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Learning Objectives

‣ Overview and approach to bone marrow failure syndromes
‣ To  review the presenting features, prognosis, and treatment of most common bone marrow 

failure syndromes:
• Fanconi Anemia
• Telomere Biology Disorders
• Diamond Blackfan Anemia
• Shwachman Diamond Syndrome
• GATA2 deficiency

‣ To develop a practical approach to the recognition and diagnosis of bone marrow failure 
syndromes



Inability of the bone marrow to produce sufficient healthy 
blood cells to support normal hematopoiesis

Bone marrow failure (BMF)

Bone Marrow 
Failure

Inherited

Classic BMFS:
- Fanconi Anemia
- Dyskeratosis Congenita
- DBA
- SDS
And more!

Acquired

Infectious (e.g. viral)
Medications/Toxins

Nutritional
Autoimmune

Acquired Aplastic Anemia
Myelodysplastic Syndrome

And other



Bone Marrow Failure Syndromes
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Classical Inherited BMF:
• Dyskeratosis Congenita (14+ genes)
• Fanconi Anemia (18+ genes)
• Diamond Blackfan Anemia (11+ genes)
• Congenital Neutropenia (8+ genes)
Other inherited BMF/predisposition syndromes: 15+

(1999)
RUNX1
MPL

(2003)
SBDS

(2004) 
CEBPA

(2012)
ANKRD26
GATA2
RBM8A
SRP72

(2015) 
DDX41
ETV6
dup14q32

(2016)
SAMD9
SAMD9L
DNAJC21



BMF Syndrome Median age
at dx (yrs)

Incidence Molecular Pathogenesis Inheritance Malignancy 
predisposition

Fanconi Anemia (FA) ~6 ~1 in 130,000 DNA Repair AR, XR MDS/AML + solid 
tumor (HIGH)

Telomere Biology Disorders (TBD) 15 (into late 
adulthood)

~1 in 1 million 
for DC; other 
forms unknown

Telomere Maintenance AD,AR,
XR

MDS/AML + solid 
tumor (HIGH)

Diamond-Blackfan Anemia (DBA) <1 ~1 in 200,000 Ribosomal Biogenesis AD MDS/AML + solid 
tumor (moderate)

Shwachman-Diamond Syndrome (SDS) 1 ~1 in 100,000 Ribosomal Biogenesis (SBDS) AR MDS/AML (HIGH)

GATA2 deficiency ~20s Unknown (~500 
reported cases)

Haploinsufficiency of GATA2 
transcription factor

AD MDS/AML (HIGH)

Severe Congenital Neutropenia (SCN) 3 ~1 in 200,000 Heterogeneous
(ELA2, HAX1, other)

AD, AR MDS/AML 
(moderate)

SAMD9/SAMD9L syndromes childhood Unknown (~200 
reported cases)

Gain of function in SAMD9 or 
SAMD9L, anti-proliferative effect

AD MDS/AML 
(moderate)

Congenital Amegakaryocytic
Thrombocytopenia (CAMT)

<1 n/a Defective thrombopoietin 
Receptor (MPL)

AR None

Thrombocytopenia Absent Radii (TAR) <1 < 1 in 100,000 Defective RNA pre-processing, 
exon –junction complex (RBM8A)

AR MDS/AML (rare)

Hereditary BMF Syndromes



When to Suspect an Inherited BMF Syndrome?
• Age at diagnosis (younger>older)
• Duration of cytopenias (life-long cytopenias)
• Associated conditions and congenital malformations:

• pulmonary fibrosis (e.g., in TBD)
• genitourinary malformation (e.g., in FA, DBA)
• liver cirrhosis (e.g., in TBD)
• avascular necrosis (e.g., in TBD)
• recurrent pre-eclampsia/pregnancy loss (e.g., in TBD, GATA2 deficiency)
• congenital heart defect (e.g., in DBA)
• vascular malformation (e.g., in TBD)
• lymphedema (e.g., in GATA2 deficiency)
• warts, NTM, EN (e.g., in GATA2 deficiency)
• thumb and upper limb abnormalities (e.g., in FA, DBA, TAR)
• café au lait (e.g., in FA)
• nail abnormalities, early graying (e.g., in TBD)
• skeletal abnormalities (e.g. hip dysplasia, very short stature) (e.g., in SDS, FA) 

• Personal history of cancers (particularly, at young age)
• Sensitivity to chemotherapy/radiotherapy
• Classical somatic abnormalities, including

• isochromosome 7q (e.g., in SDS)
• gain 1q (e.g., in FA, TBD)

• Family history
• consanguinity (autosomal recessive conditions)
• blood disorders
• associated conditions and congenital malformations
• cancers
• death at an early age
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Patient Case 1

HPI: 30 yo F diagnosed with vulvar carcinoma
Physical exam: 5’1’’ female, no lymphadenopathy, no organomegaly. Small thumb with a surgical 
scar overlying thumb.
Labs: mild pancytopenia.
Imaging: incidental finding of congenital absence of one kidney.

Clinical course: 
- Following diagnosis of vulvar cancer, patient received cisplatin and radiation from her gyn 
oncologist.
- Following the first cycle of therapy, she developed profound pancytopenia with marrow aplasia. 
- Hematology is consulted.

What is the likely diagnosis?
What testing should be ordered?
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Patient Case 1
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scar overlying thumb.
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Imaging: incidental finding of congenital absence of one kidney.
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- Following diagnosis of vulvar cancer, patient received cisplatin and radiation from her gyn 
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- Following the first cycle of therapy, she developed profound pancytopenia with marrow aplasia. 
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Fanconi Anemia (FA): Pathogenesis

• Genetic defect in one of 22 known 
FA complex genes

• Defect in homologous DNA repair
• Hypersensitivity to DNA crosslinking 

agents
• DEB, mitomycin C
• Others (cisplatin, radiation)
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Diagnostic test: Chromosome Breakage Analysis

- PHA-stimulated peripheral blood lymphocytes 
cultured with crosslinking agents, mitomycin C and 
diepoxybutane (DEB).

- Increased chromosomal breaks and radials in FA.

- Note: In cases with a high suspicion of FA, but an 
apparent negative test in blood, testing should be 
repeated in skin fibroblasts, due to ~10-15% rate of 
reversion mosaicism and false-negative results in blood.

SLH, Wisc. U. Cases
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Multisystem disease diagnosed 
in children and adults

Short stature
Café a lait spots
Thumb abnormalities
Microcephaly
Triangular face
Congenital hip dislocation
Hyper- and hypopigmentation
Imperforate anus
GU anomalies

30% have no apparent extrahematopoietic findings

Blood Reviews 2010, 24, 101

FA Handbook, Version 4, 2014
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Predisposition to BMF, MDS/AML and solid tumors

Rosenberg P S et al. Blood 2003;101:822-826

~80% develop BMF by age of 20 years
~40% develop MDS/AML by middle age
~30% develop solid tumors by 48 years
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HNSCC and Gyn cancers are most common

FA Handbook, Version 4, 2014

FA Handbook, Version 4, 2014

Ratio Observed: Expected
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‣ Multimodality approach focused on management of cytopenias and cancer surveillance
• BMF: 

• Bone marrow transplant is the only curative therapy for BMF
– Requires lower intensity conditioning regimen

• Medical management:
– Anabolic steroids (e.g., oxymetholone or danazol)
– Transfusion support
– Avoidance of radiation and DNA damaging agents

• Experimental therapies: gene therapy, antioxidants. 
• Multidisciplinary care:

• Endocrinology, ENT, GU, orthopedics/plastics, genetics.
• Aggressive cancer surveillance:

• ENT, gynecological, bone marrow surveillance.

Management of Fanconi Anemia
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Patient Case 2

HPI: 55 yo M with decades-long thrombocytopenia, referred for evaluation of BMF.
Physical exam: Fit middle-aged male with unremarkable physical exam.
Labs: 2.9>10.6<29; with 58.9% granulocytes, 6.2% monocytes, and 34.9% lymphocytes. MCV 
121.
Family history: brother with thrombocytopenia.
Pathology: Bone marrow 15% cellular hypocellular without dysplastic changes.
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Patient Case 2

HPI: 55 yo M with decades-long thrombocytopenia, referred for evaluation of BMF.
Physical exam: Fit middle-aged male with unremarkable physical exam.
Labs: 2.9>10.6<29; with 58.9% granulocytes, 6.2% monocytes, and 34.9% lymphocytes. MCV 
121.
Family history: brother with thrombocytopenia.
Pathology: Bone marrow 15% cellular hypocellular without dysplastic changes, normal karyotype, 
and no acquired mutations.

BMF evaluation:
‣ Chromosome breakage studies were normal.
‣ Telomere length flow FISH testing showed very low lymphocyte telomere lengths for age
‣ Panel-based NGS genetic testing for genes mutated in BMF identified a pathogenic variant in 

TERC, confirming the diagnosis of telomere biology disorder (TBD).
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Pathogenesis of Short Telomere Syndromes

• Genetic defect in one of 14 
genes associated with 
telomere maintenance

• Leads to abnormal shortening 
of telomeres

Chapter 15. ASH-SAP 8th ed.
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Diagnostic test: Telomere Length Measurement (flow-FISH)

‣ TL by flow FISH is highly reproducible
‣ Standardized, age-dependent diagnostic 

thresholds. 
‣ Low TL test should be followed by genetic 

testing to establish genetic diagnosis

Alder et al. PNAS 2018 Mar 6;115(10):E2358-E2365
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Lymphocyte TL in genetically confirmed TBD patients

Alder et al. PNAS 2018 Mar 6;115(10):E2358-E2365
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Age and presentation-dependent TL diagnostic thresholds

Alder et al. PNAS 2018 Mar 6;115(10):E2358-E2365

Niewisch, et al. Hematology, 2023
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(seen in the historically named dyskeratosis congenita) 
skin hypopigmentation, oral leukoplakia, nail dystrophy

Dokal, Dyskeratosis Congenita, 2014

Classical mucocutaneous triad
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Multisystem disease
• Interstitial lung disease (ILD)
• Liver cirrhosis
• GI/GU

• Esophageal stricture
• Urethral stricture

• Dental
• Mucocutaneous
• Early graying
• AVM
• Immunodeficiency
• Increased risk of malignancy

• MDS/AML
• Solid tumors

Dokal, Dyskeratosis Congenita, 2014
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Genes and patterns of inheritance in adult TBD patients

X-linked

AD, de novo

AR

AD

Niewisch, et al. Hematology, 2023
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Pathophysiology of BMF in TBD

Dokal, Dyskeratosis Congenita, 2014
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Cumulative Survival N=552
Literature cases through 2008

Overall Survival and Cancer Risk

Incidence of cancer, N=52
Literature cases through 2008

Alter et al. Blood (2009) 113 (26): 6549–6557.
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Solid Tumors in TBD Patients

Alter et al. Blood (2009) 113 (26): 6549–6557.
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Observed/Expected Cancers in NCI TBD cohort

Alter et al. Blood (2009) 113 (26): 6549–6557.
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‣ BMF/immune deficiency/MDS/AML: 
• Low intensity bone marrow transplant can cure BMF or primary immune deficiency
• Higher intensity is required for treatment of MDS/AML, but has high rates of TRM.
• Medical management:

– Anabolic steroids (e.g., danazol)
– Transfusion support
– Avoidance of myelosuppressive agents
– Clinical trial

‣ ILD: Antifibrotics, lung transplant
‣ Cirrhosis: medical management, liver transplant
‣ AVN: joint replacement
‣ GI/GU strictures: dilation.
‣ Mucocutaneous: dermatology/oral medicine
‣ Cancer surveillance: ENT, GI, bone marrow surveillance.
‣ Genetics: genetic testing/counseling of patient and family.

Comprehensive management focused on affected organs and cancer surveillance
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HPI: 2 month old previously healthy boy brought to pediatrician with pallor. 
Family History: 2 brothers, healthy. No blood conditions in the family.
Labs: Anemia (Hgb 4 g/dl), reticulocytes 0.1%, MCV 103 (macrocytic).
Physical exam: Small for age. Pallor, otherwise no apparent abnormality. 

Holosystolic murmur.
Bone marrow aspiration and biopsy: absence of erythroid precursors.
Cytogenetics and somatic molecular testing are normal.

Patient Case 3

What is the likely diagnosis?
What testing should be ordered?
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Pathogenesis of Diamond Blackfan Anemia (DBA)

Narla A , and Ebert B L Blood 2010;115:3196-3205/Liu and Ellis Blood 2006

• Genetic defect in >24 genes
• >20 ribosome protein 

genes
• Several non-ribosome 

genes (e.g. GATA1, EPO)



31

Genetic causes of DBA
• AD, haploinsufficiency in RP

• Most common:
RPS19, RPL5, RPL11

• X-linked: GATA1, TSR2
• AR: EPO

• Mutations and large deletions

• Diagnosis is established by:
• Genetic testing
• Elevated erythrocyte ADA

Diagnosed at 3 months of age:   50%
…………..... at 6 months of age: 75%
…………….. by 1 year: 92%

Da Costa et al. Blood. 2020 Sep 10; 136(11): 1262–1273.
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Clinical Presentation in DBA

Hematol Oncol Clin North Am. 2009 April; 23(2): 261–282.Da Costa et al. Blood. 2020 Sep 10; 136(11): 1262–1273.

• Macrocytic, 
hypoproliferative
anemia with 
absence of red cell 
precursors in bone 
marrow.

• ~ HALF have 
congenital 
anomalies.



33

DBA Pathogenesis

Da Costa et al. Blood. 2020 Sep 10; 136(11): 1262–1273.
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Erythroid Maturation Defect

Iskander et al. Blood (2015) 125 (16): 2553–2557.
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Clinical Management
‣ Anemia:

• Transfusion support
• Most patients respond to corticosteroids (high dose, 2mg/kg daily x 4 weeks, then taper slowly to some 

maintenance dose of corticosteroid)
• Leucine (low efficacy)
• BMT
• Clinical trial

‣ Mitigation of corticosteroid toxicities:
• PJP prophylaxis while on high dose steroids
• Calcium/vitamin D + bone density surveillance

‣ Management of iron overload:
• Chelation therapy

‣ Cancer screening:
• Colonoscopy
• Age-appropriate cancer screening

‣ Multidisciplinary care of affected organ systems (e.g. Cardiology, endocrinology, orthopedics)
‣ Genetic counseling

Liu et al. Leukemia. 2024; 38(1): 1–9.
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Shwachman-Diamond Syndrome (SDS)

Narla A , and Ebert B L Blood 2010;115:3196-3205/Liu and Ellis Blood 2006
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Shwachman-Diamond Syndrome (SDS) Clinical Presentation
‣ Cytopenias:

• Neutropenia
• Other cell lines can also be affected

‣ Short stature (unexplained height <3rd percentile)
‣ Skeletal abnormalities
‣ Pancreatic insufficiency

• Low levels fecal elastase
• Abnormal pancreatic imaging
• Elevated fecal fat excretion

‣ Up to 30% rate of transformation to MDS/AML (median age of MDS/AML of 18 years)
• Biallelic TP53 inactivation is associated with leukemic progression
• Isochromosome 7q, del 20 q are common but are not associated with poor prognosis
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Diagnosis

‣ A combination of clinical criteria and 
genetic testing

• Biallelic mutation in SBDS (90%)

• Other rare causes of SDS-like 
syndrome:

• SRP54 (AD)
• DNAJC21 (AR)
• EFL1 (AR)

Autosomal recessive inheritance 
(SBDS)
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Clinical Management of SDS

‣ Cytopenias/BMF
• Without infections, neutropenia can be followed supportively
• If needed, G-CSF can be used
• Bone marrow surveillance for adverse clonal evolution
• HSCT for transfusion-dependent BMF or adverse clonal evolution

‣ Endocrinology and orthopedics evaluation
‣ Pancreatic insufficiency responds to pancreatic enzymes
‣ Genetic counseling
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‣ Immunodeficiency
‣ Lymphedema
‣ MDS predisposition

GATA2 Deficiency
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Defining a new human disease

‣ 1972, 1976, 1979, 1985: 
• case reports of individual families with familial segregation of MDS/AML and lymphedema
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2010
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2010

Emberger Syndrome
‣ Autosomal-dominant 

inheritance
‣ Associated with:

• Lymphedema
• Predisposition to 

MDS/AML
• Warts
• Sensorineural 

deafness
‣ Genetic cause unknown
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Meanwhile at NIAID…
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‣ Ongoing study of mycobacterial infections
‣ Identified 5 kindreds where NTB mycobacterial infections co-occurred with other infections 

and familial hematologic malignancies
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Monocytopenia, and B, NK, and T cell deficiencies
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Pulmonary alveolar proteinosis (PAP)
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Defining “Monocytopenia + MAC infection+ risk of progression to 
MDS/AML” = “MonoMAC syndrome”
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Bone Marrow Features

A. Hypocellular
B. Fibrosis
C. Hemophagocytic histiocytes
D-G. Abnormal megakaryocytes
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Meanwhile
in Europe,
a study of 
patients with 
DC 
deficiency
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4 subjects with DC deficiency, also associated with monocyte, B, 
NK lymphocyte deficiency (and MONOMAC-like infections…)

CD19+ B and CD56+ NK cell deficiency

B NK
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Abnormal monocyte and DC 
maturation

monocytes DCsCD34+ HSPC
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GATA2
Deficiency

2010-2011
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GATA2 is a key transcriptional regulator of hematopoiesis

‣ In embryo, regulates endothelial to 
hematopoietic transition

‣ GATA2 KO is embryonic lethal due to 
failure to establish adult hematopoiesis

‣ In adult hematopoiesis, GATA2 is
• Required for HSC survival and self-renewal
• Interacts with various transcription factors 

that regulate cell fate
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Clinical management of GATA2 deficiency
‣ Cytopenias/BMF

• Supportive management of cytopenias
• Bone marrow surveillance for MDS/AML evolution

‣ HSCT is indicated for:
• Transfusion-dependent BMF
• Adverse clonal evolution and MDS/AML progression
• Severe immune deficiency with recurrent opportunistic infections
• Refractory HPV disease

‣ HPV vaccination
‣ Multidisciplinary care including:

• Infectious disease (for opportunistic infections, e.g. NTM, HSV)
• Gyn (e.g. for genital warts, malignancy screening)
• Dermatology (e.g. for EN)
• Gyn (e.g., for recurrent miscarriage)

‣ Genetic counseling
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BMF Syndrome Median age
at dx (yrs)

Incidence Molecular Pathogenesis Inheritance Malignancy 
predisposition

Fanconi Anemia (FA) ~6 ~1 in 130,000 DNA Repair AR, XR MDS/AML + solid 
tumor (HIGH)

Telomere Biology Disorders (TBD) 15 (into late 
adulthood)

~1 in 1 million for 
DC; other forms 
unknown

Telomere Maintenance AD,AR,
XR

MDS/AML + solid 
tumor (HIGH)

Diamond-Blackfan Anemia (DBA) <1 ~1 in 200,000 Ribosomal Biogenesis AD MDS/AML + solid 
tumor (moderate)

Shwachman-Diamond Syndrome (SDS) 1 ~1 in 100,000 Ribosomal Biogenesis (SBDS) AR MDS/AML (HIGH)

GATA2 deficiency ~20s Unknown (~500 
reported cases)

Haploinsufficiency of GATA2 
transcription factor

AD MDS/AML (HIGH)

Severe Congenital Neutropenia (SCN) 3 ~1 in 200,000 Heterogeneous
(ELA2, HAX1, other)

AD, AR MDS/AML 
(moderate)

SAMD9/SAMD9L syndromes childhood Unknown (~200 
reported cases)

Gain of function in SAMD9 or 
SAMD9L, anti-proliferative effect

AD MDS/AML 
(moderate)

Congenital Amegakaryocytic
Thrombocytopenia (CAMT)

<1 n/a Defective thrombopoietin 
Receptor (MPL)

AR None

Thrombocytopenia Absent Radii (TAR) <1 < 1 in 100,000 Defective RNA pre-processing, exon –
junction complex (RBM8A)

AR MDS/AML (rare)

Hereditary BMF Syndromes
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When to Suspect an Inherited BMF Syndrome?
• Age at diagnosis (younger>older)
• Duration of cytopenias (life-long cytopenias)
• Associated conditions and congenital malformations:

• pulmonary fibrosis (e.g., in TBD)
• genitourinary malformation (e.g., in FA, DBA)
• liver cirrhosis (e.g., in TBD)
• avascular necrosis (e.g., in TBD)
• recurrent pre-eclampsia/pregnancy loss (e.g., in TBD, GATA2 deficiency)
• congenital heart defect (e.g., in DBA)
• vascular malformation (e.g., in TBD)
• lymphedema (e.g., in GATA2 deficiency)
• warts, NTM, EN (e.g., in GATA2 deficiency)
• thumb and upper limb abnormalities (e.g., in FA, DBA, TAR)
• café au lait (e.g., in FA)
• nail abnormalities, early graying (e.g., in TBD)
• skeletal abnormalities (e.g. hip dysplasia, very short stature) (e.g., in SDS, FA) 

• Personal history of cancers (particularly, at young age)
• Sensitivity to chemotherapy/radiotherapy
• Classical somatic abnormalities, including

• isochromosome 7q (e.g., in SDS)
• gain 1q (e.g., in FA, TBD)

• Family history
• consanguinity (autosomal recessive conditions)
• blood disorders
• associated conditions and congenital malformations
• cancers
• death at an early age


	Hereditary Marrow Failure Syndromes
	Learning Objectives
	Bone marrow failure (BMF)
	Bone Marrow Failure Syndromes
	Hereditary BMF Syndromes
	When to Suspect an Inherited BMF Syndrome?
	Patient Case 1
	Patient Case 1
	Fanconi Anemia (FA): Pathogenesis
	Diagnostic test: Chromosome Breakage Analysis
	Multisystem disease diagnosed in children and adults
	Predisposition to BMF, MDS/AML and solid tumors
	Slide Number 13
	Management of Fanconi Anemia
	Patient Case 2
	Patient Case 2
	Pathogenesis of Short Telomere Syndromes
	Diagnostic test: Telomere Length Measurement (flow-FISH)
	Lymphocyte TL in genetically confirmed TBD patients
	Age and presentation-dependent TL diagnostic thresholds
	Classical mucocutaneous triad
	Multisystem disease
	Genes and patterns of inheritance in adult TBD patients
	Pathophysiology of BMF in TBD
	Overall Survival and Cancer Risk
	Solid Tumors in TBD Patients
	Observed/Expected Cancers in NCI TBD cohort
	Comprehensive management focused on affected organs and cancer surveillance
	Patient Case 3
	Pathogenesis of Diamond Blackfan Anemia (DBA)
	Genetic causes of DBA
	Slide Number 32
	DBA Pathogenesis
	Erythroid Maturation Defect
	Clinical Management
	Shwachman-Diamond Syndrome (SDS)
	Shwachman-Diamond Syndrome (SDS) Clinical Presentation
	Diagnosis
	Clinical Management of SDS
	GATA2 Deficiency
	Defining a new human disease
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Monocytopenia, and B, NK, and T cell deficiencies
	Pulmonary alveolar proteinosis (PAP)
	Defining “Monocytopenia + MAC infection+ risk of progression to MDS/AML” = “MonoMAC syndrome”
	Bone Marrow Features
	Slide Number 50
	Slide Number 51
	Abnormal monocyte and DC maturation
	Slide Number 53
	GATA2 is a key transcriptional regulator of hematopoiesis
	Slide Number 55
	Clinical management of GATA2 deficiency
	Hereditary BMF Syndromes
	When to Suspect an Inherited BMF Syndrome?

