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The inherited bone marrow failure syndromes, like severe con-
genital neutropenia (SCN) and Shwachman–Diamond syn-
drome (SDS), provide unique insights into normal and impaired 
myelopoiesis. The inherited neutropenias are heterogeneous 
in both clinical presentation and genetic associations, and 
their causative mechanisms are not well established. SCN, for 
example, is a genetically heterogeneous syndrome associated 
with mutations of ELANE, HAX1, GFI1, WAS, G6PC3, or CSF3R. The 
genetic diversity in SCN, along with congenital neutropenias 
associated with other genetically defined bone marrow failure 
syndromes (e.g., SDS), suggests that various pathways may be 
involved in their pathogenesis. Alternatively, all may lead to a 
final common pathway of enhanced apoptosis. The pursuit for 
a more complete understanding of the molecular mechanisms 
that drive inherited neutropenias remains at the  forefront 
of pediatric translational and basic science investigation. 
Advances in our understanding of these disorders have greatly 
increased over the last 10 years concomitant with identifica-
tion of their genetic lesions. Emerging themes include induc-
tion of the unfolded protein response (UPR), defective ribo-
some assembly, and p53-dependent apoptosis. Additionally, 
defects in metabolism, disruption of mitochondrial membrane 
potential, and mislocalization have been found. When per-
turbed, each of these lead to an intracellular stress that triggers 
apoptosis in the vulnerable granulocytic precursor.

Ineffective hematopoiesis is characterized as peripheral 
cytopenia(s) with a cellular bone marrow and has been applied 

commonly to describe myelodysplastic syndromes (MDS). The 
majority of inherited bone marrow failure syndromes display 
ineffective hematopoiesis, and they frequently terminate in 
secondary MDS or acute myeloid leukemia (AML). The inher-
ited bone marrow failure syndromes are both multilineage 
(Fanconi anemia, dyskeratosis congenita, and Shwachman–
Diamond syndrome (SDS)) and predominantly single lineage 
(severe congenital neutropenia (SCN), Diamond–Blackfan 
anemia (DBA), and congenital amegakaryocytic thrombo-
cytopenia) disorders. Most of these disorders also involve 
organs besides the blood, most frequently the skin, skeleton, 

kidney, and gastrointestinal tract. Genetic lesions have been 
identified for all of these syndromes, although not all patients 
with these disorders have a known genetic cause. The inher-
ited bone marrow failure syndromes offer genetically defined 
experiments of nature that provide unique opportunities for 
studying and understanding the regulatory networks involved 
in hematopoiesis and how perturbations in blood cell function 
result in marrow production failure and peripheral cytopenias. 
Here, we review the most recent developments in molecular 
basis of inherited bone marrow failure syndromes, particularly 
SCN. One emerging theme is that different pathways involv-
ing cellular stress mechanisms drive apoptosis of blood cell 
precursors, resulting in cytopenia(s). These stress mechanisms 
include endoplasmic reticulum (ER) stress and the unfold pro-
tein response, defective ribosome assembly, and induction of 
the p53 pathway.

INSIGHTS INTO SCN FROM ITS GENETIC HETEROGENEITY
Once known as Kostmann syndrome, SCN is characterized as 
profound neutropenia (typically less than 200/µl), which pres-
ents in the first several months of life. Other forms of neutro-
penia may be mild (between 1,500 and 500/µl) or moderate 
(between 500 and 200/µl), both of these conditions are less 
likely to be associated with life-threatening infections. Bone 
marrow examination of patients with SCN shows an arrest at 
the promyelocyte stage in granulopoiesis. The introduction of 
filgrastim in the 1990s markedly improved the survival and 
quality of life, effectively removing major morbidity and fre-
quent mortality due to infections. As the life span of patients 
with SCN increased, so did the frequency of transformation to 
secondary MDS/AML (1,2).

Using genetic linkage analysis and positional cloning, 
Horwitz et al. (3) discovered that heterozygous, dominantly 
inherited mutations in neutrophil elastase were found in 
all patients with cyclic neutropenia. Cyclic neutropenia is 
 phenotypically distinct from SCN. Profound neutropenia arises 
periodically (classically every 21 d), and it is  diagnosed more 
commonly during adolescence and adulthood. Moreover, it is 
not associated with transformation to secondary MDS/AML. 
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Shortly after the mutation in neutrophil elastase gene was 
discovered, it was also found to occur in a majority of chil-
dren with SCN. Once known as ELA2, the gene is now named 
ELANE. That the same mutation may be found in either SCN or 
cyclic neutropenia challenges our understanding of genotype–
phenotype relationships. The molecular basis for this pheno-
type diversity is unknown; possibilities include the presence 
of another genetic lesion, single-nucleotide polymorphisms as 
modifiers, and epigenetic misprogramming.

SCN is genetically heterogeneous, and other genetic muta-
tions have been found in small groups of patients (Table 1). A 
growing list of monogenic mutations have been identified: the 
mitochondrial protein Hax-1, the transcription factor Gfi-1 (4), 
the cytoskeletal protein Wiskott–Aldrich syndrome protein 
(5), the enzyme glucose-6-phosphatase, subunit 3 (G6PC3) 
(6), and the granulocyte colony-stimulating factor (GCSF) 
receptor (7). Other causes of moderate to severe  inherited 
neutropenias are mutations in the phospholipase transacylase 
tafazzin in Barth syndrome (8), lysosomal trafficking regulator 

in Chediak–Higashi syndrome (9), the clathrin-associated 
AP3B1 in type 2 Hermansky–Pudlak syndrome (10), the 
endosomal protein p14 (11), the serine/threonine kinase 
STK4 (12), the sorting protein Vps45 (13,14), the chemokine 
receptor CXCR4 in WHIM (warts, hypogammaglobulinemia, 
infections, and myelokathexis) syndrome (15), the ribosome-
associated protein Shwachman–Bodian–Diamond syndrome 
(SBDS) in SDS (16), and the transcription factor GATA2 in 
MonoMAC syndrome (17). All of these widely variant genetic 
disorders appear to result in enhanced or accelerated apoptosis 
of granulocyte precursors, such as the promyelocyte.

Involved in ~60% of patients with SCN, ELANE encodes 
neutrophil elastase, an enzyme synthesized in neutrophil pre-
cursors as a propeptide and then packaged into granules as 
the mature, active enzyme. Mutations in more than 80 differ-
ent sites distributed over the 5 exons and introns have been 
 isolated from patients with SCN, although most have clus-
tered in exon 2 (18). One hypothesis states that the mutation 
alters the propeptide cleavage sites, leading to mislocalization 

Table 1. Characteristics of genetically defined neutropenias

Condition
Affected 

genes ANC/µl
Mode of 

transmission Functionality
Distinguishing features and 

clinical associations Bone marrow findings

SCN ELANE Usually 
<200

Autosomal 
dominant

Variable None known Granulocyte maturation arrest at 
promyelocyte/myelocyte stage

HAX-1 Autosomal 
recessive

Loss of function Seizures, mild–severe cognitive 
deficits, developmental delay

GFI1 Autosomal 
dominant

Loss of function Monocytosis, lymphopenia

WAS X-linked Gain of 
function

Monocytopenia, lymphopenia, 
low natural killer cells, 
hypogammaglobulinemia

G6PC3 Autosomal 
recessive

Loss of function Structural heart disease, 
urogenital malformations, 
prominent superficial veins

GCSFR Autosomal 
dominant

Loss of function Mutations in extracellular 
domain when germline; high risk 
for malignant transformation in 
acquired nonsense mutations

CyN ELANE Variable 
and cyclic

Autosomal 
dominant

Variable None known; no increased risk of 
malignant transformation

Cyclic maturation arrest at 
promyelocyte/myelocyte stage, 
corresponding with the cycle of 
peripheral counts

SDS SBDS Variable Autosomal 
recessive

Loss of function Failure to thrive, pancreatic 
exocrine dysfunction, skeletal 
dysplasia ± anemia

Variable cellularity, complete 
maturation of granulocytic 
lineage

WHIM 
syndrome

CXCR4 Moderate Autosomal 
dominant

Loss of function Warts, 
hypogammaglobulinemia, 
recurrent infections, and 
myelokathexis

Complete granulocyte maturation 
and cellularity; defect lies in failure 
of granulocytes to leave the 
marrow

Barth 
syndrome

TAZ Moderate X-linked Loss of function Cardiomyopathy, defect in 
tafazzin which is involved in 
phospholipid turnover

Complete granulocyte 
maturation

Hermansky-
Pudlak, type 2

AP3B1 Variable Autosomal 
recessive

Loss of function Oculocutaneous albinism, 
bleeding diathesis

Complete granulocyte 
maturation

MonoMAC 
syndrome

GATA2 Mild–
moderate

Autosomal 
dominant

Loss of function Myelodysplasia, monocytopenia, 
warts, NK cell dysfunction

Myelodysplasia, complete 
granulocyte maturation

ANC, absolute neutrophil count; CyN, cyclic neutropenia; NK, natural killer; SCN, severe congenital neutropenia; SDS, Shwachman–Diamond syndrome; WhIM, warts, 
hypogammaglobulinemia, infections, myelokathexis.
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and/or inappropriate activation prior to its compartmentaliza-
tion. The mislocalization causes injury to the neutrophil pre-
cursors and prevents their survival and complete maturation 
to granulocytes. However, these diverse mutations also share 
the increased tendency to misfold, induce ER stress, and the 
unfolded protein response (UPR).

Altered expression of Bcl-2 family members (19) or cyto-
plasmic accumulation of a misfolded protein and induction 
of the UPR can accelerate apoptosis in granulocyte precurs-
ers (20–22). Compelling evidence comes from recent in vivo 
studies in mice (23). To test the hypothesis that UPR impairs 
granulocyte precursor survival and differentiation, a knock-in 
mice strain was created to express a common missense muta-
tion in ELANE found in patients with SCN. This mutation 
results in a truncated neutrophil elastase protein, which has 
lost the ability to form a C-terminal disulfide bond important 
for proper protein folding. Unlike prior studies where the mis-
folded protein accumulates, this protein is rapidly degraded. 
Despite a mild increase in basal UPR activation, the mice did 
not display significantly enhanced expression of genes associ-
ated with UPR activation and had normal and stress granu-
lopoiesis, with normal ability to repopulate the bone marrow 
after both chemotherapy induced myelosuppression and by 
competitive repopulation assays. However, when treated with 
tunicamycin (which inhibits glycosylation and induces ER 
stress), the mutant ELANE cells displayed a drop in viabil-
ity and impaired differentiation. Treatment of mutant Elane 
mice with a single dose of bortezomib, a proteosome inhibitor 
that suppresses the compensatory ER-associated degradation 
pathway, resulted in marked neutropenia along with associ-
ated enhancement of UPR activation genes. Although they 
did not show a corresponding increase in mutant Elane pro-
tein (i.e., decreased degradation) by western blot, these studies 
provide additional support for pathogenic role of ER stress and 
the UPR in ELANE-associated neutropenia.

Alternatively, some have suggested that apoptosis results 
from mislocalization of the mutant protein. The neutrophil 
elastase contains a posttranslationally cleaved N-terminal 
signal sequence, which directs it to insertion into the ER. 
Mistrafficking occurs when the mutant protein fails to be 
 packaged into the lysosomal granules that are so critical for 
neutrophil function (21). A subset of genes associated with 
neutropenia is indeed associated with the cytoskeleton or 
endocytic pathways (see above). In particular, AP3B1 binds 
to neutrophil elastase. Thus, it has been argued that mutations 
in either ELANE or in an associated protein results in mislo-
calization of neutrophil elastase and as yet undefined injury to 
the maturing granulocyte precursor (24). However, neither the 
UPR or mislocalization hypotheses explain why pharmacologic 
doses of GCSF correct the neutropenia. GCSF not only induces 
lineage commitment and drives granulocyte differentiation, but 
it also promotes neutrophil activity and survival (25,26).

Another subset of genetic disorders resulting in moder-
ate to severe neutropenia involves metabolic pathways. An 
autosomal-recessive, syndromic form of SCN characterized by 
SCN, structural heart disease, urogenital malformations, and 

prominent superficial venous ectasia was first characterized in 
2009 (6). Whole-genome genotyping and linkage analysis was 
performed on two consanguineous families containing a total of 
five children with SCN, all without ELANE or HAX1 mutations. 
Sequencing of the candidate gene G6PC3, which encodes the 
glucose-6-phosphatase, catalytic subunit 3, revealed a homozy-
gous missense mutation in all five children and heterozygous 
mutations in all parents. All mutations resulted in complete loss 
of function of the enzymatic activity of glucose-6-phosphatase. 
Distinct homozygous GCPC3 mutations were found in another 
six patients with syndromic SCN. Previous to this discovery, 
chronic neutropenia was observed in patients with glycogen 
storage disease type 1 (von Gierke’s disease) caused by func-
tional deficiency of glucose-6-phosphatase either by mutation 
of G6PC itself (type 1a) or its transporter (type 1b). Both lead 
to impairment of gluconeogenesis and glycogenolysis; how-
ever, neutropenia and neutrophil dysfunction are hallmarks of 
type 1b and are only rarely seen in type 1a. Neutrophils from 
patients with type 1b glycogen storage disease display apoptotic 
signatures: exposure of phosphatidylserine on the cell surface, 
caspase activity, and translocation of proapoptotic Bax pro-
tein (27). To assess the functional consequences of the novel 
G6PC3 mutations, the investigators expressed either wild-type 
or mutant G6PC3 in yeast and demonstrated decreased enzy-
matic hydrolysis activity in the mutant cells. Peripheral blood 
neutrophils from these patients displayed markedly enhanced 
apoptosis after treatment with tunicamycin or tumor necrosis 
factor (TNF)-α compared to neutrophils of healthy controls. 
Sensitivity to apoptosis in CD34+ cells isolated from two of 
these patients was rescued by expression of wild-type GCPC3. 
Electron microscopy demonstrated enlargement of the rough 
ER in bone marrow myeloid progenitors of four patients com-
pared with normal controls, which could indicate ER stress. 
Additionally, neutrophil whole cell lysates from two patients 
demonstrated enhanced phosphorylation of GSK-3β and 
MCl-1, suggesting that this Akt-dependent pathway might be 
involved. Deprivation of glucose enhanced apoptosis of both 
wild-type and G6PC3-deficient neutrophils. Administration 
of GCSF corrected the neutropenia and was associated with 
increased glucose uptake and elevated intracellular levels of 
G6P, lactate, and adenosine-5′-triphosphate. These results sup-
port a role for GCSF in supporting critical neutrophil metabo-
lism (28). In Barth syndrome, boys suffer from cardiomyopa-
thy, poor musculoskeletal development, and neutropenia. The 
defect is due to mutation in TAZ, which encodes tafazzin, a 
mitochondrial phospholipid transacylase. As a result, there is 
mitochondrial dysfunction due to abnormal cardiolipin accu-
mulation and cristae morphology (29,30).

Originally described in Sweden by Rolf Kostmann in 1956 
as an autosomal recessive disorder that he called infantile 
agranulocytosis (31), those affected patients are now known to 
carry a mutation in HAX1. HAX1 encodes the hematopoietic 
cell–specific Lyn substrate 1 (HCLS1)–associated protein X-1, 
a mitochondrial-associated antiapoptotic protein critical for 
maintaining the inner mitochondrial membrane potential and 
protecting myeloid cells from apoptosis (32). HAX1 mutations 
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are typically nonsense mutations resulting in premature stop 
codons and loss of function, often with complete loss of pro-
tein expression. The severe neutropenia is often associated 
with neurologic and neurocognitive deficits, particulary if the 
mutation affects both HAX-1 isoforms (33).

Functional studies demonstrate accelerated apoptosis in 
the bone marrow of HAX1-deficient patients, along with a 
selective decrease in Bcl-2 expression in myeloid progenitor 
cells. Treatment with GCSF restores Bcl-2 expression, par-
tially reverses cytochrome c release, and improves survival 
of myeloid progenitor cells (19). These studies suggest a role 
for mitochondria-dependent apoptosis and provide another 
potential mechanism for the benefit of GCSF treatment. 
Additional insights have come from recent work demonstrat-
ing interactions between HAX-1, HCLS1 and transcription 
factor lymphoid-enhancer–binding factor 1 (LEF-1) proteins, 
and their essential role in GCSF-mediated granulopoiesis 
(34). LEF-1 activates C/EBPα, a critical transcription fac-
tor required for granulopoiesis. Patients with HAX1 muta-
tions have profound downregulation of LEF-1 and its down-
stream target genes (35,36). Most recently, the same group 
demonstrated that GCSF stimulates HCLS1 phosphoryla-
tion and binding to LEF-1, allowing both nuclear transloca-
tion and autoregulation of LEF-1. Loss of HAX1 inhibits 
GCSF-mediated myelopoiesis by inhibiting phosphorylation 
of HCLS1 and subsequent LEF-1 expression with associated 
decreased colony forming potential. Furthermore, blasts of 
most patients with AML displayed high levels of both GCSF 
and HCLS1. Knockdown of HCLS1 or LEF-1 inhibited their 
proliferative capacity and induced apoptosis. Altogether, this 
advances another mechanism by which GCSF ameliorates 
neutropenia in patients with SCN.

Although each of these genetically defined causes of SCN 
provides clues to the mechanisms that converge on a com-
mon apoptotic pathway, one must recognize the possibility of 
a more complex process. For example, four patients with con-
current mutations in two of these genes have been described 
(one patient with ELANE+HAX1, one with ELANE+G6PC3, 
and two with HAX1+G6PC3), challenging mutation analysis 
algorithms in SCN (37). We also have a patient with severe 
neutropenia and anemia with mutations in SBDS and HAX1 
(38). Although this may represent a minor subset of patients, 
it highlights the potential role for multiple gene interactions. It 
raises the possibility of one mutation being permissive rather 
than a causative driver, or creating a complex interaction of 
biochemical aberrations culminating in the clinical pheno-
type, rather than a simple reductionist approach.

RIBOSOMOPATHIES: DBA, SDS, AND DEL (5q) SYNDROME
DBA, an inherited bone marrow failure syndrome character-
ized by severe hypoplastic macrocytic anemia, was the first 
disease to be linked to loss of function of ribosomal proteins 
and initially attributed to mutations in the RPS19 gene, which 
encodes a ribosomal protein critical for maturation of the 40S 
ribosomal subunit (39,40). Numerous other ribosomal genes 
have subsequently been identified in clinical presentations of 

DBA, including RPS24, RPS17, RPL35A, RPL11, and others 
(41,42). Haploinsufficiency in these genes thus impairs nor-
mal ribosomal biogenesis, and importantly, induces expression 
and activity of p53 (43,44). TP53 (encoding the p53 protein) 
is a tumor suppressor gene known as “the gatekeeper of the 
genome” due to its critical role in regulating cell proliferation 
and survival in response to genotoxic and oncogenic stressors. 
Additionally, p53 serves an important role in the surveillance 
of protein translation (45). Expression of the p53 protein is 
regulated largely at the posttranslational level by ubiquitin-
mediated proteolysis, and in particular, by the Mdm2 ubiquitin 
ligase. Perturbations in ribosome biogenesis (either by inad-
equate rRNA transcription, disruption of rRNA processing, 
or ribosomal protein imbalance) are associated with induction 
of nucleolar stress and activation of the p53 pathway, resulting 
in enhanced cell cycle arrest and apoptosis (46). In particular, 
the rRNA processing defects in DBA result in accumulation of 
free ribosomal proteins, including RPL11, that can bind and 
inhibit Mdm2, stabilizing p53 (40,43,44,47). Notably, the ery-
throid maturation defects associated with RPS19 are rescued by 
inhibition of p53, pointing to a pathogenic role for p53 acti-
vation in the setting of ribosomal protein mutation-associated 
dyserythropoiesis.

A handful of other congenital disorders have been linked 
to defective ribosome biogenesis or function and have been 
grouped in a class known as the ribosomopathies. One of these 
is SDS, an inherited bone marrow failure syndrome classically 
characterized by neutropenia, exocrine pancreatic dysfunction, 
and skeletal dysplasia. The affected gene, SBDS, is highly con-
served. Its ortholog in yeast (Sdol) has been well studied and 
is critical for ribosome maturation (48). Still, its precise role(s) 
in mammalian physiology is incompletely known. In addition 
to its association with ribosomes, other roles for SBDS include 
regulating Fas-mediated apoptosis, stabilization of the mitotic 
spindle, DNA repair, and ER stress (49,50). Eukaryotic initiation 
factor 6 (eIF6), also known as the antiassociation factor, binds to 
the large preribosomal subunit during ribosome biogenesis pre-
venting premature association with the small subunit. Removal 
of eIF6 is then required for late cytoplasmic maturation of the 
60S subunit as it blocks the interunit bridge formation between 
the 40S and 60S subunits. In contrast to the model in yeast, eIF6 
release in mammalian cells was mediated by phosphorylation 
at Ser325 by activated protein kinase C (51). However, a recent 
elegant study challenges the previous mammalian model and 
directly demonstrates the requirement of SBDS in mammalian 
ribosomal maturation and establishes SDS as a ribosomopathy 
(52). By isolating the late cytoplasmic 60S ribosomal subunit 
from conditional SBDS knockout mice, these studies demon-
strate that SBDS and the GTPase EFL1 (elongation factor like 1) 
are necessary and directly cooperate to catalyze eIF6 release, 
which is guanosine triphosphate dependent and independent of 
eIF6 Ser235 phophorylation. As predicted, SBDS deletion also 
causes subunit joining defect and accumulation of late cytoplas-
mic pre-60S ribosomes. Functional analysis of common mis-
sense mutations found in SDS demonstrates the essential role 
of SBDS in coupling guanosine triphosphate  hydrolysis with 
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eIF6 release. Altogether, this firmly establishes a role of SBDS in 
mammalian translational activation of ribosomes.

In contrast to the genetically well-defined inherited mar-
row failure syndromes, the MDS are a heterogeneous group 
of clonal bone marrow neoplasms characterized by ineffec-
tive hematopoiesis and variable degrees of peripheral cyto-
penias. Pediatric MDS is most often secondary and occurs 
as a complication of a known or undiagnosed bone marrow 
failure state or genotoxic therapy (chemotherapy or radia-
tion). Patient bone marrow displays variable degrees of cel-
lularity. In contrast, adult MDS is thought to be de novo in 
older individuals whose marrows are most often hypercel-
lular. In most cases of primary MDS, the underlying genetic 
lesion is unknown, and the phenotypic heterogeneity of the 
disorder imposes challenges to its investigation and gener-
alizability. Various theories of pathogenesis have emerged, 
including the diseased stem cell niche. Interestingly, the loss 
of Sbds in murine osteoprogenitors results in myelodyspla-
sia, similar to results obtained from culturing blood stem 
cells with stroma derived from patients with SDS (53,54).

The deletion 5q (del (5q) or 5q-) syndrome, a distinct entity 
within the spectrum of low-risk MDS, is also now recognized 
as a ribosomopathy (55,56). The del (5q) syndrome is defined 
by the interstitial deletion of a large region in the long arm 
of chromosome 5 and characterized by a macrocytic refrac-
tory anemia, variable neutropenia, and often thrombocytosis 
with dysplastic megakaryocytes. It is rarely seen in children 
(57,58). Additional genetic analysis of the common deleted 
region of 5q revealed several candidate genes; however, gene 
sequencing did not demonstrate any mutations, suggesting 
that the pathogenesis lies in allelic haploinsufficiency. The 
gene for RPS14, component of the small ribosomal 40S sub-
unit, is located in this common deleted region, and an RNAi 
screen of CD34+ cells identified RPS14 as a culprit (59). Forced 
haploinsufficiency of RPS14 in normal CD34+ cells induced 
activation of p53 and recapitulated the erythroid maturation 
arrest that characterizes both del (5q) syndrome and DBA. 
Forced expression of RPS14 in patient derived del (5q) CD34+ 
cells rescued the disease phenotype. Furthermore, haploinsuf-
ficiency of RPS14 leads to a block in preribosomal RNA pro-
cessing that links the molecular basis of del (5q) syndrome 
to other congenital disorders of ribosome biogenesis, such as 
DBA. However, this mechanism alone does not account for 
the other stereotypical features of the del (5q) syndrome (vari-
able neutropenia, dysplastic megakaryopoeisis, and thrombo-
cytosis). Like DBA, p53 activation appears to play a causative 
role in bone marrow disease phenotypes associated with 
Rps14 mutation, as demonstrated in a mouse model of the 
5q deletion syndrome (60). Moreover, other haploinsufficient 
genes besides RPS14 likely contribute to phenotypes associ-
ated with the del (5q) syndrome (60,61).

The traditional framework for thinking about disease 
causing gene mutations leading to altered or absent protein 
products continues to be challenged. Similar to the explo-
sion of scientific inquiry that came with the emergence 
of ribosome dysfunction as a mechanism for impaired 

hematopoiesis, so have the investigation of epigenetic regu-
lation and the role of noncoding DNA sequences in disease 
pathogenesis. In particular, microRNAs, small noncoding 
RNAs 22-25 nucleotides in length, function as posttran-
scriptional repressors by inhibiting the translation of their 
respective target mRNA. miRNA dysregulation has been 
implicated in a wide spectrum of disorders. Starczynowski et 
al. (61) elegantly demonstrated miR-145 and miR-146a hap-
loinsufficiency as potential drivers of the 5q- phenotype not 
accounted for by RPS14 haploinsufficiency. Parallel sequenc-
ing of small RNA libraries from multiple cells lines with and 
without the 5q deletion identified 25 miRNAs located on 
chromosome 5q, 13 of which map to the common deleted 
region, and 10 of which were highly expressed in bone 
marrow. Expression levels of miR-145 and miR-146a were 
significantly lower in both total bone marrow and isolated 
CD34+ cells from patients with del (5q) MDS as compared 
to that of cytogenetically normal MDS and normal controls. 
When mouse hematopoietic stem cells with miR-145 and 
miR-146a knocked down were transplanted into lethally 
irradiated mice along with competitor wild-type cells, the 
developed the features of the del (5q) syndrome: peripheral 
thrombocytosis, variable neutropenia, decreased myeloid 
colony formation, and increased megakaryocyte colony for-
mation with dysplasia. Toll–interleukin-1 receptor domain–
containing adaptor protein (TIRAP) and tumor necrosis fac-
tor receptor–associated factor-6 (TRAF6) were identified as 
targets of miR-145 and miR-146a, respectively. The authors 
go on to convincingly demonstrate that:

Figure 1. Pathway relationships among genetically defined neutrope-
nias. The most common cause of severe congenital neutropenia (SCN) is 
ELANE mutation. Some forms of SCN are syndromic (e.g., those involving 
HAX1 and G6PC3). Some are associated with transformation to second-
ary myelodysplasia and acute myeloid leukemia (ELANE, HAX1, and 
WAS). Shwachman–Bodian–Diamond syndrome (SBDS) mutation results 
in Shwachman–Diamond syndrome, which is typically a mild to moder-
ate neutropenia. The various genetic causes of congenital neutropenias 
lead mostly to apoptosis in either p53-dependent or p53-independent 
mechanisms. Not discussed in this review article is differentiation arrest 
due to mutations in GFI1 (64) or cytoskeletal dysregulation of WAS (65). 
UPR, unfolded protein response.
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1. Expression levels of miR-145 and miR-146a are inversely 
proportional to the expression levels of their respective 
targets in a cell line model, mouse hematopoeitic stem/ 
progenitor cell (HSPC) and human CD34+ cells—an 
effect that is abrogated in all systems by mutation of the 
predicted miRNA binding sequence;

2. Toll–interleukin-1 receptor domain–containing adaptor 
protein directly activates TRAF6 via polyubiquination;

3. TIRAP activates NF-κB via TRAF6;
4. Forced expression of TRAF6 alone also phenocopies the 

hematopoietic defects seen with miR-145 and miR-146a 
knockdown and resulted in progressive marrow failure 
or AML in one third of the transplanted mice;

5. TRAF6 induces expression of interleukin (IL)-6 and not 
TNF-α;

6. The hematopoietic defects induced by forced expression 
of TRAF6 are IL-6 dependent in a paracrine fashion.

Furthermore, lenalidomide monotherapy is the first-line 
treatment for del (5q-). Although the precise mechanism of 
action of the drug is unknown, it has been shown to downreg-
ulate both TNF-α and IL-6. Thus, aberrant activation of innate 
immune responses and associated stress cytokines provide 
another pathway to impaired hematopoiesis.

SUMMARY
Moderate and SCNs are monogenic disorders due to mutations 
affecting a diverse range of intracellular processes. These involve 
cytoskeletal reorganization, mitochondrial integrity, and intra-
cellular stress due to metabolic, UPR, mislocalization, and ribo-
somal biosynthetic defects (Figure 1). All seem to converge on 
a final common pathway involving apoptosis, with or without 
involvement of p53. Because the neutrophil is shortest lived cir-
culating blood cell, perhaps it makes sense that it is so vulner-
able to stress (62). Insights from these pediatric inherited disor-
ders have helped to illuminate stress pathways and the potential 
for novel therapeutic strategies. Further understanding of the 
mechanism of disease and cooperating accessory pathways may 
provide a rationale for drug repurposing or novel synergistic 
combinations. Advances in our discovery and understanding 
of these pathways have also highlighted the potential for new 
drug development, such as selective inhibitors of the UPR or 
exogenous manipulation of its signaling pathways (63). Critical 
questions remain about the details of each proapoptotic pro-
cess, what mechanisms are present in nonaffected tissues or 
cell lineages, the role of cytokines (such as GCSF) in promoting 
transformation to secondary MDS/AML, and how genetic and 
epigenetic factors contribute to the phenotype.
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