellular marrow and a paucity of
red cell precursors and mild developmental delay and
short stature. This phenotype was similar to that pre-
viously described for a few individuals.3*

Patients presenting with myelodysplastic syndrome
Twenty-six patients in this study had MDS, including 19
with RCC and seven with MDS and excess blasts (MDS-
EB). Germline disease-causing variants were found in six
of the 19 patients with RCC (31.6%). Three patients had
variants in the SAMDIL gene, two in ERCC6L2 and one in
ANKRD26 (Figure 1; Table 4; Online Supplementary Table
S3). No germline pathogenic variants were detected in the
seven patients presenting with MDS-EB. All three patients
diagnosed with SAMDIL variants had monosomy 7, which
was subsequently resolved in two (7 months and 4 years
later) (Figure 1). The two patients with biallelic variants in
ERCCG6L2 originated in consanguineous Arab families with
no known relatives with MDS. Both were referred with
pancytopenia and had BM dysplastic changes.

One child presented with a variant in the initiation codon
of ANKRD26. He was born at term following a normal preg-
nancy, with a low birth weight (1.9 kg), a single umbilical
artery and dysmorphic features. He had severe recurrent
infections including Pneumocystis Jiroveci and Cytomega-
lovirus lung infections. Rechavi et al.*? extensively studied
this patient, who is now 8 years old, and found a mosaic
monosomy 21, as well as defects in immunoglobulin
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switching. Thrombocytopenia was noted at birth. When
referred to a pediatric hematology center (at age 6 years)
he had macrocytosis (MCV 98fL), thrombocytopenia
(48X10°/L), substantially high fetal hemoglobin (30%) and
a hypoplastic BM with dysplastic changes.

Patients presenting with thrombocytopenia

Thirty-three patients presented with thrombocytopenia
and an inherited cause was found in 17 (51.5%). Of them,
nine (52.9%) had IT that was known to affect platelet pro-
duction and function and eight (471%) had variants in
genes that were known to cause thrombocytopenia with
a predisposition to leukemia (Figure 1; Table 5; Online Sup-
plementary Table S3). Of the nine patients with IT due to
platelet production or function defects, five had variants
in the MYH9 gene, two in ACTNT and one each in NBEAL2
and CYCS. Their thrombocytopenia ranged from mild to
severe (7-125x10°%/L), with a normal to high MPV, 8-17.7 fL
(normal values 5.6-12.1 fL3%). Of the eight patients with
thrombocytopenia and an inherited predisposition to
MDS/AML, four had variants in the 5'UTR of ANKRD26, 2 in
ETV6,1in RUNXT and one in the GALE gene. Seven patients
had mild to moderate thrombocytopenia (45-117x10°/L),
with a normal MPV, 8.5-12 fL (normal values 5.6-12.1 fL33).
The patient diagnosed with a variant in GALE had giant
and pale platelets (MPV 17 fL), as we previously de-
scribed.** He was of Bedouin origin and not related to the
original family we described.

Patients presenting with neutropenia

Of the 51 patients presenting with neutropenia 6 (11.8%)
were molecularly diagnosed (Figure 1; Table 6; Online Sup-
plementary Table S3). Two patients had compound het-
erozygous variants in the SBDS gene. One had a
homozygous variant in a known neutropenia causing gene,
JAGNT®®, One additional patient, presenting with familial
neutropenia and recurrent infections, was subsequently
diagnosed by WES with a novel SRP54 variant causing SCN
and SBDS.?5* This gene was not known to cause neu-
tropenia at the time the NGS study was performed. We
later incorporated this gene into the subsequent versions
of our NGS panel and detected a variant in this gene in
one more patient that had a re-do of the NGS panel. An
additional patient who presented with isolated neutrope-
nia was later diagnosed by WES with a homozygous vari-
ant in UNC13D.

Twelve patients in our neutropenia group (8 patients of
Muslim Arab origin and 4 of Yemenite Jewish origin), were
homozygous to the known polymorphism in the DARK
promoter (rs2814778, -30 T>C)¥. They all had absolute
neutrophil counts (ANC) >0.5x10°/L (0.6-0.76x10°%/L) and no
recurrent infections, compatible with the diagnosis of be-
nign ethnic neutropenia. This same polymorphism was
also found in one additional patient of Arabic origin, who

0. Gilad et al.

presented with severe neutropenia (ANC levels <0.2x10°/L)
and recurrent infections, and therefore underwent HSCT.
His phenotype suggests the presence of a yet undis-
covered gene causing congenital neutropenia; the patient
underwent successful HSCT.

Patients referred with suspected severe acquired
aplastic anemia

Thirty-one patients with suspected SAA were referred to
rule out IBMFS or other MDS predisposing syndromes. A
pathogenic variant in the GATA2 gene was found in one
patient (3.2%) and his diagnosis was amended to IBMFS
(Figure 1; Table 7; Online Supplementary Table S3). This pa-
tient had mild to moderate neutropenia (0.6-1.2x10°%/L) 2
years prior to the diagnosis of SAA. He had normal base-
line monocyte counts, which were reduced to 0.02-0.2
K/micL, together with the development of neutropenia.

Discussion

In this paper, we presented the results of the genetic di-
agnosis of 189 children with prolonged cytopenias. P/LP
germline variants were identified in 59 children (31.2%).
Most of the diagnosed children (47/59, 79.7%) with per-
sistent cytopenias had leukemia predisposition, while 12
children (20.3%) had either congenital thrombocytopenia
with impairment of platelet production (9 children) or
congenital neutropenia not currently known to predispose
to malignant transformation (3 children).

In most children referred for genetic evaluation of cytope-
nias, NGS diagnosis was performed upfront. In the minor-
ity, when the clinical picture suggested a known disorder
commonly caused by variants in a single gene, we initiated
the genetic workup with Sanger sequencing. Of the vari-
ous NGS methods, we used NGS panels as they offer a
uniformly high depth of sequencing of the genes of inter-
est. An advantage of our panel is that it was designed also
to include non-protein coding regions such as the 5'UTR
of ANKRD26 and DKCT7; the RNA component of the telome-
rase, encoded by the TERC gene; and intronic regions in
GATA2. We report only P/LP sequence changes. The draw-
back of the NGS panel method is that the time lag be-
tween the identification of a new gene and its insertion
into the panel requires frequent panel updating. We mod-
ified our panel seven times during the 4-year study period.
All children referred for a molecular workup had a pro-
visional diagnosis determined by their treating hematol-
ogist. For most patients, the genetic diagnosis supported
the referral diagnosis. One patient with suspected SAA,
who was evaluated to rule out an inherited disorder, was
indeed diagnosed with a germline GATA2 variant; this
changed the diagnosis to IBMFS. Three patients had pa-
thogenic variants in the ERCC6L gene; two of them were

Haematologica | 107 September 2022
2087



0. Gilad et al.

ARTICLE - Inherited cytopenias in children

‘aged 3uIMmO])0} UO panuiuo)d

SaJawo|8) Hoys
18wo|8} Loy WH-D<09£6'0

dnmojjo4 ainjels uoys ‘mo.ew eluadofoued AypL-L . ~ Hv/0a  £SdvEM (-) ysimer ¥88¢
Je|n||@20dAH ‘1'066€V 00 AN
aInjels Loys SEER e LRRE 1H- D<V2LL ] ()
LOSHI0d <1045 1) ne ojen moLiew elusdojfoued Ag/hy 1995 1.00-HN aviod | OHIL | yysnpy qely veey
onse|dodAH
Arebowous|ds tH-LOOvOsul
dnmojjo4 _ eise|diadAy (|90 pay eluadoihoued Aog/ps-L VOOLOVLOVISPEZY8Z ¥€820  Av/0d 14531 (-) ysimer v62Y
ainjels uoys cA- —
'€'€52861 NN
1OSH ainjels uoys WH- Y<O8-LLL0
mo.trew onsed eluadojfoue Ao L/A +) wisny qe
puz1s04  ‘siods 1e| ne 9jen nse|dy lusdofoued 0L/AL 2226120 NN dv/vd  FONv4 (+)wusnqely  GLLG
Aejop [eluswdojanep
‘wsiydiowsAp i WH — Y<OG LD (LvoH8g)
dnmoj|o ‘BINJEIS LOUS [EWION BlUBUY Av/pL-1 008200 N WYV ooy (D WISTGelY o /9le
‘sjods el ne 9jen)
dnmojjoy adAioAiey xo|dwod eluadojfooquiolyl WH- HYOSUldpyZEL L9EL™D
ojsoq | Sods B[ ne eleg MOLIELL ONSEIdE BIOAOS ‘eadonaN Ay /Ay oo dv/vd  VONvd  (+) Ipizex LL0S
dnmoj|o} bzjep ‘moirew WH-1SuI0.0t 69010
o] eluadojfoue As/A _ +) wisny qeu
0] 1507 ainjejs Yoys onseidodAn lusdoifoued LIA9 G 1000 N dv/vd  VONv4 (+)wisnn qely  0v8Y

abeyealq [eWOSOWOIYD :._-O.O.._.o_muvﬁmmw . A
‘7'G€1000 NIN'C

1OSH 1sod SUON paseasoul ‘2 Awosouow eluadofoued Ag/kg i . . Uv/vd  VONVH (-) ysimer 60%S
‘mosrew onse|dodAH IH-Osulg/1¢-¢Lted

:¢'GE€1000 AN "

sjods 1e| ne 9jeo abeyealq [eLOSOWOIYD WH-1SUING/E 67280
dnmoj|o4 ‘QINEIS LOUS  Posesloul ‘MoLEW onsedodAn eluadojfoued Ag/h, 5GE L 000N Uv/vd  VONVH  (+) wisniy qely 219s
suoljelsajiuewl sisougelp (-/+)
awoo3nQ 1es1S0j03eWway S3S93 Jeuoizouny TR R Juonejuasaad suipod SADHIN sauezisyul auay Ajuinguesuos 3juaijed
e pue sa1iauagolfd ‘Ng 1es180j03eWaH N /aseasia T S

‘(joued
gulouanbas uojesauag 31xau Yyiim pasouge|p) swoIpuAs ainjie) MoJiew auoq palliayu| Jo sisougelp ay3l yiim paliajal sjusijed 4O SO13S1I930BIRYD JBDIUND °E d1qeL

Haematologica | 107 September 2022
2088



0. Gilad et al.

‘uojjejueldsued] 1190 wWals o3alodojeway :QSH ‘snogAzowoy :WH ‘sno8Azolalay 3H ‘eluIBUE UBOBIg-pUOWEel] Ygd ‘eiuaguo)
SISojeJa¥sAQ :0Q ‘elwaue |UODUES (4 ‘SAep :p ‘sieak :A ‘JueujuOop 1BWOSOINE QY DAISS9Da] [eWIOSOINE 1YY ‘ainjie) MOJIBW dUO( 4Ng ‘MoJdiew auoq :Ng ‘Sulouanbas uojjesauag 1xau :SHN

19pIosIp aAno8ye

-0Z1yos ‘Aejap [eluswdojonsap WH — 5<]2+G625¢0 A
dnmojjo4 ‘ss0] Buugey ‘s10ds 12| Ne oJe0 moulew JejnjeoodAH eluadojfouey Ae/hs b 102020~ NN Hv/4Ng 199943 (+) @znuqg 168
‘saloe} olydiowsAp ‘ainiels uoys
. WH-D<VYZ-62€2™0
d A dA adojfoue A - d +) wisnyy ged
dnmojjo4 sainyes} olydiowsAQ mourew Je|n|j@oodAH eluadojfoued 2 LPL-L TN UV/ANG  LNSAW  (+) Wiisniy qesy ZLES
WH-19PE0Y L~ L6ELD yv (+)
auo eise|de paJ ain elwau A - it
dnmojjo4 UON Ise|de paJ aind Iwauy 02/P8Z-8 . coomoo oo N | /oirvad FEPF0 uensuus qery  HPSS
dnmojio4 SKeOM /2 Wisleld eise|de pai aind BlWaUY Ky 0/pL-1 ORI avivaa  Siidd  (Dusimer  e9eE
. . 12'6,£€52100 AN .
sJosinoaid eluadouinau ) IH- D<l120 i
dnmojio4 SUON 1100 pos onseidsAp Pl " Ae/pL-1 b LE0LOO NN av/vad  82Sdd (1) wisny qely 0189
H-VIopES
] A - © -) wisny qeu
dnmojio4 SUON 8UOp 10N BlWBuY Lv/P82-8 e eooloo VIN av/vad  92Sdd  (-) WISNN qely  96vS
IH-9<V1.L0
d BlWS A - =z -) ysime
1OSH 1sod SUON moljew onse|dy Iwauy O0EP8Z8 .0 402100 N av/vaa  0iSdHd (-) ysimer 6.5
eise|dsAp ||80 pal . IH- YVI9pS8Ee #8€70 )
dnmojio4 SUON o pue onseidodAH BlwBUY Age/pL-1 e O I av/vaa  61Sdd () usimer 817G
dnmoj|oy S9JoWO0|9] 1I0YS IH-vdnpg18o
auo eluadojfoue Ag/A - -) wisny geu
011507 N mourew onseidodA lusdophoued s/ky 69/ 26601.00 N av/od  g4niL () wusnn qely  9eet
sisougelp (-7+4)
awoo3nQ suoljesajiueil S3S93 Jeuolzouny HEFEEIEERT Juonyejuasaid Suipod SADHIN sauezisyul auay AjuingSuesuos juaiyed
1es150)j03eway Ba3X3 pue sanauagoljfo ‘\Ng 1ediSojojewaH a o : /oseasida \:._u_..o B I

ARTICLE - Inherited cytopenias in children

Haematologica | 107 September 2022
2089



ARTICLE - Inherited cytopenias in children

referred with MDS and one with a suspected IBMF. Simi-
larly, of the five patients with variants in ANKRD26, four
had isolated thrombocytopenia and one had MDS (Table
1; Figure 1). This emphasizes the variable phenotypic pres-
entation of children with inherited cytopenias and sup-
ports an unbiased diagnostic approach.

Inherited bone marrow failure syndromes

Of the 48 patients referred for an NGS workup with a di-
agnosis of IBMFS, 60.4% were genetically diagnosed. All
but two had classical IBMFS, including FA, DBA and DC
(Figure 1; Table 2; Table 3; Online Supplementary Table S3).
These results are similar to those obtained in recent
studies, in which the diagnosis rate of IBMFS was 48-
59%.%83% The relatively high accurate referral diagnosis of
patients with IBMFS is probably related to the classical
clinical presentation, including typical congenital
anomalies (in 70.8% of the patients in this group; Online
Supplementary Table S2), as well as to the availability of
functional screening tests for FA (chromosomal breakage

0. Gilad et al.

test) and DC (telomere length) that support the diagno-
sis.

Myelodysplastic syndromes

Of 26 children referred with MDS, based on cytopenias
and BM morphology, with or without cytogenetic abnor-
malities, six (23.1%) were found to have germline variants:
three in SAMDOYL, two in ERCC6L2 and one in ANKRD26
(Figure 1; Table 4; Online Supplementary Table S3). Inter-
estingly, although germline variants in GATA2 are com-
monly found in pediatric patients with MDS,® none of our
patients referred with MDS had genetic alterations in this
gene. Feurstein et al. recently found that 19% (13/68) of
young adults with MDS/AML had sequence variants in
leukemia predisposition genes,” including in GATA2,
ERCC6L2, RUNX1, ANKRD26, CSF3R, DC genes, FANCA and
PARN. None of them had SAMDY/L variants; the latter have
been commonly described in children with MDS.® In our
study, all pathogenic variants were found in patients with
RCC, while none of the seven patients with MDS-EB car-

Table 4. Clinical characteristics of patients referred with a diagnosis of myelodysplastic syndrome.

Ethnic origin/ .
. . . Disease/ MHGVS
Patient Consanguinity Gene , .
Inheritance Coding
(+/-)
. NM_1527083:
5467 Jewish (-) SAMDIL MDS/AD c.4736A>G-Ht
. NM_152703.4:
5096 Jewish (-) SAMDIL MDS/AD . 4045C>G-Ht
. NM_152703.2:
5371 Eritrean (-) SAMDIL MDS/AD .2957G>A -Ht
. NM 001010895.2:
5418  Arab Muslim (+) ERCC6L2 BMF/AR ¢.535A>G- Hm
NM_020207.7:
5249 Druze (+) ERCC6L2 BMF/AR .3492+2T>G Hm
. ANKRD NM_001256053.1:
4261 Jewish (-) 26 IT-MDS/AD c.3G>A -Hi

presentation/

BM,
cytogenetics
and functional

Extra
hematological Outcome

Age at
g Hematological

presentation

diagnosis manifestations
tests
Hypocellular with
0.4y/0.8y Pancytopenia | myelodysplasia, None Followup
monosomy 7
Hypocellular mar-
. row,
0.9y/5.5y Pancytopenia monosomy 7 -re- None Followup
solved
Hypocellular,
dysplastic
1.2y/2y Pancytopenia  megakarycytes, None Followup
monosomy 7 -re-
solved
AT, Dysplastic red Died of
20y/27y followed by ysp None .
. cell precursors sepsis
pancytopenia
Anemia, Hypercellular Died of
16y/16y thrombocyto- yp ) None .
. dysplasia sepsis
penia
Short stature,
mildly
Hypocellular mar-  dysmorphic
Thrombocytope- row, monosomy features,
1-7d/6y nia 7, combined Followup
monosomy 21 immune
(germline) deficiency,
bicuspid
aortic valve

BM: bone marrow; BMF: bone marrow failure; IT: inherited thrombocytopenia; MDS: myelodysplastic syndrome; AR: autosomal recessive; AD:
autosomal dominant; y: years; d: days; Ht: heterozygous; Hm: homozygous.
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ried variants in known relevant genes. Similarly, of 43 pa-
tients with germline variants in SAMDY9/L enrolled in the
European Working Group of MDS in childhood (EWOG-
MDS), 39 (91%) had RCC and only four (9%) had MDS-EB.*°
The reason for this observation is currently unclear.

We observed phenotypic variability among the three pa-
tients with biallelic variants in ERCC6L2: one is a 7-year-
old boy who presented with IBMFS and two patients, aged
16 and 20 years, presented with MDS. The ERCC6L2 gene
encodes for a transcription—-coupled nucleotide excision

0. Gilad et al.

repair protein and when mutated, causes genomic insta-
bility and affects mitochondrial function, leading to in-
creased levels of reactive oxygen species.’ Most patients
described so far were children presenting with IBMFS.*
Bluteau et al. found ERCC6L2 variants in seven (8%) of 86
patients diagnosed with IBMFS. However, two of these
seven patients, both aged 22 years, had marrow dysplastic
changes; and one patient developed AML at the age of 43
years.® Poor prognosis AML-M6 was recently identified in
adult members (aged 39-59 years) of four Finnish families,

Table 5. Clinical characteristics of patients referred with isolated thrombocytopenia.

Ethnic

BM,
origin/ Disease/ Age at Hematological cytogenetics Extra hematological
Patient Consangui- Gene . MHGVS Coding @ diagnosis/ g ytog . . . g Outcome
. Inheritance . presentation and functional manifestations
nity presentation
tests
(+/-)
S NM_002473.6: i . Mild myeloid hy- Mental retardation,
4674 Jewish (-) | MYH9 IT/AD c.287C>T -Hit 8-28d/18y  Thrombocytopenia poplasia renal failure Followup
. NM_002473.5: .
4814 Jewish (-) = MYH9 IT/AD c.4970G>A -Ht 1-7d/0.3y  Thrombocytopenia Not done None Followup
Arab NM_002473.4: . Reduced
5016 Muslim (-) MYH9 IT/AD c.5797C>T -Ht 1-7d/5y Thrombocytopenia megakaryocytes None Followup
i NM_002473.6: Thrombocytopenia Reduced
3870 Jewish (-)  MYH9 IT/AD c.087C>T-Ht 1y/5y ("ITP") megakaryocytes None Followup
. NM_002473.5: .
5688 Jewish (-) | MYH9 IT/AD c.4641G>T-Ht 0.9y/15y  Thrombocytopenia Normal None Followup
. NM_001130004.1: .
5437 Jewish (-) | ACTNT1 IT/AD c.1019C>T -Hit 1-7d/10.5y  Thrombocytopenia Not done None Followup
. NM_001130004.1: .
4774 Jewish (-) |ACTN1 IT/AD c.1019C>T-Ht 8-28d/17y  Thrombocytopenia Not done None Followup
Arab NM_018947.5: Thrombocytopenia
5487 Muslim (-) CcYCS IT/AD .074A>G-Ht 0.5y/5y ("ITP") Not done None Followup
Arab NBEAL NM_015175.3: . Reduced
4440 Muslim (+) 2 IT/AR ¢.7995-1G>C-Hm 8-28d/4y | Thrombocytopenia megakaryocytes None Followup
n .y ANKRD _ NM_001256053: i Thrombocytopenia
5566 Jewish (-) 26 IT-MDS/AD c.-134G>A -Ht 8-28d/4y ("ITP") Not done None Followup
: ANKRD NM_014915.2: .
3867 Jewish (-) 26 IT-MDS/AD c.-127ASG —Ht 8-28d/20y  Thrombocytopenia Not done None Followup
n .y ANKRD _ NM_014915.3: ) Thrombocytopenia
3610 Jewish (-) 26 IT-MDS/AD c.-128G>T-Ht 8-28d/1.5y ("ITP") Normal None Followup
: ANKRD NM_001256053: .
5433 Jewish (-) 26 IT-MDS/AD C.-134G>A -Ht 1-7d/1y Thrombocytopenia Not done None Followup
e 1 3 NM_001987.4: Thrombocytopenia Hypocellular mar-
5275 Jewish (-) = ETV6 IT-MDS/AD c.1103T>G -Ht 0.7d/18y (“ITP”) fow None Followup
Arab 3 NM_001987.4 . Developmental delay,
5419 Muslim (-) ETV6 IT-MDS/AD c.1104C>G-Ht 5.5d/6y Thrombocytopenia Not done short stature Followup
NM_001001890.2: Reduced
5214 Jewish (-) RUNX1 IT-MDS/AD c¢.532+1_532+10del 8-28d/2.5y Thrombocytopenia megakarvocvies None Followup
GTAAGTGCAT-Ht gakaryocy
Arab NM_000403.3: .
5878 Muslim (+) GALE IT-MDS/AR c.151C>T —Hm 8-28d/1.5y  Thrombocytopenia Not done None Followup

BM: bone marrow; IT: inherited thrombocytopenia; MDS: myelodysplastic syndrome; AR: autosomal recessive; AD: autosomal dominant; y:
years; d: days; Ht: heterozygous; Hm: homozygous; ITP: immune thrombocytopenia.

Haematologica | 107

September 2022

2091



ARTICLE - Inherited cytopenias in children

with variants in ERCC6L2.*? Future studies will help eluci-
date the full natural history of this disorder.

Monoallelic nucleotide substitutions at the 5°UTR of the
ANKRD26 gene were found in 18% of the patients with IT
and are the most common cause of IT with a predisposi-
tion to MDS/AML.M"*3 These variants cause gain of function
and disrupt the downregulation of the expression of
ANKRD26 by RUNXT and FLI1. This causes suppression of
megakaryopoiesis, which leads to thrombocytopenia and
to MDS/AML later in life.** We describe here an initiation
codon variant in ANKRD26 (c.3G>A), in an 8-year-old boy
with mosaic monosomy 21 who presented with MDS. This
variant was previously described in two adult patients
with AML and was shown to cause ANKRD26 over-
expression as well.*®

Inherited thrombocytopenia

Of the 33 patients referred with thrombocytopenia, 17
(51.5%) had IT (Figure 1; Table 5; Online Supplementary Table
S3). Of them, nine (27.3% of 33) had variants affecting late
megakaryopoiesis and platelet production, without a pre-
disposition to leukemia (in MYH9, ACTNI1, NBEAL2 and
CYCS); while eight patients (24.2% of 33) had variants in
genes encoding for growth factors involved in early mega-
karyopoiesis and a predisposition to leukemia (4 had vari-
ants in the 5'UTR of ANKRD26, 2 in ETV6 and 1 in RUNXT,
and 1 had a biallelic genetic alteration in GALE). Molecular

0. Gilad et al.

diagnosis of IT is essential, not only for identifying patients
with a predisposition to leukemia but also for offering ac-
curate diagnosis and avoiding the false diagnosis of im-
mune thrombocytopenia (ITP), with possible subsequent
futile treatment including splenectomy.***" Indeed, five of
our IT patients (29.4%), diagnosed with ANKRD26, ACTN1,
ETV6, CYCS and MYH9 variants, were considered to have
chronic ITP and were treated as such (Table 5). These re-
sults emphasize that persistence of mild to moderate
thrombocytopenia from birth, and a lack of response to ITP
therapy should alert physicians to suspect IT.

Congenital neutropenia

In six of 51 (11.8%) pediatric patients with a clinical and lab-
oratory diagnosis of congenital neutropenia we detected
variants explaining the clinical phenotype (Figure 1; Table
6; Online Supplementary Table S3). Two patients were di-
agnosed with SBDS; one patient was diagnosed with a
JAGNT homozygous variant. Two other patients who had
negative panel results were later diagnosed by WES, with
variants in SRP54 and in UNC13D, a rare cause of neutrope-
nia.*® Another patient was diagnosed with SRP54 following
its incorporation into the NGS panel.

Since benign ethnic neutropenia is not rare in our popu-
lation, we subsequently looked for the known homozygous
polymorphism in the DARK promoter (rs2814778, -30 T>C),
which was previously described in people of African and

Table 6. Clinical characteristics of patients referred with isolated neutropenia.

Ethnic
patient " LR MHGVS Coding
Consangui Inheritance
nity (+/-)
Jewish NM_032492.3:
3881 ) JAGN1 (CN) CN/AR c.3G>A -Hm
4450 Jewish SRP54 CN/AD NM_003136.3: ¢.349_351de-
(-) IACA
Arab .
4041  Christan = SRP54  CN/AD M-003136.3: c.349_351de-
IACA
()
1. NM_016038:
. Jewish c. 183_184 delTAinsCT - Ht
5750 ) SBDS — SBDS/AR 75 "M _016038: c.258+2
t>c: splice - Ht
1. NM_016038:
. Jewish c. 183_184 delTAinsCT - Ht
4593 ) SBDS — SBDS/AR 75 " \M_016038: ¢.258+2
t>c: splice - Ht
Arab
e . NM_199242.2:
3734 Muslim UNC13 CN/AD ¢.679C>T- Hm

(+)

BM,

Age at . =
Hematological cytogenetics

Extra

presentation A . hematological Outcome
. . | presentation and functional . A
/diagnosis manifestations
tests
Early myeloid
2y/20y Neutropenia maturation Becur_rent Followup
infections
arrest
Hypoplastic
2y/30y Neutropenia = marrow, early FISOUE: Followup
: Aphthae
myeloid arrest
8-28d/11y Neutropenia Late myeloid Recurr_ent infec- Followup
arrest tions
el e Short stature,
LGl shortened long
0.3y/1y Neutropenia exocrine B [ Followup
pancreatic func-
: neys
tions
0.2y/1.5y Neutropenia Normal Short stature  Followup
Neutropenia
i | Hypocellular Post
8-28d/2.4y later marow None HSCT

pancytopenia

BM. bone marrow; CN: congenital neutropenia; AR: autosomal recessive; AD: autosomal dominant; y: years; d: days; SBDS: Shwachman-Bo-
dian-Diamond syndrome; Ht: heterozygous; Hm: homozygous; HSCT: hematopoietic stem cell transplant. * Diagnosed by Sanger sequencing,

**diagnosed by whole exome sequencing.
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Table 7. Clinical characteristics of patients referred with a presumptive diagnosis of severe aplastic anemia.
Ethni igi A t BM, cyt ti Ext
5 e Ol’l'gl'l"l d Disease/ MHGVS ge (yearf) * Hematological - oge-n eHes e .
Patient Consanguinity Gene . . presentation/ N and functional hematological Outcome
Inheritance Coding . . presentation . X
(+/-) diagnosis tests manifestations
o NM_001145661.1: . Severe Mild dysmorphic|  Post
5203 Jewish (-) GATAZ| BMF/AD €.1186C>T -Ht T Pancytopenia hypoplastic marrow features HSCT

BM: bone marrow; BMF: bone marrow failure; AD: autosomal dominant; Ht: heterozygous; HSCT: hematopoietic stem cell transplant.

Arab ancestry, and in Yemenite Jews.* Thirteen of our pa-
tients were indeed found to be homozygous for the de-
scribed polymorphism. In twelve, the clinical phenotype
was compatible with ethnic neutropenia, while one patient
had a severe phenotype and underwent successful HSCT,
suggesting the presence of a yet undiscovered gene caus-
ing congenital neutropenia.

Notably, most patients referred with prolonged neutropenia
had no genetic diagnosis. Using both NGS panels and WES,
Blombery et al. did not identify a molecular diagnosis in ten
of 11 patients with IBMFS who were referred with suspected
SCN.2® Using an NGS panel, Galvez et al. successfully diag-
nosed only three of 25 patients with prolonged neutropenia.®
Overlap with primary immunodeficiencies,* new unrecog-
nized genes (estimated to be the cause in about 25% of pa-
tients with SCN)*® and acquired neutropenia probably
contribute to the low yield of pathogenic variant detection
among these patients. The overall poor results that we and
others achieved calls for better selection of candidates for
genetic diagnosis due to isolated neutropenia.

Severe acquired aplastic anemia

Only one patient of 31 (3. 2%) referred with SAA was found
to have IBMFS with a variant in GATA2 (Figure 1; Table 7;
Online Supplementary Table S3). Most patients in this group
underwent an NGS workup. However, three patients under-
went only a partial workup by Sanger sequencing. Keel et
al. found that among 98 pediatric and young adult patients
who underwent HSCT due to what was considered SAA,
five (61%) had germline genetic alterations in DKC1, MPL
and TP53 In their study of germline variants in young
adults with aplastic anemia, Feurstein et al. found that six
of 39 (15,4%) patients had MDS germline predisposition.”
Our patient was already on immunosuppressive therapy
when the genetic test results were received. Immunosup-
pressive therapy was discontinued, and he successfully
underwent HSCT. Interestingly, asymptomatic neutropenia
was documented 2 years prior his development of pan-
cytopenia. The low number of patients with SAA diagnosed
with an underlying inherited syndrome in our cohort may
be related to our routine use of an extensive workup to ex-
clude inherited disorders, including chromosomal breakage
test and evaluation of telomere length.

A main limitation of this nationwide study is that it was
conducted retrospectively and that patients were referred

at the discretion of the treating physicians. All the patients
referred during the study period were included in our co-
hort, yielding a wide variety of clinical presentations. There-
fore, we divided the patients to subgroups according to
referral diagnoses and analyzed the results of each sub-
group independently.

In summary, using NGS panels, we performed a nationwide
study of 189 children who presented with prolonged
cytopenias. To the best of our knowledge, this is the first
comprehensive genetic study of children presenting with a
wide range of clinical manifestations including IBMFS, MDS,
SAA, thrombocytopenia, and neutropenia. We were able to
identify P/LP variants in 31.2% of the children, the majority
in genes predisposing to leukemia. Positive diagnostic re-
sults were most often achieved in children with suspected
IBMFS and with isolated thrombocytopenia. We conclude
that applying Sanger sequencing and NGS panels to
children with persistent cytopenias is important for ident-
ifying inherited syndromes, especially those predisposing
to leukemia. This may direct close monitoring and inter-
vention prior to the development of overt leukemia.
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