Received: 25 March 2024 Accepted: 2 September 2024

DOI: 10.1002/hem3.70057

HemaSphere £ eha

Disease characteristics and outcomes of acute myeloid
leukemia in germline RUNX1 deficiency (Familial Platelet
Disorder with associated Myeloid Malignancy)

Martijn P. T. Emst* ® | Jurjen Versluis® | Peter J. M. Valk! | Marc Bierings® |
Rienk Y. J. Tamminga® | Louise H. Hooimeijer® | Konstanze Déhner® ® |
Paolo Gresele® | Kiran Tawana® | Saskia M. C. Langemeijer’ |

Bert A. Van der Reijden® | Helena Podgornik®® | Matjaz Sever®!? |

Tor H. A. Tvedt'? | Tom Vulliamy®® | Jude Fitzgibbon* | Inderjeet Dokal’* |

Panagiotis Baliakas'®> | José M. Bastida® | Christian Pohlkamp” |

Torsten Haferlach!” | Lise Larcher'® | Jean Soulier'® | RogerE. G. Schutgens!’ ® |
Kathleen Freson?® | Nicolas Duployez?! | Bob Léwenberg! | Katrin Ericson??” |
J6rg Cammenga®®” | Tim Ripperger’*” | Marc H. G. P. Raaijmakers®”

Graphical Abstract

Restrospective FPDMM cohort (n=159)

Most frequent
Other heme malignancy ' Age: 13-69 year somatic mutations
(n=6/134,5%) ' (median: 48)

« RUNXT (n=12/25, 48%)
MDS (n=18/134, 13%) Agea_9A772/]ear < FLT3-ITD (n=7/29, 24%)
L Progression to SAML (n=4) {edian:21) « SRSF2 (n=5/22, 23%)

« BCOR (n=5/22, 23%)

AML/
SAML Most frequent
chromosomal aberrations

« Trisomy 21 (n=4/35, 11%)

« Trisomy 8 (n=4/35, 11%)
« Monosomy 7 /deletion 7q
(n=4/35, 11%)
Therapy response and outcome
« Complete remission: n=20/25, 80%
« 5-year overall survival: 50%

HemaSphere HemaSphere.2024;8:e70057

AML (n=36/134, 27%) ﬁg:&‘i‘a'z‘f‘gse)a’

No heme malignancy
(n=74/134, 55%)



http://orcid.org/0000-0002-4294-2173
http://orcid.org/0000-0002-2261-9862
http://orcid.org/0000-0002-2762-6033
http://orcid.org/0000-0002-3927-1022

Received: 25 March 2024 Accepted: 2 September 2024

DOI: 10.1002/hem3.70057

HemaSphere € eha

Disease characteristics and outcomes of acute myeloid
leukemia in germline RUNX1 deficiency (Familial Platelet
Disorder with associated Myeloid Malignancy)

Martijn P. T. Emst' ® | Jurjen Versluis® | Peter J. M. Valk® | Marc Bierings? |
Rienk Y. J. Tamminga® | Louise H. Hooimeijer®* | Konstanze Déhner* ® |
Paolo Gresele®> | Kiran Tawana® | Saskia M. C. Langemeijer’ |

Bert A. Van der Reijden® | Helena Podgornik®® | Matjaz Sever”!! |

Tor H. A. Tvedt'? | Tom Vulliamy®® | Jude Fitzgibbon* | Inderjeet Dokal’* |

Panagiotis Baliakas'®> | José M. Bastida® | Christian Pohlkamp!” |

Torsten Haferlach?” | Lise Larcher’® | Jean Soulier'® | Roger E. G. Schutgens?®’ |
Kathleen Freson?® | Nicolas Duployez?! ® | Bob Léwenberg! | Katrin Ericson??” |
Jorg Cammenga®®” | Tim Ripperger?*” | Marc H. G. P. Raaijmakers®”

Correspondence: Marc H. G. P. Raaijmakers (m.h.g.raaijmakers@erasmusmc.nl)

Abstract

Familial Platelet Disorder with associated Myeloid Malignancy (FPDMM, FPD/AML, RUNX1-FPD), caused by monoallelic
deleterious germline RUNX1 variants, is characterized by bleeding diathesis and predisposition for hematologic malignancies,
particularly myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML). Clinical data on FPDMM-associated AML
(FPDMM-AML) are limited, complicating evidence-based clinical decision-making. Here, we present retrospective genetic and
clinical data of the largest cohort of FPDMM patients reported to date. We describe 159 European patients (from 94 families)
of whom 134 were evaluable for the development of malignant disease. Sixty developed a hematologic malignancy (44.8%),
most frequently AML (36/134, 26.9%) or MDS (18/134, 13.4%). Somatic alterations of RUNX1 by gene mutation (48%) and
chromosome 21 aberrations (14.3%) were the most common somatic genetic aberrations in FPDMM-AML, followed by FLT3-ITD
mutations (24.1%). Somatic RUNX1 and FLT3-ITD mutations were not detected in FPDMM-associated MDS, suggesting
important contributions to leukemic transformation. Remission-induction chemotherapy resulted in complete remission in 80%
of FPDMM-AML patients with a 5-year overall survival (OS) of 50.4%. Survival outcome was non-inferior compared to a large
cohort of newly diagnosed adult RUNX1-mutated AML (5-year OS 36.6%, p = 0.5), with relatively infrequent concurrent adverse
risk somatic aberrations (ASXL1 mutation, monosomal karyotype, monosomy 5/del 5q) in FPDMM-AML. Collectively, data
support the notion that step-wise leukemic evolution in FPDMM is associated with distinct genetic events and indicate that a
substantial subset of FPDMM-AML patients achieves prolonged survival with conventional AML treatment, including allogeneic
stem cell transplant. These findings are anticipated to inform personalized clinical decision-making in this rare disorder.
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INTRODUCTION

Familial Platelet Disorder with associated Myeloid Malignancy
(FPDMM, OMIM 601399, also known as FPD/AML or RUNX1-FPD) is
a rare autosomal-dominantly inherited disease, caused by germline
RUNX1 variants. More than 20 years after its initial discovery,® a total
of 259 FPDMM families had been reported worldwide in 2021.2 Pa-
tients typically suffer from a bleeding diathesis, caused by (mild)
quantitative and/or qualitative platelet defects.> Moreover, FPDMM
confers a predisposition to developing hematologic malignancies, most
commonly myelodysplastic syndrome (MDS) and acute myeloid leu-
kemia (AML).# In addition, and possibly related to malignancy devel-
opment, a higher rate of clonal hematopoiesis of undetermined
potential (CHIP) is found in these patients, with a lower median age of
onset compared to the general population.>~” The lifetime risk of de-
veloping myeloid malignancies is estimated to be around 44% based on
retrospective case series of families with FFDMM,® but non-myeloid
hematologic malignancies have also been recurrently reported.*?
Hematologic malignancy may develop at any life stage from childhood
to (advanced) adulthood.*?

Myeloid malignancy with germline predisposition was formally
recognized as a separate disease entity in the 2016 revision of
the WHO classification of myeloid neoplasms and acute leukemia,
with germline RUNX1 variants as one of the subcategories.'® The
presence of (likely) pathogenic germline variants in predisposition
genes like RUNX1 bears implications for the management of patients
with AML or MDS, particularly in genetic counseling and clinical
decision-making regarding allogeneic stem cell transplant (SCT).1*-1¢
As included in the ELN2022 guideline, germline predisposition should
be considered in all patients with hematologic malignancies.'® Thus,
FPDMM patients should be distinguished clinically from AML or MDS
patients with somatic RUNX1 variants. In most cohorts, 8%-10%
of RUNX1-mutated AML represents a germline RUNX1 variant,”~2°
although this frequency was reported to range from 0% to 30% in
other cohorts.?*?2 The recent discovery of somatic exonic deletions,?®
which also occur as germline variants, complicates accurate assessment
of disease prevalence.

Current understanding of the clinical course of FPDMM has been
largely based on case reports, case series, and literature reviews.
These reports have not yet resulted in aggregated descriptions of the
clinical course of hematologic malignancy in the context of FPDMM.
Therefore, treatment responses and outcomes of AML in these pa-
tients remain largely elusive. In recent years, a prospective natural
history study has been initiated by the National Institute of Health
(NIH) and the first data were published recently.®’ Additionally,
the RUNX1 database (RUNX1db) has been established, and the first

reports of the cohort within this database were published.?” In the
future, these studies will address outstanding questions in the field of
FPDMM disease course. Here, within the network of the European
Hematology Association Specialized Working Group (EHA-SWG) on
Germline Predisposition for Blood Cancer, we aimed to accumulate
real-world patient data from FPDMM patients to complement other
initiatives. We describe data from the largest cohort of FPDMM
patients published to date and begin to unveil the clinical character-
istics and course of AML occurring in the context of germline RUNX1
deficiency.

METHODS
Data collection

Investigators, (pediatric) hematologists, and clinical geneticists in the
network of the European Hematology Association (EHA) specialized
working group (SWG) Genetic Predisposition to Blood Cancer were
approached to contribute to this study if they had previously been in
contact with any of the initiators of this study on research into
germline RUNX1 deficiency or care for FPDMM patients. A structured
digital request was sent for anonymized clinical data from research-
consented FPDMM patients. Clinical data were retrieved from
local electronic health records and/or published papers, digitally
aggregated and curated. All medical histories and diagnostic test
results were acquired locally. Results from locally performed Sanger
sequencing or Next Generation Sequencing (NGS) on diagnostic
material in a clinical or research setting were obtained, including lists
of analyzed genes. For all patients whose data were shared, written
informed consent was locally obtained to share and publish anon-
ymized clinical data, or local legal regulations allowed the sharing and
publishing of these data. The protocol for obtaining anonymized
clinical data from different centers was approved by Hannover
Medical School Committee (10408_BO_K_2022, June 2022).

RUNX1 variant classification and interpretation

Germline RUNX1 variants were classified using updated RUNX1-specific
curation guidelines,z‘"z5 by two independent reviewers. A point system
in the curation guidelines allowed for the allocation of variants into
one of the five categories: benign, likely benign, variant of uncertain
significance, likely pathogenic, or pathogenic. Patients with a variant of
uncertain significance or a (likely) pathogenic variant were included in
further analyses, whereas patients with (likely) benign variants were
excluded. The germline status of RUNX1 variants was validated locally.
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Data analysis, matched controls, and visualization

Statistical analyses were performed using GraphPad Prism version
9.3.1. Descriptive statistics were used to describe cohort
demographics, germline variant data, and disease characteristics.
Quantitative data were tested for significance using an unpaired
t-test, while the x? test was used to test the significance of qualitative
data. Overall survival and relapse-free survival were calculated using
Rstudio. A historical RUNX1-mutated AML control cohort was
developed by combining available anonymized data from two recent
phase-3 HOVON clinical trials.2®?” Nearest-neighbor propensity
score matching was performed to select an age-matched and
sex-matched subcohort of HOVON controls for FPDMM-associated
AML (selected for high-intensity induction chemotherapy) in a 5:1
ratio. Data visualization was performed using GraphPad Prism version
9.3.1, R version 4.2.1., and Adobe lllustrator version 25.1.

RESULTS
Germline variant curation and cohort selection

A request for anonymized clinical data of FPDMM patients was sent to
33 clinical departments and research groups associated with European
academic institutions. Anonymized data from the electronic health re-
cords of 161 patients from 95 families with germline RUNX1 variants
were retrospectively collected via 17 contributing groups in 10 coun-
tries (the Netherlands, the United Kingdom, Germany, France, Belgium,
Sweden, Norway, Spain, Italy, and Slovenia). From these, 160 patients
harbored a single germline RUNX1 variant, and one patient harbored 2
germline RUNX1 variants, amounting to a total of 162 variants. The
number of unique variants present in this cohort was 73, as some
variants were identified in multiple patients (either in family members or
in unrelated patients). RUNX1 germline variant types included single
nucleotide variants (SNVs) with various consequences (i.e., missense,
nonsense, splice site variants), small insertions and deletions (indels)
leading to frameshift, and copy number variants (large deletions and
duplications) varying in size from one exon to the entire RUNX1 gene
and including one intronic deletion (Figure 1A).

All genetic variants were centrally reviewed and classified sepa-
rately using the updated RUNX1 classification guidelines established by
the Clingen Myeloid Malignancy Variant Curation Expert Panel.242>
Detailed variant data are available in Supporting Information S1:
Table 1. This analysis revealed high percentages of pathogenic (P) or
likely pathogenic (LP) variants (58.6% and 30.9%, respectively), with a
small proportion of variants of uncertain significance (VUS) or likely
benign (LB) variants (8.6% and 1.9%, respectively) (Figure 1B). The re-
latively small proportion of VUS and LB variants is most likely caused by
the request for clinical data of FPDMM patients, thus enriching the data
for P and LP variants. Missense variants contained the highest pro-
portion of VUS (35%), indicative of challenges in accurate classification
(Figure 1C) and highlighting the necessity for functional assays.2%2?

All 14 patients carrying a VUS displayed at least one of the
FPDMM phenotypic criteria as defined in the original RUNX1 classi-
fication guidelines (thrombocytopenia, platelet ultrastructural and/or
functional defects, hematologic malignancy)24 and were included in
the analyses. Thrombocytopenia was reported in 12 patients, func-
tional platelet defects were identified in six patients, and four patients
were reported to have developed a hematologic malignancy. Two
patients carrying solely an LB variant were excluded from further
analyses. The patient harboring two variants (i.e., BQ-1l-1) carried the
LB variant p.(Gly87Cys) and P variant p.(Arg166*). It is unknown
whether the variants were located in cis or in trans.

Cohort description

The exclusion of patients based on germline variant curation resulted
in a cohort of 159 patients with a variant classified as P, LP, or
VUS (Figure 2A). Of these patients, 35 were confirmed to have been
previously published.??=*° The cohort consisted of 84 males and
75 females from 94 families (Figure 2B). The age at which germline
variants were identified was highly variable with a range from
1 month to 83 years old (median 33.5 years) (Figure 2C), indicative of
a varying diagnostic delay. A similar age distribution was observed for
index patients, that is, first identified patients within a family (range
1-83 years; median 34 years). The large variation in age at germline
diagnosis might reflect the varying clinical penetrance and disease
course of FPDMM symptoms that warrant genetic testing,” as well as
the lack of definitive international consensus on diagnostic guidelines.
Detailed patient information is included in Supporting Information S1:
Table 2.

Platelet defects in FPDMM

Thrombocytopenia of varying severity was detected by local labora-
tories in 113 out of 127 patients (89.0%) for whom data were available.
Data on functional platelet tests were reported for 36 patients, with
34 (94.4%) showing varying degrees of one or more defects in the
functional testing of platelets. For 26 patients, a defect in aggregation
in response to one or more agonists was reported. Decreased ATP
and/or ADP release was specified for 21 patients, while defective
content and/or release of alpha granules and/or dense granules was
reported for three patients. Prolonged closing time in a Platelet
Function Assay (PFA) was reported for five patients. In four patients,
an unspecified functional defect was reported. Platelet counts at the
time of functional testing were not available. Misdiagnosis of (familial)
thrombocytopenia as storage pool disease or idiopathic thrombocy-
topenic purpura was reported for five and two patients, respectively,
but available data were insufficient to determine frequencies of mis-
diagnosed patients or diagnostic delay this had potentially resulted in.

Hematologic malignancies in FFDMM

Data on hematologic malignancy development were available for 134
patients, of whom 60 had indeed developed hematologic malignancy
(44.8%) at the time of or prior to data sharing. AML was the most
common hematologic malignancy (26.9%, 36/134), followed by MDS
(13.4%, 18/134) (Figure 3A). Of the 18 MDS cases, four evolved into
secondary AML (sAML). Other reported malignancies included T-cell
acute lymphoblastic leukemia (T-ALL) in two patients, chronic myelo-
monocytic leukemia (CMML) in one patient, and primary myelofibrosis
(PMF) in three patients (of whom one evolved into MDS). Notably,
although one case of myeloid proliferative neoplasm (MPN) without
further specification has been described in FPDMM,* primary myelo-
fibrosis (PMF) has not been reported before. This expands on the no-
tion that germline RUNX1 deficiency might confer a broader
predisposition to hematologic malignancies rather than strictly to AML
and MDS, albeit with substantially variable risk per malignancy type.
Considering all types of hematologic malignancies in this cohort, no
correlation was found between the occurrence of malignancy and the
RUNX1 variant type (Figure 3B), a topic of debate in the literature.***

Age of malignancy onset was highly variable, ranging from 4 to
77 years (median 36.5 years) (Figure 3C). The median ages at
which patients presented with AML or MDS in the cohort (35 and
40.5 years, respectively) seemed to be considerably lower than the
median age at which these diseases present in the general population,
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FIGURE 1

Missense : Frameshift : Splice site : Nonsense : CNV

Description and classification of germline variants. (A) Graphical representation of germline variants identified in the cohort. Depicted is the RUNX1C

isoform (NM_001754). SNVs and indels are indicated above the transcript; color indicates variant type, arrow indicates variant location, number indicates the number
of patients in whom the variant was found. CNVs are indicated below the transcript; color indicates variant type, line indicates part of the transcript that is affected,
number indicates the number of patients in whom the variant was found. A dotted line preceding exon 1 indicates (partial) deletion of the untranslated region.
## indicates likely benign variant, # indicates variants of uncertain significance, unlabeled variants were classified as pathogenic or likely pathogenic. (B) Classification
of all variants and unique variants (i.e., without duplicates) per updated MMVCEP RUNX1 classification guidelines.?*2> (C) Distribution of pathogenicity classes in
germline variant types. CNV, copy number variant; indels, insertion & deletions; LB, likely benign; LP, likely pathogenic; P, pathogenic; RHD, runt homology domain,
SNV, single nucleotide variant; TAD, transactivation domain; VUS, variant of uncertain significance.

which are reportedly 69 and 77 years, respectively, in the United
States.*? No correlation was found between the age of AML onset
and the type of germline RUNX1 variant (Figure 3D). For 21 out of
30 evaluable AML patients (70%) and 11 out of 14 evaluable MDS
patients (79%), the age at malignant diagnosis was identical to the age
at which a germline RUNX1 variant was identified. These numbers
suggest that a considerable proportion of included patients who
developed AML or MDS were diagnosed with FPDMM when malig-
nancy developed.

Somatic mutations and chromosomal aberrations in
FPDMM-associated AML and MDS

Molecular genetic data of somatic mutations were available for
30 FPDMM-associated AML (hereafter FPDMM-AML) patients and
eight FPDMM-associated MDS (hereafter FPDMM-MDS) patients,
describing mutations that were identified by sequencing techniques on
tumor material (Figure 4A). Genes included in (panel-based) sequencing
and/or Sanger sequencing varied per patient, as indicated in Figure 4A.

Cytogenetic data were available for 35 FPDMM-AML patients and 10
FPDMM-MDS patients, describing chromosomal abnormalities de-
tected by karyotyping and/or Fluorescent In Situ Hybridization tech-
niques (Figure 4A). We compared the molecular genetic and
cytogenetic data in FPDMM-AML to a large cohort of RUNX1-mutated
AML cases (n=210) included in two recent phase-3 HOVON clinical
trials including newly diagnosed AML patients (age 18-65 years).2%?7
Included in these studies were patients with a diagnosis of AML, high-
risk refractory anemia with excess blasts, or acute leukemia of ambig-
uous lineage according to WHO2008 criteria, hereafter summarized as
AML. Of note, this cohort likely includes unidentified patients with
RUNX1 mutations of germline origin, typically reported to be 8%-10%
in comparable cohorts.”~2°

RUNX1 was the most frequently somatically mutated gene in
FPDMM-AML (12/25, 48%), including 1 copy-neutral loss-of-
heterozygosity (CN-LOH), followed by FLT3-ITD aberrations (7/29,
24.1%) (Figure 4A). It was unknown if somatic RUNX1 mutations
occurred in cis or in trans relative to the germline RUNX1 variant.
Somatic RUNX1 and FLT3-ITD mutations were not reported in any of
the 10 MDS patients. In line with this, somatic RUNX1 mutations have
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LP, likely pathogenic; P, pathogenic; VUS, variant of uncertain significance.

been identified infrequently, and FLT3-ITD not at all, in FFDMM-MDS
in previous studies.*”*® Other relatively frequently observed soma-
tically mutated genes in this cohort of FPDMM-AML included BCOR
(5/22,22,7%) and SRSF2 (5/22, 22.7%). In contrast, some other genes
were notably infrequently identified to be somatically mutated,
including NPM1 (1/30, 3.3%) and ASXL1 (1/23, 4.3%). The mutational
landscape in this cohort of FPDMM-AML was generally comparable
to the HOVON RUNX1-mutated AML cohort, with some gene-
specific differences that should be cautiously interpreted due to low
numbers (Figure 4B). Most strikingly, however, mutations in ASXL1
were much less prevalent in the FPDMM-AML series compared to
RUNX1-mutated AML patients from the HOVON cohort (57/210,
27.1%). Of note, ASXL1 mutations are among somatic events asso-
ciated with adverse risk AML in the ELN2017 and ELN2022 risk
stratification. 1644

Chromosomal aberrations were reported in 37.1% (13/35)
of AML patients and in 60% (6/10) of MDS patients (Figure 4A).
Chromosome 21 (harboring the RUNX1 gene) aberrations were among
the most frequent in FPDMM-AML (5/35, 14.3%). The aberrations
consisted of trisomy 21 in four cases (11.4%) and a loss of
21q in one case (2.9%). For two cases with trisomy 21, the duplicated
chromosome was reported to carry the germline variant,3* which was
unknown for the remaining three cases with chromosome 21 ab-
normalities. In four out of five patients, chromosome 21 aberrations
occurred in the absence of a somatic molecular aberration in RUNX1. In
MDS, trisomy 21 was found in 1 out of 10 evaluable cases (10%), in
which it was unknown whether the duplicated chromosome carried the
germline RUNX1 variant. Other recurrently reported chromosomal
aberrations in FPDMM-AML included trisomy 8 (4/35, 11.4%) and
monosomy 7 or 7q deletion (4/35, 11.4%). In the HOVON RUNX1-
mutated AML cohort, chromosomal abnormalities were found in 105
out of 206 evaluable patients (51.0%). FPDMM-AML showed an overall
trend toward lower frequencies of cytogenetic aberrations in compar-
ison to HOVON RUNX1-mutated AML (Figure 4C), including mono-
somal karyotype (0/35, 0% vs. 12/206, 5.8%) and monosomy 5 or 5q
deletions (0/35, 0% vs. 12/206, 5.8%). These aberrations represent
criteria for adverse risk AML in ELN2017 and ELN2022 risk

stratification.'®** In contrast, the frequency of trisomy 21 was lower in
the HOVON RUNX1-mutated AML cohort (11/206, 5.3%).

Treatment response and outcome
in FPDMM-associated AML

To analyze outcomes of FPDMM-AML patients with current treatment
regimens, we collected therapy and treatment outcome data of
FPDMM patients who had developed AML and sAML. Detailed
AML data are included in Supporting Information S1: Table 3. Data on
remission induction treatment were available for 31 FPDMM-AML
patients. Most patients received intensive induction chemotherapy
(IC, 28/31, 90.3%), whereas one patient received a hypomethylating
agent (HMA), and two did not receive any induction therapy
(Figure 5A). Data on the initial response to IC were available for
25 patients, of whom 20 (80%) attained complete remission (CR)
or CR with incomplete hematopoietic recovery (CRi). Among these
20 patients, two were reported to have attained CRi (10%) and re-
covery status was not specified (CRnos) in 1 patient. Ages at diagnosis
of patients who achieved CR(i) did not significantly differ from those
who displayed refractory disease (RD) (Figure 5B).

Consolidation treatment data were available for 34 patients, of
whom 25 received allogeneic stem cell transplant (allo-SCT, 25/34,
73.5%), three were consolidated using chemotherapy (3/34, 8.8%),
and one received consolidation treatment that was not specified
(1/34, 2.9%), with the remaining five patients not receiving con-
solidation treatment (Figure 5C). A matched unrelated donor (MUD)
was the most commonly used source of stem cells for allo-SCT (15/
25, 60%), whereas cord blood (CB) was used in two cases (2/25, 8%)
(Figure 5C). A sibling donor was reported for six patients (24%),
of which the germline RUNX1 variant was excluded in 3/6 cases
(although this was only investigated years after transplantation in one
case). In two cases that received allo-SCT, donor origin could not be
retrieved.

Survival data were available for 33 patients with a median age
of 34 years. Treatment resulted in a 5-year overall survival (OS) of
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50.4% in all evaluable patients (n = 33), including nine pediatric and
24 adult patients. Relapses occurred in eight out of 31 evaluable
FPDMM-AML patients. Most relapses occurred within 5 years, but
one patient (treated with MUD allo-SCT following IC) relapsed more
than 10 years after initial diagnosis. Relapses occurred after various
types of consolidation therapy; in 1/3 patients treated with
chemotherapy, in 3/15 patients treated with MUD allo-SCT, in 3/6
patients treated with sibling allo-SCT (absence of germline RUNX1
variant was established in two cases), and in 1/2 patients treated with
CB allo-SCT.

We used data from the previously described HOVON studies to
compare the survival data of FPDMM-AML to a historical RUNX1-
mutated AML control cohort. The HOVON cohort included 210
RUNX1-mutated AML patients, with a median age of 53 years (range
18-65 years). Of these 210 patients, 160 (76%) achieved CR(i) in
response to IC, comparable to response rates for FPDMM-AML
(Figure 5D). Survival analysis revealed a superior survival of the
FPDMM-AML cohort, with a 5-year OS of 36.6% in RUNX1-mutated
patients in the HOVON cohort (p=0.05) (Figure 5E). To correct for
differences in ages between cohorts as a known prognostic factor in
AML, we performed a matched analysis. In this age, sex and treatment
(induction IC) matched analysis, a selection of 19 FPDMM-AML

patients (median age 44 years) was compared to 95 HOVON RUNX1-
mutated AML patients (median 48 years). In these matched cohorts,
FPDMM-AML patients were more frequently treated with allo-SCT
than RUNX1-mutated AML patients from HOVON, but the difference
was not statistically significant (p = 0.1) (Table S4). After matching,
FPDMM-AML patients again showed a trend toward a favorable
outcome, albeit without statistical significance (p = 0.06) (Figure 5F).
Taken together, the data indicate that a significant subset of
FPDMM-AML patients achieves prolonged survival with standard in-
tensive AML treatment followed by consolidation strategies,
including allo-SCT, and that these patients do not seem to have adverse
outcomes, albeit in comparison to sporadic RUNX1-mutated patients.

DISCUSSION

In this work, we report on the largest cohort of FPDMM patients
described to date. This concerted effort follows similar multi-center
initiatives for other hematopoietic malignancy predisposition syn-
dromes, such as germline CEBPA and GATA2 deficiency,*>*¢ indicating
increased awareness of germline predisposition to hematologic malig-
nancies in general.
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FIGURE 4 Somatic cytogenetic and molecular aberrations in FPDMM-associated AML and MDS. (A) Somatic cytogenetic and molecular aberrations per FPDMM
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The frequency of key FPDMM disease characteristics, such as platelet defects closely resemble data presented in the prospective
thrombocytopenia (89.0% of patients), functional platelet defects (94.4% FPDMM natural history study,” in which 43/47 patients (91%) had low
of patients), and development of hematologic malignancy (in 44.8% of platelets and 18/18 patients (100%) showed one or more abnormalities

patients) are consistent with previous reports.*®? Specifically, results on in functional platelet tests. Although these data seem to confirm that
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(mild) thrombocytopenia and thrombocytopathy are indeed hallmarks of
FPDMM and present in (almost) all patients, ascertainment bias might
have led to a disproportionally high number of patients with quantitative
and/or qualitative platelet defects in both studies. Notably, our results
confirm a heterogeneous pattern of platelet defects that precludes the

use of conventional laboratory assays to establish a firm FPDMM diag-
nosis, stressing the requirement of molecular genetic analysis of bona fide
germline DNA**® The clinical relevance of genetic diagnostics in a
benign setting is illustrated by multiple cases of misdiagnosed platelet
defects within this cohort. Besides insights into platelet defects in
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FPDMM, data confirm that AML and MDS represent the most com-
monly occurring hematologic malignancies (initial presenting hematolo-
gical malignancy in 26.9% and 13.4% of patients, respectively). Again,
extrapolating these frequencies to the general FPDMM population is
complicated by potential ascertainment bias and data contribution of
(pediatric) hematologists who mainly treat hematological malignancies,
potentially resulting in an overestimation of the incidence of MDS/AML
in the general FPDMM population. Although this is highlighted by the
considerable proportion of FPDMM-AML and FPDMM-MDS patients in
whom a RUNX1 variant was identified at the time of malignant diagnosis,
we report a hematologic malignancy prevalence in the total cohort
(44.8%) that is consistent with literature.® Additionally, a subset of pa-
tients in this cohort has been previously reported, potentially contributing
to consistency of data, although this constituted only 22% (35/159) of
patients in the current cohort.

The number of patients who developed AML or MDS in the current
cohort allowed for analysis of acquired additional genetic perturbations
occurring within a germline RUNX1-mutated background. The identifi-
cation of somatic RUNX1 mutations as the most frequent somatic ge-
netic alteration in FPDMM-AML is consistent with existing
literature,*”#1 further supporting the hypothesis that (further) de-
creasing RUNX1 functionality is one of the mechanisms of leukemic
transformation in FPDMM. 1t is likely that additional somatic RUNX1
mutations result in further functional loss of RUNX1 by negatively af-
fecting protein function, especially if both alleles would be affected
(which has not formally been demonstrated in the reported FPDMM
patients with somatic RUNX1 mutations). Similarly, abnormalities of
chromosome 21 potentially decrease functional RUNX1 levels by de-
creasing the ratio of normal to mutated allele. This phenomenon has
been previously published for 3 cases of trisomy 21 in FPDMM-AML
(of which two patients were included in the current study), in which the
duplicated chromosome carried the germline RUNX1 variant.3* Also,
preclinical studies show dose-dependent effects of RUNX1 deficiency
on hematological parameters, such as reduced platelet levels and
myeloid skewing.*>*° The intricate relationship between RUNX1
function and malignant transformation is further demonstrated by re-
cent reports of RUNX1 isoform disequilibrium involved in trisomy 21-
related myeloid leukemia and FPDMM-MDS.>>°2 However, the exact
mechanism by which further functional RUNX1 loss in FPDMM, either
through somatic aberrations or isoform equilibrium disturbances, might
drive transformation to AML, remains unclear.

Recurrent somatic mutations in genes like FLT3, BCOR, and
BCORL1 have been reported before in FPDMM-AML, as well as the
relative lack of NPM1 and ASXL1 mutations. The much more frequent
co-occurrence of ASXL1 mutations in somatically RUNX1-mutated
AML may point to a specific contribution of the gene in that setting.
Additionally, we report a lack of RUNX1 and FLT3-ITD mutations in
FPDMM-MDS, suggesting that the occurrence of these mutations
may play critical roles in leukemic transformation. Perturbations in
these genes may thus represent biomarkers for progression, although
it is unclear how imminent the risk of transformation is when these
mutations are identified (in an FPDMM-MDS patient). Increased
follow-up time in this cohort as well as other cohorts, preferably with
sequential sequencing to determine (changes in) clone size, could
offer insights into the value of such aberrations as biomarkers.

The current cohort allowed for the first analysis of aggregated
FPDMM-AML treatment and outcome data. These analyses reveal
response to induction treatment (CR(i)) in a substantial subset (80%) of
patients, resulting in a relatively favorable 5-year OS (50.4%) in com-
parison to a large cohort of adult, mostly somatically, RUNX1-mutated
AML patients treated with intensive remission induction chemother-
apy. The reported FPDMM-AML patients have significantly better
survival in unmatched analysis, but these data need to be interpreted

with great caution given the intrinsic differences in patient and treat-
ment characteristics between the cohorts, including younger median
age and more heterogenous induction regimens in FPDMM-AML.
After correcting for these differences by propensity score matching, a
trend toward a favorable outcomes for FPDMM-AML remained pre-
sent (albeit non-significant).

Findings may be consistent with anecdotal data on outcomes in a
small set of 4 FPDMM-AML patients (100% CR, median OS
4.5 years).>® Although caution has to be taken in the interpretation of
data from small numbers of patients (inherent to the study
of rare disorders), the data seem to indicate that outcomes in adult-
onset FPDMM-AML are not inferior to outcomes in adult patients
with RUNX1 somatically mutated AML. While data await confirmation
in future prospective data sets (for example, those currently being
collected in the context of the NIH FPDMM natural history study®),
the finding of relatively favorable outcomes in this cohort of
FPDMM-AML may be related to a relative lack of concomitant so-
matic aberrations associated with adverse risk AML according to
ELN2017 and ELN2022 genetic scores,'®** such as ASXL1 mutations,
monosomal karyotype, and monosomy 5 or 5q deletions. Whether
the low frequency of these co-occurring aberrations is a general
feature of FPDMM-AML is to be determined.

The relatively favorable outcomes in this cohort of FPDMM-AML
contrast those from AML in the context of GATA2 germline defi-
ciency, where the majority of cases are refractory to induction,*® and
Shwachman-Diamond Syndrome (SDS), in which progression toward
AML confers a dismal prognosis.>* The nature of leukemogenic
events (e.g. predominantly TP53 mutations in SDS) likely drives the
differences in outcome between these disorders. Additionally, this
study suggests that FPDMM patients do not have a poor tolerance to
chemotherapy, which may help explain differences in outcomes.

These novel insights into the clinical outcome of FPDMM-AML
may help instruct clinical decision-making in FPDMM patients, in
particular regarding the role of pre-emptive SCT in these patients. In
FPDMM, questions about the indication and timing of pre-emptive SCT
are complicated by incomplete penetrance of malignant transformation
and the large spread of ages at which AML develops. The relatively
favorable response to induction treatment and overall survival of
FPDMM-AML as described herein could be used as a factor in justi-
fying restraint regarding preemptive SCT (in comparison to predis-
position disorders like GATA2 germline deficiency and SDS). However,
decisions on pre-emptive transplantation should be made on a case-by-
case basis, weighing patient-specific factors against the herein-
described findings, and include well-informed shared decision-making.

This collaborative multi-institutional research is an ongoing in-
itiative by the EHA-SWG on genetic predisposition to blood cancers.
Moving forward, we intend to increase the cohort size and enhance the
granularity and comprehensiveness of the data to enable an even more
refined description of the clinical course of FPDMM. A larger data set
and increased follow-up time will further define the true incidence
rates of hematologic malignancies in these patients. Additionally, larger
numbers of patients and follow-up data would allow analysis of the
molecular and clinical heterogeneity of FPDMM-AML patients, sub-
group analysis such as pediatric versus adult patients, and identification
of risk stratification that could guide therapy choices. Finally, the goal is
to identify patients at high risk for leukemic transformation before
hematological malignancy is diagnosed to enable the development of
preventive measures rather than curative therapies.
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