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Abstract

The inherited bone marrow failure syndromes are a diverse group of genetic diseases associated
with inadequate production of one or more blood cell lineages. Examples include Fanconi anemia,
dyskeratosis congenita, Diamond-Blackfan anemia, thrombocytopenia absent radii syndrome,
severe congenital neutropenia, and Shwachman-Diamond syndrome. The management of these
disorders was once the exclusive domain of pediatric subspecialists, but increasingly physicians
who care for adults are being called upon to diagnose or treat these conditions. Through a series of
patient vignettes, we highlight the clinical manifestations of inherited bone marrow failure
syndromes in adolescents and young adults. The diagnostic and therapeutic challenges posed by
these diseases are discussed.
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1. Overview

The inherited bone marrow failure syndromes (IBMFS) are a group of genetic disorders
associated with inadequate production of one or more blood cell lineages (Table 1). The
gene mutations responsible for these conditions often impact the development or function of
extramedullary tissues, resulting in birth defects or clinical disease in specific organs. These
disorders are characterized by a predisposition for malignancies, such as myelodysplastic
syndrome (MDS), acute leukemia, and solid tumors.
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Traditionally, IBMFS have been classified on the basis of clinical features, but increasingly
this classification scheme is being replaced by one based on biochemical pathways (Table
1). Intriguingly, these pathways often entail “housekeeping” functions important for many
cell types (e.g., DNA repair, ribosome biogenesis) rather than functions unique to
hematopoietic progenitors. Why blood cell production is so profoundly and
disproportionately affected by the disruption of certain housekeeping pathways remains an
enigma.

The management of IBMFS was once the exclusive realm of pediatric subspecialists.
Increasingly, however, physicians who care for adults are being called upon to diagnose or
treat these disorders. The prompt recognition of an IBMFS is important, because this ensures
optimal therapy while minimizing treatment-related toxicity. Moreover, the timely diagnosis
of an IBMFS facilitates genetic counseling and (in some instances) cancer surveillance for
the extended family. This article focuses on the manifestations of certain IBMFS in
adolescents and young adults. Clinical vignettes are included to highlight the diagnostic and
treatment challenges posed by these disorders (note, though inspired by actual cases, aspects
of these vignettes have been altered for patient confidentiality).

2. Fanconi Anemia: a DNA repair defect

Fanconi anemia (FA) is a genetically and phenotypically heterogeneous disorder
characterized by birth defects, progressive BMF, and a predisposition for cancer (Figure 1A-
C). Originally, the diagnosis of FA was based on the presence of both aplastic anemia and
certain congenital abnormalities. With the advent of more sensitive and specific diagnostic
tests, it has become evident that 25% to 40% of patients with FA lack congenital
abnormalities or fail to develop bone marrow failure (BMF) (1, 2). Nevertheless, these
individuals remain at risk of other complications, such as leukemia and solid tumors.

Congenital and developmental defects associated with FA are listed in Table 2. Phenotypic
variability makes the diagnosis of FA challenging (1-3). Indeed, patients with FA may have
no (or only subtle) dysmorphic features, so physicians must maintain a high index of
suspicion when other aspects of the clinical presentation suggest the possibility of FA
(Vignette 1). Further obfuscating the diagnosis, pathogenic mutations in FA (and in other
IBMFS) may exhibit incomplete penetrance or variable expressivity (i.e., different clinical
manifestations), even within a family (Vignette 2).

* Vignette 1. The physical manifestations of an IBMFs may be subtle. A 25-year-
old woman with MDS is invited to “tell her story” to a group of students studying
the pathophysiology of leukemia. Her physician, an internist, interviews her in
front of the class. The patient, who is of Northern European ancestry, has a tan
complexion, small chin, and high-pitched voice. She was well until a few months
earlier when she was found to have cytopenias on routine laboratory testing. Bone
marrow examination demonstrated MDS with acquired cytogenetic abnormalities,
including monosomy 7 and trisomy 1q. An allogeneic bone marrow transplant is
planned in the coming months. By happenstance, the interview is overheard by two
physician-scientists, who urge that the patient be screened for FA. A diepoxybutane
(DEB) chromosome fragility test on peripheral blood leukocytes is abnormal,
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establishing the diagnosis of FA. Accordingly, her pre-transplant conditioning
regimen is modified so as to minimize toxicity from full dose alkylating agents
such as cyclophosphamide.

* Vignette 2. The phenotype of a given IBMFS may vary even within a single
family. A 12-year-old male is diagnosed with severe aplastic anemia. He has no
history of birth defects, and his height and weight are average for age. His younger
sister is found to be a human leukocyte antigen (HLA) match and is referred to a
physician for evaluation as a potential hematopoietic stem cell donor. The sister has
short stature, congenital hearing loss, and normal peripheral blood counts. DEB
chromosome fragility testing on blood leukocytes establishes the diagnosis of FA in
both siblings. The sister is deemed to be an inappropriate source of hematopoietic
stem cells, and a search for an unrelated donor is initiated.

BMF is one of the hallmarks of FA, although hematologic manifestations may vary.
Thrombocytopenia and macrocytosis usually precede anemia or neutropenia. The median
age at which hematologic abnormalities are discovered is 7 years. The BMF of FA is
progressive; 50% of individuals presenting with isolated thrombocytopenia progress to
pancytopenia within 4 years, and the cumulative incidence of BMF is 50-90% by 40 years of
age (4-6). In some patients, hematologic abnormalities never become clinically evident.

FA is a bona fide cancer predisposition syndrome. The risk of cancer in individuals with FA
is ~50 times that of the general population, and the risk of leukemia is about ~500 times
that of the general population (6-8). By the age of 40 years, the cumulative incidences of
MDS, acute myelogenous leukemia (AML), and solid tumors are 30%, 10%, and 30%,
respectively (5, 6). Patients with mild hematologic abnormalities are at the highest risk for
cancer because of survival bias (i.e., premature death from BMF precludes the opportunity
to develop cancer). The most frequent solid tumors, affecting 5-11% of individuals with FA,
are squamous cell carcinomas of the head and neck, esophagus, vulva, and anus (5-8).
Hepatocellular adenomas and carcinoma have been reported in ~3%.

The fundamental biochemical defect in FA is impaired DNA repair. At least 16 different
DNA repair genes (FANCA, FANCB, FANCC, etc.) have been linked to this disorder.
Inheritance of FA is autosomal recessive or, in the case of one gene (FANCB), X-linked.
The proteins encoded by FANC genes form multimeric complexes involved in various DNA
repair pathways, including nucleotide excision repair and homologous recombination (9).
These multimeric complexes are critical for the repair of DNA interstrand crosslinks (10,
11).

Cells from FA patients exhibit a low tolerance for DNA-damage, both in vitro and in vivo.
Accordingly, chemotherapy and radiation therapy must be administered at reduced dosages
or avoided altogether in patients with FA (Vignette 3). The most widely used diagnostic
tests for FA are based on hypersensitivity to the DNA-crosslinking agents DEB or
mitomycin C (12). DEB- or mitomycin C-treated lymphocytes from individuals with FA
demonstrate a significant increase in chromosomal breakage over normal controls. These
tests are highly sensitive and (with rare exceptions) specific for FA (12); however,
lymphocyte mosaicism caused by spontaneous gene reversion may confound the
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interpretation of these assays (13). Chromosome fragility testing of peripheral blood
lymphocytes in somatic mosaics may demonstrate only a few cells with chromosomal
breaks, so the average number of breaks per cell may fall within the normal range. The
molecular mechanisms underlying gene reversion include intragenic recombination (in
compound heterozygotes) and mitotic gene conversion (nonreciprocal exchange of genetic
information during heteroduplex formation between nonsister chromatids) (14). Gene
reversion confers a proliferative advantage to stem cells, leading to expansion of the
revertant clone and progressive replacement of defective hematopoietic cells in bone
marrow (15). Spontaneous gene reversion can be viewed as a natural form of gene therapy.
Gene reversion has been documented in hematopoietic cells but not in fibroblasts from
patients with FA (16). Therefore, chromosome fragility testing of fibroblasts should be
considered in patients with clinical or genetic suspicion of FA but a negative DEB or
mitomycin C test in peripheral blood lymphocytes (Vignette 3). Mosaicism caused by gene
reversion contributes to phenotypic variability.

*  Vignette 3. Certain cancers are distinctively characteristic of IBMFS. An
otherwise healthy 23-year-old man develops a tongue ulcer, and biopsy
demonstrates squamous cell carcinoma. Human papilloma virus and p16 testing on
the biopsy specimen are negative, and there is no history of carcinogen exposure.
He has no obvious congenital anomalies, and his peripheral blood counts and
family history are unremarkable. Partial glossectomy and neck dissection are
performed. Recognizing the increased incidence of tongue cancer in young adults
with FA, the astute otorhinolaryngologist orders a DEB chromosome fragility test
on blood cells. The test is borderline abnormal. Subsequent DEB testing on skin
fibroblasts is overtly abnormal, establishing the diagnosis of FA with somatic cell
mosaicism. In light of this diagnosis, adjuvant radiation and chemotherapy are
deemed to be contraindicated.

Patients with FA and only mild hematologic manifestations can be managed by monitoring
of peripheral blood counts and periodic bone marrow examination for evidence of MDS.
Contingency plans should be made for hematopoietic stem cell transplantation (HSCT),
because hematologic complications may develop rapidly. Given the inherent sensitivity of
patients with FA to radiation and chemotherapy, reduced intensity conditioning regimens are
employed for HSCT (17). Androgen therapy can be used to improve bone marrow function
in patients with FA (response rates of 50-80%) (18), although this therapy may be associated
with significant side effects, including increased risk of hepatocellular carcinoma.

Adolescent and young adult patients with FA warrant close surveillance for development of
malignancies. For example, the high risk of early vulvar cancer warrants initiation of regular
gynecologic examinations during adolescence. Likewise, surveillance for head and neck
squamous cell carcinoma should be performed on a semiannual basis. The Fanconi Anemia
Research Foundation offers a monograph with surveillance and treatment guidelines (http://
www.fanconi.org/images/uploads/other/FAHandbook3.pdf).
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3. Dyskeratosis congenita: a telomere maintenance disorder

Dyskeratosis congenita (DC) is a phenotypically heterogeneous disorder caused by defects
in telomere maintenance. Telomeres are DNA/protein structures that serve to protect
chromosome ends from degradation (19). Human telomere DNA consists of thousands of
repeats of TTAGGG, which are synthesized by the enzyme telomerase. This enzyme
contains two core components: a reverse transcriptase (TERT) and an RNA molecule
(TERC) that acts as a template for the synthesis of telomere repeats. Most somatic cells lack
telomerase, so telomeres shorten with each cell division owing to the inability of DNA
polymerase to copy to the very end of a DNA strand (20, 21). When telomeres become
critically short, cell cycle arrest or cell death ensues. Stem cells contain telomerase, which
ensures that telomere length is maintained over the course of repeated cell divisions.

Originally, DC was recognized by the classic diagnostic triad of reticular skin pigmentation,
nail dystrophy, and mucosal leukoplakia (Figure 2A,B) (22). Other clinical manifestations of
DC, including BMF, are summarized in Table 3. The cumulative incidence of BMF in
patients with DC is approximately 50% by 50 years of age (6). In the prototypical patient
with DC, mucocutaneous features appear in childhood, BMF develops in adolescence, and
death occurs as a young adult. This inexorably deteriorating clinical course reflects
progressive stem cell dysfunction in tissues with high cell turnover.

The identification of 9 of the genes responsible for DC (DKC1, TERC, TERT, TINF2,
NOP10, NHP2, WRAP53, CTC1, RTEL1) and the realization that these genes converge on
the common pathway of telomere maintenance have changed the perception of DC. Now it
is thought that individuals with the classic constellation of mucocutaneous features and
BMF represent only a fraction of the patients with DC (20-22). MDS, MDS/AML, or an
extramedullary complication may be the initial manifestation of DC in adolescents or young
adults (Vignette 4). Pulmonary fibrosis due to disruption of lung stem cells is another
common manifestation of DC (Figure 2C,D). Liver cirrhosis is another frequent
complication.

* Vignette 4. An acquired, non-neoplastic disorder affecting an extramedullary
tissue may be the first manifestation of an IBMFS. An 18-year-old man
develops recurrent urethral strictures necessitating surgical intervention. A routine
preoperative CBC demonstrates thrombocytopenia, triggering a consultation from a
hematologist, who notes the presence of nail dystrophy. The family history is not
informative. Bone marrow biopsy shows hypocellularity. Telomere length analysis
demonstrates marked shortening in peripheral blood leukocytes, consistent with the
diagnosis of DC. No pathogenic mutation is detected in any of the known DC
genes. The patient subsequently develops avascular necrosis of the hip, another
known complication of DC.

Like FA, DC is a cancer predisposition syndrome, and malignancy is the third leading cause
of death (after BMF and pulmonary fibrosis) in these patients. The cumulative incidence of
malignancy is estimated to be 20-30% by the age of 50 years (6). Malignancies usually
develop in the third decade of life and are therefore diagnosed more often in individuals with
milder forms of the disease. The most common solid tumors in patients with DC are
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squamous cell carcinomas of the head and neck, gastrointestinal tract, and female genital

tract (23, 24). By 50 years of age, the cumulative incidences of MDS and AML are about
30% and 10%, respectively (6). Although DC rarely causes MDS in children, it should be
considered in the differential diagnosis in young adults with MDS or MDS/AML.

The presence of short telomeres in circulating blood cells is a hallmark of patients with BMF
and DC (25, 26). Peripheral blood leukocyte telomere length in individuals with BMF
secondary to DC is far below that of age-matched healthy controls. In the setting of BMF,
measurement of telomere length is a sensitive but nonspecific screening method for DC.
Telomere shortening is not pathognomonic of DC, as approximately 30% of patients with
BMF due to other causes have peripheral blood leukocyte telomere lengths < 1st percentile
(26). Therefore, clinicians should not make the diagnosis of DC solely on the basis of BMF
and shortened telomeres. Caution should be exercised in interpreting the results of telomere
length measurements in individuals without BMF, because in the absence of marrow failure
telomere length measurements may not reliably identify mutation carriers (26, 27).

DC exhibits different modes of inheritance (20-22). The most common form is X-linked,
due to mutations in the DKC1 gene encoding dyskerin, a protein involved in telomere
maintenance and ribosome biogenesis. Autosomal dominant forms of DC are caused by
mutations in the TERC or TERT genes. These autosomal dominant forms of DC exhibit
genetic anticipation, a phenomenon in which an inherited disease manifests at increasingly
younger ages or with increased severity in each succeeding generation (owing the
inheritance of progressively shorter telomeres in successive generations) (20-22). In adults
the most common manifestions of TERC or TERT mutations are cytopenias and pulmonary
fibrosis (20-22). Thus, individuals with pulmonary fibrosis and a macrocytic anemia or
aplastic anemia in the family should be examined for TERC or TERT mutations (28).
Another gene linked to autosomal dominant DC is TINF2, which encodes a component of
the shelterin complex that protects telomeres. TINF2 mutations usually manifest in early
childhood (29, 30). Because patients with TINF2 mutations seldom have offspring, most
TINF2 mutations are sporadic (29). Autosomal recessive forms of DC are caused by biallelic
mutations in other genes involved in telomere maintenance, including CTC1, RTEL1,
NOP10, NHP2, and WRAPS3. In approximately half of patients with the classic
constellation of findings (BMF, mucocutaneous features, and short telomeres), none of the
known DC genes is mutated, suggesting that additional causal genes will be discovered in
the coming years.

Treatment of patients with DC is similar to that of patients with FA. Patients with DC and
only mild hematologic manifestations can be managed by monitoring of peripheral blood
counts and serial bone marrow examinations for evidence of MDS. Contingency plans for a
reduced intensity HSCT should be in place, as hematologic complications may develop
rapidly. HSCT-related morbidity and mortality is greater for DC than other IBMFS.
Pulmonary and vascular complications are the major cause of HSCT-associated mortality in
patients with DC (31-33). In patients without a suitable donor, androgen therapy can be used
to improve bone marrow function. Given the risk of pulmonary fibrosis, patients with DC
should refrain from smoking, avoid drugs with known pulmonary toxicity, and have their
lungs shielded during radiation therapy. Lung transplantation is an option for some patients
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with DC-associated pulmonary fibrosis (34). As with FA, surveillance for head and neck
squamous cell carcinoma should be performed on a regular basis.

4. Diamond-Blackfan anemia: a defect in ribosomal biogenesis

Diamond-Blackfan anemia (DBA\) is a genetically and phenotypically heterogeneous
condition that is associated with reduced or absent erythroid precursors in bone marrow.
Macrocytic anemia and reticulocytopenia are the other major diagnostic criteria for DBA. In
some individuals with DBA the anemia is transient. In rare cases DBA progresses to aplastic
anemia (35). Elevated levels of erythrocyte adenosine deaminase (eADA), a critical enzyme
in the purine salvage pathway, are present in 80% to 89% of patients with DBA (36). The
diagnosis of DBA is usually made before 1 year of age, but occasionally the condition is
diagnosed in older children or adults. In ~50% of cases, DBA is associated with congenital
anomalies or growth retardation (Table 4), but this estimate may be inaccurate because case
definitions often stipulate diagnosis at < 1 year of age. Among the more common birth
defects are thumb anomalies, midline facial defects, and congenital heart disease (Figure
3A,B). In some individuals with DBA the clinical manifestations are subtle (Vignette 5).

* Vignette 5. Macrocytosis is an often overlooked clue to the diagnosis of an
IBMFS and may be the sole clinical manifestation. An ostensibly healthy
woman of normal stature gives birth to 2 children with DBA. The older child is
transfusion-dependent, while the younger is glucocorticoid-responsive. Genetic
testing demonstrates a heterozygous nonsense mutation in RPS19 in the woman and
her affected children. The woman's peripheral blood counts are normal, but her
erythrocytes are macrocytic (MCV = 101 fL).

Like patients with FA and DC, patients with DBA are predisposed to malignancy, including
MDS, AML, and solid tumors (37). The median age at diagnosis of malignancy is 41 years.
The relative risk of all cancers (excluding MDS) in DBA is 5.4-fold with a cumulative
incidence of 22% by 46 years of age (37). It should be noted, however, that the accumulated
cancer data in the DBA Registry is limited and biased towards younger patients.
Consequently, there is insufficient data to define appropriate cancer surveillance
recommendations for adult DBA patients.

DBA is caused by mutations in genes encoding either the small 40 S (e.g., RPSL9, RPS17)
or large 60 S (e.g., RPL5, RPL11) ribosomal subunits. About 25% of mutations occur in
RPSL19 (38). The ribosomal gene mutations in DBA are always heterozygous and include
missense, nonsense, frameshift, and splice site mutations as well as large deletions;
consequently, haploinsufficiency is thought to be responsible for disease (39). Although
ribosomal proteins do not participate directly in the protein synthesis activity of the
ribosome, they are important for ribosome biogenesis, so DBA is a disorder of ribosome
biogenesis or ribosomopathy. Genetic testing can currently provide a definite diagnosis in
50% to 70% of cases (38).

Glucocorticoid administration improves erythropoiesis in a majority of patients with DBA
(60% to 70% achieve transfusion independence in response to glucocorticoids) (40-42). The
mechanistic basis for this effect is unclear, although studies suggest that glucocorticoids
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expand burst-forming unit-erythroid (BFU-E) progenitors (43, 44). Red cell transfusion
remains the mainstay of therapy for glucocorticoid-resistant DBA. Recently, the amino acid
leucine has been reported to be beneficial for the treatment of some patients with DBA (45).
In addition to serving as a substrate for protein synthesis, leucine regulates protein
metabolism through activation of the mTOR pathway (46). Studies of mouse and zebrafish
models of DBA have shown that leucine treatment lessens the degree of anemia (47, 48).

HSCT is curative in patients with DBA and may be considered in transfusion-dependent
patients, particularly those with an HLA-matched sibling donor or those progressing to
aplastic anemia. Data from the DBA registry show survival rates of 70% in individuals = 9
years of age who receive transplants from sibling donors (42).

The decision to perform HSCT in patients with transfusion-dependent DBA is confounded
by the possibility of spontaneous hematologic remission. Appoximately 25% of patients
experience this phenomenon, which is defined as a stable, physiologically acceptable
hemoglobin level maintained for at least 6 months in the absence of therapy (49). In the
majority of cases hematologic remission occurs within the first or second decade of life in
patients who were glucocorticoid-responsive. Hematologic relapses may occur, especially
during pregnancy or when estrogen-containing oral contraceptives are used (50). Gene
reversion in hematopoietic stem/progenitor cells may account for the normalization of
erythropoiesis in some patients (51).

59~ syndrome, a condition that typically affects older adults, shares several features with
DBA, including macrocytic anemia with a paucity of erythroid precursors (52). Acquired
deletions of RPS14 (in combination with neighboring genes) have been implicated as
causative in 5q~ syndrome, implying that 5q- syndrome, like DBA, is at least in part a
ribosomopathy. Adolescent and young adult patients with atypical presentations of DBA
(macrocytic hypoplastic anemia with normal eADA activity, no congenital anomalies, age >
1 year at presentation) have been shown to harbor small, acquired, microdeletions
encompassing RPS14 and adjacent genes (52).

5. Thrombocytopenia with absent radii (TAR): a defect in mMRNA processing

and export

The hallmarks of this IBMFS are bilateral defects in development of the radii (Figure 4A)
and severe thrombocytopenia at birth. Bone marrow aspiration shows a decrease in
megakaryocytes, although this is not required to make the diagnosis (53). During infancy,
patients often require platelet transfusions to maintain a platelet count above 10,000/pL.
After the first year of life, platelet transfusion requirements usually diminish. Extraskeletal
manifestations observed in individuals with TAR syndrome include short stature, facial
dysmorphism, cardiac defects, and genitourinary malformations. Orthopedic interventions
dominate the treatment of TAR syndrome later in life. The development of aplastic anemia
has not been observed, but AML and ALL have been reported, albeit rarely, in patients with
TAR syndrome (54). Vignette 6 describes a patient with TAR syndrome who developed
MDS.
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*  Vignette 6. IBMFS are associated with an increased risk of late-onset MDS. A
14-year-old female with TAR syndrome, who has been transfusion-independent
since infancy, develops severe macrocytic anemia and worsening
thrombocytopenia. Bone marrow aspiration/biopsy demonstrates MDS (refractory
anemia with excess blasts type 2; Figure 4B) with acquired cytogenetic
abnormalities including ins(3;3)(026;021g26). She receives treatment with
decitabine and then undergoes an unrelated donor HSCT.

TAR syndrome is caused by compound inheritance of mutations in the RBM8A gene,
encoding Y14, an RNA-binding protein. Y14 is a component of the exon junction complex
that is involved in a variety of cellular functions, including nuclear export of transcripts,
nonsense mediated decay, and translational enhancement (55). Most individuals with TAR
harbor one null RBM8A allele, caused by an interstitial deletion of chromosome 1g21.1 (56),
and one hypomorphic RBM8A allele, caused by a polymorphism in either the 5’-untranslated
region or first intron (55). These polymorphisms reduce expression of the hypomorphic
allele in a cell type- and developmental stage-specific manner.

6. Severe congenital neutropenia: a defect in protein folding/trafficking

Severe congenital neutropenia (SCN) is a genetically heterogeneous group of disorders
characterized by severe neutropenia at birth, with neutrophil counts generally < 200
cells/uL. Bone marrow evaluation demonstrates an arrest at the promyelocyte/myelocyte
stage of neutrophil maturation. Bacterial infections, such as omphalitis, skin abscesses, deep
tissue abscesses, oral ulcers, and pneumonia develop in 90% of patients with SCN by the
age of 6 months.

Historically, patients with SCN had a poor prognosis and generally died in the first or
second decade of life due to overwhelming infection. The advent of G-CSF therapy changed
the natural history of this disease by reducing in the incidence and severity of bacterial
infections (57). Despite G-CSF therapy, mortality due to infection remains a major concern
in SCN, with a 12% cumulative incidence of death due to sepsis by 15 years of age.

Patients with SCN also have a markedly increased risk for MDS or AML with an estimated
hazard rate of 2% per year (58-60). A consistent feature of myeloid transformation in SCN
is a high rate of chromosome 7 abnormalities. In one series, nearly 60% of AML/MDS
samples displayed complete or partial loss of chromosome 7. Patients with SCN who require
very high doses of G-CSF to achieve an adequate neutrophil count are at increased risk for
transformation to MDS/AML (60), although this observation has not been shown to be a
result of G-CSF promoting a malignant clone. SCN exhibits multiple patterns of inheritance,
including autosomal recessive, autosomal dominant, X-linked, and sporadic forms.
Accordingly, mutations of several different genes have been shown to cause SCN, including
ELANE, HAX1, G6PC3, GFI1, CSF3R, and the X-linked gene WAS. Mutations in ELANE,
encoding neutrophil elastase, account for 60% of the cases (61-63). While it is unclear how
ELANE mutations cause neutropenia, nearly all of the reported mutations are missense
substitutions, small insertions or deletions preserving translational reading frame, or chain-
terminating mutations near the C-terminus of the protein. This mutational spectrum suggests
that the pathogenic mechanism involves synthesis of an abnormal protein rather than

Ann Med. Author manuscript; available in PMC 2015 September 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilson et al.

Page 10

haploinsufficiency. One model posits that protein misfolding activates the unfolded protein
response, which induces apoptosis of neutrophil precursors (64-66). Aberrant intracellular
trafficking of a mutant protein may also contribute to pathogenesis.

Allogeneic HSCT is the only curative therapy for SCN. In the absence of MDS or MDS/
AML, the overall survival for patients with SCN who undergo HSCT from an HLA-matched
sib is 89% (67). Widely accepted indications for HSCT in patients with SCN include
inadequate neutrophil response to G-CSF and the development of MDS or AML. The more
vexing question is whether to perform HSCT in patients who appear well on G-CSF therapy
(Vignette 7).

* Vignette 7. The looming risk of AML may impact clinical decision making in
patients with IBMFS. A 13-year-old girl with SCN due to an ELANE missense
mutation is referred for consideration of HSCT. She was diagnosed at 3 months of
age after presenting with omphalitis and carbuncles. She has received daily
injections of G-CSF since that time. Annual bone marrow examinations have
shown no overt morphological or cytogenetic evidence of MDS, but her
requirements for G-CSF have increased significantly over the past year (currently
12 pg/kg/day to maintain the neutrophil count between 500/uL and 1000/uL). Her
healthy brother is not an HLA match. In light of the declining neutrophil response
to G-CSF and the high risk of progression to MDS/AML, her physicians
recommend a matched unrelated donor HSCT using a non-myeloablative
conditioning regimen.

7. Shwachman-Diamond Syndrome: a defect in ribosome maturation

Shwachman-Diamond syndrome (SDS) is characterized by exocrine pancreatic
insufficiency, marrow dysfunction (including increased risk for MDS/AML), and skeletal
abnormalities (Table 5) (68-70). Most cases of SDS are diagnosed in early childhood,
although some patients, especially those with mild pancreatic insufficiency, are diagnosed as
adults. Approximately 90% of patients with SDS have a biallelic mutations in the
Shwachman-Bodian-Diamond syndrome (SBDS) gene located on chromosome 7(g11) (69,
71-74).

Intermittent or chronic neutropenia (of varying severity) is evident in the majority of
individuals with SDS. Anemia, typically with mild macrocytosis, is present in ~50% of
cases (72). Similarly, thrombocytopenia is present in ~50% of cases. Bone marrow
examination usually shows hypoplasia (75). Patients with SDS may experience transient or
protracted exacerbations of cytopenia, including progression to severe aplastic anemia (74,
76). Such exacerbations may occur in adults who have outgrown the care of pediatric
subspecialists.

Another noteworthy hematologic feature of SDS is the propensity to develop clonal
cytogenetic abnormalities, such as i(7)(q10) and del(20)(q11), in the absence of MDS or
AML. In one prospective study of patients with SDS followed for a maximum of 5 years,
acquired cytogenetic abnormalities were observed in 29% of individuals (77). Such
hematopoietic clones may persist for years and are not necessarily harbingers of progressive
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marrow dysfunction (Vignette 8). Indeed, neither i(7)(q10) nor del(20)(q11) is associated
with an increased risk of transformation to MDS or MDS/AML (78, 79).

*  Vignette 8. An acquired chromosomal abnormality in hematopoietic
progenitors does not portend a negative clinical outcome in all IBMFS. A
young girl is diagnosed with SDS on the basis of exocrine pancreatic insufficiency,
short stature, and metaphyseal dysostosis. Subsequent genetic testing demonstrates
bilallelic mutations in SBDS Over the ensuing years her peripheral blood cell
counts remain relatively stable with a neutrophil count of ~1,200/uL, Hb of ~11
g/dL, and a platelet count of ~80,000/uL. At age 15 years, routine bone marrow
testing demonstrates an acquired cytogenetic abnormality [46,XX,i(7)(q10)] but no
histological evidence of myelodysplasia. Subsequent bone marrow evaluations
document persistence of this benign hematopoietic clone for over the next decade.
At 26 years of age she gives birth to a healthy child.

The reported rate of transformation to MDS/AML for patients with SDS ranges from 0% to
36% (6, 59, 74). Part of this variability may reflect differences in study populations, because
median patient age was greater in the studies with the higher reported rates of
transformation. Published reports of solid tumors in patients with SDS are rare.

Exocrine pancreatic deficiency can be confirmed by demonstration of low serum
isoamylase, which decreased in both children and adults with SDS (80). Imaging of the
pancreas may reveal characteristic fatty infiltration (Figure 5A). For unclear reasons,
pancreatic insufficiency improves with age in many patients; by 4 years of age, ~50% of
patients no longer require pancreatic enzyme supplements based on evidence of fat
absorption (81).

Skeletal manifestations of SDS include metaphyseal dysostosis (Figure 5B), rib cage
dysplasia, and osteoporosis (82, 83). Spinal compression fractures are common among
adults with SDS (75). Even with adequate pancreatic enzyme replacement, most patients
with SDS remain below or at the 3" percentile for height (84).

The majority of SBDS mutations cause a dramatic reduction in SBDS protein production
(71, 85, 86). Patients carrying homozygous null alleles for SBDS have not been reported,
suggesting that the gene product is essential for life. SBDSencodes a protein involved in
ribosomal maturation and implicated in additional functions, such as cell proliferation,
mitosis, and maintence of the stromal microenvironment (68, 87). Some of the acquired
chromosomal abnormalities associated with SDS appear to mitigate the effects of
intracellular SBDS protein depletion. For example, duplication of the SBDSlocus, as occurs
in i(7)(q10), is thought to increase the level of SBDS protein in progenitor cells (88).
Similarly, del(20)(g11) results in loss of the EIF6 gene whose protein product competes
with SBDS (89). Thus, the appearance of benign chromosomal abnormalities in SDS is
thought to reflect a clonal proliferation advantage.

Allogeneic HSCT, the only cure for the hematologic manifestations of SDS, is generally
reserved for patients with severe cytopenias or MDS/AML. HSCT in patients with SDS is
associated with increased regimen-related toxicity, notably of the heart, lung and liver (90).
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In the absence of MDS/AML, the overall survivial for patients with SDS who undergo
allogeneic HSCT is ~65% (91). This survival rate may improve in the coming years with
the more widespread use of non-myeloablative conditioning regimens that minimize organ
toxicity.

The management of individuals with SDS, including adolescents and adults, was
summarized recently in a consensus guideline (75).

8. Other IBMFS

It should be noted that this review article is not all-inclusive. There are other IBMFS that
can impact the health of adolescents and adults, including the following: 1) congenital
amegakaryocytic thrombocytopenia, caused by bialleic mutations in the MPL gene encoding
the receptor for thrombopoietin (92), 2) familial platelet disorder with propensity to AML
(FDP/AML), due to monoallelic mutations in RUNX1 (93), and 3) GATA2
haploinsufficiency disorders [monocytopenia and mycobacterial infections (MonoMAC);
dendritic cell, monocyte, B, and natural killer (NK) lymphoid deficiency; familial MDS/
AML; and Emberger syndrome (primary lymphedema with MDS)] (94). The principles
discussed in this review are applicable to these other syndromes.

9. Conclusions

As the cases in this article illustrate, IBMFS are phenotypically heterogeneous disorders
associated with congenital anomalies and a predisposition to malignancy. The phenotypic
variablility of any given IBMFS may be striking, even within a single family. A number of
factors contribute to the incomplete penetrance and variable expressivity of these disorders,
including modifier genes and spontaneous gene conversion leading to somatic cell
mosaicism. In some patients with IBMFS, the hematologic and physical abnormalities are
subtle or nonexistent, and the diagnosis is made later in life as a result of other
complications such as MDS/AML, a characteristic solid tumor, or a non-malignant condition
affecting an extramedullary tissue (e.g., pulmonary fibrosis, urethral stricture, avascular
necrosis). Accordingly, physicians who care for adolescents and young adults must consider
the diagnosis of an IBMFS in patients who manifest these features.

As rapid genetic diagnostic tools are developed, the true prevalence of IBMFS among
adolescents and adults will be elucidated. With such tools, it seems plausible that patients
with atypical presentations of known BMF syndromes and novel BMF disorders will be
diagnosed more often in adolescents and adults than in young children.
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Figure 1.
Phenotypic features of FA. (A) Hypoplastic thumbs in an 11-year-old. (B) Hypopigmented

(white arrow) and hyperpigmented (black arrows) skin lesions on the trunk of an adolescent.
Photograph courtesy of Susan J. Bayliss M.D. (C) Progressive aplastic anemia in a 20-year-
old with FA. Most of the marrow space is occupied by fat.
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Figure 2.
Phenotypic features of DC. (A) Nail dystrophy (arrow) in an adolescent. (B) Oral

leukoplakia in an adult. (C) Skin changes in an adult. Hypopigmented lesions and the typical
reticular rash of DC are evident on the upper chest (black arrow). Hypopigmentation is more
pronounced in the sun-damaged skin of the neck (white arrow). (D,E) Pulmonary fibrosis on
chest radiograph and CT scan of an adult. Photographs courtesy of Susan J. Bayliss, M.D.
and William H. McAlister, M.D.
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Figure 3.
Phenotypic features of DBA. (A) Abnormal thumb in an adult with an RPL11 mutation. (B)

Muscular ventricular septal defect. Color indicates blood flow across the defect.
Abbreviations: LV, left ventricle; RV, right ventricle. Echocardiogram courtesy of Patrick
Jay, M.D., Ph.D.
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Figure 4.
Phenotypic features of TAR syndrome. (A) Absence of the radius. (B) Late-onset MDS in

an adolescent with TAR syndrome (see Vignette 6). Radiograph courtesy of William H.
McAlister, M.D.
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Figure 5.
Phenotypic features of SDS. (A) MRI showing fatty infiltration of the pancreas (white

arrow). (B) Metaphyseal dysostosis (black arrows). Images courtesy of William H.
McAlister, M.D.
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Examples of IBMFS

Table 1

Disease

Hematologic manifestation

Pathway disrupted

Fanconi anemia

Pancytopenia

DNA repair

Dyskeratosis congenita

Pancytopenia

Telomere maintenance

Diamond-Blackfan anemia

Red cell aplasia

Ribosome biogenesis

Thrombocytopenia absent radii syndrome

Thrombocytopenia

mRNA processing and export

Severe congenital neutropenia

Neutropenia

Protein folding/trafficking

Shwachman-Diamond syndrome

Pancytopenia

Ribosome maturation

Congenital amegakaryocytic thrombocytopenia

Thrombocytopenia

Growth factor receptor signaling

Familial platelet disorder with propensity to AML

Thrombocytopenia

Transcriptional regulation

MonoMAC and related GATAZ deficiency disorders

Monocytopenia and lymphopenia

Transcriptional regulation
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Table 2
Congenital and developmental anomalies associated with FA (3, 95)
Anomaly % Affected
Skin (pigmentation changes) 55-64
Short stature 51-63
Upper limb 43-49
Testis 20-32
Eye 23-38
Kidney 21-34

Head (microcephaly and other anomalies) 26

Developmental disability

11-16

Birth weight < 2500 g

11

Ears (hearing loss)

9-11

Heart and lungs

6-13

Gastrointestinal tract

5-14
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Table 3

Prevalence of clinical features in patients with classic DC (3, 22, 95)

Clinical feature % Affected
Diagnostic mucocutaneous features

« Skin pigmentation chagnes 88-89

« Nail dystrophy 73-88

« Leukoplakia 64-78
Eye abnormalities, excessive tearing 31-38
Pulmonary fibrosis 20
Learning difficulties or developmental delay 14-25
Teeth abnormalities 17-19
Hair loss or early graying 16-18
Hyperhidrosis 10-15
Short stature 14
Gastrointestinal abnormalities (liver fibrosis, esophageal strictures, ulcers, malabsorption) 14
Malignancy 10-12
Microcephaly 8
Urinary tract abnormalities (urethral stricture, phimosis) 7
Cerebellar hypoplasia, ataxia 7
Gonadal abnormalities (hypogonadism, cryptorchidism) 1-5
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Table 4
Congenital and developmental anomalies associated with DBA (35, 96-98)
System Range of anomalies % Affected
Skeletal Short stature 30-33
Head, face, palate  Hypertelorism, cleft palate, high arched palate, microcephaly, micrognathia, microtia, low set ears, low 21-36
hairline, epicantus, ptosis, flat broad nasal bridge
Upper limb Triphalangeal, duplex or bifid, hypoplastic thumb, syndactyly, absent radial artery 9-21
Renal, urogenital ~ Absent kidney, horseshoe kidney, hypospadias 7-19
Cardiopulmonary  Ventricular or atrial septal defects, coarctation of the aorta, complex cardiac anomalies 7-15
Eyes Congenital glaucoma, strabismus, congenital cataract 12
Neck short neck, webbed neck
Brain Learning difficulties 7
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Table 5
Congenital and developmental anomalies associated with SDS (70, 99, 100)
Feature % Affected
Hematologic
* Neutropenia 77-100

« Severe neutropenia (< 500/pL) 23-67

* Anemia

17-66

« Thrombocytopenia

24-70

Gastrointestinal

« Exocrine pancreatic insufficiency ~ 85-100

« Elevated transaminases

45-100

Skeletal abnormalites

« Metaphyseal dysostosis

41-100

« Rib cage abnormalities

12-92

Short stature

52-95
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