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Abstract

Our understanding of essential thrombocythemia (ET) and polycythemia vera (PV) in children
and adolescents is limited to retrospective analyses partly including young adults. Here, we
present the largest set of prospectively acquired clinical and genetic data of pediatric patients
up to the age of 18 years at diagnosis of ET and PV from the German myeloproliferative
neoplasms (MPN) Childhood Registry. Forty-five patients were diagnosed with ET (n=39;
87%) or PV (n=6; 13%). Thirty-one cases (69%) had at least one established clinical adverse
prognostic marker at diagnosis represented by symptoms of hyperviscosity/microcirculatory
disturbance and/or splenomegaly in 22 patients (49%) each.

Twenty patients (44%) carried JAK2V617F (ET n=14; PV n=6), one patient (2%) showed a
non-V617F JAK2 variant of uncertain significance, eight (18%) had a pathogenic CALR variant
(Type I/11), and 14 (31%) did not show a known somatic (likely) pathogenic driver variant in
the classical gene regions of JAK2, CALR, or MPL. No additional cooperating non-driver
variants commonly observed in adult patients with MPN were detected using targeted
sequencing. However, we identified likely pathogenic germline variants in five patients without
a known somatic driver variant: JAK2:c.2624C>A p.(Thr875Asn), JAK2:c.2047A>G
p.(Arg683Gly), THPO:c.13+1G>A r.spl p.?, FLT3:c.2525A>G p.(Tyr842Cys), and
SAMHD1:c.500A>C p.(His167Pro).

Neither the high prevalence of clinical risk features nor the observed enrichment of germline
variants identified through targeted sequencing have been previously described in the context
of pediatric MPN.

This study confirms that pediatric MPN carries a substantial early disease burden and identified
potential predisposing variants with possible implications for cancer surveillance and therapy.

Keywords
Myeloproliferative neoplasms (MPN); essential thrombocythemia (ET), polycythemia vera
(PV), pediatric MPN, clinical symptoms, variant profile, predisposition



Introduction

Essential thrombocythemia (ET) and polycythemia vera (PV) are chronic myeloproliferative
neoplasms (MPNSs) driven by clonal hematopoiesis and overproduction of platelets and
erythrocytes, respectively 2. These disease entities are almost exclusively diagnosed and
therefore well defined in adult patients. Their occurrence in children and adolescents, however,
is rare and remains insufficiently characterized. With very isolated exceptions 3, our current
knowledge of MPN in pediatric patients is still merely based on retrospective or even historical
data analyses, which in part included also young adult patients . As a consequence, current
diagnostic and therapeutic approaches in pediatric patients are largely extrapolated from adult
data despite growing evidence suggesting biological differences ’.

Diagnosis of ET and PV in children and adolescents can be particularly challenging. Their
clinical presentation has been reported to be often subtle or incidental >2. In addition, pediatric
patients appear to exhibit a distinct molecular (likely) pathogenic variant profile, with a
significant proportion of triple negative cases lacking driver variants in JAK2 (encoding for the
JAK?2 kinase), CALR (encoding for Calreticulin R), and MPL (encoding for the thrombopoietin-
receptor, CD110), representing the molecular hallmark of adult MPNs leading to constitutive
activation of the JAK-STAT pathway *°. At the same time, reactive thrombocytosis and
secondary erythrocytosis occur much more frequently in the pediatric population, aggravating
their distinction from true MPN without known genetic markers. Current World Health
Organization (WHO) diagnosis criteria for MPN, developed primarily for adults, may therefore
not adequately reflect pediatric disease biology 21!,

Notably, both conditions, ET and PV alike, are associated with significant risk of thrombotic
and hemorrhagic complications also when diagnosed in childhood and adolescence ©. In
addition, the long-term risks of progression to primary myelofibrosis or acute myeloid leukemia
remain uncertain due to the scarcity of longitudinal pediatric data >®°. Given the long life
expectancy of affected individuals, even low event rates may translate into a substantial
cumulative disease burden. Current prognostic risk scores used in adult MPN to guide
therapeutic decisions proved not applicable in the pediatric population, and, in young patients,
novel risk factors such as hyperviscosity symptoms and splenomegaly have been established ©.
However, further specific clinical or genetic prognostic markers, as well as a genetic
predisposition underlying the comparably early onset of MPN in childhood and adolescence,
remain unknown.

To meet this clear need for prospective data on pediatric patients with MPN to refine diagnostic
criteria and inform age- and risk-adapted management strategies, we established the German
national MPN Childhood registry.

Here, we present prospectively acquired clinical and genetic diagnostic data based on
centralized review, including reference cytomorphology, histology, and genetics from this
registry.

Methods

Patient population and study design

Children and adolescents aged 0-18 years diagnosed with MPN based on the current WHO/ICC
classification 2 and prospectively enrolled in the German national MPN Childhood Registry
between January 2023 and January 2026 were included in this study.

The German national MPN Childhood Registry is conducted in accordance with the Declaration
of Helsinki, approved by the ethics board of the medical faculty Friedrich-Alexander-
Universitdit Erlangen-Niirnberg (FAU), Germany (EK 22-365-B), and registered at
ClinicalTrials.gov (ldentifier: NCT07410247). The infrastructure of the registry comprises
centralized clinical, hematologic, morphologic, histologic, and genetic reference review.
Informed consent was obtained from the patients’ legal representatives and, where applicable,
from the patients, after providing age-appropriate oral and written information.



Clinical definitions

Splenomegaly was defined as palpable splenomegaly on physical examination. Acquired von
Willebrand disease was diagnosed based on a reduced VWF antigen ratio and/or loss of high-
molecular-weight multimers. Hyperviscosity/microcirculatory symptoms comprised headache,
stomachache, dizziness, and erythromelalgia. Thrombosis was defined as imaging-confirmed
arterial or venous thrombotic events, including Budd-Chiari syndrome. Pseudotumor cerebri
was diagnosed based on papilledema on ophthalmoscopy in the presence of a normal cerebral
magnetic resonance imaging (MRI).

Laboratory methods

All routine diagnostic analyses were performed in certified laboratories, and each diagnosis was
confirmed by the German national MPN Childhood Registry.

Fluorescence R-banding (karyotyping) and fluorescence in situ hybridization (FISH) were
conducted on cultured bone marrow aspirates or cultured peripheral blood samples, following
established protocols 213, Whenever feasible, 1525 metaphases were analyzed, and
karyotypes were assigned according to the current International System for Human
Chromosome Nomenclature ISCN 2024 4. To exclude BCR::ABL1-positive malignancies,
FISH analyses on interphase nuclei were conducted using a dual color fusion probe for
BCR::ABL1 (Vysis LSI BCR::ABL1 Dual Color; Abbott, Wiesbaden, Germany). Whenever
possible, 200 interphases were analyzed. The cut-off level for the BCR::ABL1 probe was
determined by analyzing 1000 interphase nuclei from 10 healthy donors (cut-off level: 2%; data
not shown). (Molecular-)Cytogenetic analysis was performed in all but 11 cases (JAK2 n=3,
CALR n=4, triple negative n=4) (Table 1).

As part of routine diagnostics, deep targeted DNA sequencing with a custom panel was
performed on DNA samples isolated from patients” bone marrow aspirates or peripheral blood
according to the manufacturer’s instructions (Integrated DNA Technologies, IA, USA and
[llumina, San Diego, USA). The custom panel includes 142 leukemia-associated genes/gene
regions (Table S1). In routine diagnostics, depending on the referring physician’s request, only
JAK2 (exon 12-14), CALR (exon 9), and MPL (exon 10 and 12) were analyzed, or a broader
panel (MPN panel) was evaluated. Within the present study, all 142 leukemia-associated
genes/gene regions were evaluated in all patients.

The gold standard for assessing germline variants is DNA analysis of fibroblasts. As fibroblast
material was unavailable, non-clonal T cells were isolated by fluorescence-activated cell sorting
(FACS) after staining of bone marrow mononuclear cells with anti-human CD3 (SK7) PerCP-
Cy 5.5 (BD Biosciences; Milpitas, California 95035 USA) as an alternative method. Cells were
first gated based on the lymphocyte population and then sorted into CD3* and CD3" fractions
with a purity of CD3" cells exceeding 98%. DNA was isolated and germline origin of THPO,
FLT3, and SAMHD1 was confirmed by sequencing using standard protocols.

Bioinformatics and filtering strategy

The human reference genome hg38 (UCSC Genome Browser build hg38) was used for the
alignment of all detected reads. The sequence data were processed using the Dragen (Illumina)
and megSAP analysis pipeline (https://github.com/imgag/megSAP). For subsequent analyses,
GSvar and Integrative Genomics Viewer (IGV) were used (https://github.com/imgag/ngs-bits
and http://software.broadinstitute.org/software/igv/). Variants were classified according to the
standards and guidelines of the American College of Medical Genetics and Genomics and the
Association for Molecular Pathology (ACMG/AMP) 2. If available, published ClinGen Variant
Curation Expert Panel specifications were applied. The present analysis focused on variants
classified as likely pathogenic (class 4) or pathogenic (class 5), with one exception (variant of
uncertain significance (VUS) in the JAK2 gene).



Statistical analysis

Categorical variables are reported as n/N (%), with the denominator N reflecting the number of
patients with available data for the respective parameter. Patients with missing data for a given
variable are explicitly excluded from that denominator and listed in Table S2. Continuous
variables are summarized as median (range). Associations between genetic subgroup and
clinical features were assessed using Fisher's exact test given the small subgroup sizes, with
two-sided p-values reported. A p-value <0.05 was considered statistically significant. All
analyses were performed using GraphPad Prism (version 11).

Results

Patient characteristics at diagnosis of ET/PV

Between January 2023 and January 2026, 45 pediatric patients diagnosed with either ET (n=39;
87%) or PV (n=6; 13%) based on the current WHO/ICC classification (1, 2) were prospectively
enrolled in the German national MPN Childhood Registry. Median age at diagnosis was 14
years (range 0-18 years). Thirty patients (67%) were female, and 15 (33%) were male.
Demographic patient data are listed in Table 1, Table S2 and Figure 1A.

All triple-negative cases presented with significant, otherwise unexplained thrombocytosis.
Reference bone marrow morphology analyses were performed in 41 out of the 45 cases (91%),
including all but one case with triple-negative ET and a bone marrow trephine was centrally
reviewed in 37 patients (82%). In all cases, morphological and histological findings were
consistent with the diagnostic criteria of the current WHO/ICC classification 12, In six patients
(13%), a mild myelofibrosis (MF-1) was described at diagnosis. All of these individuals were
diagnosed with ET, three were positive for JAK2V617F, two for CALR and one was triple-
negative.

Overall, twenty-two individuals (49%) showed at least one disease-associated clinical symptom
(headache, pseudo-tumor cerebri, stomachache, erythromelalgia, dizziness, thrombosis, Budd-
Chiari syndrome, and bleeding) at the time of diagnosis, comprising 19 of the 39 cases with ET
and three of the six patients with PV with pronounced headache being most prominent in 17
individuals (38%; ET (n=15), PV (n=2)) (Table 1 and S2, Figure 1C). Three of these patients
presented with papilledema on ophthalmoscopy, while magnetic resonance imaging showed no
cerebral abnormalities. All these three patients with pseudo-tumor cerebri (#13, #17, #22),
presenting at ages 9, 11, and 13 years, were female, diagnosed with ET, and JAK2V617F-
positive. Two of the three also had splenomegaly, and two additionally presented with a
concurrent thrombotic event. In two of the three cases, antiproliferative treatment with
interferon was initiated. Four patients (9%) had abdominal pain (ET (n=3), PV (n=1)).
Thrombotic events were reported in six cases (13%), including two with Budd-Chiari syndrome
(4%). Among these patients, five were female, ET was diagnosed in 5 cases and PV in 1, and
all patients were positive for JAK2V617F. In every case, the thrombotic event represented the
initial clinical manifestation. An acquired von Willebrand disease was reported in 16
individuals (36%), 14 cases with ET and two cases with PV. Overall, palpable splenomegaly
was present in 22 cases (49%), including 17 of the 39 patients with ET and five of the six
patients with PV. Of 20 JAK2V617F-positive cases, 15 (75%) had splenomegaly, whereas 2 of
3 (67%) JAK2 other cases, 3 of 8 (38%) CALR-positive cases and 2 of 14 (14%) triple-negative
cases had splenomegaly (Table 1 and S2, Figure 1B and 2). Median platelet count in patients
with ET was 1082 G/L and median leukocyte count in this group was 9.9 G/I. In patients with
PV, the median hemoglobin level was 17.0 g/dl, the median platelet count 821 G/L, and the
median leukocyte count 11.3 G/l (Table 1 and Figure 2). JAK2V617F-positive MPN patients
exhibited a significantly higher prevalence of splenomegaly compared with triple-negative
MPN patients (15/20 vs. 2/14; p = 0.0069). In contrast, acquired von Willebrand disease



(avWD) was significantly more frequent among triple-negative MPN patients than among
JAK2V617F-positive patients (7/14 vs. 5/20; p = 0.0161).

In 23 cases (51%), treatment was initiated after diagnosis. Interferon was applied in ten of these
cases, combined with acetylsalicylic acid (ASA) in three individuals. Hydroxyurea was given
to three patients, in one case combined with ASA. Ruxolitinib and anagrelide were used in one
patient each. ASA alone without antiproliferative treatment was started in eight cases (Table 2
and Figure 3).

Genetic variant profile at diagnosis

Deep targeted DNA sequencing comprising 142 leukemia-associated genes/gene regions was
performed in all 45 patients of this cohort. Centralized analyses for somatic variants in the
classical driver gene regions (JAK2 (exon 12-14), CALR (exon 9), and MPL (exon 10)) showed
that of the 39 individuals with ET, 14 (36%) were JAK2V617F positive and one patient carried
a JAK2 other variant, classified as VUS with an allele fraction (VAF) of 32% (c.2155G>T
p.(Val719Leu)). In addition, eight ET patients (18%) had a pathogenic variant in the CALR
gene (n=6 with a type | and n=2 with a type Il CALR variant). Fourteen patients (31%), all with
ET, did not show a (likely) pathogenic variant in the aforementioned gene regions. All six
patients with PV carried the JAK2V617F variant. No (likely) pathogenic variant in the MPL
gene was detected in our cohort of pediatric MPN patients (Figure 3).

Analysis of the entire panel of 142 leukemia-associated genes/gene regions for additional
somatic variants revealed only one pathogenic variant in the FANCL gene in a JAK2 V617F-
positive patient with PV (#11), with a low variant allele fraction (VAF) of 4%.

Five of the 45 patients (11%), all of whom had an ET phenotype and were negative for known
(likely) pathogenic somatic variants in the classical driver gene regions, showed additional
likely pathogenic variants, all subsequently confirmed to be of germline origin. These
comprised  JAK2:c.2624C>A  p.(Thr875Asn),  JAK2:c.2047A>G  p.(Arg683Gly),
THPO:c.13+1G>A r.spl p.?, FLT3:c.2525A>G p.(Tyr842Cys), and SAMHD1:c.500A>C
p.(His167Pro). For both patients (#7, #23) with a likely pathogenic JAK2 variant, a germline
origin of the variant was confirmed by segregation and/or confirmation in finger nails and CD8+
cells. For patients #26, #27, and #32 with a likely pathogenic variant in THPO, FLT3, and
SAMHD1, respectively, germline origin was confirmed by resequencing of DNA from sorted
non-clonal T cells. These findings were in line with a VAF between 46 and 48% and previous
descriptions in the literature 161 (Table 3 and Figure 3).

The first of these patients (#7), a 16-year-old female, presented with persistent thrombocytosis.
Her mother had developed Budd-Chiari syndrome at the age of 18 years. The sister underwent
a liver transplant at the age of 5 years due to suspected Budd-Chiari syndrome. We detected the
likely pathogenic variant in NM_004972.4(JAK2):¢c.2624C>A p.(Thr875Asn) with a VAF of
50%. The same variant was detected in the mother and the sister.

A male patient (#23), 4 years of age, also had an elevated platelet count. His grandmother had
been diagnosed with MPN in older adulthood and his cousin, like the patient, in early childhood.
Sequencing identified the likely pathogenic variant NM_004972.4(JAK2):c.2047A>G
p.(Arg683Gly) with a VAF of 46%. This variant was also detected in the DNA of proband’s
#23 finger nails and CD8+ cells, confirming the germline origin of this variant in the enrolled
patient.

Another patient (#26) presented at the age of only two years with marked thrombocytosis. The
boy was asymptomatic and had an unremarkable family history. Central reference bone marrow
diagnostics confirmed morphologic and histological criteria consistent with MPN according to
WHO/ICC classification, initially distinguishing this case from non-clonal hereditary
thrombocytosis. The likely pathogenic variant NM_000460.4(THPO):c.13+1G>A r.spl p.?
associated with hereditary thrombocytosis was identified 6.



In a 16-year-old girl (#27) initially showing headache and bleeding signs with a platelet count
of 3083 G/L, deep targeted DNA panel sequencing uncovered the likely pathogenic variant
NM_004119.3(FLT3):c.2525A>G p.(Tyr842Cys). The patient's family history was
unremarkable regarding MPN.

In a further female patient (#32) aged 17 years and diagnosed with ET after having presented
with persistent thrombocytosis and von Willebrand disease without further clinical
abnormalities, the likely pathogenic variant NM_015474.4(SAMHD1):c.500A>C
p.(His167Pro) was detected. No other MPN was reported in the family history.

The proportional distribution of pathogenic somatic driver variants in the genes JAK2 and
CALR, triple-negative patients, as well as additional pathogenic somatic and likely pathogenic
germline variants, including their allele fractions, is illustrated in Figure 3 and listed in Table
3.

Classical (molecular-)cytogenetic analyses were performed in 34 of the 45 patients (76%). In
one patient, a most likely constitutional inversion 10, inv(10)(p13g22), was detected in all
metaphases which is not associated with MPN. All other determinations yielded unremarkable
results.

Discussion

This analysis describes initial clinical and genetic characteristics in a pediatric cohort
comprising 45 patients below the age of 18 years who were diagnosed with ET or PV and
consecutively enrolled in the German MPN Childhood Registry. It is the first report based on
prospectively acquired data through central reference diagnostics. Two key observations of our
study should be highlighted. The first affects the substantial early disease burden of pediatric
MPN reflected by the high proportion of patients presenting with symptoms of
hyperviscosity/microcirculatory disturbance and/or splenomegaly. The second represents the
identification of likely pathogenic germline variants in various genes including FLT3 and
SAMHD1, which had not previously been reported in association with pediatric MPN. These
aspects are discussed below within the overall context.

Nearly half of the patients were symptomatic at the time of diagnosis and over forty percent
presented with symptoms of hyperviscosity or microcirculation disturbance, respectively,
mostly reflected by severe headache. We found an association between the diagnosis of MPN
and pseudotumor cerebri in at least three cases. This phenomenon has been described previously
in pediatric patients with chronic myeloid leukemia *°. The clustering of highly symptomatic
cases with pseudotumor cerebri within the JAK2V617F-positive ET subgroup in this cohort
supports a proposed underlying pathogenic mechanism of increased cerebrospinal fluid outflow
resistance secondary to hyperviscosity/microcirculatory disturbance. In the context of MPNs,
to our knowledge, this association has not been reported before. Severe thrombotic events,
including Budd-Chiari syndrome, had led to the diagnosis of MPN in six patients (13%). A
remarkably high proportion of 49% of individuals in this pediatric cohort had splenomegaly.
Hyperviscosity or microcirculation disturbance have been identified as significant risk factors
for the development of thrombosis and splenomegaly as a risk factor for disease progression
and bleeding in young patients with MPN below the age of 25 years by Sobas et al. ©. As a
central novel finding of our study, it can thus be concluded that a majority of 31 of the 45
pediatric patients (69%) in our cohort had at least one established adverse prognostic marker
already at the time of diagnosis.

Taken together, these results underline that MPNs occurring in childhood and adolescence
represent serious diseases and warrant close clinical surveillance. Antiproliferative therapy
(interferon, hydroxyurea, ruxolitinib, or anagrelide) and/or aspirin were initiated after diagnosis
in 23 of 45 patients (51%) guided primarily by the presence of disease-associated risk features
(symptoms of hyperviscosity/microcirculatory disturbance, marked splenomegaly, or
thrombosis), consistent with the absence of validated pediatric risk-stratification tools. Whether



earlier or more consistent therapeutic intervention would improve outcomes will require
prospective follow-up data.

Cytogenetic analyses performed in 34 patients (76%) revealed no disease-associated
abnormalities at diagnosis, suggesting a subordinate role of cytogenetic aberrations in MPN of
children and adolescents. However, larger case series and longitudinal data are required for
final conclusions.

Analyses concerning pathogenic somatic driver variants revealed that with 20 patients (44%),
the largest subgroup including all patients with PV in this cohort carried the JAK2V617F
variant, and eight individuals (18%) had a pathogenic variant in the CALR gene (six type | and
two type Il variants), all with an ET phenotype. No patient in this cohort carried a (likely)
pathogenic variant in the MPL gene. This is in accordance with earlier studies showing a
considerably lower proportion also of pathogenetic somatic MPL variants in young compared
to older patients with MPN 6210,

Fourteen cases (31%) were triple-negative for (likely) pathogenic variants in the classical driver
genes in JAK2, CALR, and MPL, all of which were classified as ET. This latter subgroup of
patients appears to be smaller than previously reported for other pediatric cohorts, with up to
more than 70% of triple-negative cases %2, This could at least in part be due to the full
spectrum of centralized reference diagnostics provided by the registry stringently excluding
secondary reactive cases and emphasizing the significance of bone marrow diagnostics,
particularly in triple-negative MPN. In this pediatric cohort, no correlation between age and
pathogenic variant group was observed. The JAK2V617F alteration was associated with
splenomegaly as an adverse prognostic factor in 15 out of the 20 cases (75%), whereas two out
of the 14 triple-negative individuals (14%) had a splenomegaly (p=0.0069). Thrombotic events
occurred only in patients carrying the somatic JAK2V617F variant, supporting previous
observations that this variant represents a major risk factor for thrombosis also in young patients
5

In line with preceding studies, deep targeted DNA panel sequencing of 142 leukemia-associated
gene regions identified a low number of additional (likely) pathogenic somatic variants 1°2°,
and only one JAK2V617F-positive patient carried a small clone with a pathogenic somatic
variant in FANCL. In addition, we identified the somatic JAK2:¢.2155G>T p.(Val719Leu) with
a VAF of 32% in another case negative for JAK2V617F and CALR, respectively. This
alteration, however, was classified as a VUS. None of the pediatric patients in this cohort
exhibited clonal driver mutations in TET2 or DNMT3A, nor mutations in ASXL1, EZH2,
IDH1/2, SRSF2, SF3B1, U2AF1, NRAS, KRAS, or TP53 as described in adult patients diagnosed
with MPN 2122, This observation again indicates a distinct underlying genetic landscape of
MPN in pediatric compared to adult patients.

Deep targeted sequencing in this study identified additional likely pathogenic variants in five
patients (11%) of the cohort, all of whom with an ET phenotype and negative for the classical
somatic driver variant JAK2V617F or a CALR variant. These variants were located in JAK2
(NM_004972.4(JAK2):c.2624C>A p.(Thr875Asn) and NM_004972.4(JAK2):c.2047A>G
p.(Arg683Gly)) in two cases and in THPO (NM_000460.4(THPOQO):c.13+1G>A p.(?)), FLT3
(NM_004119.3(FLT3):c.2525A>G p.(Tyr842Cys)), and SAMHD1
(NM_015474.4(SAMHD1):c.500A>C p.(His167Pro)) in one case each (Table 2). A germline
origin was confirmed for all five variants in JAK2, THPO, FLT3, and SAMHD1 through
resequencing of DNA from finger nails or highly purified non-clonal T cells or through
segregation analysis, consistent with their VAF between 46 and 50% and previous reports in
the literature 628, These latter genetic findings represent the second key aspect of our study
including likely pathogenic germline variants in FLT3 and SAMHDL1 in pediatric MPN,
expanding the known genetic landscape beyond the previously described germline JAK2 and
THPO variants. These findings further emphasize the importance of extended molecular
analyses in pediatric MPN.



Previously described additional pathogenic variants in young patients with MPN were
predominantly of germline origin and affecting distinct loci of the JAK2 gene 2%, In this
pediatric cohort, two patients with a family history for MPN carried a likely pathogenic
germline JAK2 resulting in the amino acids changes p.(Thr875Asn) and p.(Arg683Gly),
respectively. The JAK2 p.(Thr875Asn) had been linked earlier to essential thrombocythemia *°.
Pathogenic germline variants in young patients with MPN have also been found in the genes
THPO, VHL, EPOR, EPAS1, and EGLN1 33, One patient in the present analysis also harbored
a likely pathogenic germline variant in THPO as an indication of an underlying hereditary
thrombocythemia 6. Data on somatic as well as germline genetic variants outside of the
aforementioned genes, their classification, and their functional/prognostic role are sparse for
young patients with MPN 203436 Therefore, it appears of particular interest, that another
individual in this cohort carried a likely pathogenic FLT3 variant. Lately, this alteration has
been identified as a novel germline driver in acute myeloid leukemia and was thus associated
with leukemia predisposition . The close association of FLT3 with different signaling
pathways involved in proliferation and/or inhibition of apoptosis renders this gene an attractive
therapeutic candidate, and like pathogenic somatic FLT3 variants, such FLT3 germline
alterations could also become the potential target of approved therapy with tyrosine kinase
inhibitors (Figure 4). Additionally, one patient showed a likely pathogenic SAMHD1 variant.
This gene has just recently come into focus in cancer research and is meanwhile considered a
tumor suppressor gene 18, This alteration could also be of particular interest, as it has been found
that depletion and/or dysfunction of SAMHD1 impairs DNA damage response, increasing
susceptibility to the targeted inhibition of poly-(adenosine 5'-diphosphate ribose) polymerase
(PARP) 37 and chemotherapy, enhancing antitumor responses 3 (Figure 4). These findings,
however, may warrant future functional investigations. The identification and future
characterization of potential underlying hereditary tumor predisposition syndromes in pediatric
MPN might be of major relevance for patients and families concerning possible cancer
surveillance and therapeutic options. Notably, no pathogenic variants in SH2B3 were detected
in our analysis, suggesting at least a low proportion of SH2B3 disorders underlying the MPN
phenotypes as described here *°. Figure 4 illustrates the interconnectivity of novel variants
identified in this study within the JAK-STAT pathway.

The additional genetic alterations described here have been identified using a targeted leukemia
gene panel only, and for example, pathogenic variants in DNA repair genes, including
BRCA1/2, which have been observed in familial MPN “°, were not included. One might
therefore speculate that more comprehensive sequencing approaches could detect additional
pathogenic somatic as well as germline variants in a significantly higher proportion of pediatric
MPN.

Together, our findings show that pediatric MPN presents with a clinically and genetically
distinct, symptom-rich phenotype at diagnosis that warrants dedicated pediatric risk-
stratification and follow-up strategies.

As a limitation of this study, it needs to be emphasized that it focused on clinical and genetic
characteristics and resulting therapeutic interventions at the time of diagnosis, and, given the
chronic trajectory of these diseases and the limited maximum 3-year follow-up available since
the establishment of the registry, could not yet consider longitudinal outcomes, which will be
subject to separate future analyses.

The results of this study underline the given clinical and scientific need for national and joint
international efforts to further characterize MPN in children and adolescents.
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Table 1 Patient characteristics Demographic, clinical and genetic characteristics of 45 pediatric patients presenting with ET and PV.

Genetic subtype Diagnosis
all JAK?2 JAK2 triple-
V617F other CALR neggtive ET PV

Number of patients 45 20 3 8 14 39 6

Male/female 15/30 7/13 1/2 3/5 4/10 12/27 3/3

Age at diagnosis - median (range) 14 (0-18) | 14 (4-17) 4 (0-16) 14 (7-17) 14 (1-18) |14 (0-18) 12 (4-16)
Symptoms/Clinical findings at diagnosis n/total

L Splenomegaly 22 15 2 3 2 17 5

L Headache 17 9 / 4 4 15 2

L Stomachache 4 1 / 2 1 3 1

L Erythromelalgia 1 / / 1 / 1 /

L Dizziness 1 / / 1 / 1 /

L. Thrombosis 4 4 / / / 3 1

L Budd-Chiari-syndrome 2 2 / / / 2 /

L Bleeding 1 / / / 1 1 /

L Acquired VWD 16 5 / 4 7 14 2

L Myelofibrosis 6 3 / 2 1 6 /
(Molecular-)Cytogenetics

L no cytogenetic aberrations* 34 18 2 4 10 28

L unknown 11 2 1 4 4 11 /
Blood count at diaghosis#

L leukocytes (median, G/l) 9.9 8.58 12.08 7.7 10.2 9.9 11.3

L platelets (median, G/I) 1067 756 823 1184 1247 1082 821

L hemoglobin (median, g/dl) 14 16 14 13 12 13 17

L _hematocrit (median, %) 42 46 39 41 38 41 52

Abbrevations: VWD = von Willebrand disease
* with one exception (patient #16): inv(10)?c was detected

# four patients (#5, #7, #15, #21) were excluded: blood counts from time point at diagnosis were not available




Table 2 Initial treatment approaches (Interferon (IFN), Hydroxyurea (HU), Anagrelide
(ANG), Ruxolitinib (RUXO), Acetylsalicylic acid (ASA); no therapy n=21; unknown n=1)

No

IFN

IFN +

HU

HU +

ANG

RUXO

ASA

Not

therapy | ONlY | Asa | only | AsA | only | only | OnlY |recorded \
JAK2V617 5 6 2 1 / 1 1 3 1 20
JAK2 other 2 / / / / / / 1 / 3
CALR 4 / 1 / / / / 3 / 8
;ré%'zt'ive 10 1 / 1 1 / / 1 / 14
ET 20 6 1 2 1 1 / 7 1 39
PV 1 1 2 / / / 1 1 / 6
Total 21 7 3 2 1 1 1 8 1 45




Table 3 Detailed information on the patients with confirmed germline variants.

. Age at . VAF Classification Clinical . .
Patient Gender diagnosis Phenotype Variant (%) (ACMG) symptoms Family history
mother with Budd-
likely Chiari syndrome
pathogenic ersistent (18 years), sister
47 female 16 vears ET NM_004972.4(JAK2): c.2624C>A 50 (PS4_mod, thrcF))mboc ytosis with suspected
y p.(Thr875Asn) PML, e ey Budd-Chiari
PM2_sup, P galy syndrome (5
PP2, PP3) years) - received a
liver transplant
patlt;i:)eglgnic grandmother with
NM_004972.4(JAK2): ¢.2047A>G ..  (PS4_mod, persistent. MPN (older
#23 male 4 years ET (Arg683Gly) 46 PM1 thrombocytosis, adulthood), cousin
b-(AT9 y PM2 SiJ splenomegaly with MPN (early
oP3 —mog’) childhood)
likely
NM_000460.4(THPO): c.13+1G>A . pathogenic persistent
i il AYRETE SU r.spl p.? e (PVSL1, thrombocytosis J
PM2_sup)
likely
pathogenic headache,
NM_004119.3(FLT3): c.2525A>G . (PS4_mod, bleeding signs,
#27 female 16 years ET 0.(Tyr842Cys) 48 PML, persistent /
PM2_sup, thrombocytosis
PP3_mod)
likel .
pathog)énic persistent
#32  female 17 years ET NM_015474.4($AMHDl).c.500A>C 47 (PM1, thromb_ocyt05|s, /
p.(His167Pro) PM2_sup von Willebrand
PP3__str) disease

*germline origin confirmed




Figure legends

Figure 1 Demographic and clinical cohort characteristics. (A) Age distribution, (B) proportion
of patients with splenomegaly according to known somatic driver variant status, (C) clinical
presentation at the time of diagnosis overall, according to genotypes, and according to
phenotypes.

Figure 2 Hematological values at the time of diagnosis overall, according to genotypes, and
according to phenotypes (four patients (#5, #7, #15, #21) were excluded: hematological values
from the time point at diagnosis were not available).

Figure 3 Distribution patterns of disease phenotype and pathogenic somatic driver variants
including variant allele fraction (upper panel), additional somatic variants and likely pathogenic
variants with germline origin (central panel) in correlation with initial clinical presentation and
resulting treatment regimen (lower panels) in the 45 patients in this cohort at the time of
diagnosis.

Figure 4 Synopsis Illustration of the interconnectivity of likely pathogenic germline variants
identified in this study within the JAK-STAT pathway.
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Diagnosis| ET
Genetic subtype
VAF

FLT3

Germline JAK2
variants SAMHD1
THPO

Splenomegaly
Headache
Stomache

Erythromelagia
Dizziness

Thrombosis .
Budd-Chiari-Syndrome B
Bleeding
Acquired VWD H:m X X X X
Myelofibrosis X X | X X X X X | X X | X
meapy| (X [T [ [ [ [ [ T [ [ N [ | I [ [ TN | N [ [ [ B [ []

#Sample 2 21 1 3 5 8 12131517 19 4 6 9 10 11 14 16 20 22 18 7 23 40 38 42 45 39 41 43 44 24 25 26 27 28 29 30 31 32 33 34 35 36 37

un

XXX | X[ X| X[ X]|X

XXX XX | X[ X|X|X|X

1
{

Genetic subtype Variant allel fraction (VAF) Status rapy
- JAK2VEB17F 4-20% Present No therapy ANG only
JAK2 other 21-35% | Absent IFN only RUXO only
CALR >35% Unknown IFN + ASA ASA only
triple negative germline HU only Unknown
HU + ASA

*1 Additional pathogenic FANCL variant with a VAF of 4%
*2 Variant of uncertain significance (VUS) in JAK2
*3 (Likely) pathogenic germline JAK2 variant - outside classical driver region exon 12-14

Abbrevations: VWD = von Willebrand disease; Interferon (IFN), Hydroxyurea (HU), Anagrelide (ANG), Ruxolitinib (RUXO), Acetylsalicylic acid (ASA)



FLT3
receptor

MPL

—aL

Proliferation, Apoptosis inhibition

Target gene transcription

\ dNTP
[ SAMHD1* H =) Proliferation

1 dN + PPP

DNA damage response

* Likely pathogenic, confirmed-germline
variant of the
respective gene/protein



Supplementary

Table S1 Custom panel including 142 leukaemia-associated gene regions
Gene Exone

ABL1

ANKRD26 complete with 5'UTR; without 3'UTR

ARID1A

ASXL1 13, 14

ASXL2 9,11,12,13

ATM

BAX

BCL2

BCOR

BCORL1

BIRC3 6-9

BRAF 11-16

BTK 14 - 16

B2M

CALR

CARD11 4-10

CBL 8,9

CCND1 1

CCND3

CD58 1-3

CD79A
CD79B
CDKN2A
CDKN2B
CEBPA
CHD2
CREBBP
CSF3R
CSNK1A1
CuUx1
CXCR4
DDX3X
DDX41
DIS3
DNM?2
DNMT3A
EGLN1
EGR2
EED
EP300
EPAS1
EPOR
ETNK1
ETV6
EZH?2
FBXW7 8-12
FLT3

FOXO1

FOXP1 16-18
GATA1

GATA2

GNA13

GNAS 1,8,9

o N



GNB1

H3F3A 2

HRAS

ID3

IDH1

IDH2

IGLL5S 1

IKZF1

IKZF2

IKZF3 5

IL2RG

IL7R 5+6
IRF4

JAK1 14 -17
JAK2

JAK3 11-16, 19, 20, 21
KDMG6A

KIT 1-3,8-13,16-18,20-21
KLF2

KMT2A

KMT2D

KRAS

MAPK1

MAP2K1 2,3
MEF2B

MPL

MYC

MYD88

NF1

NFE2

NOTCH1 26 - 34
NOTCH2 26 - 34
NPM1

NRAS

NSD2 (WHSt18, 19, 20, 21
NT5C2

PAG1

PAX5

PHF6

PIGA

PLCG2 19, 20, 24
POT1

PPM1D

PRDM1

PRPF8

PTEN

PTPN1 complete with 5'UTR
PTPN11 2,3,4,7,8,12,13
RAD21

RB1

RHOA

RPS15

RUNX1

SAMD9

SAMDIL



SAMHD1

SETBP1

SETD2

SF1

SF3A1

SF3B1 5,6,13-16,18, 24
SGK1

SH2B3 2,3,4,5,6,7,8
SMARCA4

SMC1A

SMC3

SOCS1

SRSF2

STAG2

STAT3

STATSB 15-18
STAT6 9-14
SUZ12 14 - 16
TCF3 17 -19
TENTS5C (FAM46C)
TET2

THPO

TNFAIP3
TNFRSF14

TP53

TRAF3

U2AF1

U2AF2

UBR5 58
UBTF

VHL

WT1

XPO1 12-18
ZRSR2



Table S2 Overview of demographic features, reported somatic and germline variants, hematological and clinical characteristics and therapeutic regimen

Age at Initial Initial Initial Initial Pseudo- Budd- Myelofib
#Sam-| diag- |Gender| Molecular genetic results (variant, VAF in % | Diag- platelet |hemoglo Stomach- |Erythromel-| _. . Thromb- .. . Acquired | rosisy |Spleno-| Therapy
. .| leukocyte . hemat- | Headache | tumor . Dizziness . Chiari Bleeding s
ple nosis fim (depth)) nosis count [G/I] count |bin level ocrit [%] cerebri ache algia osis syndrome VWD |(grade 1{ megaly | initiated
[yl [G/] [g/dl] 3)/n
1 16 f JAK2:¢.1849G>T p.(Val617Phe) 21% (929) ET 8,10 954 14,5 47 y n n n n n n n n n n ASS
2 14 m JAK2:¢.1849G>T p.(Val617Phe) 38% (534) ET 9,88 1082 16,1 46,2 n n n n n n n n y n y IFN
3 7 f JAK2:¢.1849G>T p.(Val617Phe) 34% (1258) ET 15,54 1023 12,0 34 y n n n n n n n n y 1 y IFN
4 15 m JAK2:¢.1849G>T p.(Val617Phe) 7% (1092) PV 7,76 396 20,9 65,8 n n n n n n n n n n y ASS
5 17 m JAK2:¢.1849G>T p.(Val617Phe) 21% (1009) ET 1,08 649 9,8 35 n n n n n n y n n y 1 n HU
6 16 m JAK2:¢.1849G>T p.(Val617Phe) 19% (684) PV 11,90 836 16,2 48,5 y n n n n n n n y n y ASS + IFN
7 16 f JAK2:¢.2624C>A p.Thr875Asn 50% (752) ET 6,48 531 13,5 39,4 n n n n n n n n n n y ASS
8 12 f JAK2:¢.1849G>T p.(Val617Phe) 25% (1404) PV 12,55 1156 18,0 52 y n y n n n n n n n y ASS + IFN
9 16 m JAK2:¢.1849G>T p.(Val617Phe) 13% (1142) ET 5,75 352 15,9 448 n n n n n n n n n n y n
10 17 f JAK2:¢.1849G>T p.(Val617Phe) 12% (912) ET 8,55 826 15,2 46,5 n n n n n n n n y n y IFN
JAK2:¢.1849G>T p.(Val617Phe) 18% (1020);
11 4 f FANCL:c.654dup p.Pro219ThrfsTer14 4% PV 1,16 720 16,5 48,7 n n n n n y n n y n/a y n
(1273)
12 7 f JAK2:¢.1849G>T p.(Val617Phe) 30% (1424) ET 10,78 683 14 43,2 y n n n n n n n y y 1 y n
13 9 f JAK2:¢.1849G>T p.(Val617Phe) 28% (1429) ET 8,13 881 14 46,2 y y n n n y n n n n y n
14 f JAK2:¢.1849G>T p.(Val617Phe) 15% (1114) ET 7,04 639 16,8 46,5 n n n n n n n n n n n ASS
15 f JAK2:¢.1849G>T p.(Val617Phe) 24% (1059) ET 8,43 191 14,2 42,3 n n n n n n y n n n/a y ANG
16 m JAK2:¢.1849G>T p.(Val617Phe) 20% (1083) PV 12,12 1595 16 51.3 n n n n n n n n n n y RUXO
17 11 f JAK2:¢.1849G>T p.(Val617Phe) 24% (1532) ET 8,60 673 15,8 47.0 y y n n n n n n n n/a y IFN
18 0 f JAK2:¢.2155G>T p.(Val719Leu) 32% (2052) ET 12,08 1067 10,5 31,8 n n n n n n n n n/a n/a n n
19 11 f JAK2:¢.1849G>T p.(Val617Phe) 30% (1283) PV 10,60 737 17,9 54 n n n n n n n n n n n IFN
20 14 f JAK2:¢.1849G>T p.(Val617Phe) 11% (1448) ET 7,29 774 14,4 43,7 y n/a n n n y n n n/a n/a y n
21 17 m JAK2:¢.1849G>T p.(Val617Phe) 59% (846) ET 10,45 509 15,3 46,8 n n n n n n n n n n/a y n/a
22 13 f JAK2:¢.1849G>T p.(Val617Phe) 14 (1497) ET 10,26 1224 13,8 42 y y n n n y n n n n n IFN
23 4 m JAK2:¢.2047A>G p.(Arg683Gly) 46% (1131) ET 13,00 823 14 44 n n/a n n n n n n n/a n y n
24 15 f no pathogenic variant ET 11,50 725 12,5 37,9 n n n n n n n n y n n n
25 12 f no pathogenic variant ET 9,70 1098 12,0 35,9 y n n n n n n n y n n IFN
26 2 m THPO:c.13+1G>A p.? 46% (750) ET 10,20 1186 13,1 40,4 n n n n n n n n n n n n
27 16 f FLT3:c.2525A>G p.Tyr842Cys 48% (1668) ET 10,10 3083 11,2 36,6 y n n n n n n y n n n HU
28 14 f no pathogenic variant ET 5,83 1377 14,5 44,8 n n n n n n n n n n n n
29 4 m no pathogenic variant ET 15,00 3672 11,3 33 n n n n n n n n y y 1 y n
30 8 m no pathogenic variant ET 21,40 5758 10,2 31 n n/a n n n n n n n/a n n ASS + HU
31 17 f no pathogenic variant ET 7,89 1150 8,3 40 n/a n/a n/a n/a n/a n/a n/a n/a n/a n n/a n
32 17 f SAMHD1:¢.500A>C p.His167Pro 47% (1464) ET 11,20 1887 12,3 38,3 n n n n n n n n y n n/a n
33 7 f no pathogenic variant ET 17,30 1731 11.7 34.5 y n y n n n n n y n n n
34 1 f no pathogenic variant ET 11,20 656 12,1 36,4 n n n n n n n n n/a n/a n/a n
35 13 f no pathogenic variant ET 5,50 699 13,4 n/a n/a n n/a n/a n/a n/a n/a n/a n/a n/a n/a n
36 16 m no pathogenic variant ET 9,40 1307 12.8 38 y n n n n n n n y n/a y n
37 18 f no pathogenic variant ET 9,90 998 13,6 40,5 n n n n n n n n y n n ASS
38 17 m |CALRC1154.1 155'?‘?};;4(3; C (p.Lys385fs) 29%|  r 5,01 662 154 | 439 y n y n n n n n n n n n
39 8 ¢ | CALRc1099 1 1§22?;?§§f“367Th”3Ter46) ET 7,00 684 12 36,8 n n n n n n n n y n n n
40 7 m | CALR:c1099_1 1:’8;)8(' 1p0'g$“367ThrfSTer46) ET 1,08 1279 13 38,5 n n y n n n n n y y 1 y n
41 15 m | CALR:c.1099_1 1%228('22'8(';;’“36”“”“”46) ET 9,96 722 144 | 43,1 n n n y n n n n n y 1 n n
CALR:c.1155_1156insTGTCG
42 12 f 0.(GIU386CysfsTer46) 35% (1968) ET 11,32 1625 13,6 41,6 y n n n y n n n y n/a y ASS + IFN
43 15 f CALR:c.1099_f 152;)8('9‘)1'2")8“367“”STer46) ET | 12,21 1220 | 12,7 | 405 n n n n n n n n y n/a y ASS
CALR:c.1099_1150del
44 11 f p.(Leu367ThrfsTer26)10°/o (1266) ET 7,70 1147 13,1 40,9 y n n n n n n n n n/a n ASS
45 16 ‘ CALR:c.1099_1150del p.(Leu367ThrfsTer46) ET 7.70 1360 13.4 39 y N N N N N N N N n/a N ASS

25% (1651)






