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Severe congenital neutropenias (SCNs) are the rare heterogenous group 
of preleukemia bone marrow failure syndromes characterized by impaired 
differentiation of neutrophilic granulocytes and, as a result, severe chronic 
neutropenia. Patients with SCN are predisposed to recurrent, often life-
threatening bacterial and/or fungal infections beginning in the first months 
of life. Molecular abnormalities in 10 genes have been identified that are 
responsible for SCNs. The pathophysiological mechanisms of SCNs are 
the subject of extensive investigation and are not fully known. The current 
review aims to summarize the studies exploring the biological role of SCN-
associated genes and the effects of mutant genes in neutropenia pathogenesis. 
We mainly focus on the genetic mutations that lead to SCN1 to SCN9 and 
X-linked SCN (XSCN) to shed more light on the pathophysiology of these 
diseases.
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Severe congenital neutropenias (SCNs) are the rare 
heterogenous group of preleukemia bone marrow fail-
ure syndromes characterized by impaired differentia-
tion of neutrophilic granulocytes and, as a result, se-
vere chronic neutropenia (blood absolute neutrophil 
counts (ANCs) of <0.5 × 109/μL). Patients with SCN 

are predisposed to recurrent, often life-threatening 
bacterial and/or fungal infections beginning in the first 
months of life (1). In most affected individuals, bone 
marrow (BM) examination revealed a maturation ar-
rest of granulopoiesis at the level of promyelocytes, 
leading to decreased neutrophil counts but increased

1. Introduction 
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numbers of promyelocytes. SCNs can manifest 
as isolated neutropenia, neutropenia with other 
hematologic abnormalities, or syndromic SCN with 
extrahematopoietic organ dysfunctions. Some patients 
with SCN are at high risk of developing acute myeloid 
leukemia (AML) or myelodysplastic neoplasms (MDS) 
in the long term (2, 3). SCNs are categorized under 
myeloid neoplasms with germline predisposition and 
potential organ dysfunction in the 5th edition of the 
World Health Organization (WHO) classification of 
hematolymphoid tumors (4). 
In recent years, Online Mendelian Inheritance in Man 
(OMIM) has categorized SCNs into several subtypes 
(SCN1-9 and XSCN) based on genetic defects. 
Furthermore, Human Inborn Errors of Immunity 
(HIEI) have incorporated the majority of SCNs as 
subtypes under congenital neutropenias (CNs). HIEI 
have proposed that elastase-, GFI1-, HAX1- (Kostmann 
disease), G6PC3-, and VPS45-deficiency equal SCN1, 
SCN2, SCN3, SCN4, and SCN5, respectively. While 
patients with mutations in genes JAGN1, CSF3R, 

SRP54, CLPB, or WAS are classified as JAGN1 
deficiency, CSF3 receptor deficiency, SRP54 deficiency, 
3-Methylglutaconic aciduria, or X-linked neutropenia/
myelodysplasia, respectively (Table 1) (5).
The dysregulated molecular pathways linked to 
the genetic defects of SCNs include the unfolded 
protein response (ELANE and G6PC3), endoplasmic 
reticulum (ER) stress (ELANE, G6PC3, JAGN1, and 
SRP54), defective endosome trafficking (VPS45), 
intracellular glucose homeostasis (G6PC3), Ca2+

homeostasis (JAGN1), CSF3R signal transduction 
(CSF3R and HAX-1), mitochondrial function 
(HAX1 and CLPB), transcription factor (GFI1) and 
cytoskeleton polymerization (WAS) (Figure 1). Of 
note, these different pathways result in increased 
apoptosis of neutrophil precursors and the arrest 
of granulopoiesis at the promyelocyte stage. In this 
review, we focus on the genetic mutations that lead 
to SCN1 to 9 and X-linked SCN (XSCN) and discuss 
recent advances in understanding the genetics and 
pathophysiology of these SCNs.
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Figure 1. The dysregulated molecular pathways linked to the genetic defects of severe congenital neutropenias (SCNs). Abbreviations: 
ELANE: elastase, neutrophil expressed; ER: endoplasmic reticulum; GFI1: growth factor independent 1 transcriptional repressor; 
HAX1: HCLS1 associated protein X-1; G6PC3: glucose-6-phosphatase catalytic subunit 3; VPS45: vacuolar protein sorting 45 
homolog; JAGN1: jagunal homolog 1; CSF3R: colony stimulating factor 3 receptor; SRP54: signal recognition particle 54; CLPB: 
ClpB family mitochondrial disaggregase; WAS: WASP actin nucleation promoting factor.
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2. Mechanisms/pathophysiology 

In recent decades, with the improvement of 
sequencing technologies and the establishment of the 
Severe Chronic Neutropenia International Registry 
(SCNIR), molecular abnormalities in 10 genes have 
been identified that are responsible for SCNs (Table 
1). However, approximately one-third of patients with 
a clinical history suggestive of severe neutropenia 
have no identifiable genetic cause. The most frequent 
reasons for SCNs are autosomal dominant (AD) 
mutations in ELANE, which encodes neutrophil 
elastase, and autosomal recessive (AR) mutations in 
HAX1, encoding a multifunctional protein associated 
with mitochondrial integrity, and the CSF3 signaling 
pathway (6). Interestingly, digenic mutations 
(combinations of HAX1 and ELANE or G6PC3 and 
ELANE mutations) have been reported in some 
patients with SCN (7).
SCN-associated proteins have critical roles in 
different cellular compartments, including azurophil 
granule (elastase neutrophil), endoplasmic reticulum 
(G6PC3, JAGN1, and SRP54), endosome trafficking 
(VPS45), intracellular glucose homeostasis (G6PC3), 
CSF3R signal transduction (CSF3R and HAX-
1), mitochondrial function (HAX1 and CLPB), 
transcription factor (GFI1) and cytoskeleton 
polymerization (WAS). 
The dysregulated molecular pathways that underlie 
a maturation arrest of granulopoiesis at the level of 
promyelocyte can differ according to the various 
mutations that cause SCN (Figure 1). However, the 
molecular abnormalities in genes ELANE, G6PC3, 
JAGN1, and SRP54 lead to the endoplasmic reticulum 
(ER) stress, increased apoptosis of neutrophil 
precursors and the arrest of granulopoiesis at the 
promyelocyte stage. In this section, we focus our 
discussion on the pathomechanism of SCNs based on 
the different genetic etiologies.

the phagolysosome during inflammation and directly 
participate in the intracellular microbial killing. NE is 
also involved in the function of neutrophil extracellular 
traps (NETs), a network of fibers of DNA, histones, 
serin proteases, and antimicrobial molecules that bind 
to pathogenic microbes. Moreover, NE can cleave a 
great variety of different proteins such as fibronectin, 
elastin, proteoglycans, collagens, coagulation factors, 
CSF3, CSF3R, KIT proto-oncogene, receptor tyrosine 
kinase (KIT), vascular cell adhesion molecule 
(VCAM), and C-X-C motif chemokine receptor 4 
(CXCR4). (9, 10).
So far, more than 200 different mutations have been 
detected in the ELANE gene, distributed in all five exons 
and introns 3 and 4. However, how these mutations 
cause neutropenia has not yet been fully elucidated. 
The ELANE mutations include missense, nonsense, 
frameshifts, inframe indels, and splice junction loss. 
These mutations lead to the production of a mutant 
polypeptide but do not affect biochemical properties 
such as proteolytic activity, serpin inhibition, and 
glycosylation. (8, 11, 12). Interestingly, the mutations 
predicting an absence of NE protein have not yet been 
reported in SCNs. Individuals with ELANE whole gene 
deletion mutation produce functional neutrophils 
with normal complete blood counts (13). 
Two prevailing hypotheses on how mutations affect NE 
have been proposed. In one, ELANE mutations disrupt 
intracellular transport of NE, known as mistrafficking 
NE mutations. In the other, ELANE mutations disrupt 
the proper folding, processing, and secretion of NE, 
known as misfolding NE mutations. In addition, some 
ELANE mutations in the first codon and the Kozak 
sequence cause N-terminally truncated NE lacking 
ER-localizing (pre) and zymogen-maintaining (pro) 
sequences, which cannot be targeted toward ER and 
are probably mislocalized to the nucleus (14). A recent 
study has reported that inducible expression of a 
disease-associated ELANE mutation (p.Gly185Arg) 
reduced NE enzymatic activity and granulocyte 
differentiation without evoking an unfolded protein 
response (15).

2.1. SCN1: Defect in elastase, neutrophil expressed 
(ELANE) gene

Autosomal-dominant mutations in the elastase, 
neutrophil expressed (ELANE), the gene encoding 
neutrophil elastase (NE), are found in about half of 
the cases of SCNs and most cases of cyclic neutropenia 
(Tables 1 and 2) (6). NE, a serine protease, is 
predominantly synthesized at the promyelocytic stage 
and is stored in azurophil granules (8). Soluble serine 
proteases of azurophil granules, especially NE, fuse to 

2.1.1. Mistrafficking NE mutations

NE is produced as an inactive form of pre-pro-serine 
protease (zymogen) of 267 amino acids, containing 
an N-terminal signal peptide, an N-terminal pro-
dipeptide, and a C-terminal pro-peptide. It is converted 
to the active serine protease through four consecutive 
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Table 1. Gene mutations in severe congenital neutropenias (SCNs).

Disease 
(OMIM)

HIEI Gene Location/
Inheritance

Functions of coding protein CSF3 therapy

SCN1 
(202700)

SCN1 ELANE	 19p13.3/AD Elastase, neutrophil expressed; primary 
or azurophilic granule protease

Responded to 
CSF3

SCN2 
(613107)

SCN2 GFI1 1p22.1/AD Growth factor independent 1 
transcriptional repressor; interacts with 
myeloid-specific transcription factors 
CEBPA, CEBPB, and SPI1

Responded to 
CSF3

SCN3 
(Kostmann 
disease)
(610738)

SCN3 HAX1 1q21.3/AR HCLS1 associated protein X-1; activation 
of HCLS1 adaptor protein essential for 
CSF3R signaling, antiapoptotic protein 
in mitochondria

Responded to 
CSF3

SCN4 
(612541)

SCN4 G6PC3 17q21.31/AR Glucose-6- phosphatase catalytic 
subunits 3; hydrolyzes glucose-6-
phosphate to glucose and phosphate in 
the ER

Responded to 
CSF3

SCN5 
(615285)

SCN5 VPS45 1q21.2/AR Vacuolar protein sorting 45 homolog; 
converts early endosomes to late 
endosomes, regulating cargo trafficking 
and the intracellular organization of 
endolysosomal vesicles, regulation of the 
assembly of the SNARE complex, which 
plays an essential part in the trafficking 
and recycling of proteins through 
lysosomes, other endosomes and trans-
Golgi complex

Refractory to 
high-dose CSF3

SCN6 
(616022)

JAGN1 deficiency JAGN1 3p25.3/AR Jagunal homolog 1; an ER-resident 
protein, is involved in the early secretory 
pathway, it regulates the proper 
glycosylation of proteins involved in cell 
adhesion and cytotoxicity

A poor or no 
response to CSF3

SCN7 
(617014)

CSF3 receptor 
deficiency

CSF3R 1p34.3/AR 
or AD

Colony-stimulating factor 3 receptor; 
activation of the intracellular signaling 
responsible for hematopoietic and 
myeloid differentiation of HSCs upon 
CSF3 binding

No response to 
CSF3

(See Table 3)

SCN-8 
(618752)

SRP54 deficiency SRP54 14q13.2/AD, 
de novo or 
unknown

Signal recognition particle 54; a key 
component of the ribonucleoprotein 
complex that mediates the cotranslational 
targeting and the translocation of 
secretory and membrane proteins to the 
ER

Responded to 
CSF3

(See Table 4)

SCN9 
(619813)

3-Methylglutaconic 
aciduria

CLPB 11q13.4/AD
or de novo 

ClpB family mitochondrial disaggregase; 
mitochondrial ATPase chaperonin 
associated with DNA replication, 
protein degradation, and reactivation of 
misfolded proteins

Responded to 
CSF3

(See Table 5)

XSCN
(300299)

X-linked 
neutropenia/ 
myelodysplasia

WAS Xp11.23/
X-linked 

WASP actin nucleation promoting factor; 
WAS protein is an essential regulator of 
actin rearrangement in association with 
Arp2/3 and WAVE complexes

Not need 
permanent CSF3 

support

AD: autosomal dominant; AR: autosomal recessive; Arp2/3 complex: Actin Related Protein 2/3 complex; CEBPA: CCAAT enhancer binding protein alpha; 
CEBPB: CCAAT enhancer binding protein beta; ER: endoplasmic reticulum; HCLS1: hematopoietic cell-specific Lyn substrate 1; HIEI: Human Inborn Errors 
of Immunity; HSCs: hematopoietic stem cells; OMIM: Online Mendelian Inheritance in Man; SNARE: soluble N-ethylmaleimide-sensitive factor activating 
protein receptor; SPI1: Spi-1 proto-oncogene; WAVE complex: WRC, SCAR complex.
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post-translational modifications. The signal peptide 
(N-terminus) is removed during translation to form 
pro-NE, which is then glycosylated and transported 
to the Golgi apparatus for trafficking to the plasma 
membrane or granules. Inside the secretory vesicle, 
the C-terminal pro-peptide is cleaved by an as-yet 
unidentified protease. C-terminal processing creates 
a binding site for AP3B1 (tyrosine-based μ3a sorting 
signal), which is involved in the intracellular trafficking 
of NE (16). Then pro-dipeptide is removed from the 
amino terminus by cathepsin C, encoding by the CTSC 
(AR mutation in CTSC causes skin and periodontal 
diseases known as Papillon-Lefevre syndrome) (12). 
Finally, fully processed mature NE contains 218 
amino acid residues sorted in the azurophil granules. 
In addition to being located within azurophil granules, 
NE has been found on the cell surface and within the 
nucleus. Under normal conditions, NE forms a ternary 
complex with GFI1 and N4BP2L2 in the nucleus, 
which enhances the inhibitory effect of GFI1 on its 
promoter. Consequently, NE regulates its transcription 
by a feedback circuit (Figure 2A) (17).
The C-terminal processing of the NE is critical for the 
interaction between NE and AP3B1 (AR mutation in 
AP3B1 causes Hermansky Pudlak syndrome type 2). 
Therefore, loss of the sorting signal or failure to remove 
the 20-residue C-terminal pro-peptide disrupts the 
interaction between NE and AP3B1. In most cases 
of SCN, chain-terminating mutations within ELANE 
(nonsense or frameshift mutations) occur in exons 
4th and 5th, leading to NE truncated at the carboxyl 
terminus and deletion of the sorting signal from NE. 
These mutations disrupt the interaction between NE 
and AP3B1, causing mistrafficking and mislocalization 
of the mutant NE to the plasma membrane and the 
nucleus (12, 16, 18). It appears that mutant NE does 
not entirely lose its proteolytic activity and, through 
mislocalization, proteolytically degrades CSF3 and 
CSF3R, which are essential for granulopoiesis. As a 
result, it reduces the biological activity of the CSF3 
and signaling transduction of the CSF3R because 
of decreased CSF3R surface expression, leading to 
impaired differentiation of neutrophilic granulocytes 
and severe chronic neutropenia (19). Moreover, the 
mislocalized NE cannot bind to intranuclear N4BP2L2 
due to the loss of the C-terminus required for binding 
to N4BP2L2, failing to form a feedback circuit. ELANE 
overexpression exacerbates the effects of mutant NE 
on granulocytic differentiation, reducing response to 
CSF3 treatment (Figure 2B) (17).

Some mutations in the ELANE gene disrupt the 
proper folding, processing, secretion, or degradation 
of NE in myeloid cells from patients with SCN. The 
misfolded NE accumulation in ER causes ER stress and 
activation of a regulatory pathway called the unfolded 
protein response (UPR) (18, 20, 21). Early UPR events 
induce dissociation of the master regulator, HSPA5, 
from ATF6, and then ATF6 translocates to the Golgi 
apparatus, where it is cleaved into the active form. The 
active form of ATF6 migrates to the nucleus, inducing 
the transcription of target genes that mediate protein 
folding and promote the degradation of misfolded 
proteins (22). Due to excessive accumulation of 
misfolded NE, the UPR fails to degrade unfolded NE 
in promyelocytes and initiates ER-associated apoptosis 
(Figure 2C). In myeloid cells from SCN patients, the 
ATF6 activity and ATF6 target genes HSPA5, XBP1 
mRNA splicing, PPP1R15A, and DDIT3 are increased; 
while levels of secretory leukocyte peptidase inhibitor 
(SLPI), a natural NE inhibitor, are decreased. In 
addition, the active form of ATF6 induces calreticulin 
(CALR) expression, a chaperone in the lumen of the 
ER in the context of the cellular stress response and 
UPR (21). It has been reported that CALR suppresses 
granulopoiesis-activating protein CCAAT enhancer 
binding protein alpha (CEBPA) in AML (23). 
Interestingly, the expression of the CEBPA is severely 
diminished, while the CEBPB expression and activated 
CALR are increased in arrested promyelocytes of 
patients with misfolding NE mutations (21). Perhaps 
the increase in CEBPA in response to CSF3 treatment 
explains how CSF3 treatment induces granulocytic 
differentiation of apoptosis-prone myeloid progenitors 
from SCN patients in whom the UPR is activated.
A recent study reported no increase in UPR-related 
genes in hematopoietic progenitor cells (HPCs) derived 
from SCN patients with misfolding NE mutations. 
However, the levels of reactive oxygen species (ROS) 
and promyelocytic nuclear bodies (PML-NBs) were 
increased in HPCs from these patients. This evidence 
leads to an alternative hypothesis for the pathogenic 
effects of misfolding NE mutations. Intracellular 
accumulation of misfolded NE increases the levels of 
ROS that induce the formation of PML-NBs. PML-
NBs target misfolded NE for ubiquitination and 
further proteasomal degradation. On the other hand, 
PML-NBs bind to the ELANE promoter, increasing 
the production of misfolded NE and providing a feed-

2.1.2. Misfolding NE mutations
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Figure 2. A schematic representation of dysregulated pathway involved in the pathogenesis of SCN1. A) Neutrophil elastase is 
trafficked from Golgi to the azurophil granules. B) Mistrafficking. ELANE mutations causing loss of the sorting signal or failure 
to remove the 20-residue C-terminal pro-peptide disrupts the interaction between NE and AP3B1, leading to mistrafficking and 
mislocalization of the mutant NE to the plasma membrane and the nucleus. C) Unfolded protein response. The misfolded NE 
accumulation in ER causes ER stress and activation of the UPR pathway. Due to excessive accumulation of misfolded NE, the 
UPR fails to degrade unfolded NE in promyelocytes and initiates ER-associated apoptosis. D) PML-mediated feed-forward loop. 
Intracellular accumulation of misfolded NE increases the levels of ROS that induce the formation of PML-NBs. In addition to 
ubiquitination and further proteasomal degradation of NE, PML-NBs bind to the ELANE promoter, increasing the production 
of misfolded NE and providing a feed-forward mechanism. Abbreviations: AP3B1: adaptor-related protein complex 3 subunit 
beta 1; ATF6: activating transcription factor 6; CTSC: cathepsin C; CSF3R: colony-stimulating factor 3 receptor; CSF3: colony-
stimulating factor 3; ER: endoplasmic reticulum; ELANE: elastase, neutrophil expressed; GFI1: growth factor independent 1 
transcriptional repressor; HSPA5: heat shock protein family A (Hsp70) member 5; NE: neutrophil elastase; N4BP2L2: NEDD4 
binding protein 2 like 2; PML-NBs: promyelocytic nuclear bodies; ROS: reactive oxygen species; UPR: unfolded protein response.

forward mechanism. Moreover, PML-NBs decrease 
the response to CSF3 treatment in an SCN patient with 
ELANE mutation (Figure 2D) (24).

gene encoding growth factor-independent transcrip-
tional repressor 1 (GFI1), have been identified in rare 
cases of SCNs, known as SCN2 (Tables 1 and 2) (25). 
GFI1 is an essential transcription factor involved in 
various stages of hematopoiesis in the myeloid and 
lymphoid lineages. In the myeloid compartment, GFI1 
is part of a regulatory network that determines the 
commitment of myeloid progenitors to the granulo-

2.2. SCN2: Defect in growth factor independent 1 
transcriptional repressor (GFI1) gene

Autosomal dominant negative mutations in GFI1, the
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cytic or monocytic lineage. GFI1 antagonizes the 
function of the SPI1 transcription factor. SPI1 enhances 
monocyte differentiation, while GFI1 promotes 
granulocyte differentiation. Therefore, loss of GFI1 
function may shift the balance toward SPI1-mediated 
monocyte development, which may be an explanation 
for neutropenia in patients with SCN2 (26).
GFI1, a dual-function transcription factor, regulates 
myeloid cell maturation by transcriptional repression 
of target genes, such as ELANE, CSF1, SOCS3, miR-
21, and miR-196b. While GFI1 actively promotes 
granulocytic differentiation by increasing RASGRP1 
expression (27). It has been reported that the expression 
and activity of NE are increased in GFI1-deficient 
patients and mice. However, it is unclear whether 
increased wild-type NE, resulting from the loss of 
GFI1 function, contributes to neutropenia (25). Apart 
from the ELANE gene, the expression of the genes 
involved in myelopoiesis, such as CSF1 and RASGRP1, 
is dysregulated by the loss of GFI1 function (27, 28). 
Wild-type GFI1 promotes granulocytic differentiation 

by maintaining low levels of CSF1. While the SCN-
associated GFI1N382S (c.1145A>G/p.Asn382Ser) 
mutation inhibits the normal function of GFI1 and 
leads to increased monocyte differentiation and 
decreased granulocyte differentiation (Figure 3) (28). 
A recent study has shown that GFI1 promotes CSF3-
dependent neutrophil differentiation from HPCs 
by inducing the expression of RASGRP1, a critical 
regulator of CSF3/CSF3R–induced Ras activation. The 
RASGRP1 expression is reduced in GFI1-deficient 
mice (27). Therefore, GFI1 enhances the expression of 
genes that promotes granulocytic differentiation while 
it represses genes that favor monocytic differentiation. 
These findings explain the cause of monocytosis in 
patients with SCN2. 

Figure 3. A schematic representation of dysregulated pathway involved in the pathogenesis of SCN2. In healthy individuals, wild-type 
GFI1 promotes granulocytic differentiation by maintaining low levels of CSF1. In SCN2 patients, GFI1N382S mutation inhibits the 
normal function of GFI1 and leads to increased monocyte differentiation and decreased granulocyte differentiation. Abbreviations: 
CMP: common myeloid progenitor; CSF1: colony-stimulating factor 1; GFI1: growth factor independent 1 transcriptional repressor.

Autosomal recessive mutations in HAX1, the gene 
encoding HCLS1-associated protein X-1 (HAX1), 

2.3. SCN3: Defect in HCLS1-associated protein X-1 
(HAX1) gene
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were first described in the original affected family in 
Northern Sweden and later in other patients, known as 
infantile genetic agranulocytosis (Table 1). The disease 
was found by Rolf Kostmann in 1956, and later, the 
term ‘Kostmann syndrome’ was used for many years for 
patients with SCNs (29, 30). Of note, the homozygous 
germline mutation in HAX1 was identified about 50 
years after the introduction of Kostmann disease (30). 
The onset of neurological symptoms during childhood 
may be associated with SCN3 (Table 2). 
There are two alternatively spliced isoforms of HAX1 
in humans, and mutations affecting these isoforms 
have different clinical presentations (31). Patients 
with HAX1 mutations affecting the splice variant 
I or the full-length transcript (p.Trp44X) develop 
SCN without neurological involvement (30). While 
patients with mutations affecting splice isoforms I 
and II (p.Gln190X and p.Arg86X) develop SCN with 
neurological abnormalities (32-34). The isoform II, a 
shortened exon 2 transcript, is markedly expressed in 
human brain tissue (33). Therefore, HAX1 isoforms 
may play a distinctive role in the neuronal system.
HAX1 is a ubiquitously expressed protein that acts 
as a binding partner for several proteins and is 
involved in various cellular processes and signaling 
pathways (35-39). In hematopoietic progenitors, upon 
activation of the CSF3 receptor, HCLS1, an essential 
adapter protein of CSF3R signaling, is phosphorylated 
by LYN and SYK. HCLS1 and cytoplasmic HAX1 
bind to LEF1, transporting LEF1 into the nucleus. 
LEF1 activates target genes of the CSF3 signaling 
pathway (for example, LEF1, CEBPA, and HCLS1) 
and promotes granulocytic differentiation. In patients 
with SCN3, HAX1 mutations annul the activation of 
phosphorylated HCLS1 and its downstream signaling, 
which is essential for granulocytic differentiation. 
Indeed, HCLS1-deficient mice are neutropenic 
(Figure 4) (39). 
Additionally, HAX1 is a mitochondrial protein that 
interacts with the mitochondrial proteases HTRA2 and 
PARL and is involved in the anti-apoptotic pathway 
(37). In neural cells, loss of HAX1 function may 
reduce HTRA2 activity, leading to the accumulation 
of sufficient amounts of activated BAX to induce 
cytochrome c release and apoptosis (37). HAX1 
also maintains the mitochondrial inner membrane 
potential and rescues myeloid cells from apoptosis. 
The loss of HAX1 function reduces mitochondrial 
inner membrane potential, increasing the release 
of cytochrome c, as a result, accelerates apoptosis of

The autosomal recessive mutations in G6PC3, the 
gene encoding the ER enzyme glucose-6-phosphatase 
catalytic subunit 3 (G6PC3), cause SCN with extra-
hematopoietic features, known as SCN4 (40). SCN4 
is associated with considerable clinical heterogeneity. 
Affected individuals have neutropenia, neutrophil 
dysfunction, thrombocytopenia, and other syndromic 
features (40-42). Furthermore, evolution to AML or 
MDS has been reported in patients with SCN4 (Tables 
1 and 2)(41).
Glucose-6-phosphatase (G6PC) catalyzes the 
hydrolysis of glucose-6-phosphate (G6P) to glucose 
and phosphate when coupled with the SLC37A4 that 
transports G6P from the cytoplasm into the lumen 
of the ER. In humans, there are three G6PC enzymes 
(G6PC1–3). G6PC1 (liver, kidney, and small intestine) 
and G6PC2 (pancreatic islet cells) are exclusively 
expressed in specific tissues, while G6PC3 is expressed 
ubiquitously (43).
Recent studies have demonstrated the disturbance 
of intracellular glucose homeostasis, such as reduced 
glucose uptake, cytosolic G6P, lactate, and ATP, as 
well as the reduction of expression and activation of 
NADPH oxidase in the neutrophils of G6PC3-deficient 
murine and humans (44, 45). Moreover, the myeloid 
cells from G6PC3-deficient patients showed increased 
ER stress, UPR activation, and elevated apoptosis (44). 
Consistent with this, expression of ER stress-related 
proteins (HSPA5) and GSK3B activity increased 
in myeloid cells of patients with SCN4. GSK3B, a 
key enzyme regulating cellular differentiation and 
apoptosis, phosphorylates the anti-apoptotic molecule 
MCL1 and promotes the degradation of MCL1 (40). 
Therefore, these findings support the hypothesis that 
the underlying mechanism of increased apoptosis 
and neutrophil dysfunction in G6PC3 deficiency is 
the disruption of intracellular glucose homeostasis 
resulting from the loss of the endogenous glucose/G6P 
reservoir in neutrophils.
A recent study reported defects in chemotaxis and the 
killing activity of neutrophils in a patient with G6PC3 
deficiency. The neutrophils of this patient showed a 
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2.4. SCN4: Defect in glucose-6-phosphatase cata-
lytic subunit 3 (G6PC3) gene

myeloid cells (Figure 4) (30). These findings may ex-
plain why treatment with CSF3, a cytokine with known 
anti-apoptotic functions, mitigates the neutropenia 
phenotype in SCN3 patients.
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Figure 4. A schematic representation of dysregulated pathway involved in the pathogenesis of SCN3. Upon activation of 
the CSF3R, HAX1 activates phosphorylated HCLS1. HCLS1 and HAX1 bind to LEF1, transporting LEF1 into the nucleus. 
LEF1 activates target genes of the CSF3R signaling pathway and promotes granulocytic differentiation. In SCN3 patients, 
HAX1 mutations annul the activation of phosphorylated HCLS1 and its downstream signaling. As a result, it reduces the 
activation of CSF3R signaling. The loss of HAX1 function reduces mitochondrial inner membrane potential, increasing 
the release of cytochrome c, as a result, accelerates apoptosis of myeloid cells. Abbreviations: CEBPA: CCAAT enhancer 
binding protein alpha; CSF3R: colony-stimulating factor 3 receptor; Cyt C: cytochrome c; HCLS1: hematopoietic cell-specific 
Lyn substrate 1; JAK2: janus kinase 2; LEF1: lymphoid enhancer binding factor 1; LYN: LYN proto-oncogene, Src family 
tyrosine kinase; PI3K/AKT: phosphoinositide 3-kinase (PI3K)/Protein kinase B; PTPN11: protein tyrosine phosphatase 
non-receptor type 11; STAT: signal transducer and activator of transcription; SYK: spleen associated tyrosine kinase.
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disruption in glycolysis, hexose monophosphate shunt, 
glutaminolysis, and redox pathways (46). Interestingly, 
the expression of CXCR4, a known neutrophil 
retention factor in BM, is increased in neutrophils of 
G6PC3-deficient murine and humans (47). Retention 
of these neutrophils in the BM, similar to WHIM 
syndrome (caused by gain-of-function mutations in 
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Figure 5. A schematic representation of dysregulated pathway involved in the pathogenesis of SCN4. G6PC3 deficiency triggers 
metabolic impairments in glycolysis, hexose monophosphate shunt (HMP), glutaminolysis, and redox pathways, increasing 
apoptosis and neutrophil dysfunction. Abbreviations: ATP: adenosine triphosphate; ER: endoplasmic reticulum; G6P: glucose 
6-phosphate; GSK3B: glycogen synthase kinase 3 beta; MCL1: MCL1 apoptosis regulator, BCL2 family member; NADPH: 
nicotinamide adenine dinucleotide phosphate; UPR: unfolded protein response.

CXCR4), may lead to neutropenia in G6PC3 deficiency 
and respond well to CSF3 therapy. Furthermore, CSF3 
treatment appears to improve the function of mouse 
G6PC3-deficient neutrophils by modulating apoptosis 
and enhancing energy homeostasis (48). A schematic 
representation of dysregulated pathway involved in the 
pathogenesis of SCN4 is demonstrated in Figure  5.
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The autosomal recessive mutations in VPS45, the gene 
encoding the vacuolar protein sorting 45 homolog 
(VPS45), have been identified in rare cases of SCN 
with extra-hematopoietic features, known as SCN5. 
VPS45, a Sec1/Munc18 (SM) protein, is involved in 
endosomal trafficking. Interestingly, the lack of VPS45 
in mice causes embryonic lethality (49). The patients 
with VPS45 deficiency manifest severe neutropenia, 
progressive BM fibrosis, hypergammaglobulinemia, 
renal extramedullary hematopoiesis, and other 
syndromic features. Of note, children with SCN5 are 
refractory to the treatment with CSF3, even in high 
doses (50, 51). Hematopoietic stem cell transplantation 
(HSCT) is a curative option for these children, 
although some may experience post-HSCT behavioral 
regression (Tables 1 and 2) (50).
In children with SCN5, the protein levels of VPS45 
and its binding partners Rabenosyn, RAB effector 
(RBSN), and Syntaxin 16 (STX16) are decreased in 
fibroblasts and neutrophils (51). Depletion of integrin 
subunit beta 1 (ITGB1) on the plasma membrane 
impairs the migration of neutrophils and fibroblasts, 
possibly caused by impaired ITGB1 recycling in 
VPS45 deficiency (51, 52). VPS45 deficiency triggers 
increased apoptosis of neutrophils, BM myeloid cells, 
and fibroblasts (50, 51). Induction of wild-type VPS45 
expression in patient cells corrected the migration 
defect and reduced apoptosis (51). In addition, the 
neutrophils of these children defect in killing activity 
and cannot produce superoxide ions (51). The lack of 
lysosomes in fibroblasts and reduced abundance of 
granules α in platelets of children with SCN5 suggest 
a defect in the endosomal-lysosomal pathway (50). 
Therefore, BM fibrosis may result from the failure of 
megakaryocytes to retain synthesized transforming 
growth factor beta (TGFB), platelet-derived growth 
factor (PDGF), and fibroblast growth factor (FGF).
The exact disease mechanism is entirely unclear, 
but the reduced level of the VPS45 protein causes a 
defect in the conversion of early endosomal (RAB5A-
positive) to late endosomal (RAB7A-positive). As 
a result, it triggers the trapping of cargos in early 
endosomes, cargo mistrafficking, and impairs the 
intracellular organization of endolysosomal vesicles. 
Furthermore, the loss of VPS45 perturbs the efficient 
CSF3R recycling and delivery to late endosomes, 
but CSF3R-mediated signaling remains intact (49).

However, how CSF3R mistrafficking affects resistance 
to CSF3 therapy in children with SCN5 requires 
further investigation. Figure 6 provides a schematic 
representation of dysregulated pathway involved in 
the pathogenesis of SCN5.

2.5. SCN5: Defect in vacuolar protein sorting 45 
homolog (VPS45) gene

2.6. SCN6: Defect in jagunal homolog 1 (JAGN1) 
gene

In 2013, Boztug et al. described for the first time the 
autosomal recessive mutations in JAGN1, the gene 
encoding the jagunal homolog 1 (JAGN1), in 14 patients 
with SCN, known as SCN6 (53). SCN6 is associated 
with considerable clinical heterogeneity (Tables 1 and 
2) (54). In affected individuals, the BM examination 
revealed a maturation arrest of granulopoiesis at 
the level of promyelocytes. The JAGN1-deficient 
granulocytes showed ultrastructural defects, reduced 
granules, abnormal protein N-linked glycosylation, 
and elevated apoptosis. JAGN1 deficiency triggers 
a poor or no response to CSF3 treatment in SCN6 
patients. Of note, a child with SCN6 progressed to 
AML (54). 
JAGN1, an ER-resident protein, interacts with the 
COP1 complex (COPA and COPB2) and is involved 
in vesicular trafficking from the Golgi complex to the 
ER (early secretory pathway) (54). JAGN1 was initially 
identified in Drosophila and facilitated vesicular 
trafficking by ER reorganization during oogenesis 
(55). The loss of JAGN1 function impairs neutrophil 
migration in response to fungal infection in JAGN1-
deficient mice. It appears that JAGN1 is involved in 
the proper glycosylation of proteins involved in cell 
adhesion and cytotoxicity of mice neutrophils (56). 
However, the underlying mechanism of increased 
apoptosis and neutropenia in JAGN1-deficient 
humans is not fully understood. In human JAGN1-
deficient granulocytes, the expression of ER stress-
related proteins HSPA5 is increased and may activate 
the UPR pathway and induce apoptosis in granulocyte 
precursors (54). Notably, HSPA5 is a multifunctional 
protein that also plays a role in regulating Ca2+ 
homeostasis in ER.
A recent study has shown that JAGN1 interacts with 
HSPA5 and regulates Ca2+ homeostasis in the ER. 
Mutant JAGN1 protein expression disrupts Ca2+ 

homeostasis and increases Ca2+ efflux from the ER to 
the cytosol in cells expressing mutant JAGN1 protein. 
An increase in intracellular Ca2+ activates calpains, 
serine proteases sensitive to Ca2+ concentration. In 
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Figure 6. A schematic representation of dysregulated pathway involved in the pathogenesis of SCN5. The reduced level of the 
VPS45 protein impaired the conversion of early endosomal (RAB5A-positive) to late endosomal (RAB7A-positive) and recycling of 
ITGB1 and CSF3R. Abbreviations: CSF3R: colony-stimulating factor 3 receptor; ITGB1: integrin subunit beta 1; RAB5A: RAB5A, 
member RAS oncogene family; RAB7A: RAB7A, member RAS oncogene family; VPS45: vacuolar protein sorting 45 homolog.

the ER, the inactive calpains are heterodimers com-
posed of a regulatory subunit and a proteolytic 
subunit and are associated with calpastatin, an en-
dogenous calpain inhibitor. Ca2+ stimulates the dis-
sociation of the regulatory subunit and release of 

of calpastatin, leading to the activation of the calpain 
enzymes. Activation of calpains decreases the mito-
chondrial membrane potential, resulting in calcium- 
and calpain-dependent cell death in cells express-
ing mutant JAGN1 protein (57). Calpains cleave the 
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apoptosis-inducing factor mitochondria associated 1 
(AIFM1) and BAX. AIFM1 exits from mitochondrial 
intermembrane space through BAX-formed pores. 
AIFM1 translocates to the nucleus, inducing chromatin 
fragmentation that culminates in cell death. However, 

how JAGN1 mutations cause severe neutropenia and 
the poor response to CSF3 therapy in children with 
SCN6 requires further investigation. A schematic 
representation of dysregulated pathway involved in 
the pathogenesis of SCN6 is demonstrated in Figure 7.

Figure 7. A schematic representation of dysregulated pathway involved in the pathogenesis of SCN6. The mutant-JAGN1 impairs 
the early secretory pathway and Ca2+ homeostasis. The increased intracellular Ca2+ stimulates the dissociation of the regulatory 
subunit and release of calpastatin, leading to the activation of the calpain enzymes. Activated calpains decrease the mitochondrial 
membrane potential, resulting in calcium- and calpain-dependent cell death in cells expressing mutant JAGN1 protein. Calpains 
may cleave the AIFM1 and BAX. AIFM1 exits from mitochondrial intermembrane space through BAX-formed pores. AIFM1 
translocates to the nucleus, inducing chromatin fragmentation that culminates in cell death. Abbreviations: AIFM1: apoptosis 
inducing factor mitochondria associated 1; BAX: BCL2-associated X, apoptosis regulator; COP1: COP1 E3 ubiquitin ligase; HSPA5: 
heat shock protein family A (Hsp70) member 5; m-JAGN1: mutant-jagunal homolog 1; P: proteolytic subunit; R: regulatory subunit.
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Table 2. Hematologic and non-hematologic abnormalities in severe congenital neutropenias (SCNs).

Disease Other hematologic abnormalities Non-hematologic abnormalities

SCN1 Monocytosis, eosinophilia, and evolution to AML or 
MDS

Osteopenia

SCN2 Lymphopenia, increased numbers of immature myeloid 
cells in the PB, and evolution to AML or MDS

No

SCN3 Evolution to AML or MDS Neurologic phenotype (Developmental delay, epileptic 
seizures, and cognitive defects) in patients with mutations 
affecting both isoforms of HAX1 

SCN4 Thrombocytopenia, neutrophil dysfunction, and 
evolution to AML or MDS

Cardiac defects, prominent superficial vasculature, 
urogenital abnormalities, intellectual disability, endocrine 
abnormalities, and skin hyper-elasticity

SCN5 Anisocytosis and poikilocytosis, progressive anemia 
and thrombocytopenia, reduced abundance of 
granules α in platelets, neutrophil dysfunction, 
BM fibrosis, renal extramedullary hematopoiesis, 
hypergammaglobulinemia 

Nephromegaly, splenomegaly, osteosclerosis, and 
neurological abnormalities such as delayed development, 
cortical blindness, hearing loss, and thin corpus callosum

SCN6 Ultrastructural defects, reduced granules, abnormal 
protein N-linked glycosylation, and elevated apoptosis 
were reported in JAGN1-deficient granulocytes, 
impaired neutrophil migration, extramedullary 
hematopoiesis with thickening of skull bones, and 
hypogammaglobulinemia

Short stature, bone and teeth abnormalities, severe 
osteoporosis and repeated bone fractures (continuing post-
HSCT), pyloric stenosis, febrile convulsion, focal epilepsy, 
learning disability, neurodevelopmental delay, failure to 
thrive, dysmorphic and triangular face, extrovert ears, 
pancreatic insufficiency, lipomatosis, coarctation of the 
aorta, hypothyroidism, hypospadias and left undescended 
testis, and gingival hypertrophy

SCN7 No No 

SCN8 BM examination revealed granulopoietic hypoplasia 
with a reduction of all myeloid stages, a maturation 
arrest at the level of promyelocytes, and a prominent 
dysgranulopoiesis; reduced migration capacity of 
neutrophils

Shwachman-Diamond (SDS)-like features, including 
exocrine pancreatic insufficiency, neurodevelopmental 
delay, and skeletal dysplasia (Non-hematologic 
abnormalities are fully presented in Table 3)

SCN9 Evolution to AML Developmental delays, epilepsy, and cataracts (Non-
hematologic abnormalities are fully presented in Table 4)

XSCN The normal numbers of neutrophils are present in saliva, 
reduced NK cells, lymphopenia, reduced CD4/CD8 
ratio, macrothrombocytopenia, and reduced IgA (Other 
hematologic abnormalities are fully presented in Table 
5)

No 

AML: acute myeloid leukemia; BM: bone marrow; HAX1: HCLS1 associated protein X-1; HSCT: hematopoietic stem cell transplantation; IgA: immunoglobulin 
A; JAGN1: jagunal homolog 1; MDS: myelodysplastic neoplasms; NK cell: natural killer cell; PB: peripheral Blood; SCN: severe congenital neutropenia; XSCN: 
X-linked SCN.

2.7. SCN7: Defect in colony-stimulating factor 
3 receptor (CSF3R) gene

of isolated severe neutropenia, known as SCN7 (Tables 
1 and 2). The first report of a homozygous mutation 
in the cytokine receptor homologous (CHR) region 
in the extracellular domain of CSF3R was by Ward et 
al., who identified the p.Pro206His (P206H) mutation.

Germline mutations in the extracellular domain of CS-
F3R, the gene encoding the colony-stimulating factor 
3 receptor (CSF3R), have been identified in rare cases
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BM examination of the P206H patient shows a 
maturation arrest at the promyelocyte/myelocyte 
stage. The P206H mutation reduces the number of 
ligand binding sites and thus alters ligand-receptor 
complex formation and signal transduction, leading 
to resistance to CSF3 therapy (58). However, 
combination therapy with CSF3 and corticosteroids 
causes a sustained increase in neutrophil counts and 
the cessation of infections in this patient. The P206H 
patient was successfully treated with HSCT (59). In 
addition, the dominant-negative mutations in the 
extracellular domain identified that form truncated/
wild-type CSF3R heterodimers independent of ligand 
binding, reducing the surface expression of the wild-
type receptor. The affected individuals demonstrate 
BM maturation arrest at the promyelocyte/myelocyte 
stage and refractory to CSF3 therapy (60, 61).
However, subsequent studies reported homozygous 
and biallelic mutations in different regions of 
the extracellular domain, which caused a hypo/
normocellular condition without any maturation 
arrest of the myeloid lineage in the BM (62-66). These 
studies suggest that CSF3/CSF3R signaling is essential 
for sufficient production but not terminal maturation 
of granulocytic lineage. The CSF3/CSF3R signaling 
also plays a role in the egress of neutrophils from 
BM. Therefore, the impaired CSF3/CSF3R signaling 
may cause the retention of neutrophils in the BM of 
some patients with SCN7. The patients with mutant 
CSF3R were unresponsive to CSF3 therapy, While 
CSF2 therapy was effective in some patients (63-65). 
CSF2 and HSCT are the most promising therapies for 
patients with SCN7. Hence, the evaluation of CSF3R 
mutation can consider for SCN patients unresponsive 
to CSF3 therapy. Table 3 provides the molecular 
pathological mechanisms in SCN7. 

mutations (68). SCN8 can manifest as isolated 
neutropenia or syndromic SCN with Shwachman-
Diamond (SDS)-like features, including exocrine 
pancreatic insufficiency, neurodevelopmental delay, 
and skeletal dysplasia (Tables 1 and 2) (67-69). In 
addition to decreases in neutrophil numbers, the 
migration capacity of neutrophils reduces in some 
affected individuals (67). SRP54 deficiency triggers a 
poor or no response to CSF3 therapy in cases of SCN8, 
which were eventually successfully treated with HSCT 
(67, 68). Of note, two patients with SCN8 progressed 
to AML (70) and B-acute lymphoblastic leukemia 
(B-ALL) (Table 4) (71).
SRP54, a core component of the cytosolic 
ribonucleoprotein complex, consists of 3 functional 
domains, the N-terminal domain (N-domain), the 
central GTPase domain (G domain), and the M 
domain. The M domain binds to the signal sequence 
of newly synthesized proteins from the ribosome. The 
G domain is involved in GTP-dependent interaction 
with the SRP receptor subunit alpha (SRPRA) in ER 
membrane and forms the functional NG domain. The 
G domain contains G1 to G5 elements that have a role 
in nucleotide binding and hydrolysis (72).
The cytosolic ribonucleoprotein complex consists of 
6 signal recognition particles (SRPs) (SRP9, SRP14, 
SRP19, SRP54, SRP68, and SRP72) and a single 7S 
RNA. SRPs recognize and bind to the N-terminal 
signal sequence of newly synthesized proteins from 
the ribosome. Subsequently, the ribonucleoprotein/
ribosome complex translocates to the ER membrane. 
The G domain of SRP54 interacts with SRPRA in 
a GTP-regulated manner, resulting in the delivery 
of secretory and membrane proteins to ER for 
posttranslational modification.
The different mutations in the central G domain of 
SRP54 impair the GTPase activity or forming of the 
functional NG domain. A recent study demonstrated 
that SRP54 mutations destabilize the G domain and 
abolish the binding of SRP54 to the SRPRA, thereby 
negatively affecting protein secretion by the SRP 
pathway. Mutant SRP54 protein inhibits the function 
of wild-type SRP54 in a dominant-negative manner 
(73). Interestingly, the patients with SRP54 mutations 
interfering with the G1 region presented only a 
hematological phenotype. In contrast, the patients 
with SRP54 mutations located within the G4 or G5 
region manifested severe neutropenia with SDS-like 
features (68).

2.8. SCN8: Defect in signal recognition particle 54 
(SRP54) gene

Germline mutations in the central GTPase (G) 
domain of SRP54, the gene encoding the signal 
recognition particle 54 (SRP54), occur predominantly 
as a sporadic disease but have familial forms, known 
as SCN8. In affected individuals, BM examination 
revealed granulopoietic hypoplasia with a reduction 
of all myeloid stages, a maturation arrest at the level 
of promyelocytes, and a prominent dysgranulopoiesis 
(67-69). Increased apoptosis has also been reported in 
BM myeloid progenitor cells from patients with SRP54 
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Mutations Pathomechanism Therapy Ref 

Mutations with maturation arrest at the promyelocyte/myelocyte stage in BM

Homozygous mutation p.Pro206His in 
of the CRH domain region of the CSF3R 
extracellular domain

Reduced the number of ligand binding sites; 
Altered ligand-receptor complex formation 
and signal transduction; Diminished activa-
tion of CSF3R signaling

No CSF3 Response; Respond-
ed to combination CSF3/cor-
ticosteroids therapy; Treated 
with HSCT

(58)

A 182-bp deletion in the extracellular 
domain with dominant-negative pheno-
type

The out-of-frame deletion causes a premature 
termination codon and produces a truncated 
protein of 351 amino acids; Formed truncat-
ed/wild-type CSF3R heterodimers indepen-
dent of ligand binding; Reduced surface ex-
pression of the wild-type receptor

No CSF3 Response; Treated 
with HSCT

(60)

A 191-bp deletion in the extracellular 
domain with dominant-negative pheno-
type

The out-of-frame deletion causes a premature 
termination codon and produces a truncated 
protein of 319 amino acids; Formed Δ319/
wild-type CSF3R heterodimers independent 
of ligand binding; Sequestered intracellularly 
in Δ319/wild-type CSF3R heterodimeric re-
ceptor complexes

No CSF3 Response; Treated 
with HSCT

(61)

Mutations without maturation arrest at the promyelocyte/myelocyte stage in BM

Homozygous missense mutation p.Ar-
g308Cys identified in 3 affected chil-
dren of a family; Compound heterozy-
gous deletions p.Gly316fsTer322 and 
p.Gly415fsTer432 in 1 affected child

p.Arg308Cys resulted in impaired N-glyco-
sylation and aberrant localization of CSF3R 
to the cell surface; Biallelic mutation causes 
frameshifts and premature stop codon; Ab-
rogated downstream signaling; Full myeloid 
cell maturation in the BM but neutropenia in 
peripheral blood

No CSF3 Response (62)

Compound heterozygous mutation 
c.998-2A>T and p.Trp547*

Biallelic CSF3R mutations cause a premature 
stop-codon or by shifting the codon frame 
and introducing spurious amino acids, result-
ing in the absence of CSF3R surface expres-
sion; Granulopoietic hypoplasia with reduc-
tion of all stages but no maturation arrest or 
increase in blasts

No CSF3 Response; Respond-
ed to CSF2 therapy

(63)

Homozygous c.610-611 del ins AG 
(p.Gln204Arg) mutation

Hypocellular BM without any maturation ar-
rest of the myeloid lineage

No CSF3 Response; Respond-
ed to CSF2 therapy

(64)

Compound heterozygous mutation 
c.690delC (p.Met231Cysfs*32) and 
c.64+5G>A

BM examination showed normal cellularity 
in the proportion of cells in each granulocyte 
stage and cell morphology

No CSF3 Response; Respond-
ed to CSF2 therapy

(65)

Compound heterozygous mutation 
p.Arg190His (c.569G>A) and p.Leu-
89Pro (c.266T>C)

Hypocellular BM without any maturation ar-
rest of the myeloid lineage

Responded to CSF3 therapy (66)

BM: bone marrow; CRH: cytokine receptor homologous; CSF2: colony-stimulating factor 2; CSF3: colony-stimulating factor 3; CSF3R: colony-stimulating factor 
3 receptor; HSCT: hematopoietic stem cell transplantation.

Table 3. Molecular pathological mechanisms in severe congenital neutropenia 7 (SCN7).
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Of note, SRP54 mainly expresses in granulocytic 
lineage, especially in the late stages of differentiation, 
from promyelocytes to neutrophils. The production 
of azurophilic granules containing a lot of proteases 
begins in the promyelocytes stage and needs the 
ribonucleoprotein complex to follow the secretory 
pathway. Therefore, the secretory pathway of 
azurophilic granules disrupts in promyelocytes 
of patients with mutant SRP54. As a result, these 
mislocalized proteins may cause ER stress and the 
activation of the UPR pathway, inducing apoptosis in 
granulocyte precursors similar to ELANE mutation. 
Consistent with this, expression of ER stress-related 
proteins, ATF4, DDIT3, and spliced XBP1 increased 
in myeloid cells from patients with SCN8. The ER 
stress causes increased phosphorylation of ULK1, an 
autophagy marker, and increased expression of BAX1 
and NOXA1, indicating p53-dependent apoptosis in 
SRP54 mutant cells (68).
A recent study reported that unconventional splicing 
of XBP1 is disrupted in SRP54-mutant zebrafish and 
human cells. The impaired XBP1 splicing causes the 
SDS-like phenotype in zebrafish embryos with SRP54-
deficiency. XBP1 is an essential transcription factor 
that regulates the UPR by the endoplasmic reticulum 
to nucleus signaling 1 (ERN1) pathway (79).
XBP1 is activated only when unspliced XBP1 mRNA 
(XBP1u) is cleaved by an endoribonuclease ERN1 
located in the ER membrane during an unconventional

splicing process. In conditions of ER stress, SRP54 
recognizes and binds to the N-terminal signal sequence 
of newly synthesized XBP1 from the ribosome and 
transports the ribonucleoprotein/ribosome complex 
to the ER membrane. Then, XBP1u is spliced by ERN1, 
and spliced XBP1 mRNA (XBP1s) is translated to an 
active protein. The active transcription factor enters 
the nucleus and binds to the promoter regions of UPR-
related genes (80). Disruption of SRP54-SRP receptor 
binding hampers the translocate of XBP1u mRNA 
close to the ER membrane resident endonuclease 
ERN1, resulting in XBP1u mRNA is not spliced by 
ERN1. The absence of the UPR mediator XBP1s 
leads to unresolved ER stress in patients with SRP54 
mutations (79). Interestingly, ERN1/XBP1 activation 
is essential for the differentiation of neutrophils in a 
stage-specific manner; disruption of the ERN1/XBP1 
pathway may reduce granulocyte differentiation (81).
Apart from SRP54, the germline variants of SRP19, 
SRP68, and SRPRA have been reported in patients 
with SCN (82, 83). Therefore, these findings support 
the hypothesis that the disruption in cotranslational 
targeting machinery may cause unresolved ER stress, 
increased P53-dependent apoptosis, and autophagy of 
granulocytic precursors and neutrophils. However, the 
exact mechanism of how the SRP54 mutations cause 
the SDS-like features is not fully understood. Figure 
8 provides a schematic representation of dysregulated 
pathway involved in the pathogenesis of SCN8.



163

Heterozygous missense mutations in the ATP-
binding pocket of CLPB, the gene encoding ClpB 
family mitochondrial disaggregase (CLPB), have 
been identified in rare cases of sporadic and familial 
SCN, known as SCN9. BM examination revealed the 
maturation arrest at the promyelocyte/myelocyte 
stage and increased apoptosis in myeloid progenitor 
cells from patients with CLPB mutations. SCN9 can 
manifest as isolated neutropenia or syndromic SCN 
with developmental delays, epilepsy, and cataracts. 
Affected individuals typically respond well to CSF3 
therapy. However, one patient with SCN9 progressed 
to AML, indicating the need for careful monitoring 
and follow-up of individuals with this condition 
(Tables 1 and 2) (84). 
The exact disease mechanism is entirely unclear, but 
the different mutations in the ATP-binding pocket of 
CLPB impair mitochondrial respiration, resulting in 
reduced ATP production. The mutant CLPB protein 
inhibits the ATPase and disaggregase activity of wild-
type CLPB in a dominant-negative manner. As a result, 
it disrupts granulocytic differentiation and increases 
apoptosis without affecting the cell cycle or causing 
ER stress (84). 
Human CLPB located between the mitochondrial 
membrane has ATPase and refoldase activity. CLPB, 
the first mitochondrial protein refoldase associated 
with human disease, is involved in mitochondrial-
mediated antiviral innate immunity, mitochondrial 
crista formation, and regulation of apoptosis (85). 
ATP-dependent protein disaggregase activity of 
CLPB is required to retain the solubility of essential 
mitochondrial proteins, such as HAX1 (86). The 
mutant CLPB protein may disrupt the function of 
HAX1, associated with a loss of mitochondrial integrity 

and increasing the release of cytochrome c, as a result, 
accelerates apoptosis of myeloid cells.
Of note, de novo monoallelic missense and biallelic 
mutations of CLPB are associated with a syndrome 
of 3-methylglutaconic aciduria, neurologic disease, 
cataracts, and variable neutropenia. Unlike the 
CLPB mutations in SCN9, these mutations mainly 
disrupt the refoldase activity of CLPB. A longer-
lasting interaction between mutant CLPB protein 
and HAX1 was observed in affected individuals. 
Consequently, decreased HAX1 monomers and 
function may be responsible for neutropenia, seizures, 
and neurodevelopmental delay (87). The exact 
mechanism of how CLPB mutations cause the SCN9 
or 3-Methylglutaconic aciduria syndrome requires 
further investigation. However, genetic tests for CLPB 
mutation can consider for patients presenting with 
congenital neutropenia. Table 5 provides the CLPB 
mutations involved in patients with SCN9.
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Figure 8. A schematic representation of dysregulated pathway involved in the pathogenesis of SCN8. A) SRP54 recognizes and 
binds to the N-terminal signal sequence of newly synthesized XBP1 from the ribosome and transports the ribonucleoprotein/
ribosome complex to the ER membrane. In cells without or with moderate ER stress, ERN1 monomers cannot splice the 
unspliced XBP1 mRNA (XBP1u). B) Upon ER stress, ERN1 monomers dimerized in ER membrane and spliced XBP1u. The 
spliced XBP1 mRNA (XBP1s) is translated to an active protein. The active transcription factor enters the nucleus and binds 
to the promoter regions of UPR-related genes. C) SRP54 mutations destabilize the binding of the SRP54 to the SRPRA. This 
disruption hampers the translocate of XBP1u mRNA close to the ER membrane resident endonuclease ERN1, resulting in XBP1u 
mRNA is not spliced by ERN1. The absence of the UPR mediator XBP1s leads to unresolved ER stress that may increase P53-
dependent apoptosis and autophagy of granulocytic precursors and neutrophils. Abbreviations: ER: endoplasmic reticulum; 
ERN1: endoplasmic reticulum to nucleus signaling 1; SRP54: signal recognition particle 54; SRPRA: SRP receptor subunit alpha; 
UPR: unfolded protein response; XBP1: X-box binding protein 1; XBP1s: spliced XBP1 mRNA; XBP1u: unspliced XBP1 mRNA.

2.9. SCN9: Defect in CLpB family mitochondrial 
disaggregase (CLPB) gene

2.10. XSCN: Defect in WASP actin nucleation pro-
moting factor (WAS) gene

The gain-of-function (GoF) mutations in the GT-
Pase-binding domain (GBD) of WAS, the gene en-
coding the WASP actin nucleation promoting factor 
(WAS), have been identified in rare cases of X-linked 
SCN (XSCN), formerly known as X-linked neutrope-
nia. XSCN can manifest as severe neutropenia with 
other hematologic abnormalities. The marked de-
crease in neutrophils and natural killer (NK) cells is 
a consistent finding in XSCN patients (Tables 1 and 
2). Despite profound neutropenia, XSCN patients are 
typically not at high risk of infection and thus do not 
need permanent CSF3 support (88-93).
The WAS protein (WASp) is uniquely expressed in all 
hematopoietic cells, especially during neutrophil mat-
uration. It is involved in signal transmission from the



SRP54 variant Inheritance Pts 
(N)

Symptoms Therapy ref

Severe or 
recurrent 
infections

Pancreatic 
insufficiency

Psychomotor, 
developmental 
delay, or autistic 
behaviors

Other symptoms

c.677G>A (p.Gly226Glu) De novo 2 Yes Yes /no Yes ASD/VSD, dysmorphic fea-
tures (Ref.67)

HSCT (67), (68)

c.343A>G (p.Thr115Ala) De novo 1 Yes Yes No No HSCT at 1 y, died at 16 m of age 
from VOD

(67)

c.349_351del (p.Thr117del) De novo 15 Yes /no Yes /no Yes /no DiGeorge, VSD/IAA, FTT, os-
teoporosis and type 2 diabetes

Responded to CSF3; HSCT; AML 
dx at 15 y in a patient

(67), (68), 
(70), (74), 
(75), (76)

c.349_351del (p.Thr117del) Autosomal 
dominant

3 Yes /no No No No Responded to CSF3 (yes/no) (68)

c.349_351del (p.Thr117del) Unknown 2 Yes /no  No Yes /no  IUGR, GH deficiency HSCT (68)

c.337G>C (p.Gly113Arg) De novo 1 Yes No No No Responded to CSF3 (68)

c.353G>A (p.Cys118Tyr) Autosomal 
dominant

3 Yes /no No Yes /no No Responded to CSF3 (yes/no) (68)

c.407G>A (p.Cys136Tyr) De novo 1 Yes No Yes No Responded to CSF3; B-ALL dx at 
10 y and in remission post-HSCT

(68)

c.407G>A (p.Cys136Tyr) Unknown 1 Yes No Yes Short stature, obesity Responded to CSF3 (68)

c.668C>A (p.Ala223Asp) De novo 1 Yes Yes Yes IUGR Responded to CSF3 (68)

c.821G>A (p.Gly274Asp) De novo 1 Yes Yes Yes IUGR, short stature, bone 
dysplasia

Responded to CSF3 (68)

c.342_344del (p.Thr115del) De novo 1 Yes No No No Responded to CSF3 (69)

c.342_344del (p.Thr115del) Autosomal 
dominant

4 Yes /no No No No Responded to CSF3 (69)

c.674G>A (p.Gly225Asp)
c.821G>A (p.Gly274Asp)

De novo 1 Yes No Yes No Responded to CSF3; HSCT (77)

c.331G>T (p.Gly111Trp) De novo 1 Yes Yes No Short stature, congenital verte-
bral abnormalities

1st HSCT at 1 y of age, 2nd HSCT 
13 m later

(78)

AML: acute myeloid leukemia; ASD: atrial septal defect; B-ALL: B-acute lymphoblastic leukemia; dx: diagnosis; FTT: failure to thrive; CSF3: colony-stimulating factor 3; GH: growth hormone; HSCT: hematopoietic stem cell 
transplantation; IAA: interrupted aortic arch; IUGR: intrauterine growth restriction; m: months; VOD: veno-occlusive disease; VSD: ventricular septal defect; y: years; Pts: patients.

Table 4. SRP54 mutations in severe congenital neutropenia 8 (SCN8).
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CLPB variant Inheritance Pts 
(N)

Symptoms Therapy

Infections Neurological Cataracts 3-MGA Other 
symptoms

1163C>A 
(p.Thr388Lys)

De novo 1 Yes Negative Yes None Azoospermia 
neurinoma 
(age 41)

Responded 
to CSF3

1488T>A 
(p.Asn496Lys)

Autosomal 
dominant

1 Yes Epilepsy No N/A Splenomegaly
Evolution to 
AML

Responded 
to high dose 
CSF3

1669G>A 
(p.Glu557Lys)

Autosomal 
dominant

1 Yes Developmental 
delays

No N/A None Responded 
to CSF3

1681C>G
(p.Arg561Gly)

Autosomal 
dominant

1 Yes Negative No None Splenomegaly Responded 
to CSF3

1682G>A 
(p.Arg561Gln)

De novo 4 Yes /no Negative/ 
Epilepsy

No None IUGR, GH 
deficiency, 
POF, Learning 
difficulties

Responded 
to CSF3

1858C>T 
(p.Arg620Cys)

Autosomal 
dominant

2 Yes /no Negative No None None Responded 
to CSF3

AML: acute myeloid leukemia; CSF3: colony-stimulating factor 3; CLPB: ClpB family mitochondrial disaggregase; GH: growth hormone;  IUGR: intrauterine 
growth restriction; N: number; N/A: not available; POF: premature ovarian failure; 3-MGA: 3-methylglutaconic aciduria; Pts: patients.

Table 5. CLPB mutations in severe congenital neutropenia 9 (SCN9) (84).

surface of blood cells to the actin cytoskeleton, a col-
lection of actin filaments that form the cell’s structural 
framework. This signaling causes the cell to move and 
attach to other cells (adhesion) and eventually migrate 
to tissues (94). Interestingly, B-cell affinity maturation 
in the germinal center depended on regulating actin 
dynamics for cell migration and cell-to-cell interaction 
(88). 
The activity of the WASp strongly relies on its structure 
conformation. The WASp resides passively in the cy-
toplasm when the C-terminal verprolin-cofilin-acidic 
(VCA) domain interacts with the GBD, forming an au-
toinhibited conformation. The binding of CDC42 and 
phosphatidyl 4,5-bisphosphate (PIP2) to the WASp 
disrupts this interaction, releasing the VCA domain to 
bind to the Arp2/3 complex, which induces actin po-
lymerization (94). In addition, phosphorylation of ty-
rosine Y291 in GBD is involved in forming open con-
formation even upon separation from CDC42 (95).
The importance of the WAS gene was determined 
by identifying Wiskott-Aldrich syndrome (WAS), 
X-linked thrombocytopenia (XLT), and XSCN. Mu-
tations leading to reduced expression of WASp are 
frequently reported in XLT patients, sometimes in 

patients with only intermittent thrombocytopenia 
(96). XSCN patients with GoF mutations in WASp 
have clinical manifestations vastly different from WAS. 
The WAS patients with loss-of-function mutations in 
WASp suffer from microthrombocytopenia, severe 
immunodeficiency, and eczema (97).
So far, the six XSCN mutations in the GBD region of 
WAS gene have been described. These various mu-
tations impair the auto-inhibitory function of GBD, 
resulting in enhanced WASp activation and actin po-
lymerization (Table 6) (89, 93, 98). Mouse and human 
XSCN neutrophils show a hyperactive phenotype with 
increased actin polymerization and migration into tis-
sues, which may compensate for the decreased myelo-
poiesis in XSCN patients. Consistent with this, XSCN 
patients are typically not at high risk of infection and 
can categorize as atypical SCN (98). 
A recent study reported that the overactivation of 
WASp triggers aberrant B-cell division with decreased 
Ig class switching and premature differentiation of B 
cells into plasma cells in mouse models (88). Likewise, 
decreased IgA levels were reported in cases of patients 
with XSCN (88, 93). Although the WASp is expressed  
in all blood cells, the exact mechanism of how its
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overactivation causes a marked decrease in neutrophils 
and NK cells in XSCN patients is not fully understood 
and requires further investigation. Figure 9 provides 
a schematic representation of dysregulated pathway 
involved in the pathogenesis of XSCN.

and occur predominantly in clones that already harbor 
somatic CSF3R mutations (100). In addition, the 
acquisition of mutations in SUZ12, ASXL1, EP300, 
NPM1, and FIZ1 internal tandem duplication, as well 
as chromosomal aberrations, such as monosomy 7 and 
trisomy 21, have also been found in SCN patients who 
have transformed into MDS or leukemia (100, 101). 
In CSF3R/RUNX1 mutant mice model, the acquisition 
of CXXC4 mutation triggers increased CXXC4, 
decreased TET2 protein, enhanced inflammatory 
signaling, and leukemic transformation (102). 
It’s worth noting that specific mutations in the 
ELANE gene, such as p.Cys151Tyr,  p.Gly214Arg, 
and p.Gly815Arg, have been associated with a poor 
response to CSF3 treatment and an increased risk of 
developing AML or MDS (11, 12). These mutations 
can be used as prognostic factors to identify patients at 
high risk of developing leukemia. Moreover, screening 
for acquired mutations, such as CSF3R, RUNX1, 
ASXL1, SUZ12, EP300, NPM1, and FIZ1, can help 
identify high-risk patients who should be transplanted 
to minimize the risk of MDS or AML occurrence.

3. Leukemic progression 

MDS or leukemic transformation has been reported in 
SCN patients, particularly those treated with high-dose 
CSF3. The US FDA approved CSF3 for the treatment 
of congenital neutropenias in 1993, and the life-long 
administration of CSF3 alleviates the numbers and 
function of neutrophils in most types of SCN (99). 
However, prolonged exposure to high-dose CSF3 
might trigger the acquired (somatic) mutations in the 
cytoplasmic domain of CSF3R that generate truncated 
CSF3R. The truncated CSF3R becomes highly 
sensitive to the CSF3 treatment, inducing defective 
CSF3R signal transduction and clonal proliferation. 
Subsequently, the additional mutations in RUNX1 are 
acquired during the leukemic transformation of SCNs

Figure 9. A schematic representation of dysregulated pathway involved in the pathogenesis of X-linked SCN. The WAS mutations 
enhance WASp activation and actin polymerization, leading to the increased adhesion and migration of neutrophils into tissues. 
As a result, it may compensate for the decreased myelopoiesis in XSCN patients. Abbreviations: WAS: WASP actin nucleation 
promoting factor; WASp: WAS protein.
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4. Conclusion and Future Perspectives

Improvement in sequencing technologies led to iden-
tifying molecular abnormalities in 10 genes respon-
sible for SCNs. However, about one-third of patients 
with a clinical history suggestive of severe neutrope-
nia have no identifiable genetic cause. The dysregu-
lated molecular pathways that underlie a maturation 
arrest of granulopoiesis at the level of promyelocyte 
differ according to the various mutations that cause 
SCNs. However, two critical organelles in regulating 
the survival and death of myeloid progenitor cells, 
mitochondria, and ER, play a fundamental role in the 
pathogenesis of most SCNs. It is interesting to under-
stand that mouse models of SCNs, especially ELANE, 
HAX1, or JAGN1, did not necessarily recapitulate 
the human disease. Therefore, the pathophysiological 
mechanisms of SCNs are still the subject of exten-
sive investigation and are not fully known. Induced 
pluripotent stem cells (iPSCs) produced from somat-
ic cells of patients with ELANE or HAX1 mutations 
may be used as an experimental model to explore 
the underlying pathophysiology of SCNs (103-105). 

Mutations BM findings Other findings Ref 

c.802C>T (p.Arg268Trp) Not determined Neutropenia, reduced NK cells (88)

c.809T>C (p.Lue270Pro) The reduction of granulocyte lineage 
and the maturation arrest at the pro-
myelocyte/myelocyte stage

Neutropenia, but their neutrophils had a hyper-
active phenotype and were present in normal 
numbers in saliva, monocytopenia, reduced 
NK cells; reduced B lymphocytes, reduced 
CD4/CD8 ratio

(89), 
(98)

c.812T>C (p.Phe271Ser) The reduction of granulocyte lineage, 
BM blast cells: 3%

Neutropenia, monocytopenia, reduced B lym-
phocytes, reduced NK cells, reduced IgA

(88)

c.814T>C (p.Ser272Pro) The maturation arrest at the promyelo-
cyte stage

Neutropenia, reduced NK cells, impaired 
phagocytosis

(90)

c.869T>C (p.Ile290Thr) BM blast cells: 5% Neutropenia, but normal numbers of neu-
trophil is present in saliva, reduced NK cells, 
lymphopenia, reduced CD4/CD8 ratio, macro-
thrombocytopenia

(91), 
(92)

c.881T>C (p.Ile294Thr) The reduction of granulocyte lineage 
and a maturation delay in the promy-
elocyte/ metamyelocyte stage, BM blast 
cells: 4.5-9%, Trilineage dysplasia; Beel 
et al. reported no dysplasia in patients 
with the p.Ile294Thr mutation (93).

Neutropenia, but normal numbers of neutro-
phil is present in saliva, monocytopenia, re-
duced NK cells, low or low-normal numbers of 
lymphocytes, reduced IgA

(88), 
(90), 
(93)

BM: bone marrow; IgA: immunoglobulin A; NK cell: natural killer cell; WAS: WASP actin nucleation promoting factor; XSCN: X-linked severe congenital 
neutropenia.

Table 6. WAS germline mutations in X-linked severe congenital neutropenia (XSCN).

Lentivirus-based or CRISPR–Cas9‑based correction 
of mutated ELANE or HAX1 in iPSCs successfully 
restores defective granulopoiesis in vitro. Therefore, 
correcting the underlying gene mutation ex vivo with 
CRISPR-Cas9 technology followed by autologous 
HSCT is a promising therapeutic option in the future.
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