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The broad use of next-generation sequencing and microarray plat-
forms in research and clinical laboratories has led to an increasing
appreciation of the role of germline mutations in genes involved in

hematopoiesis and lineage differentiation that contribute to myeloid neo-
plasms. Despite implementation of the American College of Medical
Genetics and Genomics and Association for Molecular Pathology 2015
guidelines for sequence variant interpretation, the number of variants
deposited in ClinVar, a genomic repository of genotype and phenotype
data, and classified as having uncertain significance or being discordantly
classified among clinical laboratories remains elevated and contributes to
indeterminate or inconsistent patient care.  In 2018, the American Society
of Hematology and the Clinical Genome Resource co-sponsored the
Myeloid Malignancy Variant Curation Expert Panel to develop rules for
classifying gene variants associated with germline predisposition to
myeloid neoplasia. Herein, we demonstrate application of our rules devel-
oped for the RUNX1 gene to variants in six examples to show how we
would classify them within the proposed framework. 
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ABSTRACT

Introduction

Germline mutations in genes involved in hematopoiesis and lineage differentia-
tion predispose patients to myeloid neoplasia with or without thrombocytopenia.
The broad adoption of next-generation sequencing and microarrays in the clinical
laboratory has expanded our knowledge of germline contribution to myeloid neo-
plasia. Drazer et al. reported that in six of 24 patients with myeloid neoplasia, pre-
sumed somatic variants in DDX41, GATA2 and TP53 were of germline origin.1

Similarly, Churpek et al. showed that 29% of acute myeloid leukemia
(AML)/myelodysplastic syndrome (MDS) kindreds with a positive family history
carried a variant in one of 12 genes associated with germline predisposition to
hematopoietic malignancies, including FANCA, GATA2, RUNX1, and SBDS.2 To
date, more than 65 genes have been associated with a predisposition to hemato-
logic malignancies.3 Recognizing the contribution of germline variation toward
myeloid neoplasia, the ‘WHO classification of Tumors of Hematopoietic and



Lymphoid Tissues’ incorporated the classification of
myeloid neoplasia with germline predisposition in their
2016 revised edition.4,5

In parallel, clinical laboratories are increasingly offering
broad next-generation sequencing-based tests for patients
with myeloid neoplasia for somatic testing, and will read-
ily detect germline variants, if present in a patient. While
there is increased clinical awareness of the potential for
these germline variants to contribute to a patient’s dis-
ease, there are often insufficient data in the literature to
definitively classify whether a detected variant is con-
tributing to the patient’s phenotype.6,7 For example, famil-
ial platelet disorder with predisposition to AML
(FPD/AML)  is an autosomal dominant disorder in which
germline mutations in RUNX1 result in thrombocytope-
nia, platelet functional and/or ultrastructural defects,
and/or susceptibility to hematologic malignancies com-
monly including MDS, AML, and other malignancies8-11

(Table 1). ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) is a
database repository of clinically actionable genomic vari-
ants12,13 that currently lists 325 germline RUNX1 variants
deposited by clinical laboratories. More than half of these
variants are currently reported as being of uncertain sig-
nificance.    

Worldwide, most clinical laboratories follow the 2015
American College of Medical Genetics and Genomics
(ACMG) and the Association for Molecular Pathology
(AMP) guidelines for sequence variant interpretation.14 In
this framework, germline variants are classified using a
five-tier system: benign (BEN), likely benign (LBEN), vari-
ant of uncertain significance (VUS), likely pathogenic
(LPATH) and pathogenic (PATH). During sequence vari-
ant interpretation, laboratories systematically review the
supporting criteria of a genomic variant, such as: minor
allele frequencies (MAF), computational predictions,
functional experiments and segregation with disease in
order to determine the five-tier classification.14-16

Although the ACMG/AMP guidelines provide a com-
prehensive framework for sequence variant interpreta-
tion, the high rate of VUS and curation discrepancies con-
tinue to be an impediment to accurate clinical annotation
and interpretation of genomic variants.6,7 To encourage
genomic and phenotypic data sharing, and engage experts
in consensus-driven variant interpretation, the Clinical
Genome Resource (ClinGen) convened Variant Curation
Expert Panels (VCEP) to develop gene- and disease-specif-
ic modifications of the original guidelines and provide
expert-reviewed variant classification for depositing into
ClinVar (Online Supplementary Figure S1).17 In 2018, the
American Society of Hematology (ASH) sponsored a
ClinGen Myeloid Malignancy Variant Curation Expert

Panel (MM-VCEP), composed of 34 international mem-
bers, who started working on gene- and disease-specific
rules for RUNX1 as the first of several genes conferring
predisposition to myeloid malignancies (Online
Supplementary Figure S1A). After designing, modifying and
testing the preliminary RUNX1 rules on 52 pilot variants,
which improved classification in 33% VUS or variants
with conflicting interpretations (CONF), MM-VCEP-
specified ACMG/AMP rules were approved by the
ClinGen oversight committee and efforts to curate vari-
ants to ClinVar using the Variant Curation Interface have
commenced (Online Supplementary Figure S1B).18 This pilot
effort resulted in one variant being upgraded to PATH,
two variants being upgraded to LPATH, and three vari-
ants being downgraded to LBEN. ClinGen’s website con-
tains the MM-VCEP variant classification recommenda-
tions and any subsequent modifications to these codes
over time (https://www.clinicalgenome.org/affiliation/10034/).

Herein, we demonstrate the application of RUNX1-spe-
cific rules (Table 2) to classify nine representative RUNX1
variants in six examples (Table 3) while reviewing pheno-
typic criteria for FPD/AML and summarizing molecular
and functional roles of RUNX1.

Example 1. Early nonsense variants, (p.Arg204Ter)
(PATH with PVS1, PM2, PS4_supporting, and PP1)

A 50-year old female with new pancytopenia was
referred to a hematology service. A bone marrow biopsy
showed hypocellularity with severe trilineage dysplasia and
12% blasts, diagnostic of MDS with excess blasts (MDS-
EB-2). Further investigation showed pathogenic variants in
RUNX1 (NM_001754:c.610C>T, (p.Arg204Ter)), BCOR
and ASXL1 with a normal karyotype. The medical histo-
ry was positive for thrombocytopenia (baseline 70-
120x109/L) and a propensity to excessive bleeding after
tooth extractions. The family history was positive for
two sons with persistent thrombocytopenia (baseline 50-
100x109/L) not otherwise explained and a granddaughter
with thrombocytopenia and MDS with monosomy 7
(Figure 1). During the initial assessment, an increase in
lactate dehydrogenase and the peripheral blast count
were noted. A second marrow biopsy confirmed transfor-
mation into AML with 40% blasts. The patient under-
went induction chemotherapy without achieving remis-
sion and clofarabine bridging for unrelated stem cell
transplantation. During conditioning, the patient devel-
oped sepsis with Gram-negative bacteria and died shortly
afterwards. Since she had a remarkable personal and fam-
ily history pointing towards a germline predisposition
syndrome, a skin biopsy was performed at the time of the
diagnosis of MDS, and DNA testing from cultured skin

RUNX1 variant curation
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Table 1. Clinical phenotypes of RUNX1 familial platelet disorder and hereditary malignancies.
Clinical and laboratory features        Details                                                                                                                                  Life-time risk

Hematologic malignancy                         Commonly AML or MDS; less frequently T-ALL; and rarely mixed MPN/MDS                                ~44%
                                                                      such as CMML, as well as B-ALL, and hairy cell leukemia                                                                   
Thrombocytopenia                                   Mild to moderate thrombocytopenia with normal platelet size, in the absence                           Most patients
                                                                      of other causes                                                                                                                                              
Platelet functional and/or                      Includes impaired platelet aggregation (particularly in response to collagen                              Not known
ultrastructural defects                           and epinephrine) and platelet alpha or dense granule secretion defects  

Adapted from Table 2 from Luo and Feurstein, et al.18 AML: acute myeloid leukemia; ALL: acute lymphoblastic leukemia; MPN: myeloproliferative neoplasms;  MDS: myelodys-
plastic syndrome, CMML: chronic myelomonocytic leukemia. 
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fibroblasts later confirmed the germline, nonsense
RUNX1 variant. Her two sons and granddaughter also
tested positive for the RUNX1 variant (Figure 1).

Similar to this case, most patients with FPD/AML will
have a characteristic phenotype (Table 1) including mild
to moderate thrombocytopenia with normal platelet size,
platelet α or dense granule secretion defects and impaired

platelet aggregation, particularly in response to collagen
and epinephrine as well as a predisposition to hematolog-
ic malignancies. Although there is variability in disease
onset in FPD/AML,3 development of a hematologic malig-
nancy is common with a lifetime risk of ~44%: AML and
MDS are common, other malignancies occur less fre-
quently (Table 1).19-23 FPD/AML has a high but incomplete

RUNX1 variant curation
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Table 3. Summary of RUNX1 variant examples with application of the Myeloid Malignancy Variant Curation Expert Panel criteria.
Example No.                   RUNX1 variant                           ClinVar                                                       Criteria                                             MM-VCEP
                               NM_001754 (isoform C)                    Assertion                                                                                                             classification

1                                     c.610C>T (p.Arg204Ter)                          PATH                                                 PVS1, PM2, PS4_supporting, PP1                                PATH
2                                     c.314A>C p.(His105Pro)                         VUS                       PM2, PP3, PS4_supporting, PM1_supporting, PM5_supporting     LPATH
                                        c.315C>A p.(His105Gln)                                                                                     PS3, PM2, PP3, PM1_supporting                                 LPATH
3                                      c.253C>A p.(His85Asn)                          CONF:                                                                BS1, BS3, PP3                                                  LBEN
                                                                                                             OMIM: PATH  
                                                                                                              Invitae: VUS
4                                                c.508+3delA                                     PATH                                      PS3, PP1_strong, PM2, PP3, PS4_supporting                      PATH
                                         c.444C>T p.(Thr148=)                           Illumina: VUS                                                       BP4, BP7                                                      LBEN
                                                                                                              Invitae: LBEN
                                        c.1257G>A p.(Val419=)                          VUS                                                                                                                                               VUS
5                      Copy number variant, deletion of exon 2                                                               PS4, PP1_strong, PM2, PVS1_moderate                         PATH
6                                    c.1118C>A (p.Ser373Ter)                                                                                PVS1_strong, PM2, PS4_supporting                             LPATH

The five-tier ClinVar classification: PATH (pathogenic), LPATH (likely pathogenic), VUS (variant of uncertain significance), LBEN (likely benign), BEN (benign); CONF (conflict-
ing interpretations in ClinVar); criteria from Luo and Feurstein et al.18 

Figure 1.  Family pedigree of a patient with
acute myeloid leukemia, example 1.
Germline RUNX1 NM_001754:c.610C>T,
(p.Arg204Ter) showing typical autosomal
dominant inheritance with other first and sec-
ond-degree relatives with thrombocytopenia
and/or myeloid malignancy (acute myeloid
leukemia and myelodysplastic syndrome).
mut: mutated; MDS: myelodysplastic syn-
drome; sAML: secondary acute myeloid
leukemia; +: wildtype. 
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penetrance, with several affected individuals reported to
have normal platelet counts or function.19,24 The nonsense
mutation in this patient (p.Arg204Ter) is predicted to lead
to nonsense-mediated decay of the RUNX1 mRNA tran-
script. RUNX1 is located on the long arm of chromosome
21 and is translated into three major isoforms, designated
RUNX1A, RUNX1B, and RUNX1C, by using two differ-
ent promoters and alternative splicing. All transcripts are
expressed during hematopoietic differentiation and/or
maintenance of normal bone marrow function.25-32 For
variant annotation, the MM-VCEP utilizes the longest
isoform, RUNX1C (NM_001754), as the default tran-
script, which includes all key domains such as the 128
amino acid (AA) long RUNT homology domain for DNA
binding (RHD, AA 77-204), transactivation domain
(TAD), inhibitory domain (ID) and the transcriptional
repressor binding motif (VWRPY) and is most often used
by clinical laboratories for RUNX1 variant curation
(Figure 2A). Germline variants have been reported
throughout the gene in ClinVar with the majority current-
ly classified as VUS (Figure 2B). The RUNX1 protein het-
erodimerizes through its RHD with CBFβ to form a mas-
ter hematopoietic transcription factor (Figure 2C), which
is essential for proliferation and differentiation of
hematopoietic stem and progenitor cells, especially in the
case of megakaryocytic differentiation.33-35 Somatic muta-
tions commonly occur in RUNX1 (Figure 2D). According
to RUNX1-specific criteria (Table 2),18 the MM-VCEP
applied the following codes (Table 3): PVS1 (nonsense
variant predicted to undergo nonsense-mediated decay),
PM2 (absence in all population databases), PS4_support-
ing (one proband meeting at least one of the RUNX1 phe-
notype criteria), PP1 (co-segregation with disease in the
family, three meioses) and arrived at a consensus classifi-
cation of PATH.    

Example 2.  Missense variants, p.(His105Pro) (LPATH
with PM2, PP3, PS4_supporting, PM1_supporting, and
PM5_supporting) and p.(His105Gln) (LPATH with PS3,
PM2, PP3, and PM1_supporting) 

Missense mutations in RUNX1 commonly occur in the
RHD in somatic and germline contexts.36-38 Of 325 RUNX1
ClinVar variants 122 (37.5%) are missense, and currently
in ClinVar, none in the RHD has been classified as BEN or
LBEN (Figure 2C). When a novel missense variant is iden-
tified which has not been established as PATH or LPATH,
it can be difficult to know whether the given change will
affect protein function and explain the patient’s pheno-
type. For example, two RUNX1 missense variants in the
RHD (NM_001754:c.314A>C, p.(His105Pro); and
NM_001754:c.315C>A, p.(His105Gln)) were considered
during the pilot variant analysis. The former was initially
classified as a VUS in ClinVar (Figure 2B), but subsequent-
ly revised to LPATH upon MM-VCEP review (Figures 2B,
3A and 4). The conclusion of the LPATH assertion is
based on the codes applied for this variant: PM2, PP3,
PS4_supporting, PM1_supporting, and PM5_supporting
(Table 3). Since the variant is completely absent from
population databases, the MAF code PM2 is applied. For
in-silico evaluation of missense variants, the MM-VCEP
recommends using REVEL, a meta-predictor that com-
bines 13 individual tools with high sensitivity and speci-
ficity, which has demonstrated the highest performance
compared with individual tools or other ensemble meth-
ods.39-41 The computational prediction code PP3 is applica-

ble to the p.His105Pro variant due to a high REVEL score
of 0.953 (MM-VCEP defined >0.75 as the cutoff). The
ClinVar submitter (SCV000807773.1) provided us with
the patient’s clinical data from their laboratory and the
proband met at least one of the RUNX1 phenotype crite-
ria (Table 1) which qualified for PS4_supporting. This
example emphasizes the critical value of sharing internal
laboratory data. There is only one meiosis in this family
which is lower than the three required for the segregation
code PP1. The MM-VCEP defined 13 residues in the RHD
as the mutational hotspots for the PM1 code. In addition,
variants in other parts of the RHD (AA 105-204) can have
a reduced strength-level resulting in application of
PM1_supporting. The last code PM5_supporting is
applied on the p.(His105Pro) variant, because a different
missense change p.(His105Gln) at the same residue has
been classified as LPATH by the MM-VCEP (Table 3). 

The codes PM2, PP3, PM1_supporting are also applica-
ble to the p.(His105Gln) variant for the same reasons
described. Furthermore, a strong pathogenic code PS3 is
applied which contributes a significant weight to the final
assertion. Transactivation assays of the p.(His105Gln)
variant demonstrate altered transactivation (<20% of
wildtype) and secondary assays also indicate altered
DNA binding and functional consequences in a mouse
model42,43 manifested by disturbed myeloid differentiation
and induction of a blast crisis or accelerated phase–like
phenotype in mice.42 These variants highlight the impor-
tance of evaluating similar variants and the critical benefit
of functional studies showing that variants whose clinical
significance were initially uncertain can be subsequently
clarified to provide more definitive clinical classification
and minimize reporting of VUS. Moreover, these variants
demonstrate the value of leveraging the information on
one variant to help classify another and data sharing
between laboratories (Table 3).

Example 3.  Missense variant, p.His85Asn (LBEN with
BS1, BS3, and PP3) 

RUNX1 NM_001754:c.253C>A, p.(His85Asn) is a mis-
sense mutation located within the RHD, but not within
the mutational hotspot region (AA 105-204), with con-
flicting interpretations of pathogenicity in ClinVar (Figure
2B, C). Specifically, this variant had three submissions in
ClinVar with two being PATH (submitted in 2002) and
one being a VUS (submitted in 2018). The two 2002 sub-
missions are from OMIM, which cited evidence from
individual literature sources without a systematic cura-
tion process. Osato et al. reported an adult patient with
AML carrying this variant.44 However, the germline
nature of the variant was not definitively determined.
This variant has also been reported in an infant diagnosed
with transient myeloproliferative disorder and Down
syndrome whose phenotype does not meet any of the
RUNX1 phenotype criteria.45 After analysis and curation
by the MM-VCEP using the RUNX1-specific classification
rules,18 this variant was re-classified as LBEN, meeting
codes BS1 and BS3, despite meeting PP3 (Table 3).
According to the penetrance, prevalence and genetic and
allelic heterogeneity of RUNX1, MM-VCEP refined the
RUNX1 specific MAF threshold for application of BS1 to
0.00015 (0.015%). The highest MAF of the p.His85Asn
variant is 0.00043 (8 out of 18,768 alleles) from the East
Asian subpopulation in the Genome Aggregation
Database (gnomAD) which is higher than the RUNX1-
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specific BS1 cutoff. Experimental studies have shown that
this missense change displays normal transactivation
activities (80-114% of wildtype) and does not affect DNA
binding, heterodimerization with CBFβ or subcellular
localization of the RUNX1 protein.44,46 Therefore, the
strong benign functional evidence code, BS3, is applied.
Although this variant disrupts KMT2A binding, which
impairs proper H3K4 histone methylation, this is not a
qualified functional assay based on the MM-VCEP
RUNX1-specific PS3/BS3 rule. Moreover, another well-
established BEN variant p.(Leu56Ser) also impairs
KMT2A binding.46 Likely due to the location of the
p.(His85Asn) variant within the RHD (Figure 2B), the
REVEL score (0.852) of this variant is higher than the
MM-VCEP defined 0.75 cutoff,18 which results in the vari-
ant meeting a conflicting PP3 code. However, combining
the BS1, BS3 and PP3 codes, a final assertion of LBEN is
made based on a Bayesian classification framework.15

Given that His85 is located away from binding interfaces
in the three-dimensional structure (Figure 3B), it seems

reasonable that variants at this position are LBEN. 
This example highlights the value of functional studies

in the context of the MM-VCEP variant curation and
shows that substantive corrections of variant annotation
may occur upon application of ClinGen MM-VCEP
rules.18 Implicit in this process is the expectation that as
knowledge about FPD/AML improves with more func-
tional or family data becoming available, the MM-VCEP
rules are subject to revision so that annotation of clinical
variants will become more accurate (Figure 4). ClinVar
variant classifications such as VUS or those with conflict-
ing interpretations may thus evolve to more diagnostic
certainty.47,48

Example 4. Synonymous/intronic/non-coding variants,
c.508+3delA (PATH with PS3, PP1_strong, PM2, PP3,
PS4_supporting), p.Thr148= (LBEN with BP4, BP7) and
p.Val419= (VUS with no codes)

RUNX1 variants affecting canonical splice positions ±1
or 2 at intron-exon boundaries are expected to disrupt

RUNX1 variant curation
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Figure 3.  Three-dimensional structure of RUNX1 missense variants His105 and His85 considered as examples 2 and 3. (A) RUNX1 His105 is important functionally
due to its location and thus involvement in DNA binding and close interaction with Thr196 by hydrogen bonding. Thr196 is a hotspot residue known to be critical.
This structure-function relationship further supports classification of His105 variants as likely pathogenic (LPATH). (B) RUNX1 His85 is located close to the start of
the Runt homology domain in a linker region, and is located far from the DNA binding surface. It is not involved in the core β-barrel structure and does not show any
interactions, further supporting its classification as likely benign (LBEN). Structure of RUNX1 complexed to DNA and CBFβ (https://www.rcsb.org/structure/1H9D)82

and plotted using PyMOL version 2.3.0.  
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splicing, leading to protein dysfunction (see Online
Supplementary Table S3 of reference by Luo and
Feurstein18). All of the three canonical splicing site vari-
ants in the pilot set were classified as PATH or LPATH.
More challenging, however, is the consideration of syn-
onymous/intronic/non-coding variants which may result
in cryptic splice site activation, and/or enhancement or
repression of adjacent canonical splice sites. For example,
the intronic NM_001754:c.508+3delA variant has been
reported in a single family with disease segregation (8
meioses, PP1_strong). Several family members were diag-
nosed with thrombocytopenia, aspirin-like platelet aggre-
gation defects, and dense granule abnormalities.49 This
variant is absent from population databases (PM2) and
both splicing predictors (MaxEntScan and Splice -
SiteFinder)50,51 predict a significant decrease in the score of
the canonical splice site (PP3). Moreover, experimental
reverse transcriptase polymerase chain reaction studies
(PS3), using RNA derived from two affected family mem-
bers, were performed and indicate the creation of a novel
cryptic splice site 23 nucleotides upstream of the normal
splice site resulting in a frameshift p.(Arg162fs*177), and
the transcript is predicted to undergo nonsense-mediated
decay.49 Combining all of these codes, a final assertion of
PATH is given by the MM-VCEP (Table 3). 

BP7 is a benign code specifically designed to evaluate syn-
onymous/intronic/non-coding variants in the ACMG/AMP
framework. BP7 can be applied if computational evidence
suggests no impact on splicing, and the nucleotide is not
conserved. The ClinVar variant with conflicting interpreta-
tions in ClinVar, NM_001754:c.444C>T, p.(Thr148=), has
been classified as LBEN by the MM-VCEP using BP7 and
the benign in silico prediction code, BP4 (Table 3). This
nucleotide change is predicted to have no impact on splic-
ing and it is also not conserved (phyloPscore: -4.3832,
below the MM-VCEP-specified threshold of <0.118).
Clinical data from seven individuals with this variant
were acquired from the original ClinVar submitter
(SCV000761123.1) and revealed that none of the
probands met any of the RUNX1 phenotypic criteria.18

Currently, only two RUNX1 variants have been reported
to display an abnormal splicing effect as demonstrated by
RNA assays.11,49 The potential effects of other splicing
variants rely solely on in silico predictions. Although there
is robust effort in consideration of algorithms to predict
the effects of splicing variants, these algorithms require
further evaluation.  Indeed, we know of only limited
experimental data within the RUNX1 gene specifically to
test these tools. Accordingly, the synonymous variant,
NM_001754:c.1257G>A, p.(Val419=) is predicted to cre-
ate alternative splice acceptor sites, but is not expected to
abolish any existing consensus sites, as it is too far away
from either end of the exon. Due to this in silico prediction
result, none of the PP3/BP4 and BP7 codes can be
assigned, and the classification of this variant remains a
VUS. Further resolution of the significance of this variant
could be obtained through parental testing, and/or RNA-
sequencing data.    

Example 5. Copy number variants, deletion of exon 2 (PATH
with PVS1_moderate, PM2, PS4, and PP1_strong)

Not infrequently, patients with FPD/AML have been
reported to have copy number variants resulting in intra-
genic deletions of RUNX1.52 As part of our pilot cohort,
we evaluated several probands with copy number vari-

ants which at a minimum include RUNX1 exon 2 dele-
tion; data from two cases are shown (Figure 5). The
analysis of copy number variants by using next-genera-
tion sequencing and/or single nucleotide polymorphism
microarrays is particularly challenging because the break-
points are often not captured in the sequenced regions or
the microarray resolution defines only a range for the
chromosomal location of the breakpoint, respectively,
and thus the nucleotide level breakpoint may remain
unknown. It can, therefore, be difficult to know the
effect of partial gene/exon deletions, such as if the dele-
tion is in- or out-of-frame, the latter of which may also
lead to the introduction of a premature stop codon.
Nevertheless, partial or whole gene deletion of RUNX1 is
expected to result in haploinsufficiency of the RUNX1
protein. Although MM-VCEP rules did not include rec-
ommendations for the formal classification of copy num-
ber variants,18 several points should be noted. First, eval-
uation of the reference Database of Genomic Variants
(http://dgv.tcag.ca/dgv/app/home) shows that copy number
variants affecting RUNX1 do not appear to be frequent.18

Second, annotation of the specific breakpoints of these
intragenic deletions may not always be possible, given
that whole genome sequencing is not typically per-
formed. Since contiguous exon deletion is a common
pathogenic disease mechanism, it is imperative that labo-
ratories performing germline testing for RUNX1 use con-
current microarray testing, develop appropriate next-gen-
eration sequencing bioinformatics pipelines, or use alter-
nate molecular techniques, such as quantitative poly-
merase chain reaction and multiplex ligation-dependent
probe amplification, to screen for and exclude copy loss,
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Figure 4.  Three-dimensional structure of MM-VCEP-classified RUNX1 missense
variants in the RHD. Variants in the RUNX1 RHD (blue) are shown highlighting
the PATH, LPATH, and LBEN missense variants curated according to ClinGen
MM-VCEP rules. PATH (red, n=4), LPATH (orange, n=4) and LBEN (cyan, n=1)
variants are found proximate to key interaction domains of RUNX1 with DNA or
its binding partner CBFβ (pink). VUS missense variants are shown in yellow
(n=7). Non-missense variants and variants outside the RHD are not shown.
(PyMOL version 2.3.0; structural data https://www.rcsb.org/structure/1H9D 82).
MM-VCEP: Myeloid Malignancy Variant Curation Expert Panel; RHD: Runt homol-
ogy domain; PATH: pathogenic; LPATH: likely pathogenic;  VUS: variant of uncer-
tain significance; LBEN: likely benign; BEN: benign; CONF: conflicting interpreta-
tions in ClinVar.



as sequencing for single nucleotide variants and indels
alone is insufficient for comprehensive germline evalua-
tion. For the two cases herein (Figure 5), although we do
not know the specific breakpoints for each, the common
deletion of at least exon 2 allows us to apply the follow-
ing codes: PVS1_moderate, PM2, PS4 (4 probands: 3 with
chronic thrombocytopenia and 1 with AML), PP1_strong
(7 meioses) to arrive at a PATH classification (Table 3).

Example 6.  Late truncation variant, (p.Ser373Ter) (LPATH
with PVS1_strong, PM2, and PS4_supporting) 

A 14-year old male with a non-contributory family
history presented with malaise, poor appetite, night
sweats, and intermittent fever of about 1-month dura-
tion, thrombocytopenia (27x109/L), and subsequent
bone marrow biopsy showed AML (PS4_supporting).
After whole genome and exome sequencing on paired
tumor and germline samples, along with RNA-sequenc-
ing (directed for recurrent fusion identification), his
leukemia sample was shown to be RUNX1-mutated
(NM_001754:c.1118C>A, (p.Ser373Ter)), hypodiploid
with Y chromosome loss, without chromosomal

fusions, and loss of heterozygosity, but had additional
mutations including an intragenic heterozygous deletion
of one copy of exon 7 of PALB2 (Table 4). 

Similar to Example 1, this RUNX1 (p.Ser373Ter) variant
is a nonsense mutation; however, it is not predicted to
undergo nonsense-mediated decay, but rather is expected
to generate a truncated protein without part of the TAD,
ID and the VWRPY motif (Figure 2A). From a computa-
tional and predictive perspective, a PVS1_strong code is
assigned following the PVS1 decision tree for null or trun-
cating variants in RUNX1.18 The variant is absent from the
gnomAD and other population databases (with con-
firmed >20x sequencing coverage at this position in
gnomAD). Given the variant’s absence from population
databases and adequate sequencing coverage of the
region, a PM2 code is assigned. Although no additional
evidence for the other categories (functional, segregation,
de novo and allelic data) are available, this variant can be
classified as LPATH (PVS1_strong, PM2, PS4_supporting).
It is of interest to note that the somatic alterations report-
ed in the diagnostic leukemia sample included partial tan-
dem duplication of KMT2A and a single nucleotide varia-
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Figure 5.  Copy number variant, deletion of exons of RUNX1.  Testing for germline variants should include evaluation for copy number variants (CNV). (A; B) Clinical
data from two different patients showing copy loss of RUNX1 exons 1 and 2; one proband was identified by next-generation sequencing (A) and the other by single
nucleotide polymorphism array analysis (data not shown), and confirmed by quantitative polymerase chain reaction (qPCR) (B). For the latter patient, qPCR confirma-
tion showed heterozygous deletion of exons 1 and 2 with no loss in other exons (exon 6 only shown). CNV are difficult for annotation as breakpoints of the deletion
may not be captured and thus, whether the deletion is in- or out-of-frame may not be known without whole genome sequencing. Testing of a germline sample (e.g.
fibroblasts) is preferred to blood or bone marrow for CNV evaluation, as somatic copy loss may also occur in the tumor context. 

Table 4. Variant details for example 6 from genome and exome sequencing, RNA-sequencing and karyotype analysis.
Structural                              KMT2A, NM_005933, 11q23 (chr11:118347001-118353900)  partial tandem duplication exons 4-8, predicted to be in-frame
SNVs and indels                   IDH1, NM_005896:c.394C>T, p.(Arg132Cys), VAF ~50%
                                                  PHF6, NM_001015877:c.860G>T, p.(Gly287Val), VAF ~ 95%
                                                  RUNX1, NM_001754:c.1118C>A, (p.Ser373Ter), VAF ~50%
Copy number variants        PALB2, heterozygous exon 7 copy loss, NM_02467, chr16p12.2(23637272_23637800)x1 for hg19

Chr: chromosome; VAF: variant allele frequency.
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tion in PHF6. Alterations in these two genes have been
reported as cooperating events seen in leukemias from
patients with germline RUNX1 mutations.37,53 

Importantly, if consideration is given to the mutations
found in the leukemic cells in isolation, one cannot deter-
mine the germline or somatic origin of the variants
reported. This is the case for most of the ‘tumor-only’
analyses being performed in many clinical laboratories.
Without paired analysis of true germline tissue (e.g. cul-
tured skin fibroblasts), such studies cannot definitively
identify germline variants. In this case, the KMT2A partial
tandem duplication and single nucleotide variation in
PHF6 and RUNX1 could be tumor-drivers in the AML.
However, given the sequencing data, including the vari-
ant allele frequency, both the RUNX1 mutation and the
PALB2 exon 7 intragenic deletion could be germline vari-
ants. A detected variant allele frequency approaching
50% or 100% in the tumor may indicate potential
germline origin1 with either an intact wildtype allele or
loss of heterozygosity, respectively. However, a high vari-
ant allele frequency cannot reliably serve as a proxy for
testing of a true germline source. Therefore, if there is
concern that a variant could be constitutional, testing of
true germline material is critical.1

Discussion

Kindreds with FPD/AML were first reported by Luddy
et al. in 197854 and phenotypically well-described as hav-
ing a bleeding diathesis and myeloid neoplasia by
Dowton et al. in 1985.55,56 Subsequent linkage analysis
identified RUNX1 as the candidate gene at chromosome
21q22,11 and mutations were detected in FPD/AML fami-
lies in 1999.11 Since these initial early reports, routine clin-
ical testing for RUNX1 gene mutations is now common-
place for the evaluation of somatic and germline disease
in patients with myeloid neoplasms and thrombocytope-
nia.  

In general, RUNX1 variants include single nucleotide
variations and indels, such as missense, nonsense,
frameshift, and splice site variants, and copy number vari-
ations such as whole-gene and intragenic deletions.
RUNX1 is also frequently mutated somatically in AML
and often the partner of various translocations resulting in
gene fusions, such as t(8;21)(q22;q22) RUNX1-
RUNX1T1.57,58 To date, fusions of RUNX1 have not been
reported in the germline context, and most germline
RUNX1 variants are unique,24 although some have been
rarely seen in unrelated families. Given the limited data
on rare variants, the clinical annotation of new variants
remains challenging. The MM-VCEP was convened by
ASH/ClinGen (Online Supplementary Figure S1) to develop
rules for curating gene variant causing predisposition to
myeloid neoplasia (Table 2). In this review, we describe
the classification of six variant examples (Table 3) using
the gene- and disease-specific rule modifications of the
original ACMG/AMP 2015 framework.14 Several points
should be made.

First, it is critical to ensure that genomic testing intend-
ed to assess a germline predisposition is performed on a
definitive germline sample because malignant hematolog-
ic diseases involve the peripheral blood and bone mar-
row, and somatic variants in these diseases can confound
variant interpretation if an inappropriate sample is used.

Here, in keeping with our MM-VCEP rules, cultured skin
fibroblasts (gold standard, albeit invasive, costly, and
time-consuming), cultured bone marrow mesenchymal
stromal cells or DNA from hair roots are appropriate
sources.59,60 Alternatively, confirmation of the germline
nature of a variant can be achieved by demonstrating its
presence in two or more related individuals. The possibil-
ity of sample contamination by malignant cells is signifi-
cant and consequently, peripheral blood, bone marrow,
saliva, buccal swabs, DNA from paraffin blocks and even
fingernails, which can contain monocytes, are inappropri-
ate samples for germline testing. In some institutions, lab-
oratories may accept T cells, enriched via flow cytometry
sorting or column-based magnetic cell separation, as a
germline sample for testing. It is important to recognize
that some somatic alterations may occur early in
hematopoietic stem and progenitor cells with multilin-
eage potential to differentiate into T cells,61 as recent sin-
gle-cell studies have confirmed.62-65 Thus, if T cells are
used, the possibility that a detected variant may be
somatic should still be considered. Once a variant is con-
firmed to be germline in a proband, however, additional
testing for the known variant in related family members
can be performed on any tissue source.

Second, we should keep an open mind about disease-
causing alleles and the type of variants that may be seen
and thus, we advocate for a broad testing approach. For
example, in some laboratories, non-coding variants are
automatically filtered as part of bioinformatic pipelines
and may thus be omitted from subsequent review and
interpretation. Recently, however, synonymous variants66

in the GATA2 gene, another gene predisposing to myeloid
malignancy, were reported in addition to the known
pathogenic deep intronic variants of an enhancer region
of GATA2.67 In ANKRD26, variants of the 5’ untranslated
region cause disease.68,69 Furthermore, copy number alter-
ations may not be assessed in somatic tumor testing pan-
els. As diagnosticians, it is important to think broadly
when analyzing genomic information for germline path-
ogenic variants. Given that these are rare diseases, we
should not inadvertently exclude disease mechanisms
and/or specific classes of mutations. For example, in case
4, some variants may remain as VUS until additional
functional or familial segregation data become available
for reclassification.47,48

Third, definitive annotation of variants by one institution
will likely remain challenging. However, consistent applica-
tion of MM-VCEP rules with ClinVar data deposition and
thus inter-laboratory correspondence can significantly
improve the accuracy and consistency of variant curation.
In this regard, examples 2, 3, and 5 show how leveraging
shared genomic and phenotypic data can be helpful to clar-
ify VUS. We therefore advocate that clinical variant data be
deposited into ClinVar. Specifically, laboratories offering
germline testing should modify their test requisition forms
to indicate that de-identified phenotype and variant data
will be deposited into ClinVar as part of ongoing quality
assurance and improvement efforts (https://www.clini-
calgenome.org/share-your-data/laboratories/).70,71 Additional
details of the ClinVar deposition process are included in
Online Supplementary Figure S1.

Fourth, RUNX1 variant curation will improve as more
is understood about the disease and gene through func-
tional and family studies. Currently, variant annotation
remains a challenging task, because of limited data for
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determining the functional effect of a given variant
change, despite methods of engineering variants for func-
tional assessment.72-74 Early studies in Speck’s laboratory
on RUNX1 showed the significance of key residues in the
RHD of RUNX1 by performing alanine scanning mutage-
nesis.75,76 However, these early approaches are limited in
that not every combination of nucleotide change was
explored. By contrast, recent high-throughput functional
genomic methods,77 known as deep mutational scanning,
utilize large-scale approaches to mutate every nucleotide
of a gene, permitting one to test the functional conse-
quence of all single nucleotide variations. This has, for
example, been recently demonstrated for BRCA1.78

Additionally, systematic mutagenesis of PTEN has pro-
vided a wealth of functional data to inform the classifica-
tion of PTEN variants,79 in conjunction with published
rules developed by the PTEN-VCEP.80 In the future,
focused functional assays targeting specific VUS16 and
deep mutational scanning of genes should contribute to
variant curation to resolve VUS.

Fifth, while functional testing of every given genomic
variant is possible, it can be costly and difficult to do for
every clinically significant gene. In this regard, family
studies can aid in the classification of VUS. By systemat-
ically evaluating disease segregation in family members
with paired genotyping for a known variant, accurate
classification of a given variant can be achieved. For
example, a recent study showed that this family-based
method for variant classification can resolve a VUS classi-
fication more frequently than other traditional approach-
es can.7,81 For rare diseases, such as FPD/AML, detailed
pedigree and segregation analyses can be incredibly
informative, and clinicians should be encouraged to test
family members when possible, seeking help from local
genetic counselors and/or geneticists as needed.81

Hematologists and oncologists need to consistently take a
detailed family and genetic history.

Summary

RUNX1 germline mutations associated with FPD/AML
are key events in myeloid neoplasms, thrombocytopenia
and leukemogenesis and represent a model of a germline
gene disorder with pathogenic variants predisposing to
myeloid and (to a lesser extent) lymphoid malignancies.36

Providing an accurate clinical and pathologic variant inter-
pretation for genomic variants detected in routine laborato-
ry testing will remain critical for the provision of appropri-
ate clinical care, including genetic counseling for the index
patient and their at-risk relatives and donor-selection, in
some cases benefiting from stem cell transplantation. 

The ClinGen MM-VCEP variant interpretation process
requires a detailed understanding of the biological and
functional properties of RUNX1 and disease phenotype.
Here, we demonstrate the process for sequence variant

interpretation of six variant examples. By introducing and
thus standardizing genomic variant interpretation, we
hope to improve patients’ care, identify VUS that may
benefit from directed research and encourage sharing of
internal laboratory data to resolve uncertainty. In doing
so, the MM-VCEP rules may ensure optimal insurance
coverage for appropriate genomic testing and screening of
family members, and ensure appropriate reimbursement
for clinical laboratories. Overall, the ASH/ClinGen collab-
oration resulting in the first set of modified criteria for
germline RUNX1 variants should improve clinical care
and recommendations for FPD/AML patients.
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