MDS1 and EVI1 complex locus (MECOM): a novel
candidate gene for hereditary hematological
malignancies

Genetic predisposition due to germline mutations in a
number of genes (e.g., ETV6, GATA2, and RUNXY) has
been recognized as an important cause of myeloid malig-
nancies. In the 2016 update of the World Health
Organization classification of hematological malignan-
cies, a new section, ‘myeloid neoplasms with germline
predisposition’, has been introduced. Genetically-defined
hereditary myeloid malignancy syndromes (HMMSs) can
clinically present with preceding hematological findings
and/or syndromic features. There is remarkable intrafa-
milial and interfamilial variability. The identification of
the underlying genetic defect has an impact on the clini-
cal care of patients and their families.' Herein, we report
on the first familial germline mutation in /IDS1 and EVI{
complex locus ( MECOM). Our finding extends MECOM
germline mutation associated phenotypes and proposes
MECOM as a novel HMMS candidate gene.

In the family investigated (Figure 1), HMMS was sus-
pected due to: (i) myeloid malignancies observed in indi-
vidual I:1 and II:3, (ii) congenital thrombocytopenia in
individual I:1, and (iii) the autosomal dominant trait of
limb dysmorphisms, including radioulnar synostosis, and
hearing impairment in all affected family members
(Online Supplementary Table S1 and Online Supplementary
Table S2). In individual I:1, myelodysplastic syndrome
with excess blasts 2 (MDS-EB-2) was diagnosed at age 73
following several months of progressive neutropenia and
anemia. In the bone marrow, hypercellularity, dysplasia
and 10-15% blasts were observed. Cytogenetic investiga-
tions detected an uncommon interstitial deletion in the
long arm of chromosome 9. A fluorescence in situ
hybridization panel addressing frequent aberrations in
MDS revealed normal results. The patient died during the
first treatment cycle of a 5-azacytidine-based chemother-
apy following a systemic infection with fever and multi-
ple organ failure. In individual II:3, following a period of
6 years with anemia and neutropenia, MDS/myeloprolif-
erative neoplasm-unclassifiable (MDS/MPN-U) was diag-
nosed at age 48. An uncommon balanced translocation
between the long arm of chromosome 1 and the IGH
locus at chromosome 14q32 was observed. Moderate
hypercellularity, dysplasia, megakaryocytopenia, and 6-

Table 1. Patients with constitutional MECOM alterations.

8% blasts were observed in the bone marrow. Following
myeloablative conditioning, individual II:3 underwent
allogenic peripheral blood stem cell transplantation from
a matched unrelated donor; four years post transplanta-
tion, there is no sign of a recurrence or of graft-versus-
host disease. For individuals I:1 and II:3, no data was
available regarding their platelet count, morphology or
function prior to the malignancies observed. Samples for
further investigations in the myeloid malignancies
observed (e.g., expression of MECOAM or molecular
genetic characterization) were not available. In individu-
als III:3 and III:2 (peripheral blood cell count at age 18:
erythrocytes 4.2 x 10"/1, leukocytes 9.0 x 10°/1, thrombo-
cytes 240 x 10°/1), no cytopenia or overt leukemia have
been reported at their current age of 24. Bone marrow
biopsies were not performed in either individual.

To screen for the causative genetic alteration, whole
exome sequencing of individuals II:3, III:2, and III:3 was
performed. Variants were filtered for those that are (i)
called in all individuals, (ii) predicted to be damaging, (iii)
reported to have an allele frequency of <0.1%, and (iv)
not listed in our in house database of recurrent variants
(Online Supplementary Table S3). Following this examina-
tion, the novel heterozygous AMECOM variant
NM_001105078.3:c.2296T>G p.(Cys766Gly) was detect-
ed and confirmed by Sanger sequencing. The variant was
not reported in sequencing databases. No pathogenic
variants were observed in HMMSs-associated genes'
(Online Supplementary Table S4) and HOXA11, in which a
single base pair deletion was reported to cause an inher-
ited bone marrow failure syndrome designated as
radioulnar synostosis and amegakaryocytic thrombocy-
topenia (RUSAT).? The variant was also identified in indi-
vidual I:1 via Sanger sequencing of DNA extracted from
fixed nuclei stored after cytogenetic investigations. It was
absent in the DNA extracted from the peripheral blood of
healthy relatives I:3, I:4, II:1 and III:1.

The novel MECOM missense mutation affects a con-
served cysteine (Figure 2A), which is crucial for the tetra-
hedral coordination of the zinc atom in C,H,-type zinc
finger motif 9 (Figure 2B). Due to the non-conservative
substitution at this crucial site, the C,H,-type zinc finger
motif 9 matching Pfam motif zf-C2H2 (PF00096) is no
longer recognized by in silico analyses (Figure 2C). Motif
9 has been shown to be crucial for DNA-binding of zinc
finger domain 2 (ZF2) targeting the consensus sequence
GAAGATGAG.? The mutation, in all likelihood, hinders

Genetic alteration TP (10°/1) BMF

Nielsen et al." simplex MECOM del - +(8) + + -
Bouman et al." simplex MECOM del exon 1-2* + (33-96) + -
Niihori et al.* TRS1 simplex p.Thr756Ala, missense, C,H, zf motif 8 + +(5) + + -
TRS2 simplex p.His751Arg, missense, C,H, zf motif 8 + +(8) + + -

TRS3 simplex p-Arg750Trp, missense, C,H, zf motif 8 + +(89) + + -

Present study I:1 familial p.Cys766Gly, missense, C,H, zf motif 9 + + - - +
11:3 familial p.Cys766Gly, missense, C,H, zf motif 9 + - - + +

111:2 familial p.Cys766Gly, missense, C,H, zf motif 9 + - - - -

111:3 familial p.Cys766Gly, missense, C,H, zf motif 9 + - - - -

+signifies present/performed.- signifies not observed/not performed. * signifies that the deletion affects exons with coding information for MDS1-EVI1 only. HGVS nomen-
clature refers to NM_001105078.3/ UniprotKB Q03112.1D: patient identifier; HI: family history; del: deletion; CoHy zf motif: CoHy -type zinc finger motif of MECOM; SD: skeletal
defects, including radioulnar synostosis; TP: thrombocytopenia; platelet count is given in parentheses; BMF: bone marrow failure; Tx: hematopoietic stem cell transplanta-

tion; MN: myeloid neoplasia.
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DNA interaction via ZF2, and may alter protein-protein
interactions."’ In silico prediction tools indicated its prob-
able damaging effect (Online Supplementary Table S5).
Missense mutations in C,H,-type zinc finger motif 9 of
MECOM have already been reported (Figure 2D). None
of these previously reported mutations hinder recogni-
tion of the C,H,-type zinc finger motif 9 (Figure 2C). The
missense mutation R769C, being equivalent to
p.Arg778Cys, affects one of the DNA contact residues’
(Figure 2D). This missense mutant failed to bind the con-
sensus sequence while maintaining its transforming
capability.’ Mice of the mutant strain Junbo are suscepti-
ble to otitis media and develop chronic inflammation and
deafness. The causative mutation affects MECOM and
corresponds to human p.Asn782Ile (Figure 2D). In con-
trast to the middle ear bone dysplasia in the family we
studied, no ear bone defects were reported in Junbo mice.
However, they showed limb defects (i.e., brachydactyly
and polydactyly) and defects in neutrophil differentiation
(Mecom™, MGI: 2158381).” Based on these careful theo-
retical presumptions, MECOM:c.2296T>G was assumed
to be the causative genetic alteration in the family pre-
sented herein. We suppose that the missense variant dis-
turbs the secondary structure of zinc finger motif 9 and
that this leads to an altered and/or lost DNA-binding
specificity and protein-protein interaction of ZF2. Thus,
expression of the IECOM missense variant may dysreg-
ulate signaling networks and can thereby lead to congen-
ital malformations, thrombocytopenia and/or bone mar-
row failure, and predisposition to myeloid malignancies.

MECOM (3q26) was initially identified as a common
ecotropic viral integration site 1 (Evi{) in murine myeloid
leukemia.® Its isoforms act as transcription factors. They
contain an N-terminal (ZF1) and C-terminal (ZF2) zinc
finger domain formed by seven and three C,H,-type zinc

I:4
wt

Figure 1. Family with MECOM:p.Cys766Gly missense mutation.
Individual identifiers are given below the symbols. For additional infor-
mation on the phenotype and an overview regarding the hematological
malignancies in individual I:1 and I1:3, please refer to Online
Supplementary Table S1 and Online Supplementary Table S2. Symbol
patterns refer to the following features: black upper left third, limb
defects including radioulnar synostosis and hearing impairment, grey
upper right third, congenital thrombocytopenia, and black-striped lower
third, myeloid malignancy. Cys766Gly: heterozygous MECOM missense
variant p.Cys766Gly; wt: wild-type; - signifies that no genetic analysis
was performed.

finger motifs, respectively (Figure 2D). Evil is involved in
hematopoietic stem cell maintenance, differentiation and
leukemogenesis.” De mnovo microdeletions affecting
MECOAM (i.e., the entire locus or MDS1-encoding parts)
have been described in two patients with congenital
thrombocytopenia.'”"" Reports that these patients had no
skeletal defects provided the first evidence regarding the
impact of MECOM germline alterations. Recently, three
simplex patients showing a RUSAT phenotype were
reported to carry de novo missense variants in ZF2,
C2Ho2-type zinc finger motif 8 of MECOM (i.e.,
p.Arg750Trp, p.His751Arg, and p.Thr756Ala), which
affect MIDS1-EVI1 and EVI{ transcripts. The observed
variants showed diminished target sequence binding and
altered transcriptional regulation,” which is in line with
our theoretical assumptions regarding the MECOM mis-
sense variant p.Cys766Gly. Herein, we report on the first
family with autosomal dominant inheritance of a
MECOM germline mutation in four patients spanning
three generations. The clinical findings resemble the clin-
ical observations in those patients reported previously
(Table 1). Limb defects, including radioulnar synostosis,
were seen in all affected individuals with missense vari-
ants in ZF2, but not in the patients with deletions.
Congenital thrombocytopenia was reported in only four
out of seven probands, including individual I:1 of the
family we investigated, for whom congenital thrombocy-
topenia, but no amegakaryocytosis, was observed. No
bone marrow failure was seen in II:3, IIl:2 and III:3. In
HOXA11-associated RUSAT, incomplete penetrance of
thrombocytopenia or bone marrow failure was also
reported.’

Four out of the five previously reported patients with
MECOM germline mutations received hematopoietic
stem cell transplantation within the first two years of life
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Figure 2. MECOM C,Ho-type zinc finger motif 9. (A) Multiple sequence alignment of C,H,-zinc finger motif 9 of MECOM protein sequences using ClustalW2.
Individual sequences are headed by the UniProtKB database identifier |species information. The alignment encompasses amino acid Q03112|758-787, of
which amino acids 761-784 form ZF2, CoHy-zinc finger motif 9 of MECOM. The open arrows and cylinder depicted above the sequence alignment indicate f
sheets and a helix, respectively. The blue and orange triangles below the alignment mark the amino acids that are essential for the folding stability of the zinc
finger motif and potential DNA contact residues, respectively. Cys766 is highlighted in red. Alignment mismatches are highlighted in yellow. (B) SWISS-MODELL
of Q03112, MDS and EVI1 complex locus protein EVI1 showing the four conserved amino acids of C,Hy-type zinc finger motif 9 (i.e., Cys763, Cys766, His 779,
and His784) which are crucial for the tetrahedral coordination of the zinc atom, shown in green. Cys766 is highlighted in red. (C) Screening of MECOM wild-type
protein sequence (UniprotkB Q03112) for Pfam motif matches identifies zinc finger motifs z-C2H2_6 (PF13912) and zf-C2H2 (PFO0096), schematically dis-
played as grey and black boxes, respectively. The Pfam zinc finger motif z-C2H2, matching C,H,-type zinc finger motif 9 of MECOM, is highlighted in blue. Below
the wild-type sequence, results of reported mutations are shown and grouped with regard to C,Hx-type zinc finger motif 8 and 9. The MECOM missense mutant
p.Cys766Gly is highlighted in red. (D) At the bottom of the figure, a domain scheme of MECOM (Q03112) is given. CoHy-zinc finger motifs are shown in orange.
Motif 1-7 and motif 8-10 form the N-terminal (ZF1) and C-terminal zinc finger domain 2 (ZF2), respectively. The nuclear localization signal, CTBP-binding motif
1/2, and an acidic domain are depicted in red, blue, and green, respectively. Above this outline, a schematic view of C,H,-zinc finger motif 9 is shown. The
amino acids of the CoH,-zinc finger motif 9 refer to UniprotkKB Q03112-1|760-787. Residues crucial for the tetrahedral coordination of the central zinc atom
and potential DNA contact residues are highlighted in blue and orange, respectively. The germline variant p.Cys766Gly identified in the present study is high-
lighted in red. Somatic variants reported in COSMIC are shown in black. A mutant mouse strain and an in vitro variant are depicted in green and blue, respec-
tively.

due to progressive pancytopenia. The fifth patient died at
28 days of age. No hematological malignancy was
described in the affected children.'""” However, we
observed, for the first time, that two individuals with
MECOM:p.(Cys766Gly) developed myeloid malignan-
cies. In sporadic myeloid leukemia, recurrent chromoso-
mal aberrations targeting MECOM are known: inversion
inv(3;3) and translocation t(3;3) leading to EVI1 overex-
pression, and translocation t(3;21), and t(3;12) leading to
RUNX1-EVI1 and ETV6-EVI1 fusion genes, respectively.”®
Aberrant EVI1 expression in patients with inv(3;3)/t(3;3)
is due to the repositioning of a distal GATA2 enhancer
which causes the activation of MECOAM transcription
while simultaneously conferring GATAZ2 haploinsufficien-
cy." Haploinsufficiency of GATA2 due to germline muta-
tions is associated with an increased risk for MDS. In par-
ticular, adolescents with MDS and monosomy 7 showed

a high prevalence of GATA2 germline mutations.”
Leukemias with inv(3;3)/t(3;3) are frequently accompa-
nied by monosomy 7, and acute myeloid leukemia with
monosomy 7 as the sole abnormality showed significant
upregulation of MECOM." Inherited thrombocytopenia
caused by mutation of ANKRD26, ETV6, and RUNX1,
these two latter genes being involved in the recurrent
translocations t(3;12) and t(3;21),” are also associated
with an increased risk for hematological malignancies.'
In conclusion, we report on a novel MECOM germline
mutation within the C,H,-zinc finger motif 9. Our obser-
vations reconfirm previous findings and extend the phe-
notypic spectrum, since two of the four patients of the
family presented herein developed myeloid malignancies.
This association has not been heretofore reported. Thus,
one should be aware of a probable increased risk for
hematological neoplasia and, as recommended for sever-

haematologica 20 (0)



LETTERS TO THE EDITOR

al bone marrow failure syndromes and HMMSs,' surveil-
lance should be critically considered in affected individu-
als. Explorations of additional individuals and/or families
with MECOM germline mutations are required in order
to: (i) confirm the present conclusions, (ii) investigate the
clinical variability and genotype-phenotype correlations,
(iii) gain more insights into the probable increased risk for
hematological neoplasia, and (iv) elucidate its molecular

path.
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