
Br J Haematol. 2025;207:1565–1577.	﻿�     |  1565wileyonlinelibrary.com/journal/bjh

O R I G I N A L  P A P E R

P l a t e l e t s ,  T h r o m b o s i s  a n d  H a e m o s t a s i s

Insights into the clinical, platelet and genetic landscape of inherited 
thrombocytopenia with malignancy risk

Ana Marín-Quílez1   |    Ana Sánchez-Fuentes1   |    Ana Zamora-Cánovas1  |   
Pedro Luis Gómez-González1  |    Lorena Diaz-Ajenjo2  |    Rocío Benito2  |   
Agustín Rodríguez-Alén3   |    Teresa Sevivas4   |    Thais Murciano5  |    Laura Murillo5  |   
Nora V. Butta6   |    Nuria Revilla7   |    Rosa Campos8  |    Paola Escribano9  |   
Jordi Esteve10   |    Nuria Fernández-Mosteirin11  |    Francisca Ferrer-Marín12,7   |   
Laura Hernández13  |    Jorge Huerta-Aragonés14,15   |    Antonio León16  |   
Mónica López-Duarte17   |    Eugenia López18   |    Mónica Martín-Salces6  |   
Meritxell Nomdedeu10  |    Raquel Oña19  |    Irene Peláez-Pleguezuelos20  |    Fernando Ramos21  |   
Elena Sebastián22   |    Claudia Serrano23   |    Cristina Sierra-Aisa24   |    Rosa Vidal-Laso7  |   
José Ramón González-Porras25   |    María Luisa Lozano1   |    José María Bastida25   |   
José Rivera1

Received: 8 March 2025  |  Accepted: 3 July 2025

DOI: 10.1111/bjh.70001  

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, 
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2025 The Author(s). British Journal of Haematology published by British Society for Haematology and John Wiley & Sons Ltd.

Ana Marín-Quílez and Ana Sánchez-Fuentes share first authorship. 

María Luisa Lozano, José María Bastida and José Rivera share senior authorship. 

On behalf of Grupo Español de Alteraciones Plaquetarias Congénitas (GEAPC): José María Bastida and José Rivera.  

For affiliations refer to page 1575.

Correspondence
José Rivera and Ana Marín-Quílez, 
Servicio de Hematología, Centro Regional 
de Hemodonación, Hospital Universitario 
Morales Meseguer, Universidad de Murcia, 
IMIB-Pascual Parrilla, CIBERER-ISCIII, 
Murcia, Spain.
Email: jrp@um.es; jose.rivera@carm.es and 
ana.marin.94@gmail.com

Funding information
Sociedad Española de Trombosis y 
Hemostasia, Grant/Award Number: 
Premio López Borrasca, Ayuda a Grupos de 
Trabajo and Beca Francisco España 2024; 
Real Fundación Victoria Eugenia, Grant/
Award Number: Premio Investigación 2023; 
Instituto de Salud Carlos III (ISCIII) & 
European Union, Grant/Award Number: 
PI23/00624, PI24/01458, PMP21/00052, 
CB15/00055, CM23/00028 and FI21/00157; 
Fundación Séneca - Agencia de Ciencia y 
Tecnología de la Región de Murcia, Grant/
Award Number: 21920/PI/22; Gerencia 
Regional de Salud, Grant/Award Number: 
GRS2551/A/22, GRS2907/A1/2023 and 

Summary
Inherited thrombocytopenia (IT) with germline variants in RUNX1, ETV6 or 
ANKRD26 carries a high risk (10%–45%) of developing haematological malignancy 
(IT-HM). We evaluated the clinical, platelet and molecular characteristics in 37 
patients with RUNX1-related thrombocytopenia (RT), 9 with ETV6-RT and 20 
with ANRKD26-RT. Genetic diagnosis was delayed by about 20 years from the 
identification of thrombocytopenia. Bleeding tendency was present in 25%–30% of 
RUNX1-RT and ANKRD26-RT patients. Platelet aggregation was impaired in 90% 
of all patients, while reduced activation and granule secretion were heterogeneous. 
Most RUNX1-RT patients had low glycoprotein Ia (GPIa) levels, which may be a 
useful disease biomarker. Sixteen distinct genetic variants in RUNX1, four in ETV6 
and four in ANKRD26 were identified in patients. The clinical profile showed 
immune, skin, gastrointestinal and other comorbidities in many patients. One 
third of the cases developed a malignancy: This included eight RUNX1-RT patients 
with myelodysplastic syndrome (MDS), five with acute myeloid leukaemia (AML), 
and one with chronic myeloid leukaemia (CML) Ph+. One patient with ETV6-RT 
subsequently developed B-cell acute lymphoblastic leukaemia (B-ALL) during 
childhood. Three cases with ANKRD26-RT demonstrated a multifaceted clinical 
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I N TRODUC TION

Inherited thrombocytopenias (ITs) are rare diseases caused 
by defects in ~40 genes involved in megakaryopoiesis and 
thrombopoiesis, often presenting with an increased bleed-
ing risk.1–3 Many ITs predispose to other congenital defects, 
haematological malignancies, bone marrow (BM) failure or 
non-haematological diseases.4 The 2016 WHO classification 
identified germline monoallelic variants in RUNX1, ETV6 
and ANKRD26 as drivers of the ‘hereditary myeloid neo-
plasms with platelet disorders’.5

RUNX1-related thrombocytopenia (−RT), also known as 
familial platelet disorder with predisposition to myeloid leu-
kaemia (RUNX1-RT, FPD/AML), is characterized by mild-
to-moderate bleeding, variable thrombocytopenia with 
normal platelet size, platelet dysfunction and a 45% of early 
in life (median age: 33 years) development of acute myeloid 
leukaemia (AML) or myelodysplastic syndrome (MDS), 
with rare cases (1%–3%) of T-acute lymphoblastic leukaemia 
(ALL).6,7

Patients with ETV6-RT and ANKRD26-RT also pres-
ent with mild bleeding, thrombocytopenia and platelet 
dysfunction. ETV6-RT patients have a 25% risk of B-cell 
acute lymphoblastic leukaemia (B-ALL) in childhood and 
a 5%–10% risk of AML or MDS, with rare cases of solid tu-
mours.8 ANKRD26-RT patients with 5′UTR variants have 
a 5%–10% chance of AML/MDS, with a median onset at 
35 years.9

Germline variants in RUNX1 and ETV6 alone do not in-
duce leukaemia, and additional mutations are required.8,10 
In RUNX1-RT-associated leukaemia, somatic mutations fre-
quently involve the wild-type RUNX1 allele, PHF6, BCOR 
and TET2.11,12 Furthermore, ETV6-RT patients with leukae-
mia commonly harbour mutations in BCOR, RUNX1 and 
KRAS, alongside fusion proteins.8,13

There are more than 400 reported cases of RUNX1-RT 
patients,14,15 at least 96 cases of ETV6-RT16 and above 
300 patients with ANKRD26-RT.17 The ClinVar database 
(https://​www.​ncbi.​nlm.​nih.​gov/​clinv​ar/​; accession on 29 
May 2025) includes up to 301, 91 and 30 pathogenic (PV) or 
likely pathogenic (LPV) germline variants in RUNX1, ETV6 
and ANKRD26, respectively, and many more variants of un-
certain significance (VUS).

This study evaluates the clinical, platelet and genetic pro-
files of a large Spanish cohort of IT with predisposition to 
haematological malignancies (IT-HM).

M ETHODS

Patient recruitment and clinical evaluation

This study comprised patients with IT-HM recruited at the 
Spanish Multicentre Project of Inherited Platelet Disorders 
(IPDs) (Grupo Español de Alteraciones Plaquetarias 
Congénitas, GEAPC). The study was approved by the 
Hospital Reina Sofía Ethics Committee (Murcia, Spain) and 
adhered to the Declaration of Helsinki. Written informed 
consent was obtained from all patients.

Medical history, physical examination, neoplasia fol-
low-up, BM analysis and comorbidities assessment were 
conducted by haematologists and other specialists at collab-
orating centres and reviewed by the research team. Bleeding 
tendency was assessed using the ISTH-BAT.18,19

Platelet studies and molecular analysis

Venous blood was collected in K3 EDTA (7.5%) for blood 
counts, blood films and nucleic acid purification and in 
0.105 M sodium citrate for platelet functional studies. 
Genomic deoxyribonucleic acid (DNA) was extracted using 
the DNeasy Blood & Tissue Kit (Qiagen, Germany).

Platelet function was assessed using Platelet Function 
Analizer (PFA)-100 tests (collagen-Adenosine-5'-Diphosphate 
[ADP] and collagen-epinephrine cartridges) as well as flow 
cytometry evaluation of platelet membrane glycoproteins 
(GP), αIIbβ3 integrin activation (CD41/CD61 Monoclonal 
Antibody [PAC1] binding) and granule secretion (CD62, 
CD63).20,21 Light transmission aggregometry (LTA) was per-
formed using a TA-8V aggregometer (Stago, France) in the 
patient's platelet-rich plasma (PRP) with a platelet count of 
≥50 × 109 platelets/L and in control PRP adjusted to the same 
platelet count. Platelet dense granule content was evaluated by 
whole-mount electron microscopy.22

To classify patients' platelet function status as normal or 
impaired, at least two healthy controls were analysed in par-
allel to reduce intra-individual variability. Impairment was 
defined as a ≥30% reduction in aggregation, activation or 
granule secretion in response to ≥2 agonists, or specifically 
collagen in RUNX1-RT patients, compared to controls.23

Patients' DNA was analysed by high-throughput sequenc-
ing (HTS) with a panel of 102 genes.24 Variant analysis was 
performed with DIGEVAR (https://​digev​ar2.​imib.​es/​),25,26 

presentation, including B-ALL Ph+, MDS and breast cancer. The high incidence of 
HM development highlights the importance of early diagnosis in life.

K E Y W O R D S
ANKRD26, ETV6, inherited thrombocytopenia, IT, malignancy predisposition, RUNX1
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and variant pathogenicity was assessed according to the 
ACMG/AMP general criteria27 or the ClinGen adapted ones 
in the case of RUNX1-RT patients.28 Segregation of candidate 
variants in pedigrees was assessed by Sanger sequencing.

Statistical analysis

Spearman's r test was used to ascertain quantitative corre-
lations (e.g. platelet count vs. ISTH-BAT) and Fisher's exact 
test for qualitative associations (e.g. mutation type vs. neo-
plasia). Analyses were conducted using GraphPad.

R E SU LTS

Patients' general description

Between 2008 and 2024, 66 patients from 31 families were 
diagnosed with IT-HM: 37 patients (20 families) with 
RUNX1-RT, 9 (5 families) with ETV6-RT and 20 (6 families) 
with ANRKD26-RT. The inclusion criteria are detailed in 
Table S1. Of note, this cohort accounted for 15.9% of IT cases 
in our Spanish cohort of IT (Figure S1).

Family history of thrombocytopenia was present in 60% 
of RUNX1-RT, 80% of ETV6-RT and 83% of ANRKD26-RT 
families (1–8 affected members per family) (Figure  1A). 
There was also a family background of neoplasia in 45%, 
60% and 50% of the families, respectively (1–15 affected 
members), mainly haematological malignancies (66%) but 
also diverse solid tumours (Figure 1A; Table S2).

The median age at the time of initial thrombocytopenia 
report, which was available in 82% of patients, was 26 years 
for RUNX1-RT, 12 years for ETV6-RT and 16 years for 
ANRKD26-RT (range: 0–80 years) (Figure 1B). Remarkably, 
diagnosis occurred later in these patients, at median ages of 
43, 30 and 37 years respectively (Figure 1C).

A complete blood count at diagnosis showed thrombo-
cytopenia in 88.9% of RUNX1-RT cases and in all ETV6-RT 
and ANRKD26-RT patients, with most showing normal 
platelet size (Figure  1D,E; Table  S3). Furthermore, com-
mon findings in RUNX1-RT and ETV6-RT cases, but not 
in ANKRD26-RT patients, included anaemia (30.6% and 
33.3%), leucopenia (38.9% and 44.4%) and neutropenia 
(52.8% and 66.7%) (Figure 1F–H; Table S3).

Blood films suggested thrombocytopenia in 74.3% of 
RUNX1-RT patients, 88.9% of ETV6-RT cases (8 of 9) and 
all ANKRD26-RT patients (Figure 1I). Additional findings 
include, in some cases, a few large platelets, granulocytic or 
erythroid dysmorphia and myeloid blasts (>5%) (Table S4).

Clinical presentation of the patients

At the time of diagnosis, a mild bleeding tendency was observed 
in a quarter of RUNX1-RT (8 of 31) and ANKRD26-RT (6 of 
20) cases, while in none of the ETV6-RT patients (Figure 1J; 

Table S3). Furthermore, 82.5% of the patients exhibited extra 
haematological comorbidities of the following type:

Allergy and immunology

Allergic or immunological disorders were diagnosed in 
41.7% of the RUNX1-RT patients, with allergic asthma (6 
cases) and allergic rhinoconjunctivitis (5 cases) being the 
most prevalent. The remaining cases included mite/pollen 
allergy (3 cases), drug allergy, eosinophilia, allergic sinusitis, 
multiple food allergies, immunoglobulin A (IgA) deficiency 
(2 cases of each type) and reactive urticaria, lichen planus 
and recurrent otitis (1 case each). No allergies were reported 
in ETV6-RT patients, while three of 20 ANKRD26-RT pa-
tients had allergic asthma and one was allergic to pollen.

Dermatology

Skin disorders were identified in 19 (52.8%) RUNX1-RT pa-
tients, with atopic dermatitis, melanocytic nevus and eczema 
(7, 3 and 2 cases respectively) being the most prevalent. The 
remaining cases exhibited one of the following conditions: 
chalazion, alopecia areata, seborrheic dermatitis, pityriasis 
versicolor, psoriasis, atopic cheilitis labialis, hyperpigmented 
spots and generalized warts.

Among ETV6-RT patients, one of seven had seborrheic 
keratosis, and another had epithelioid haemangioendotheli-
oma. For ANKRD26-RT, 45% also had dermatological dis-
orders, including seborrheic dermatitis, melanocytic nevus 
and atopic dermatitis (two cases of each). Single cases ex-
hibited hyperkeratosis, generalized warts, psoriasis, diffuse 
alopecia and erythematous rash.

Gastroenterology

Gastrointestinal disorders were reported in 11 of 36 RUNX1-RT, 
2 of 7 ETV6-RT and 7 of 20 ANKRD26-RT patients.

Among RUNX1-RT patients, three had haemorrhoids 
and individual cases had conditions such as appendicitis, 
eosinophilic esophagitis, chronic constipation, pancreatitis, 
peptic ulcer, recurrent cholangitis, hiatal hernia, diverticu-
losis, chronic gastritis, gastric infection and gastrooesoph-
ageal reflux. ETV6-RT patients had cholelithiasis or coeliac 
disease. Lastly, among ANKRD26-RT patients, two exhib-
ited frequent constipation, and single cases had cholelithi-
asis, coeliac disease, ileitis, recurrent diarrhoea, dysphagia 
and faecal occult blood followed by colonoscopy.

Other pathologies

Table  S5 shows other comorbidities observed in 58.3%, 
28.6% and 45% of RUNX1-RT, ETV6-RT and ANKRD26-RT 
patients respectively.
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Malignancy progression

Eighteen patients (27.3%) developed malignancies: 14 in 
RUNX1-RT, 1 in ETV6-RT and 3 in ANKRD26-RT. The 
median age at neoplasm diagnosis was 48, 12 and 49 years 
respectively (range: 6–81) (Table 1; Figure S2A).

Eight of 14 RUNX1-RT patients (57.1%) developed dif-
ferent subtypes of MDS. Three had MDS with low blasts 
(MDS-LB), two developed MDS with increased blasts 
(MDS-IB1) while one had MDS-IB2 and the last two pre-
sented hypoplastic MDS (MDS-h) (Table  1). Five patients 
developed AML: two patients with acute myelomonocytic 
leukaemia (AMML); two patients with AML without mat-
uration and the last patient with AML with maturation 
(Table 1). Finally, one patient (5.3%) developed Philadelphia-
positive chronic myeloid leukaemia (CML Ph+) (Table 1).

One ETV6-RT patient was diagnosed with B-ALL in 
childhood, while the ANKRD26-RT patients developed B-
ALL Ph+, MDS-LB and breast cancer (Table 1).

A total of 77.8% (14/18) achieved complete remission 
with negative minimal residual disease (MRD). The re-
maining 47 patients without malignancy have a median age 
of 35–37 years and have undergone regular follow-up for 
3–6 years after diagnosis (Figure S2B).

BM evaluation

BM was assessed in 34 (51.5%) patients: 23 with RUNX1-RT, 
5 with ETV6-RT and 6 with ANKRD26-RT, with a median 
age of 42, 16 and 37 years respectively (range: 0–81). Notably, 
BM analysis in non-malignant cases preceded that in pa-
tients who developed malignancy (Table 2; Figure S2C).

In non-malignant RUNX1-RT patients, BM showed nor-
mal or reduced cellularity and megakaryocyte (Mks) counts, 
with normal morphology, except for two cases with dysplas-
tic, hypolobulated or small-sized features. Erythroid and/
or granulocytic dysplasia and blasts were rare (Table 2). All 
AML and CML cases had hypercellular BM, whereas MDS 
cases had normocellular or hypocellular BM, with 50% 
showing megakaryocytic dysplasia and 35.7% erythroid or 
granulocytic dysplasia (Table 2).

Non-malignant ETV6-RT patients had normocellular 
BM without Mks dysplasia, although 75% had moderate 

dysgranulopoiesis. The childhood B-ALL case had hypercel-
lular BM with lymphoblast infiltration (Table 2).

Of the four non-malignant ANKRD26-RT cases, one 
biopsy was inconclusive, one had normal BM and two had 
megakaryocytic dysplasia. The B-ALL Ph + patient had hy-
perplastic BM with reduced megakaryocytic, erythroid and 
granulocytic lineages and 80% lymphoblast infiltration, 
whereas the MDS patient had hypocellular BM without dys-
plasia (Table 2).

Platelet functional characterization

Platelet function analysis was performed in 24 RUNX1-RT 
patients, 4 ETV6-RT cases and 15 ANKRD26-RT patients, 
although not all tests could be performed in all cases due to 
sample availability or severe thrombocytopenia.

Sixteen (80%) and 13 (65%) of the 20 RUNX1-RT patients 
had a prolonged PFA-100 occlusion times using the col-epi 
and col-ADP cartridges respectively. In ETV6-RT, two pa-
tients showed prolonged closure times with col-ADP and 
one with col-epi. In ANKRD26-RT, 80% (4 of 5) had pro-
longed occlusion times with both cartridges (Figure 1K).

In LTA assays, an impaired aggregation response with mul-
tiple agonists (arachidonic acid, ADP, epinephrine or collagen) 
was found in 91.7%, 50% and 91.6% of RUNX1-RT, ETV6-RT 
and ANKRD26-RT patients respectively (Figure 1L).

Flow cytometry assays revealed reduced αΙΙbβ3 inte-
grin activation (PAC-1 binding) and α-granule secretion 
(CD62) in 70.8% of RUNX1-RT patients. Of these, 10 and 12 
cases had decreased PAC1 and CD62 binding, respectively, 
after stimulation with ADP, Thrombin Receptor Activator 
Peptide 6 (TRAP6) and Collagen Related Peptide (CRP). 
All ETV6-RT patients showed impaired activation and α-
granule secretion, while five and seven of 15 ANKRD26-RT 
cases had reduced PAC1 binding and CD62 release, respec-
tively, after TRAP6 or CRP stimulation (Figure 1M).

Dense granule secretion (CD63 release) was impaired in 
62.5% of the RUNX1-RT patients, 50% of the ETV6-RT pa-
tients and 20% of the ANKRD26-RT patients. In addition, 
the whole-mount assay showed reduced δ-granule content 
in 50% of RUNX1-RT (9 of 18), one ETV6-RT patient (25%) 
and in none of the five ANKRD26-RT cases examined 
(Figure 1N; Figure S3A).

F I G U R E  1   Familial, haematological and platelet features in patients with RUNX1-RT, ETV6-RT or ANKRD26-RT. (A) Dot plot showing the 
number of affected members per family with a background of thrombocytopenia or neoplasia. (B) Age at first detection of thrombocytopenia. (C) Age 
at molecular diagnosis. (D–H) Laboratory findings and blood smears in patients: (D) Platelet counts, (E) Mean platelet volume (MPV), (F) haemoglobin 
levels, (G) leucocyte counts, (H) neutrophil counts. (I) Representative blood films in these patients showing (i) thrombocytopenia without morphological 
abnormalities, (ii) macrothrombocytopenia and (iii) granulocyte hyposegmentation. Bar: 5 μm. (J) Bleeding tendency assessed by the ISTH-BAT in 
women, men and children (<18 years) at diagnosis. (K–O) Bar charts showing the distribution of patients with normal versus abnormal values in different 
platelet function tests: (K) PFA-100 test using both collagen-ADP (col-ADP) and collagen-epinephrine (col-epi) cartridges. (L) Agonist-induced platelet 
aggregation (LTA). (M) Flow cytometry assessment of PAC-1 (αIIbβ3 activation), CD62 (α-granule secretion) or CD63 (δ-granule secretion) following 
agonist stimulation. (N) δ-granule content assessed by whole-mount electron microscopy (EM-WM). (O) Glycoprotein Ia (GPIa, collagen receptor), 
assessed by flow cytometry. Dotted lines indicate abnormal cut-off (platelets: <150 × 109/L; MPV: 7.2–11.7 fL; female haemoglobin: 12.1–15.1 g/dL; male 
haemoglobin: 13.8–17.2 g/dL; leucocytes: 4.5–11 × 109/L; neutrophils: 2.5–7 × 109/L; BS females ≥6, BS males ≥4, BS children ≥3). Graphs were generated 
with GraphPad 9.
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All patients had normal levels of GPIb-IX, αΙΙbβ3 
(GPIIbIIIa) and GPVI, with no CD34+ expression. However, 
70.8% of RUNX1-RT patients showed a 30%–70% reduction 
in GPIa levels (Figure 1O; Figure S3B).

Molecular diagnosis

Twenty-four different germline variants were identified: 16 
in RUNX1, four in ETV6 and four in ANKRD26 (Figure 2; 
Table S6). No candidate variants were identified in any of the 
20 thrombocytopenia-free relatives evaluated.

Eight of the RUNX1 variants were missense, four in the 
Runt homology domain and four in the transactivation do-
main (TAD) domains of the protein. In addition, there were 
three nonsense variants (18.8%), two frameshifts (12.5%), two 
large deletions (12.5%), one affecting exons 1 and 2 and another 
deleting the entire RUNX1 gene (del21q22.3) and one splicing 
variant (6.2%) (Figure 2A). All ETV6 variants were missense, 
affecting either the regulatory or the ETS domains (Figure 2B). 
ANKRD26 variants were all located in the 5′UTR, three in the 
RUNX1-binding domain and one upstream (Figure 2C).

Multigenerational inheritance was observed in 55% 
of the RUNX1-RT families, while 40% of the cases had de 
novo or mosaic variants (Figure  2A, underlined variants). 
In one patient (5%), inheritance could not be determined, 
but the variant was confirmed in the patient's daughter. In 
ETV6-RT, 80% of families showed multigenerational in-
heritance, while one case (20%) was de novo (Figure  2B). 
In ANKRD26-RT, autosomal dominant inheritance was 
detected in 66.6%, while one case (16.7%) was de novo and 
another was not studied due to the unavailability of parental 
samples (Figure 2C).

Ten of the 16 RUNX1 variants (62.5%) have been previ-
ously reported (Table S6), including two (p.Thr196Ala and 
p.Gln268) newly characterized by our group.25,29 They are 
classified as LPV and PV in both ClinVar and ClinGen 
(Figure 2A). Six were known PV listed in ClinVar, ClinGen 
or the literature;30–36 one was recently reclassified as VUS-
LBV, while del21q22.3 is described in studies but not in da-
tabases (Table S6).24,30 The remaining six RUNX1 variants 
(43.8%) were new, with three classified as VUS and three not 
listed in ClinVar (Figure 2A; Table S6).

Three of the four ETV6 variants (75%) were previously 
reported (Table S6),37–39 two of which were classified as PV 
in ClinVar. The novel p.Ser323Cys was classified as LPV in 
ClinVar (Figure 2B).

Lastly, all ANKRD26 variants had been previously de-
scribed and were classified with conflicting pathogenicity in 
ClinVar (Figure 2C; Table S6).40–43

DISCUSSION

This study reports one of the largest series of IT-HM pa-
tients worldwide. Importantly, genetic diagnosis of our 
RUNX1-RT, ETV6-RT and ANKRD26-RT patients was T
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delayed by 17, 18 and 21 years, respectively, after the initial 
detection of thrombocytopenia.

This delay likely stems from the underestimation of as-
ymptomatic thrombocytopenia, limited access to sequenc-
ing tools—mainly Sanger—and the perception that genetic 

diagnosis was not essential for clinical care. Fortunately, re-
cent advances in the understanding of IPDs, the adoption 
of HTS and multicentre studies like the one led by GEAPC 
in Spain have improved diagnostic accuracy and shifted 
clinical perspectives.24,44 As a result, asymptomatic cases 

F I G U R E  2   Genetic analysis in patients with suspected inherited thrombocytopenia identified germline variants in (A) RUNX1, (B) ETV6 and 
(C) ANKRD26. The type of variant is indicated by shape and colour. Each shape represents one family. Dark red text denotes a pathogenic variant 
(PV) classification according to ClinVar (and ClinGen for RUNX1). Light red text indicates likely pathogenic (LP) variants, grey represents variants 
of uncertain significance (VUS) and orange denotes conflicting pathogenicity classifications. Underlined variants are de novo. The diagram displays 
the various domains, start and end amino acids and exons. ETS, a family of transcriptional activators or repressors; PNT, pointed domain; RHD, Runt 
homology domain; TAD, transactivation domain.
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are now more thoroughly investigated, often uncovering 
genetic causes relevant to personalized care. Nonetheless, 
genetic screening remains challenging due to the frequent 
identification of VUS, which require cautious interpretation 
to avoid unnecessary distress for patients and families.45,46

Mild to moderate thrombocytopenia was confirmed 
in the patients, except a few relatives in RUNX1-RT ped-
igrees, but pathological bleeding was exhibited by only 
25%–30% of RUNX1-RT and ANKRD26-RT patients. In 
addition, bleeding exhibited a correlation with platelet 
count in ANKRD26-RT patients, but not in RUNX1-RT or 
ETV6-RT patients (Table S7; Figure S4A). A moderate clin-
ical phenotype is detrimental to the early diagnosis of these 
patients.45,47–49

In agreement with findings in other cohorts,11,50,51 plate-
let dysfunction was prevalent in this study, with variable 
PFA-100, aggregation and secretion defects in most patients. 
A notable finding in RUNX1-RT patients was that 70% ex-
hibited reduced GPIa levels (30%–70%), which aligns with 
lower ITGA2 expression levels that have been previously 
reported.23,25 Despite the absence of a discernible correla-
tion between bleeding and GPIa levels or platelet function 
(Table  S7), a negative correlation was identified between 
lower platelet counts and decreased GPIa expression, gran-
ule secretion defects and impaired LTA in these patients 
(Table  S7; Figure  S4B). These findings suggest that GPIa 
quantification and granule secretion could serve as potential 
biomarkers for the diagnosis of RUNX1-RT. It is also inter-
esting that a significant correlation exists between platelet 
count and LTA impairment in ETV6-RT patients (Table S7; 
Figure S4C), although this finding requires validation with 
a larger cohort.

The molecular analysis of RUNX1-RT patients revealed 
the presence of diverse candidate variants across the pro-
tein (Figure  2A). The most prevalent PV was c.497G>A 
(p.Arg166Gln), identified in 13 patients from three fam-
ilies and associated with a high neoplasia incidence (50%). 
Large genomic deletions were also identified, emphasizing 
the necessity for comprehensive genetic analysis, includ-
ing copy number assessment.50 However, the variant type 
did not correlate with bleeding, platelet count, function 
or GPIa levels (Table S7). Patients with PV tended to have 
lower platelet counts, impaired aggregation and decreased 
granule secretion compared to those with VUS (Table  S7; 
Figure  S4D). Furthermore, ETV6-RT patients exhibited 
exclusively missense variants within key protein domains, 
while ANKRD26-RT variants were confined to the 5′UTR. 
Among ANKRD26 variants, c.-118C>G was the most preva-
lent, with its identification in 10 patients from three families 
(representing 50% of the cohort). It is noteworthy that 40% 
of RUNX1-RT and 20% of ETV6-RT and ANKRD26-RT 
patients exhibited de novo variants, a finding that is con-
sistent with the observations reported in other IT, such as 
MYH9-RT, where de novo mutations occur in approximately 
30% of cases.52,53

The malignancy rate found in this study is consistent with 
previous reports4: 37.8% of RUNX1-RT patients developed 

myeloid neoplasia, 11.1% of ETV6-RT patients had child-
hood B-ALL and 10% of ANKRD26-RT patients developed 
haematological malignancies. Notably, half of these patients 
were genetically diagnosed only after the neoplasia had de-
veloped (Table 1). This emphasizes the diagnostic challenge 
posed by mild or asymptomatic thrombocytopenia, which 
frequently remains unrecognized until a more severe phe-
notype manifests.

The AML treatment regimens included chemotherapy 
and allogeneic transplantation in patients younger than 
70 years. Recent studies indicate that a significant subset of 
RUNX1-RT patients can achieve long-term survival with 
conventional AML treatment, with leukaemic progression 
linked to specific genetic events.54 One ETV6-RT patient 
was initially diagnosed with B-ALL of somatic origin and 
treated with chemotherapy. Fourteen years later, a germ-
line ETV6 variant was identified, highlighting the need for 
precise genetic diagnosis for optimal patient management. 
Furthermore, RUNX1-RT and ANKRD26-RT patients who 
developed haematological malignancies had significantly 
lower platelet counts, and a similar trend was observed in 
malignant ETV6-RT cases (Table S7; Figure S4E).

BM analysis was performed in 60% of RUNX1-RT and 
ETV6-RT cases but only 30% of ANKRD26-RT cases, re-
flecting a lack of consensus on when BM studies should 
be conducted.55,56 Among non-malignant RUNX1-RT pa-
tients, 22.2% showed atypical Mks or dysmegakaryopoiesis. 
Importantly, BM analysis was conducted at multiple hospi-
tals rather than centrally, but our findings align with pre-
vious studies.57 A novel observation was the high incidence 
(75%) of granulocyte dysplasia in non-malignant ETV6-RT 
patients, which contrasts with previous reports describing 
primarily dyserythropoiesis, Mks hyperplasia and small, hy-
polobulated Mks.16 This finding may suggest the benefit of 
longitudinal follow-up of these patients, which could reveal 
early clonal haematopoiesis.

A high incidence of immune disorders was observed 
in RUNX1-RT patients (40%), in agreement with previous 
studies' observations.50 The pivotal role of RUNX1 in im-
mune regulation may account for the high prevalence of 
allergies and autoimmune conditions.58,59 It is noteworthy 
that many of our RUNX1-RT, ETV6-RT and ANKRD26-RT 
patients also exhibited dermatological changes, suggesting 
that immune dysregulation potentially leads to skin disease. 
Other studies have reported frequent eczema in RUNX1-RT 
patients.50,60 The high rate of heterogeneous comorbidities 
in patients with these ITs strongly supports a multidisci-
plinary approach to their clinical assessment and follow-up.

In conclusion, this study provides a comprehensive char-
acterization of the clinical phenotype, malignancy risk, ge-
netic landscape and platelet function in patients with IT-HM. 
Our findings reveal significant heterogeneity and highlight 
critical diagnostic challenges, particularly in asymptom-
atic thrombocytopenia. Reduced GPIa levels and impaired 
collagen-induced aggregation may serve as diagnostic bio-
markers of RUNX1-RT patients. The high incidence of hae-
matological malignancies underscores the importance of 
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early genetic diagnosis, which could enable closer monitor-
ing and timely intervention to enhance outcomes, quality of 
life and overall survival of patients with IT-HM.
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