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m Heterozygous mutations in MECOM (MDS1 and EVI1 complex locus) have been reported
to be causative of a rare association of congenital amegakaryocytic thrombocytopenia and
* Germ line mutations in
MECOM cause a
heterogeneous bone
marrow failure syndrome
with congenital
hypomegakaryocytic
thrombocytopenia.
* MECOM-associated
syndrome includes

various organ
malformations with

radioulnar synostosis. Here we report on 12 patients with congenital hypomegakaryocytic
thrombocytopenia caused by MECOM mutations (including 10 novel mutations). The
mutations affected different functional domains of the EVI1 protein. The spectrum of
phenotypes was much broader than initially reported for the first 3 patients; we found
familial as well as sporadic cases, and the clinical spectrum ranged from isolated radioulnar
synostosis with no or mild hematological involvement to severe bone marrow failure
without obvious skeletal abnormality. The clinical picture included radioulnar synostosis,
bone marrow failure, clinodactyly, cardiac and renal malformations, B-cell deficiency,
and presenile hearing loss. No single clinical manifestation was detected in all patients
affected by MECOM mutations. Radioulnar synostosis and B-cell deficiency were observed
variable penetrance, only in patients with mutations affecting a short region in the C-terminal zinc finger
including radioulnar domain of EVI1. We propose the term MECOM-associated syndrome for this heterogeneous
synostosis. hereditary disease and inclusion of MECOM sequencing in the diagnostic workup of
congenital bone marrow failure.

Introduction

Inherited bone marrow failure syndromes (IBMFSs) are a heterogeneous group of rare diseases that are
characterized by insufficient production of blood cells of single or multiple hematopoietic lineages.' The
underlying genes can be specific for hematopoietic cells, and hence, the symptoms are restricted to
hematopoiesis, as in congenital amegakaryocytic thrombocytopenia (CAMT; Mendelian Inheritance in
Man [MIM] #604498) caused by mutations in MPL.>® However, a majority of IBMFSs are caused by
defects in genes involved in common cellular pathways, such as transcriptional regulation, telomere
maintenance, DNA repair, and ribosome function. The BMF in these diseases is often associated with
other somatic anomalies that can be specific for particular diseases.
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The rare association of proximal radioulnar synostosis (RUS) with congenital amegakaryocytic thrombocy-
topenia (AT [this abbreviation is used for the hematological phenotype to distinguish it from the disease CAMT
caused by mutations in MPL]) progressing to pancytopenia was first described in 3 patients from 2 families
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and was attributed to a heterozygous variant in the homeobox gene
HOXA11 (RUSAT1; MIM #605432).*° No other patients with
pathogenic HOXA171 variants have been reported since this first
description.

In 2015, Niihori et al® identified heterozygous mutations in MECOM
(MDS1 and EVI1 complex locus) in 3 unrelated patients with RUS
and AT (RUSAT2; MIM #616738). Recently, 2 other patients with
RUSAT2 were described,”® and Bluteau et al® identified 6 patients
with MECOM mutations in a large cohort of patients with IBMFSs
(supplemental Table 1).

Here we report on 12 patients with AT caused by germ line
mutations in MECOM, including 10 novel mutations. We found
familial as well as sporadic cases; the clinical spectrum ranged from
isolated RUS with no or mild hematological involvement to severe
BMF without obvious skeletal abnormalities. The clinical picture can
also include RUS, clinodactyly, cardiac and renal malformations,
B-cell deficiency, and presenile hearing loss. We propose considering
the different disease patterns as manifestations of a MECOM-
associated syndrome, with RUSAT2 as a subgroup.

Patients and methods

Patients suspected to have CAMT, but without mutations in the
MPL gene, and patients with suspected hereditary thrombocyto-
penia were analyzed for mutations in HOXA711 and MECOM.
Patient material and clinical data were provided after informed
consent. The study was approved by the local ethics committee.

Sequencing of MECOM, HOXA11, MPL, and
TERC genes

Genomic DNA was extracted from leukocytes, and mutational
analyses were performed using Sanger sequencing with standard
techniques. Primers for MPL, HOXA11, TERC, and MECOM were
used as published previously.2®'%"" Numbering of MECOM exons
and designation of mutations refer to MECOM transcript variant
3 (NM_001105078.3) unless otherwise specified.

Evaluation of pathogenicity

Sequence variants were assessed for their pathogenicity according to
a consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology
using several types of variant evidence (eg, computational, functional,
segregation, population data).'*"'® Different computational algorithms
were used for prediction of the effect of MECOM mutations on protein
function: PROVEAN (Protein Variation Effect Analyzer),"* SIFT (Sorting
Intolerant From Tolerant),"® Polyphen2,'® and MutationTaster.'”

Flow cytometric analyses

The staining of hematopoietic progenitors in fresh BM or frozen BM
mononuclear cells (MNCs) was performed as described previously.'®
Peripheral blood leukocyte subsets in fresh blood or frozen MNCs were
analyzed with the following antibodies (all BioLegend, San Diego, CA):
CD3 FITC (OKT3), CD14 AF700 (63D3), CD16 PECy7 (3G8), CD19
PE (HIB19), CD45 PerCPCy5.5 (2D1), and CD56 APCCy7 (HCD56).

Thrombopoietin plasma levels

Thrombopoietin (THPO) plasma levels were determined using a
commercial enzyme-linked immunosorbent assay kit (Quantikine;
R&D Systems, Minneapolis, MN).
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Results

Sequencing

We analyzed DNA from 151 patients whose material had been sent
to us for molecular confirmation of CAMT in which we had not found
any MPL mutations. MECOM variants were found in 20 (Table 1;
Figure 1). In 6 patients (P1-P6), we found heterozygous MECOM
mutations in the previously described small region coding for the
eighth zinc finger, including 1 missense mutation previously report-
ed for RUSAT?2 patients (P5, P6),®"° 3 novel missense mutations
(P1-P3), and 1 novel frameshift deletion (P4). Seven more patients
were identified with heterozygous mutations (7 novel) in other regions
of the MECOM gene (P7-P13). Rare single-nucleotide variations
reported in public databases were identified in 7 other patients
(P14-P20). All patients tested (n = 19; P1-P11, P13-P20) had no
alterations in TERC excluding a cooperative effect of this gene, which
is located in the immediate vicinity of MECOM.

Evaluation of pathogenicity

We assessed the probability of pathogenicity of the variants found in the
patients by analyzing the data from public databases, family analyses,
and prediction algorithms'>'2 (Table 1; supplemental Table 2).

Population data. Mutations found in patients P1 to P13
were not listed in publicly available population databases (includ-
ing ExAc, covering >60 000 exomes), supporting a pathogenetic
significance. Rare variants listed in the ExAc database were found in
patients P14 to P19. The allele frequencies of variations observed in
patients P16 to P19 in our cohort were in the range of expectance
from the ExAc data, arguing for a benign interpretation. In contrast,
the allele frequency of the variation found in P14 and P15 in our
cohort was significantly higher than expected from the frequency
reported in ExAc (2 of 298 vs 45 of 12 1406; Fisher's exact test
P < .01), suggesting pathogenic involvement.

Family analyses. We were able to analyze DNA from family
members for 11 of the patients; segregation of the phenotype with
the mutation was observed in 3 families (P1, P2, P10), and de novo
mutations were found in 4 patients (P3-P5, P9). For 4 patients, we
observed the mutation in an unaffected family member (P8, P13,
P15, P16).

In silico analyses. Analysis of the mutations using different
algorithms revealed deleterious and disease-causing effects for all
missense mutations in patients P1, P2, P3, P5, P6, and P12.
Mutations in patients P1 to P6 affected the previously described
highly conserved region of the eighth zinc finger motif; the mutation
in P12 affected the adjacent ninth zinc finger motif (Figure 1).
Mutations in P7 to P11 were all predicted to lead to a truncated
protein. The mutation in P13 and the alterations in P14 to P20,
which have been listed in public databases as rare polymorphisms,
were predicted to have less effect on MECOM function (Table 1).

On the basis of information (Table 1; supplemental Table 2), 11 of
the 16 different variations could be judged as pathogenic (n = 3) or
likely pathogenic (n = 8; supposed certainty >90%"?). For 4
variations, the significance remains uncertain because of a lack
of data or because of contradictory criteria. Only the variation
rs116535717 found in patients P16 to P18 was judged as benign
on the basis of the available data. For the further phenotypic analysis
of the patients with MECOM mutations, we included patients P1 to
P12 bearing mutations with a high likelihood of pathogenicity.
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Figure 1. MECOM mutations in patients with congenital BMF and consequences for protein isoforms of MECOM. Exon structure of the MECOM locus together

with the main transcript variants are shown together with constitutive mutations in MECOM found in this study. The transcript variants use different start codons and

alternatively spliced amino termini. Truncating mutations are labeled in red, missense mutations in blue, and 5’ untranslated region mutations in black. Patient identifiers for

those affected by RUSAT are labeled in green. Pathogenic mutations (P1-P12) are labeled in full color; mutations of uncertain significance of pathogenicity or benign variations

(P13-P20) are labeled in pale colors. Diamonds indicate nonsense mutations; triangles indicate frameshift mutations. AD, acidic domain; NLS, nuclear localization sequence;

RD, repression domain; S, splice site mutation; ZF, zinc finger motif.

Clinical information about patients P13 to P20 is listed in
supplemental Table 3.

Patient phenotypes

Patients with RUSAT. P1, characterized by a novel hetero-
zygous missense mutation affecting the same amino acid residue as a
previously described mutation® (c.2251C>T, p.His751Tyr), was born
with severe thrombocytopenia and bilateral RUS. There was a history
of a similar malformation of the forearms in this family; the father of the
patient, the paternal grandfather, and a paternal half-brother were all
affected by a similar deformity of the forearms, leading to limited
pronation and supination, which could be attributed to proximal RUS
in the patient and his father (Figure 2A). No detailed information was
available for the other family members. DNA from peripheral blood
cells of P1's father revealed only a minor signal for the MECOM
mutation that could have resulting from somatic mosaicism.

The family of P2 (c.2276A>T, p.GIn759Leu) presented after 2
unexplained intrauterine deaths. Postmortem analysis revealed hypo-
cellular BM in both fetuses. The older brother of P2 suffered an
unexplained neonatal stroke. Blood counts, coagulation studies, and
marrow morphology were normal. P2 developed symptomatic AT,
which progressed to pancytopenia and required hematopoietic stem-
cell transplantation (HSCT). The mother, both children, and both
stillborn fetuses had RUS (Figure 2B). P2 was also deaf. All members
of the family affected with RUS carried the MECOM mutation.

In P3 and P4, RUS was diagnosed some years after birth. P3
(c.2278C>T, p.Pro760Ser) was born with severe pancytopenia,
and a BM examination revealed a lack of megakaryocytes. Physical
examination was inconspicuous. Pancytopenia was ameliorated

€ blood advances 27 marcH 2018 - voLuME 2, NUMBER 6

during the first weeks of life, and the child was temporarily lost to
follow-up. At age 25 months, the patient presented with limited
supination of the forearms and reduced extension of the elbow joint,
hindering the protective arm movements during falling. RUS was
diagnosed by radiography.

P4, characterized by a loss of splice acceptor site at the 5’ border
of exon 11 (c.2208-1_2208delGA), postnatally presented with
severe pancytopenia and severely hypoplastic BM. She underwent
allogeneic HSCT with the preliminary diagnosis of CAMT. RUS was
first detected at the age of 3 years by radiography.

Patient P12, with a missense mutation affecting the ninth zinc finger
motif (c.2296T>C, p.Cys766Arg), presented at age 1 year with
bilateral RUS and mild thrombocytopenia, which gradually pro-
gressed to pancytopenia and BMF.

BMF without RUS. In 2 patients (P5, P6) with severe
congenital pancytopenia, we detected the mutation ¢.2248C>T
(p.Arg750Trp) previously reported for 3 other patients with
RUSAT2.57° Both were platelet and erythrocyte transfusion
dependent from birth and experienced severe recurrent bacterial
and fungal infections. Radiographs for upper extremities revealed
no anomalies; RUS could be excluded in P5 (Figure 2C). P5 died as
a result of catheter-related sepsis at the age of 8 months. Of the 3
elder sisters of P6, 1 presented with Pierre Robin sequence and
another with craniosynostosis. P6 and another sister had no
physical stigmata. The girl died after HSCT at the age of 5 months.

P7 to P11 had nonsense, frameshift, or loss of splice site mutations
predicted to lead to termination of the MECOM protein (Table 1).
These patients showed severe pancytopenia from birth or isolated

MECOM-ASSOCIATED SYNDROME 589
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Figure 2. Pedigrees and radiographs of upper limbs of patients
P1, P2, and P5. Pedigrees of the familial cases P1 (A) and P2 (B)
showing the occurrence of RUS (left area black) and CAMT/congenital
aplastic anemia (right area black); radiographs of the upper limbs
demonstrating proximal RUS in family members (small symbols indicate
stillborn fetuses). (C) Pedigree and radiograph of sporadic case P5;
radiograph of the forearm of P5 in pronated state, ruling out RUS.
Genotype is included for the analyzed individuals of the pedigrees.

M, wild-type allele; m, mutated allele.

thrombocytopenia with rapid development of pancytopenia during
the first weeks of life.

Additional phenotypes observed in patients with
MECOM-associated syndrome. Besides BMF and RUS,
other malformations were observed in some of the patients
(Table 2). Skeletal anomalies other than RUS were mainly observed
in the hands (clinodactyly or brachydactyly in patients P1, P3, P7,
P9, P10, P12; Table 2). Malformations in other organ systems
included congenital heart failure (P7: ventricular septal defect plus
aortic coarctation; P8: ASD; P10: tetralogy of Fallot) and renal
malformations (P4: cystic kidney with megaureter left and functional
duplex kidney right; P5: mild bilateral renal calyceal dilatation).
Congenital deafness was observed in 3 patients in this study (P2,
P10, P12). Interestingly, the father of P10, from whom the MECOM
mutation was inherited, was also affected by deafness.

Developmental anomalies in some of the patients may hint at
hormonal disturbances. Precocious puberty was observed in P8,
and gynecomastia in infancy (Tanner stage B3) occurred in P11.

Chromosome breakage analysis or G2-arrest analysis for diagnosis
of Fanconi anemia revealed normal results for all patients. None of
the patients showed typical symptoms of dyskeratosis congenita
(eg, nail dystrophy, abnormal pigmentation, or leukoplakia)

Analysis of hematopoietic progenitor cells and THPO
plasma levels

Because Evi1 has been reported to regulate Mpl expression in
mice,'? it has been speculated that the hematological phenotype of
MECOM haploinsufficiency might be related to altered MPL
expression on hematopoietic progenitors.?° By means of flow
cytometry, we were able to analyze hematopoietic progenitors in the
BM of P1. We found a percentage of CD34" in the total nucleated

590 GERMESHAUSEN et al

cells of the BM; it was within the normal range (2.8%), but there was
only a small population of CD34"CD38"° progenitor cells, which
may reflect an early exhaustion of early hematopoietic progenitors
(0.06% of total nucleated cells and 2% of CD34 ™ cells; Figure 3A).
Although rare, these CD34"'CD38" cells showed a low but distinct
MPL (CD110%) expression (Figure 3B), distinguishing them clearly
from CD34"CD38" cells from patients with CAMT."® Retrospective
analysis of cryopreserved BM MNCs from patients P3, P11, P15, and
P18 showed normal MPL expression on early CD34"CD38" cells.

Plasma levels of THPO were exceptionally high in samples available
from P1, P4, and P11, pointing to an advanced exhaustion of
hematopoiesis (supplemental Table 4). Only a moderately elevated
THPO level was seen in patient P8, which was not in accordance
with the advanced state of BMF but which could have resulted from
the long shipping time of the sample.

Lymphocyte subpopulations

Some of the patients in this study experienced severe recurrent
infections (P4, P5, P6), as reported earlier for other patients with
RUSAT.?"?2 Clinical reevaluation revealed hypogammaglobinemia
and B-cell deficiency in patients P4 and P5. For some of the patients,
flow cytometric determination of lymphocyte subsets was initially
performed during diagnostic workup; for others, we were able to
analyze cryopreserved samples from the patients (Table 3). We found
low absolute and/or relative numbers of B cells in the peripheral
blood of patients P1, P3, P4, and P5, all with mutations affecting the
eighth zinc finger. Relative and absolute B-cell numbers were below
the 90% prediction range in P1 and P4. Interestingly, the father of P1,
affected by RUS but not by thrombocytopenia, also showed low
relative and absolute B-cell counts. For P5, absolute B-cell numbers
were not available, but a severe B-cell deficiency was obvious in light
of the severe pancytopenia and the B-cell percentage of 1% in
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Figure 3. Analysis of hematopoietic progenitors from P1. Flow
cytometric analysis of BM cells of patient P1 at age 2.3 months. Cells

CD38-PECy7

0.06%

CD34*CD38"

were stained with CD38-FITC, CD34-APC, CD110-PE (or PE-labeled
isotype control), and 4',6-diamidino-2-phenylindole as a viability marker.
Gated on viable nucleated cells (A) and on CD34"CD38" cells (B).
Red indicates isotype control; blue indicates CD110 (MPL).

CD34-APC Isotype/ CDT10 - PE

the lymphocytes. P3 showed low absolute B-cell count at the age of
9 months; at age 7 years, B cells were within the normal range. This
was in line with the amelioration of anemia and thrombocytopenia
in this patient. In all patients with mutations in other regions of
the MECOM gene, we found normal percentages of B cells in
the lymphocytes.

Discussion

The association of RUS and AT caused by mutations in HOXA11
(RUSAT1) was first described by Thompson and Nguyen.* An
association of RUS with late-onset progressive BMF was described
earlier by Dokal et al.?® As in the pedigrees with HOXA11 variants,
the skeletal defect segregated as an autosomal dominant trait and
the hematological phenotype of progressive marrow failure showed
a variable expression. Niihori et al® found mutations in MECOM
in 3 sporadic cases of RUSAT2 with early BMF, suggesting a
specifically severe phenotype of RUSAT2. Recently, 2 other families
with RUSAT2 were described.”® A study investigating germ line
mutations in a group of 179 patients with IBMFS identified 6 more
patients with MECOM mutations; interestingly, only 1 of them had
RUS (supplemental Table 1).°

In this study, we report on 12 patients with yet unclassified AT from
different families caused by mutations in MECOM. We found a
continuous spectrum of clinical manifestations in the patients and
affected relatives.

MECOM codes for a zinc finger transcription factor with important
roles in normal development and oncogenesis. The MECOM locus
encodes a number of differentially spliced transcripts yielding the
MDS1, MDS1-EVI1, and EVI1 protein isoforms. From different animal
models, it has become obvious that the physiological role of the gene
lies in the regulation of embryonic development and regulation of
hematopoietic stem-cell renewal.>*?° Spatiotemporal expression
patterns were observed during mouse embryonic development, with
expression in the developing lung, heart, urogenital system, and
emerging limb buds.*® MECOM is involved in numerous rearrange-
ments leading to overexpression or formation of fusion transcripts
with RUNX7 or ETV6 in myeloid malignancies.®

The role of MECOM in human hematopoiesis is emphasized by the
phenotype of the patients in this study; all patients were affected by
thrombocytopenia, and most of them developed hypoplastic BM
and pancytopenia. Our experiments, together with published data,
strongly suggest an impaired maintenance of hematopoietic stem cells
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as the reason; we were able to demonstrate a severe reduction of early
CD347CD38"° progenitors in the BM, which closely resembled the
strong reduction of early hematopoietic cells in the BM of mice with a
heterozygous deletion of Evi? exon 4% Other experiments have
suggested that Evi1 expression leads to upregulation of stemness
genes and enhanced survival.2® The influence of EVI1 expression on
MPL, another important player in stem-cell regulation, is not clear.
Whereas expression of MPL was positively correlated with that of
EVI1 in patients with acute myeloid leukemia,®® Evil repressed the
expression of Mpl in a mouse model.'® In our patients, we found highly
elevated THPO plasma levels, which were in the range of those
measured in patients with CAMT.>® Nevertheless, MPL expression
was detectable on CD347CD38" cells, making downregulation of
MPL unlikely. The high THPO plasma levels can be explained by the
marked loss of MPL-expressing cells in blood and BM.

A recent publication suggested MECOM as a candidate gene for
hereditary hematological malignancies.® In a family with 4 members
affected by MECOM mutations and RUS, 2 developed myelodys-
plastic syndrome at older ages (73 and 48 years). Although we
did not observe any malignancies in our patients or relatives, a
continuous disturbance of hematopoiesis in patients with mild
hematologic phenotypes may account for a higher risk of malignant
transformation.

Previous findings have suggested proximal RUS as a pathogno-
monic sign of MECOM-associated syndrome.®® However, most of
our patients (as well as those in the IBMFS study by Bluteau et al®)
were not affected by RUS, including 2 patients bearing a mutation
reported in the 3 patients with RUSAT2.57° For a short time in
embryonic development, the radius and ulna share a common
perichondrium, and a perturbation of the process of segmentation
by abnormal genetic or teratogenic factors can lead to a more or
less distinct synostosis,®* a fact which might explain the differences
in the penetrance of this trait. MECOM is specifically expressed in
the emerging limb buds in embryogenesis, but insufficient pro-
duction seems to have no effect on bone development; skeletal
abnormalities were not observed in any of the Evi7 knockout
models.®® Furthermore, 2 patients with heteroinsufficiency of the
MECOM gene resulting from deletion at chromosome 326 did
not display RUS.2%3¢37 Niihori et al® suggested that the missense
mutations identified in their study might act as gain-of-function
or partial loss-of-function mutations rather than complete loss-
of-function mutations. This hypothesis is supported by the fact that
the only MECOM-associated skeletal malformation (polydactyly in the
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forelimbs) in a mouse model was observed in mice with a dominant
missense mutation in the C-terminal zinc finger domain of MECOM.®®
Our findings of diverse MECOM mutations leading to RUS, including
the mutation in P4 leading to a complete loss of the carboxy terminus
including the eighth zinc finger, support the hypothesis of a partial
loss of function of the C-terminal zinc finger domain vs gain of
function. RUS was observed only in patients with mutations affecting
a small region including the eighth and ninth zinc finger motifs. Other
skeletal anomalies in our group, like hypoplastic middle phalanxes of
the fifth digit (also described in patients with RUSAT2%) or hip
dysplasia (also described in patients with RUSAT1° and RUSAT27),
were not necessarily associated with mutations in this region, but all
affected the carboxy terminal part of the protein.

B-cell deficiency also seems to be a part of the clinical spectrum of
MECOM:-associated syndrome. In some of the patients, we saw
B-cell deficiency that might have been causative of severe recurrent
bacterial and fungal infections. A pancytopenia with total B-cell
deficiency was also reported for a patient with a heterozygous
deletion of 326, including the 3’ part of MECOM.?” It is not clear
whether B-cell deficiency in MECOM-associated disease is due to
a common stem-cell defect or to the specific involvement of
MECOM in B-cell development. A specific role in B-cell develop-
ment is suggested by the fact that a gene amplification of MECOM
seems to play a role in persistent polyclonal binucleated B-cell
lymphocytosis.®® Furthermore, Mecom has been identified as 1 of
the shared targets of Menin and MLL1 in murine hematopoietic
stem cells and B cells, and hence, it seems to be involved in critical
pathways for regulation of regenerative hematopoiesis and B-cell
differentiation.*® Additional studies in patients with MECOM-
associated AT are necessary to establish a specific B-cell defect.

Two of our patients and 2 of the reported patients (supplemental
Table 1) with MECOM mutations had renal phenotypes. MECOM has
been found to be strongly expressed in the kidney,*' and a correlation
between MECOM and kidney development has been established in
different animal models: Mecom has a pivotal role in Xenopus and
zebrafish nephrogenesis®**? and is expressed in the urinary system of
embryonic mice.*® However, no phenotype in the renal or urinary
system has been reported from various mice knockout models.®®

Although congenital heart defects are not rare, the frequency of
heart defects in our patient group and in the previously reported
patients as well as the similarity to the congenital heart defects
observed in mice carrying a hypomorphic Evi1 allele resulting from a
deletion of exon 3** argue in favor of the causative involvement of
the MECOM mutation in this phenotype.

Sensorineural deafness was reported for 1 of the patients with
RUSAT with HOXA11 variants® as well as for patients with
MECOM mutations.®® Deafness was observed in 3 patients in this
study (P2, P10, P12), confirming the association of deafness with
RUS and BMF in this disease. Deafness does not seem to be
related to an increased susceptibility to otitis media, as described
for mice with a dominant missense change in the C-terminal zinc
finger region of Mecom.®® A middle ear bone dysplasia observed in
1 family with MECOM mutations® could provide a hint regarding the
pathomechanism of deafness in MECOM-associated syndrome.

From the synopsis of phenotypic, genotypic, and family analyses,
public databases, and prediction algorithms, we conclude that
MECOM mutations were causative of BMF syndrome in patients P1
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to P12. The incomplete penetrance of certain phenotypes, even
within families 1 and 2, may be explained either by stochastic factors
modulating gene expression*® or by di- or oligogenic inheritance (eg,
joint effects of rare and common variants*®). Revertant mosaicism
also cannot be excluded in family members with no hematological
phenotype or in patients with amelioration of BMF.*” Additional
studies are necessary to prove a possible impact of rare sequence
variations with uncertain significance (P13-P15, P19, P20) in the
pathogenicity of BMF.

On the basis of the phenotypic data from the patients in this and
recent reports,®°2%%837 we conclude that heterozygous MECOM
mutations or haploinsufficiency of MECOM resulting from micro-
deletions cause a syndromic disease with a variable phenotypic
pattern, varying from severe BMF with multiple organ manifestations
to isolated RUS without additional manifestations. Although RUS
and BMF are the most common manifestations, none of these
symptoms are mandatory for diagnosis of a MECOM-associated
syndrome. The phenotypic spectrum overlaps with that described
for HOXA11-associated RUSAT. Both disease patterns include
families with dominant inheritance of RUS and variable expression
of a hematological phenotype and patients with clinodactyly,
presenile hearing loss, and amelioration of thrombocytopenia in
the first weeks of life. There are some hints of genotype-phenotype
correlations; for example, the phenotype of RUS and B-cell
lymphopenia has been observed only in patients with mutations in
a small region of the eighth and ninth zinc fingers. However, we
found large variations in the phenotypes caused by similar
mutations. Major phenotypic differences existed within families
(eg, P1 and P2), and in 2 of our patients without RUS, we found
a MECOM mutation identical to that previously described for
3 patients with RUSAT2.57° Other genetic or epigenetic factors
presumably influence the phenotypic characteristics.

To include the different manifestations of the disease, namely BMF,
RUS, and other skeletal anomalies of the forearms and hands, B-cell
deficiency, renal malformations, and presenile hearing loss, we
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propose the term MECOM-associated syndrome. This definition
would also include the BMF observed in patients with haploinsuffi-
ciency of MECOM resulting from 3q26 deletions.?®3%3” MECOM
mutations should be taken into account as a cause of AT or
congenital aplastic anemia even if RUS has not been established.
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