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ABSTRACT
Severe congenital neutropenia a clinically and genetically
heterogeneous disorder. Mutations in different genes have
been described as causative for severe neutropenia, e.g.
ELANE, HAX1 and G6PC3. Although congenital neutropenia is considered to be a group of monogenic disorders, the
phenotypic heterogeneity even within the yet defined
genetic subtypes points to additional genetic and/or epigenetic influences on the disease phenotype. We describe congenital neutropenia patients with mutations in two candidate genes each, including 6 novel mutations. Two of them
had a heterozygous ELANE mutation combined with a
homozygous mutation in G6PC3 or HAX1, respectively.
The other 2 patients combined homozygous or compound
heterozygous mutations in G6PC3 or HAX1 with a het-

Introduction
Severe congenital neutropenia (CN) is a clinically and
genetically heterogeneous disorder. Most of the sporadic or
autosomal dominant inherited cases of congenital neutropenia harbor heterozygous mutations in the gene ELANE (previously: ELA2) coding for neutrophil elastase.1 The underlying
defect in autosomal recessive congenital neutropenia
(Kostmann syndrome) has been recently identified as HAX1
gene mutation.2 However, there are additional congenital
neutropenia patients, partly with syndromic forms, with rare
mutations in other genes, e.g. G6PC3 (CN4),3 TAZ (Barth syndrome),4 ROBLD3 (p14-immunodeficiency),5 WAS (X-linked
CN),6 GFI1 (CN2),7 and others.
Congenital neutropenia has been considered to be a monogenic disorder. We still do not have a complete understanding
of the variance in the phenotype of diseases caused by seemingly the same or similar genotype, suggesting additional
genetic and/or epigenetic influences on the disease phenotype. For example, there is a fundamental clinical difference
between patients who suffer from congenital neutropenia or
from cyclic neutropenia, both diseases caused by similar or
same mutations within the ELANE gene. In congenital neutropenia patients, only gene mutations in one of the candidate

erozygous mutation in the respective other gene. Our
results suggest that digenicity may underlie this disorder of
myelopoiesis at least in some congenital neutropenia
patients.
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genes have been reported so far. However, the phenotypical
heterogeneity of congenital neutropenia may point to a genotypical variety with a possible contribution of different gene
mutations to the disease phenotype. In this report we describe
4 patients clinically and genetically diagnosed with congenital
neutropenia harboring mutations in two candidate genes.

Design and Methods
Mutation analysis of candidate genes was performed as previously
described.2,3,8 During screening of congenital neutropenia patients for
mutations in the candidate genes ELANE, HAX1 and G6PC3 (n=203),
we identified 4 patients with mutations in two genes. All patients fulfilled the diagnostic criteria for congenital neutropenia and were the
only family members affected by neutropenia. Normal karyotypes
with no numerical or structural aberrations were reported for all
patients in this study. Molecular and clinical findings of all patients are
summarized in Table 1. The inheritance of mutations detected in congenital neutropenia patients was verified in all cases and is specified
in Table 1. All novel mutations reported here have been assessed in
ethnically matched healthy individuals (Table 1). The study was
approved by the institutional review board of Hannover Medical
School. Informed consent was provided according to the declaration
of Helsinki.
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Table 1. Molecular and clinical findings in the patients of this study.

Patienta

Gene mutationsb

Inheritance

#1
(Turkish /
24 / f)

ELANE:
p.Ala166Thr (Exon 4) (het)

mother

G6PC3:
p.Met116Lys (Exon 3) (hom)

mother / father

ELANE:
p.Ala25Val (Exon 2) (het)

father

#2
(Arabian /
0.5 / f)

Hematologic
findingsc

Other findings

neutropenia
(ANC: 200-700/µL)
no eosinophils,
thrombocytopenia

constitutional developmental delay; hypogonadotropic
hypogonadism; type II atrial septal defect; mild mitral and
tricuspid insufficiency; prominent superficial
venous pattern

neutropenia
(ANC: 170-230/µL)

recurrent infections; no signs of neurodevelopmental
delay yet

neutropenia
(ANC 0-30/µL),
no eosinophils,
thrombocytopenia

height and weight below 3rd percentile; cryptoorchidism;
genital dysplasia; microcephaly; inner-ear hearing loss;
hypogammaglobulinemia; type II atrial septal defect;
prominent superficial venous pattern

neutropenia
(ANC 300-350/µL)

neurodevelopmental abnormalities

HAX1:
p.Val144GlyfsX5 (Exon 3) (hom) mother / father
#3
G6PC3:
(Caucasian) p.Gly260Arg (Exon 6) (hom)
(20 / m)
HAX1:
p. Val172Ile (Exon 4) (het)

mother / father
mother

#4
HAX1:
(Caucasian) p.Val144GlyfsX5 (Exon 3)
(5 / m)
p.Leu130Arg (Exon 3)
(compound het)
G6PC3:
p.Arg189Gln (Exon 5) (het)

father
mother
father

in parentheses: ethnicity/current age in years/sex; Novel mutations are marked by bold letters. New mutations in G6PC3 and HAX1 were not present in 400 alleles from
healthy controls (including 90 each from Turkish and Arabian individuals), new ELANE mutations were not present in 860 alleles from healthy controls (including 200 each
from Turkish and Arabian individuals). c ANC: absolute neutrophil count before start of G-CSF treatment; Abbreviations: het: heterozygous, hom: homozygous.

a

b

Results and Discussion
Patient #1 is the first live born child of consanguineous
parents (2nd grade cousins) after 3 miscarriages and one
stillbirth. Beside severe neutropenia and moderated
thrombocytopenia, the patient was affected by hypogonadotropic hypogonadism and constitutional developmental delay, by mild mitral and tricuspid insufficiency
and a type 2 atrial septal defect, and by a prominent superficial venous pattern. During the screening of congenital
neutropenia patients for mutations in ELANE, we detected a novel heterozygous missense mutation in exon 4
(p.Ala166Thr). Due to the peculiar phenotype of the
patient, we also screened for mutations in G6PC3.3
Interestingly, we found a novel homozygous missense
mutation in exon 3 (p.Met116Lys).
Although an ELANE mutation had been detected in this
patient, the later found G6PC3 mutations explained the
clinical phenotype much better. Cardiac and urogenital
abnormalities, as well as a conspicuous pattern of subcutaneous veins, have been described as typical features of
patients with G6PC3 deficiency.3 One might argue that
the ELANE mutation in patient #1 does not have any
effect on the disease. Indeed, the mutation is predicted to
be benign by different prediction algorithms,9,10 and did
not cause congenital neutropenia in the patient’s mother
from whom the mutation was inherited. However, the
pathophysiologic mechanism of ELANE mutations in congenital neutropenia is still unclear and hence the consequence of different ELANE mutations. Effects on proteolytic activity, on cellular trafficking and on unfolded pro1208

tein response (UPR) have been demonstrated only for subgroups of ELANE mutations, respectively.11-14 Furthermore,
other ELANE mutations described as causative for congenital neutropenia, e.g. p.Val72Met1 were also categorized as
benign by the prediction algorithms. One could speculate
that the ELANE mutation is able to worsen the phenotype
in terms of severity of neutropenia and additional hematologic features.
Mutational analysis of patient #2, born with severe neutropenia, revealed a novel heterozygous mutation in exon
2 of ELANE leading to an amino acid exchange in amino
acid 25 of the signal peptide (p.Ala25Val). As in patient #1,
the ELANE mutation was predicted as benign by prediction algorithms. Further analysis revealed a homozygous
HAX1 mutation in exon 3 (p.Val144GlyfsX5) which not
only affects the full length transcript HAX1-001 but also
the transcription variant HAX1-00415 and which was associated with a neurological phenotype in other congenital
neutropenia patients.16 Nevertheless, the baby did not yet
show apparent signs of neurodevelopmental abnormalities which might develop in the future.
The clinical phenotype of patient #3 was characterized
by severe neutropenia and intermittent thrombocytopenia, a type 2 atrial septal defect, cryptoorchidism and genital dysplasia, microcephaly and inner-ear hearing loss,
height and weight below 3rd percentile, hypogammaglobulinemia, and a prominent superficial venous pattern.
Compatible with the clinical phenotype, we detected a
homozygous mutation in exon 6 of G6PC3
(p.Gly260Arg). Additionally we detected a novel heterozygous mutation in exon 4 of the HAX1 gene
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(p.Val172Ile). The symptoms observed in patient #3 were
in accordance with the G6PC3 deficiency, proven by the
detection of a homozygous mutation predicted to be deleterious.3 The patient additionally harbors a heterozygous
HAX1 mutation which does not apparently seem to contribute to the phenotype: (i) HAX1 mutations are acting in
a recessive way. (ii) The mutation is predicted to be tolerated with a score of 0.36 by SIFT.9
However, considering the extreme rarity of recessive
forms of congenital neutropenia associated with G6PC3
or HAX1 mutations, the likelihood of a coincidence of
both G6PC3 and HAX1 mutations is extremely low as
deduced from Hardy-Weinberg calculated heterozygote
rates of below 1% for each of these genes and from the
analysis of healthy controls. Although individuals heterozygously affected from HAX1 mutations are completely healthy, it cannot be excluded that heterozygous mutations in HAX1 may worsen the clinical phenotype of
G6PC3 deficiency.
Patient #4 was characterized by severe neutropenia
from birth and marked neurodevelopmental abnormalities. Molecular analysis of the HAX1 gene revealed compound heterozygous mutations (p.[Val144GlyfsX5]+
[Leu130Arg]),17 both affecting not only the full length transcript HAX1-001 but also the alternative splice product
HAX1-004,15 confirming our observation that mutations
affecting HAX1-004 are associated with a neurological
phenotype in congenital neutropenia.16 Additionally, we
found a novel paternally inherited heterozygous mutation
in G6PC3 (p.Arg189Gln) which is predicted to be tolerated (SIFT score of 0.41).9 Similar to patient #3, the heterozygous mutation in the second gene is not predicted to
contribute to the disease phenotype, but again a statistically extremely unlikely coincidence of HAX1 and G6PC3
mutations occurs in this patient.
None of the novel mutations has been identified in a
large number of ethnically matched controls (Table 1).
This report blurs the seemingly clear picture of genetic
subtypes in congenital neutropenia and suggests that di- or
oligogenicity may underlie what so far has been considered
to be a monogenic disorder of myelopoiesis, at least in
some congenital neutropenia patients. Particularly congenital neutropenia patients with ELANE mutations demonstrate a considerable overlap of genotype with phenotype,
even within families. The enormous phenotypical variability in congenital neutropenia and unclear inheritance patterns in some families may indicate that the classification of
the diseases according to the mutated alleles as either dominant or recessive may be an oversimplification.
There are various examples of clinical disorders in
which mutations in a second gene are necessary for the
disease phenotype (digenic diseases) or worsen the phenotype caused by a primary mutation such as EmeryDreifuss muscular dystrophy (EMD, LMNA),18 idiopathic
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