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Abstract: Inherited bone marrow failure syndromes (IBMFs) account for 20% of pediatric BMFs.
Although recommendations for the diagnosis and treatment of IBMFs in China have been published
recently, improvements are still needed in making precise diagnoses and properly treating pediatric patients
with IBMFs. This review provides current insights into IBMFs in China. The data of our single institution
data showed that pediatric patients with IBMFs accounted for 7.4% of BMFs. However, the number of
reported cases with IBMFs may be underestimated than the actual morbidity in China because of limitations
in the detection approaches and lacking of awareness of these diseases in local hospitals. Although patients
with IBMFs are candidates for bone marrow transplantation or gene therapy, their phenotypic heterogeneity
can delay or incompetent diagnosis. The golden standard test for Fanconi anemia is the chromosome
breakage test, but it can be completed by few hospital and diagnostic companies in China. In addition, there
are still no consistent standardized testing methods for other rare IBMFs. Recently, the combined application
of targeted capture and next-generation sequencing (NGS) provides and accurate and efficient diagnostic
method for IBMFs.
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Bone marrow failure syndromes (BMFs) are a group of accurate diagnosis and suitable treatment of pediatric

heterogeneous disorders characterized by one- or two- patients with IBMFs.

lineage cytopenia or pancytopenia caused by inefficient

hematopoiesis in the bone marrow (1-3). The current Clinical characteristics and pathogenesis of

incidences of BMFs in Europe and North America are IBMFs
approximately 2/100,000, which is slightly lesser than

some local American study findings and previous European The classification of IBMFs

epidemiological investigations (2). BMFs morbidity in Asia IBMFs include Fanconi anemia (FA), dyskeratosis congenita

is 4 to 7 per 100,000, but there are no accurate statistics on (DC), Shwachman-Diamond syndrome (SDS), Diamond-

the morbidity among children and adolescents in China.
There are two subgroups of pediatric BMFs, acquired
BMFs (ABMFs) and inherited BMFs (IBMFs). ABMFs
account for 80% of pediatric BMFs. Although guidelines for
the diagnosis and treatments of IBMFs have been recently
published (4), improvements are still needed in making
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Blackfan anemia (DBA), congenital amegakaryocytic
thrombocytopenia (CAMT), thrombocytopenia absent
radii (TAR), and severe congenital neutropenia (SCN) or
Kostmann neutropenia (5-8). In addition, patients with
bone marrow failure who cannot be classified into the above
subtypes are considered to have unclassified-IBMFs (9).
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The common features of IBMFs

IBMFs are a rare heterogeneous group of hereditary
disorders characterized by progressive single-lineage or
multi-lineage cytopenia and a high risk for myelodysplasia
(MDS) and acute myeloid leukemia (AML).

The typical clinical features are congenital physical
malformations, including café-au-lait spots, microcephaly
and radial ray abnormalities in FA patients; ectodermal
dysplasia in DC patients; malformations involving the
upper limbs, head, and urogenital or cardiovascular
systems in DBA patients; and the absence of radii in TAR
patients. However, numerous patients with IBMFs have
atypical presentations or no overt physical abnormalities.
The majority of patients are diagnosed at roughly seven
years of age, although some patients are first diagnosed
in adulthood. Notably, family histories of leukemia, solid
tumors, birth defects, and other physical deformities often

exist in these patients. The frequency of abnormalities in
IBMFs is listed in Table 1 (10-13).

The immune status in pediatric patients with IBMFs

The recent largest series research showed that children
with FA had lower B- and NK cells and normal
immunoglobulins, total lymphocytes, and CD4 T-cells.
Patients with DC had normal immunoglobulins but lower
total lymphocytes and lower T-, B-, and NK-cell. Most
patients with DBA and SDS had normal immunoglobulins
and lymphocytes. Lymphoproliferative responses from
phytohemagglutinin-stimulated cultures were similar
across patient groups and controls. Only patients with
severe BME, particularly those with FA and DC, had higher
serum G-CSF and Flt3-ligand and lower RANTES levels

compared with all other groups or relatives (14).

The common pathophysiology of IBMFs

Current advances in the field of IBMFs have revealed diverse
mutant genes. Many of these genes encode proteins that are
involved in cellular housekeeping pathways, and perturbing
these pathways can cause cellular senescence and apoptosis as
well as predispose cells to malignant transformation (15). For
example, in FA, the risk of developing solid tumors is potendally
increased one thousand-fold among juveniles, and the average
age of onset is 16 years, with squamous cell carcinoma and
head and neck cancer being more common. Other solid tumors
include cerebral myelocytomas and astrocytomas, esophageal
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cancer, vulvar cancer, gynecologic squamous cell carcinoma,
liver cancer, Wilms tumor, and breast cancer. Two or more
concurrent tumors that may be either hematologic or non-
hematological observed in few patients. Moreover, papilloma
virus infections responsible for the significantly increased
incidence of the above mentioned tumors in FA patients,
especially mucosa epithelial carcinoma (16). The mechanism of
cancer progression with the background of increased apoptosis
in patients with FA is unclear. We verified that the average
relative telomere length in DC patients was remarkably shorter
than those innormal children of the same age. Furthermore,
we detected TINF2 ¢.811C > T(Q271X) and TINF2 ¢.848C
> A(P283H) mutations in two DC patients for the first time in
China, is indicating that early detection of related genes and
telomere length measurements may help avoid misdiagnosis (17).
Recent discoveries have revealed that Bmil expression in human
hematopoietic stem and progenitor cells (HSPCs) in patients
with DBA is correlated with the expression of certain ribosomal
protein genes, suggesting that Bmil deficiency may play a
pathological role in DBA and other ribosomopathies (18).
Currently, ribosomal pathway dysfunction has been
associated with pathogenesis of IBMFs. Ribosomal
proteins, SDBS and DKC are all involved in normal
ribosome biogenesis and protein translation. In general, the
heterozygous DBA mutations result in loss of function in a
single copy of a ribosomal protein gene, causing disruption
in ribosomal biogenesis, and decreased levels of protein
synthesis and failing of translation of specific mRNAs
(19-22). The known involved cell-signaling pathways
include MDM2/HDM2-p53 and mTOR signaling.
Mutations in RPLS5 and RPL11 destroyed the formation of
a pre-ribosomal complex that coordinately inhibits HDM?2
to upregulate p53, finally causing increased level of P53 (23).
Recent evidence showed that the L-leucine was effective in
some DBA patients. The L-leucine may increase protein
translation through activation of mTOR pathway (24-26).
SBDS promotes the release of EIF6 from the pre-60S
ribosome, which is required for the formation of a mature
80S functional ribosome (27-29). Approximately half of
the genes mutated in DC (DKC1, NHP2, NOP10, and
WRAPS53/TCAB1) encode for proteins associated with
abundant regulatory noncoding RNAs (ncRNAs) termed H/
ACA small RNAs and form H/ACA small ribonucleoprotein
(RNP) complexes involved in modifying ribosomal RNA
(rRNA) and small nuclear RNA (snRNA) (30-32). H/
ACA small RNAs are associated several important RNA-
based cellular processes implicated in telomere, ribosome,
and splicing biology (30,33). The pseudouridine synthase
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Table 1 The frequency of abnormalities in IBMFs
Abnormalities Frequency (%)
FA
Skeletal: radial ray (hypoplasia of the thumbs and radius); congenital hip dislocation, scoliosis, vertebral/rib 71
anomalies
Skin pigmentation (cafe” au lait spots, generalized skin hyperpigmentation, and areas of hypopigmentation) 64
Short stature 63
Eyes (microphthalmia) 38
Renal and urinary tract (unilateral renal aplasia, renal hypoplasia, horseshoe kidneys, double ureters) 34
Male genital (hypogenitalia, undescended testes, hypospadias) 20
Mental retardation 16
Gastrointestinal (anorectal, duodenal atresia, tracheoesophageal fistulae) 14
Cardiac abnormalities (patent ductus arteriosus, ventricular septal defect, pulmonary stenosis, aortic stenosis, 13
and coarctation)
Hearing loss (conductive deafness) 11
Central nervous system abnormalities (hydrocephalus, absent septum pellucidum, neural tube defects) 8
No abnormalities 30
DC
Classical/common
Mucocutaneous triad
Abnormal skin pigmentation 89
Nail dystrophy 88
Leukoplakia 78
Bone marrow failure 85.5
Other features
Epiphora 30.5
Learning difficulties/developmental delay/mental retardation 25.4
Pulmonary disease 20.3
Short stature 19.5
Extensive dental caries/loss 16.9
Esophageal stricture 16.9

FA, Fanconi anemia; DC, dyskeratosis congenita; DBA, Diamond-Blackfan anemia.

dyskerin, encoded by DKCI gene, have effect on
modification of pseudouridine residues on rRNA (30,34,35).
The largest subgroup of dyskerin-associated H/ACA small
RNAs, termed H/ACA small nucleolar RNAs (snoRNAs),
is responsible for guiding dyskerin to convert uridine to
pseudouridine at select nucleotides within the rRNA (36).
Distinct DKCI1 mutations lead to a significant decrease in
the levels and activity of several H/ACA snoRNAs known
to guide pseudouridine modifications on rRNA, and causing
site-specific defects in rRNA pseudouridine modifications
at distinct residues (37). In addition, pseudouridine
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modifications may play an important role in maintaining
translation fidelity and modulating the expression of specific
mRNAs harbor IRES elements such as p53 and p27 (38).

Current diagnosis and management of IBMFs in
China

Understanding IBMFS

Because FA is the most common of the IBMFS, it should
be excluded first before establishing a diagnosis of ABMFs.
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The Fanconi Anemia Research Foundation suggested
indications for defining and testing for FA in 2008 (39).
In clinical practice, it is critical to differentially diagnose
FA from non-FA BMFs, chromosome fragility syndrome,
hereditary diseases with congenital malformations and
mental retardation and non-FA tumors. In fact, it is not
difficult to diagnose FA in 70% of patients with congenital
malformations, but in those without these malformations,
physicians have a good chance of overlooking the subtle
traits of the FA phenotype and misdiagnosing those patients
with ABMFS, thus delaying prompt treatment (40).

Multicenter studies have shown that the five most
common subsets of IBMFs are FA, DC, SDS, DBA and
SCN; TAR and CAMT are relatively rare (16). Based on the
survey records of 3956 patients with BMFS under 14 years
of age who were enrolled in our center from June 2003
to October 2014, 293 (7%) patients were diagnosed with
IBMES, including 132 cases of DBA, 85 of FA, 57 of SCN,
12 of DC and 4 of SDS (unpublished); however, these
results were not entirely consistent with those from other
centers. A significant percentage of patients with IBMFS
with single cytopenia show no congenital malformations,
and physicians who are not fully aware of the complete
spectrum of IBMFS might overlook these conditions
in certain patients. For example, with DC, the typical
mucocutaneous triad of abnormal skin pigmentation,
nail dystrophy and mucosal leukoplakia might not be
present before the onset of hematological abnormalities.
In many instances, it is not uncommon for physicians to
misdiagnose these patients with immune thrombocytopenia
(ITP) or aplastic anemia and thus administer strengthened
immunosuppressive therapy (IST). Moreover, to date,
the number of reported cases may be less than the actual
morbidity in China because of limitations in the detection
approaches.

The clinical detection of IBMFs

Regular laboratory examinations include peripheral blood
tests and bone marrow tests, but the test results are assumed
to be different during the progression of the diverse diseases.
With FA, the routine peripheral blood tests may indicate
single cytopenia, bi-cytopenia, or pancytopenia, and the
anemia should be macrocytic with elevated fetal hemoglobin
(non-hemoglobinopathy). Yet, in the middle or late stages of
this disease, bone marrow smears display notable hypoplastic
features that affect megakaryocytes in particular. In cases of
malignant transformation, specific clonal cytogenetic changes
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are detectable; for example, duplication of chromosomes
1q or3q and loss of the entire chromosome 7 indicate poor
prognosis. In situ hybridization also reinforces the accuracy of
clonal cytogenetic examinations. All of the above mentioned
routine test for blood disease are capable of be running by the
specialized and general hospitals, however, not available in
many local hospitals in China. This may cause misdiagnosis
and missed diagnosis occasionally in local hospitals. The
golden standard test for FA is the chromosome breakage
test (most common are the mitomycin C (MMC)-induced
chromosomal fragile experiment and the diepoxybutane-
induced chromosomal fragile experiment), which is often
completed by various testing companies in China. Currently,
the lack of standardized testing for rare IBMFS needs to be
addressed and increasing the knowledge of non-hematologic
physicians will greatly decrease the number of misdiagnosis.

Genetic and molecular diagnosis of IBMFs

Studies have discovered 16 genes with evidence for the
existence of 16 complementary subtypes, and notably, there
are relevant genes for the diagnosis of other rare IBMFS
disorders (DC, SDS, DBA, SCN, TAR and CAMT).
However, it is time-consuming and very expensive to
establish the molecular and genetic technology related to
amplify, sequencing and analyzing DNA samples. Most
clinical diagnostic centers in China send their FA patient
samples for genetic testing only when the chromosome
breakage test is positive, similar to hematologists worldwide;
otherwise, detecting the most common subtypes of FA (the
FANCA, FANCC, and FANCG complementary subtypes
are most common) is another cost-saving method. It is
encouraging that the combined application of targeted
capture and next-generation sequencing (NGS) has
accelerated the accuracy and efficiency of molecular genetic
examinations because the technology has dramatically
reduced the required number of living cells and simplified
the experimental procedures. Our center has discovered
concomitant mutations in multiple FA genes in individual
FA patients by performing full exome sequencing of
peripheral blood specimens from FA patients and their
family members, indicating that Chinese FA patients and
carriers might have higher and more complex mutation
rates in the FANC genes than has been conventionally
recognized (41). It is conceivable that NGS will play a
considerable role in elucidating the pathogenesis of diseases
that we do not yet know about. Nevertheless, in clinical
practice, we have found certain unexpected mismatches
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between a clinical condition and mutant genes in a single
individual, which are difficult to explain. Currently, it
remains unclear whether these discrepancies are due to the
divergence and complexity of the human body or limited
understanding. In the future, it will be challenging to
manage vast amounts of bioinformatics data and complete
the relevant functional verifications.

The clinical management of IBMFs

The clinical manifestations of IBMFs are diverse, and
thus, the therapeutic effects of medication differ. It has
been reported that 80% of DBA patients are sensitive
to glucocorticoids at a starting dose of 2 mg/kg, but the
therapy must be sustained for most patients. In our cohort
of 50 pediatric patients with DBA, who were administrated
with glucocorticoid (1 mg/kg), after median follow-up of
29 months, totally 32 (64%) patients had response.
However, only 15 (30%) patients achieved complete
remission without sustained therapy (42). Additionally,
substantial side effects in skeletal development must be
closely monitored in patients under one year of age;
patients with DC or FA appear to be sensitive to androgens,
but hematopoietic stem cell transplantation (HSCT) is
the only definitive treatment for marrow failure. Europe
(Italy and France), the United States and Asia (Korea)
have established registries for DBA, FA, and other IBMFS
and have prepared diagnostic and treatment guidelines for
the benefit of incidence analyses, precise diagnoses, and
short-and long-term follow-up treatment efficacy analyses
as well as complication management (43,44). In China,
we have made great progress in diagnostic precision and
managing IBMFS, also providing informative materials
and instructions for patients and their families. It has been
suggested that comprehensive evaluations be performed
at the time of diagnosis and that ongoing monitoring be
tailored to each IBMFS patient to continuously improve
their outcomes. Thus, there remains a long way for us to go
to achieve the aim of precision medicine.

Improving the comprehensive diagnosis and
management of IBMFS in China

Recently, there are a lot of clinical trials on the clinical
features, prognosis and treatment for IBMFs. The clinical
trial NCT00027274 is comparing differences between
patients with IBMFS who develop cancer and those who
don’t to determine risk of cancer in IBMFS patients with
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specific gene mutations. The clinical trial NCT01001598,
NCT01034592 is identifying the safety and efficacy of
danazol in patients with FA and DC, and lenalidomide in
DBA, respectively. Previous study showed administrated
growth hormone could improve short stature in children
with DBA (45). And lots of trails is identifying the safety
and efficacy of different sources of hematopoietic stem cell
and conditioning regimen for HSCT for inherited bone
marrow failure syndromes (IBMFs).

IBMFs are a set of relatively rare disorders, with clinical
manifestations that include multiple physical deformities,
tumor susceptibility and progressive bone marrow failure,
and the management of IBMFs involves hematology,
genetics, oncology and many other fields. The complexity of
these disorders has posed great challenges for the accurate
diagnosis and appropriate treatment of IBMFs for decades.
The Fanconi Anemia International Registry (FAIR), which
was founded in 1982, has played a major role in identifying
the genotype and revealing the clinical features of FA. Since
the first IBMFs registry department was established in the
1980s, a Dyskeratosis Congenita Registry was established at
the Hammersmith Hospital of Imperial College of London
in 1995, a DC-specific workshop was held at the NIH on
September 19, 2008, and a DBA registry was subsequently
established (46-48). All the scientific and medical fields
have made significant contributions to research on the
pathogenesis, diagnosis and treatment of IBMFs. Recently,
enormous efforts have been made to establish our own
IBMFs database in China because there are insufficient
precise data on these diseases. Meanwhile, it will be
useful for the government to organize epidemiological
investigations and enforce prenatal screening on a national
scale with the aim of reducing birth defects, best utilizing
social resources and improving population health.

Furthermore, the actual incidence of IBMFs in China
may be much higher than that obtained from our clinically
diagnosed cases because precise data on the national
incidence rates remain unavailable. Finally, we should
not only establish a pathological cell bank to improve
diagnostics, investigate pathogenesis and discover targeted
therapies but also closely integrate fundamental research
and clinical practice to improve the comprehensive
diagnosis and management of IBMFs in China.
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