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Shwachman-Diamond syndrome (SDS) is a rare autosomal-recessive, multisystem
disease characterized by exocrine pancreatic insufficiency, impaired hematopoiesis,
and leukemia predisposition. Other clinical features include skeletal, immunologic,
hepatic, and cardiac disorders. Around 90% of patients with clinical features of
SDS have biallellic mutations in the evolutionarily conserved Shwachman-Bodian-Diamond Syndrome (SBDS) gene located on chromosome 7.1 The SBDS protein plays
a role in ribosome biogenesis and in mitotic spindle stabilization, although its precise
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molecular function remains unclear. This article focuses on the clinical presentation,
diagnostic work-up, clinical management, and treatment of patients with SDS.
CLINICAL PRESENTATION
Hematologic Features

Several groups have reported on the hematologic features of patients with SDS.2–5
The most common hematologic abnormality affecting 88% to 100% of patients with
SDS is neutropenia, typically defined as a neutrophil count less than 1500  109/L.
Roughly one third of patients have chronic neutropenia and the remaining two thirds
have intermittent neutropenia. Anemia, either normochromic- normocytic or macrocytic, with reticulocytopenia has also been described in 42% to 82% of patients.
Thrombocytopenia (platelet count <150  109/L) has been reported in 24% to 88%
of patients and can lead to fatal bleeding. Similar to patients with other marrow failure
syndromes, around 80% of patients with SDS have elevated levels of hemoglobin F,
which is likely a sign of stress hematopoiesis. Cytopenias are usually seen at an early
age; presentations at later ages have been reported.6 Roughly 10% to 65% of patients
have pancytopenia with some patients developing aplastic anemia.7 Bone marrow
findings are variable and may reveal a hypocellular, normocellular, or hypercellular
marrow. Marrow cellularity must be interpreted in the context of the patient’s peripheral blood counts because cellularity may be patchy and is subject to sampling
variation.
Myelodysplastic Syndrome and Malignancy

Similar to other marrow failure syndromes, patients with SDS have an increased risk
for myelodysplasia and malignant transformation, in particular development of acute
myelogenous leukemia (AML).8,9 AML subtypes include AML-M0, AML-M1, AMLM4, AML-M5, and AML-M6. Donadieu and colleagues10 reported on 55 patients
with SDS, median age of 0.5 years (range, birth to 23) from the French Severe Chronic
Neutropenia Registry. With a median follow-up of 8 years (range, 0.3–35.6), seven
patients developed myelodysplastic syndrome (MDS) or AML, with an estimated
risk of 19% at 20 years and 36% at 30 years. Solid tumors have not been described.
The mechanisms underlying this tendency toward malignant transformation are
unknown. Marrow cytogenetic clonal abnormalities, particularly involving chromosome 7 (monosomy 7, der[7], i[7q]) and del(20q), have commonly been reported.11
Although certain cytogenetic aberrations, such as monosomy 7, are associated with
poor prognosis, the clinical significance of many clonal abnormalities is not clear.12
Similar cytogenetic abnormalities have been found in patients with MDS or leukemia.
A given clonal abnormality may wax and wane over time within a patient and may even
become undetectable, further complicating clinical interpretation.12 To date, there
have been no reports of progression to AML among SDS patients presenting with
i(7q) abnormalities. In contrast, 42% of patients with other chromosome 7 abnormalities either presented with or progressed to advanced MDS or AML.11
Chromosome instability may play a role in MDS or leukemia development.13 Some
have proposed that an increased risk for cancer evolves from accelerated apoptosis,
which may lead to replicative stress and increased risk for evolution of malignant
clones.14 This model is developed in detail elsewhere in this issue. Recently, Austin
and colleagues15 demonstrated that SBDS promotes mitotic spindle stability and
regulates chromosome segregation. These results suggest that the high frequency
of chromosomal abnormalities seen in the bone marrow of patients with SDS may
result, at least in part, from a defect in spindle stability.
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Infections and Immune Abnormalities

Patients with SDS are susceptible to recurrent bacterial, viral, and fungal infections, in
particular, otitis media, sinusitis, mouth sores, bronchopneumonia, septicemia, osteomyelitis, and skin infections.16 Neutropenia is likely a contributing factor, and
possible defects in neutrophil chemotaxis.2,17,18 Stepanovic and colleagues19 demonstrated that neutrophils from patients with SDS were unable to orient and migrate
toward a chemoattractant gradient, which is essential for normal neutrophil migration
to a site of infection or inflammation. Others have suggested that the neutrophil abnormalities may be caused by an abnormal distribution of concanavalin-A receptors on
patient’s neutrophils or cytoskeletal/microtubular defects.20 Importantly, despite
a deficiency in neutrophil number and function, patients with SDS are able to recruit
sufficient neutrophils in response to infections to form abscesses.16
Defects in lymphocyte-mediated immunity also have been described.18,21 Specifically, decreased proportions of circulating B cells, low immunoglobulin (IgG or IgG
subclasses) levels, decreased in vitro B-cell proliferation, and lack of specific antibody
or isohemaglutinin production have been reported.11 In addition, decreased percentages of circulating natural killer cells, total circulating T lymphocytes, and decreased
proliferative responses and inverse CD4:CD8 ratios have been described.18

Gastrointestinal Features

One of the hallmarks of SDS is exocrine pancreatic dysfunction of varying severities
caused by absence of acinar cells. Patients classically present in early infancy with
malabsorption; steatorrhea; failure to thrive; and low levels of fat-soluble vitamins A,
D, E, and K. Importantly, patients with SDS have normal sweat chloride tests, differentiating them from patients with cystic fibrosis, whose pancreatic defect involves
the exocrine pancreatic ducts. Low serum pancreatic trypsinogen and low isoamylase
are useful markers for pancreatic insufficiency in patients with SDS; however, the age
of the patient is important in interpretation. Trypsinogen is generally low in SDS
patients younger than 3 years of age but increases to the normal range in older
patients where it becomes less useful as a disease marker. Serum isoamylase levels
are low in patients with SDS of all ages; however, the use of this test in patients
younger than 3 years old is limited because isoamylase levels are also low in healthy
children of this age.22 In addition, fecal elastase levels may be low. Pancreatic enzyme
secretion in response to stimulation testing is reduced.
Imaging studies with ultrasound, CT, or MRI often demonstrate a small, structurally
abnormal pancreas composed mainly of fat.23 Pathologic evaluation reveals extensive
fatty replacement of the pancreatic acinar tissue and relatively normal pancreatic
ducts and islets. For reasons that remain unclear, exocrine pancreatic function spontaneously improves over time in roughly 50% of patients.3,5 Pancreatic endocrine
function generally seems intact as evidenced by normal glucose tolerance tests;
however, cases of insulin-dependent diabetes mellitus have been reported (see the
other features section for further details).
Hepatomegaly is found in roughly 15% of patients, and 50% to 75% of patients
have elevated serum liver enzymes two to three times normal.3,5,24 Pathologic evaluation of the liver has shown severe panlobular fatty changes with nonspecific periportal and portal inflammatory infiltration, varying degrees of periportal, portal and
bridging fibrosis, and microvesicular and macrovesicular steatosis in several
patients.3,4,25–27 These abnormalities typically occur early in life and normalize over
time without apparent long-term sequelae. Serious hepatic complications have
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been reported, however, in patients with SDS following hematopoietic cell transplantation (HCT).28
Skeletal Abnormalities

Skeletal abnormalities are commonly reported in patients with SDS. The primary skeletal defects are related to abnormal development of the growth plates, in particular the
metaphyses. Metaphyseal dysostosis has been reported in roughly 50% of the
patients, is usually asymptomatic, and most commonly involves the femoral
head.4,25 Other sites that may be affected include the knees, humeral heads, wrists,
ankles, and vertebrae. Rib cage abnormalities are found in 30% to 50% of patients,
including narrow rib cage, shortened ribs with flared anterior ends, and costochondral
thickening. Case reports have described respiratory failure in the newborn period as
a result of these rib cage abnormalities.29 Other skeletal abnormalities described in
patients with SDS include slipped femoral epiphysis; digit abnormalities (clinodactyly,
syndactyly, and supernumerary thumbs); and progressive spinal deformities
(kyphosis, scoliosis, and vertebral collapse).25,30 Low turnover osteopenia and osteoporosis have also been reported independent of vitamin D deficiency.30,31
Cardiac Features

Several case reports have described neonatal cardiac manifestations associated with
SDS.32–36 Myocardial necrosis or fibrosis has been primarily seen on histopathology.
Savilahti and Rapola32 reported eight deaths from cardiac failure among 16 patients
with SDS. Autopsies demonstrated myocardial necrosis in the left ventricle.32
Recently, Toiviainen-Salo and colleagues37 evaluated eight patients with SDS who
did not have any cardiac symptoms. All had normal cardiac anatomy and myocardial
structure; however, depressed left ventricular contractility during exercise and subtle
right ventricular diastolic dysfunctions were seen. Further studies evaluating the clinical importance of these findings are needed.
There also have been several studies describing cardiac complications following
HCT in patients with SDS. Specifically, transient congestive heart failure during induction chemotherapy,38 long-term cardiac hypokinesia after HCT,39 and fatal pancarditis
following HCT40 have been seen. As a result of these and earlier studies raising
concern regarding cardiac complications in patients with SDS, several groups have
proposed reduced-intensity conditioning regimens that avoid known cardiotoxic therapies, such as cyclophosphamide (see the section on HCT for further details).
Other Features

Insulin-dependent diabetes,4 growth hormone deficiency,21 hypogonadotropic hypogonadism,41 and hypothyroidism have been described in patients with SDS (Akiko
Shimamura, MD, PhD, personal communication, 2009). Failure to thrive is common
and is likely multifactorial including pancreatic insufficiency, feeding difficulties, recurrent infections, and metaphyseal dysostosis. Despite pancreatic enzyme replacement, many patients tend to remain below the third percentile for height and weight.
Normal height and weight for age, however, does not rule out the diagnosis of SDS.
Renal abnormalities including urinary tract anomalies and renal tubular acidosis
have also been described.4,25
MOLECULAR PATHOGENESIS

SDS is an autosomal-recessive disorder. Approximately 90% of patients meeting the
clinical diagnostic criteria for SDS have mutations in the SBDS gene. The carrier
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frequency for this mutation has been estimated at 1 in 110.42 This highly conserved
gene has five exons encompassing 7.9 kb and maps to the 7q11 centromeric region
of chromosome 7.1,42 The SBDS gene encodes a novel 250–amino acid protein lacking homology to known protein functional domains. An adjacent pseudogene, SBDSP,
shares 97% homology with SBDS but contains deletions and nucleotide changes that
prevent the generation of a functional protein. Roughly 75% of patients with SDS have
SBDS mutations resulting from a gene conversion event with this pseudogene.1 The
SBDS mRNA and protein are widely expressed throughout human tissues at both
the mRNA and protein levels.1,43,44 The complete absence of Sbds expression was
lethal in murine models.45 Although the early truncating SBDS mutation 183 TA >
CT is common among patients with SDS, patients homozygous for this mutation
have not been identified, suggesting that complete loss of the SBDS expression is
likely lethal in human patients.
CD341 hematopoietic cells are quantitatively reduced in the bone marrows of SDS
patients compared with healthy control marrows.46 SDS CD341 cells are also qualitatively impaired in progenitor colony formation and long-term colony formation. The
ability of marrow stromal cells from SDS patients to support normal CD341 cells in
long-term colony assays was also diminished.46 Increased apoptosis14 and elevated
levels of p53 protein47 have been observed in SDS marrows. Reduction of Sbds
expression in mouse c-kit1 lineage–hematopoietic cells with lentiviral-mediated
RNAi impaired both granulocyte differentiation in vitro and short-term hematopoietic
engraftment following transplant in vivo.48 In a zebrafish model, morpholino-mediated
knockdown of sbds resulted in abnormal development of the pancreas and
granulocytes.49
The crystal structure of the Archael SBDS orthologue revealed a tripartite structure
without apparent homology to known protein functional domains.50,51 Data from
SBDS orthologs suggested that SBDS may play a role in ribosome biogenesis,
a complex and highly regulated cellular process.1 The human SBDS protein is present
throughout the cell and is particularly concentrated in the nucleolus, the primary site of
ribosome biogenesis.43 In studies of human cells, Ganapathi and colleagues52
demonstrated that (1) cells from patients with SDS are hypersensitive to low doses
of actinomycin D, an inhibitor of rRNA transcription; (2) actinomycin D abolishes nucleolar localization of SBDS; (3) SBDS cosediments with the 60S large ribosomal subunit
but not with mature ribosomes or polysome in sucrose gradients; (4) SBDS coprecipitates with 28S ribosomal RNA (rRNA); and (5) SBDS forms a protein complex with nucleophosmin, a multifunctional protein implicated in ribosome biogenesis,
leukemogenesis, and centrosomal amplification. An interaction between SBDS and
the 60S ribosomal assembly factor Nip7 has also been described.53 Down-regulation
of SBDS in HEK293 cells showed alterations in both the mRNA levels and mRNA polysome loading of genes implicated in nervous system development, bone morphogenesis, and hematopoiesis.53
Proteomic analysis of proteins associating with the yeast SBDS orthologue SDO1/
YLR022C identified over 20 proteins involved in ribosome biogenesis.51 Yeast carrying
mutations in SDO1 grow very slowly. Genetic studies demonstrated suppression of
the SDO1-/- slow-growth phenotype by mutations in TIF6.54 Tif6 is required for pre60S subunit synthesis and nuclear export.55 eIF6, the mammalian ortholog of Tif6,
associates with the 60S ribosomal subunit and inhibits the joining of the 60S to the
40S ribosomal subunit.56 The TIF6 mutations that suppress the SDO1-/- slow-growth
phenotype were located in a region of Tif6 that reduced the binding of Tif6 to the 60S
subunit. TIF6 mutations also suppress the ribosome biogenesis defects resulting from
mutations in EFL1, which encodes a cytoplasmic GTPase that promotes dissociation
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of Tif6 from the 60S subunit in vitro.57 Genetic analysis revealed an epistatic relationship between SDO1 and EFL1, consistent with data that these two genes function
coordinately with TIF6.54 In the absence of SDO1 expression, 60S ribosomal RNA
subunit levels were reduced, and export of the 60S subunit from the nucleus to the
cytoplasm was disrupted. These data suggest a model wherein Sdo1 might recruit
Efl1 to the pre-60S ribosome, thereby facilitating Tif6 release to allow joining of the
60S and 40S subunits.54 How disruption in ribosome biogenesis results in specific
phenotypic findings in patients with SDS or why the bone marrow seems to be particularly susceptible to ribosome impairment remain to be defined.
SBDS also functions during mitosis to prevent genomic instability.15 Cultured cells
from SDS patients exhibited an increased incidence of mitotic aberrations, characterized by multipolar spindles and centrosomal amplification, compared with controls.
Knockdown of SBDS expression with siRNAs in human fibroblasts recapitulated
this phenotype, but only after 2 weeks in culture suggesting that the mitotic defects
were a downstream result of SBDS loss. Loss of SBDS was associated with increased
apoptosis when checkpoint pathways were intact, but resulted in aneuploid cells
when p53 was inactivated. Aneuploidy is associated with an increased rate of chromosomal rearrangements, such as breaks and translocations in animal models.58 SBDS
co-localized with the mitotic spindle by immunofluorescence. Recombinant SBDS
bound to purified microtubules in vitro resulting in microtubule stabilization both in
vitro and in vivo. These data suggest a novel model for a human cancer predisposition
syndrome whereby mitotic spindle instability results in chromosomal aberrations. It is
intriguing to speculate that the mitotic and ribosomal functions of SBDS might be
related because other proteins, such as nucleophosmin59 and Rrp14,60 have been
shown to function in both ribosome biogenesis and mitosis. Alternatively, it is also
possible that these functions might additively contribute to the SDS disease phenotype. Additional mechanistic and biologic studies are required to answer these
questions.

DIAGNOSIS, CLINICAL MANAGEMENT, AND TREATMENT
Diagnosis

The diagnosis of SDS is largely based on clinical phenotype, with pancreatic exocrine
and bone marrow dysfunction being the central features. There is considerable phenotypic variability between individuals and even within the same individual over time,
however, making the diagnosis challenging particularly in older patients where such
symptoms as steatorrhea may have resolved or neutropenia may be mild and intermittent. Several disorders must be excluded including cystic fibrosis; Pearson syndrome;
Johanson-Blizzard syndrome; severe malnutrition combined with diminished exocrine
pancreatic function; and other marrow failure syndromes, such as Fanconi’s anemia,
dyskeratosis congenita, and severe congenital neutropenia.
Exocrine pancreatic insufficiency may be demonstrated by one of the following:
elevated fecal fat excretion following a 72-hour collection in the absence of concomitant intestinal or cholestatic liver disease with imaging studies showing a small or fatty
pancreas; and low serum trypsinogen in patients under the age of 3 or low serum isoamylase testing in patients over the age of 3.22,61 The use of fecal elastase as a marker
for exocrine pancreatic dysfunction in SDS is currently under investigation. Pancreatic
stimulation testing with intravenous pancreozymin with or without secretin has been
used to evaluate levels of pancreatic enzymes; however, with the advent of serum
markers, this invasive procedure has been used less commonly. Signs of marrow
failure may include any of the following findings: (1) intermittent or persistent
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neutropenia (absolute neutrophil count <1500/mL) documented at least three times
over a minimum of 3 months without an apparent cause; (2) hypoproductive anemia
with a hemoglobin concentration below the age-related adjusted norms; (3) unexplained macrocytosis; (4) platelet count less than 150,000/mL without alternative
etiology; or (5) hypocellular bone marrow. Aplastic anemia, MDS, or leukemia may
be the presenting hematologic abnormality of a patient with underlying SDS. Additional supportive features include skeletal abnormalities, hepatomegaly with or
without elevated serum aminotransferase levels, and immunologic abnormalities.
Box 1 provides a suggested evaluation pathway for SDS. SBDS genetic testing
provides corroborative data in a patient who has been clinically diagnosed with
SDS and allows genetic testing to identify affected family members. Up to 10% of
patients with clinical features of SDS lack SBDS mutations; the absence (negative
test) of the SBDS gene mutation does not rule out the diagnosis.1 It is presently not
known whether patients lacking SBDS mutations have mutations in an additional as
yet unidentified gene for SDS or if they represent a separate distinct disorder. The clinical implications of SBDS genetic testing in the diagnosis of patients with SDS has yet
to be defined, particularly for those patients who are asymptomatic and lack clinical
manifestations of SDS and in those who do not have a positive family history.
Clinical Management
Hematology

All patients with SDS should be monitored by a hematologist. The general recommendation from a clinical consensus conference is to monitor peripheral blood counts for
cytopenias every 3 to 4 months.61 Marrow evaluation with aspirate and biopsy
including cytogenetics to assess for marrow cellularity, MDS, acute leukemia, or other
clonal disease is recommended on a yearly basis or more often if clinically indicated.61
Such regular monitoring allows timely institution of therapy before the development of
clinical complications. HCT before the development of overt leukemia is associated
with better outcomes.
For those neutropenic patients with recurrent or severe infections, granulocyte
colony–stimulating factor may be considered. Data regarding malignant myeloid
transformation into MDS or AML in SDS patients on granulocyte colony–stimulating
factor therapy are inconclusive; however, there is no strong evidence that links granulocyte colony–stimulating factor directly to leukemic conversion.62 Therefore, granulocyte colony–stimulating factor should not be withheld if clinically indicated to treat
infection or to prevent recurrent bacterial or fungal infections.
Gastroenterology

Patients with SDS should also be followed by a gastroenterologist for management of
exocrine pancreatic insufficiency. Most patients require oral pancreatic enzyme
supplementation. Steatorrhea, however, resolves in roughly 50% of patients; assessment of continued need for pancreatic enzyme supplementation is indicated.
Measurement of the fat-soluble vitamins A, D, E, and K should occur with appropriate
supplementation as indicated. An abnormal prothrombin time may be a useful marker
of vitamin K deficiency.
Skeletal

Data are lacking on the role of bisphosphonates in patients with SDS. Measures to
maximize bone density should be implemented including adequate calcium and
vitamin D intake, and weight-bearing exercises. In addition, it is important to screen
for and correct any underlying endocrine problems that may contribute to osteopenia,
such as hypothyroidism or hypoparathyroidism.
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Box 1
Recommended work-up for patients with SDS
Diagnostic studies
Marrow function
Peripheral blood count with smear, mean corpuscular volume
Reticulocyte count
Bone marrow aspirate and biopsy: pathologic review and cytogenetics, iron stain
Exocrine pancreatic function
Trypsinogen (age <3 y) or serum pancreatic isoamylase (age >3 y)
72-hour fecal fat measurement, fecal elastase
 Endoscopic pancreatic stimulation testing
Vitamin A, D, E, and K levels
Genetic testing
SBDS mutation analysis
Supportive studies
Liver function
Alanine transaminase, aspartate transaminase, g-glutamyltransferase, albumin,
prealbumin, prothrombin time
Immune work-up
Immunoglobulin levels (IgA, IgG, IgM)
T- and B-lymphocyte subset analysis
Additional work-up as clinically indicated
Radiologic work-up
Pancreatic imaging
Radiographic evaluation for skeletal abnormalities, in particular metaphyseal dysostosis or
thoracic dystrophies
Echocardiogram if clinically indicated
Consultations
Hematology
Gastroenterology
Endocrinology
Genetics
Developmental assessment
Dental evaluation

Treatment: Hematopoietic Cell Transplantation

The primary causes of death in infancy are related to malabsorption, infections, and
thoracic dystrophy. In older patients, the main causes of death are hemorrhage and
infections caused by associated hematologic abnormalities, such as marrow aplasia,
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neutropenia, MDS, or acute leukemia. Supportive measures include transfusions,
pancreatic enzymes, antibiotics, and granulocyte colony–stimulating factor. The
only definitive therapy for marrow failure, MDS, or leukemia is HCT.
Because of the rarity of this disease, the literature on HCT for patients with SDS
consists primarily of case reports including various conditioning regimens, donor
types, and stem cell sources.38,40,63–71 Poor outcomes have been reported following
HCT because of graft failure or rejection, transplant-related toxicities, and relapsed
leukemia. Significant cardiac and other organ toxicities have been described that
are believed to be caused by exacerbation of the underlying organ dysfunction by
the intensive preparative regimens.
Recently, several groups have published on larger cohorts of patients, which enable
more meaningful analysis. Cesaro and colleagues72 reported 26 patients with SDS
from the European Group for Blood and Bone Marrow Transplantation registry given
HCT for treatment of severe aplastic anemia (N 5 16); MDS-AML (N 5 9); or other
diagnosis (N 5 1; Table 1). Various preparative regimens were used; however, most
included either busulfan (54%) or total body irradiation (23%) followed by an HLAmatched sibling (N 5 6), mismatched family (N 5 1), or unrelated graft (N 5 19).
Most patients were given in vitro (N 5 4) or in vivo (N 5 17) T-cell depleted marrow
grafts. Graft failure occurred in five (19%) patients, and the incidence of grade III to
IV acute and chronic graft-versus-host disease were 24% and 29%, respectively.
With a median follow-up of 1.1 years, overall survival was 65%. Deaths were primarily
caused by infections with or without graft-versus-host disease (N 5 5) or major organ
toxicities (N 5 3). The analysis suggested that presence of MDS-AML or use of total
body irradiation–based conditioning regimens were factors associated with poor
outcome.
Donadieu and colleagues39 published French neutropenia registry data that
included 10 patients with SDS who received HCT for marrow failure (N 5 5) or
MDS-leukemia (N 5 5). Patients were conditioned with busulfan-cyclophosphamide
(N 5 6) with or without antithymocyte globulin or total body irradiation plus chemotherapy (N 5 4) followed by HLA-matched sibling (N 5 4) or unrelated (N 5 6) marrow
grafts. With a median follow-up for surviving patients of 6.9 years, the 5-year overall
survival was 60%. Marrow engraftment occurred in eight patients. Two patients
died before engraftment because of infections in the setting of grade IV graftversus-host disease and multiorgan dysfunction, and two patients died 10 and 19
months after HCT because of relapse and transplant-related toxicity, respectively.
The authors note that although the number of patients was small, mortality among
patients with MDS-leukemia seemed to be higher than among those with marrow
failure. The authors speculated that older age and associated increased comorbidities
might also contribute to higher mortality following HCT for patients with MDSleukemia.
Recently, two groups reported results of reduced-intensity preparative regimens
that spared cyclophosphamide and total body irradiation. Sauer and colleagues73
reported three patients who received conditioning with fludarabine, treosulfan
(a busulfan analog), and melphalan with or without Campath-1H (N 5 2) or rabbit antithymocyte globulin (N 5 1) followed by a HLA-identical sibling (N 5 1) and matchedunrelated (N 5 1) marrow graft or a 9 of 10 matched cord blood graft (N 5 1).
Patients received HCT because of pancytopenia (N 5 2) or pancytopenia-MDS
(N 5 1). With a follow-up of 9 and 20 months, two patients are alive. One patient
who received a cord blood graft died 98 days after HCT of idiopathic pneumonitis
syndrome. Bhatla and colleagues74 reported seven patients conditioned with
Campath-1H, fludarabine, and melphalan followed by HLA-matched related marrow
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Table 1
Summary of recent publications for patients who have Shwachman-Diamond syndrome using HCT
Donor
Source (N)

Bu based (14)
TBI based (6)
Flu (4)
Others (2)

Sibling (6)
BM (21)
PBSC (3)
URD (19)
Other family (1)
CB (2)
T-cell depleted (21)

10.3
(1.2–26.8)

Bu/CY (3)
1 ATG (3)
TBI/CY (3)
TBI/Mel (1)

Sibling (4)
URD (6)
T-cell depleted (2)

BM (10)

11.2
(1.1–27.7)

Flu/Treo/Mel
Sibling (1)
1 Campath- URD (2)
1H (2)
1 ATG (1)

BM (2)
CB (1)

9.6
(1.5–17)

Campath-1H/
Flu/Mel (7)

BM (4)
8
PBSC (2)
(1–29)
BM 1 CB (1)

Sibling (4)
URD (3)

Stem Cell
Source (N)

Median
Age at
HCT (y)

Conditioning
Regimen (N)

GVHD
Prophylaxis
(N)

Acute
GVHD
Grade (N)

21/26 (81%)

CSP/MTX (14)
Other (6)
Not
specified (6)

I–IV:
4/14 (29%) 35.5%
15 (71%)
eligible
(1 y)
III–IV:
5/21 (24%)

64.5% 1.1
(0.05–16.2)

72

8/10a

CSP/MTX (5)
CSP/MTX/
Steroids (2)
Other (3)

II (3)/IV (3)

2/10

3/10

60%
(5 y)
EFS

7.6
(3.9–16.9)

39

3/3

CSP/MTX (2)
CSP/MMF (1)

II (1)

NR

1/3

2/3

2
1.3b

73

7/7

CSP/MTX (6)
II (1)
CSP/steroids (1)

NR

0/7

100%

1.5
(0.3–2.5)

74

Engraftment
(N)

cGVHD

TRM

OS

Median
f/(y)

Ref

Abbreviations: ATG, antithymocyte globulin; Bu, busulfan; BM, bone marrow; CB, cord blood; cGVHD, chronic graft-versus-host-disease; CSP, cyclosporine; CY,
cyclophosphamide; EFS, event-free survival; Flu, fludarabine; f/u, follow-up; HCT, hematopoietic cell transplantation; Mel, melphalan; MMF, mycophenolate mofetil; MTX, methotrexate; NR, not reported; OS, overall survival; PBSC, peripheral blood stem cells; Pt, patient; TBI, total body irradiation; Treo, treosulfan; TRM,
transplant-related mortality; URD, unrelated donor.
a
Two patients died before engraftment.
b
Follow-up of two living patients.
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(N 5 4) or unrelated peripheral blood stem cell (N 5 2) or marrow (N 5 1) grafts.
Patients underwent HCT because of worsening cytopenias with increasing transfusion
dependence (N 5 5) and/or the appearance of clonal hematopoiesis (N 5 6). With
a median follow-up of 548 days (range, 93–920), all patients are alive with full donor
engraftment. Viral infections were observed in four patients following HCT, likely
related to the Campath-1H.
The rarity of the disease combined with an apparent lack of correlation between
genotype and phenotype have contributed to the controversy on the role and optimal
timing of HCT. A major challenge is identifying those patients who are at risk for MDS
or leukemia development. SDS patients with leukemia have been treated with conventional chemotherapy alone; however, some patients fail to regenerate normal hematopoiesis or die from toxicities related to the chemotherapy given. As a result, HCT is the
only definitive treatment for patients with bone marrow failure, MDS, or leukemia;
however, it seems that patients with SDS may be at increased risk for transplantrelated mortality. It is unclear whether the increased transplant-related mortality is
related to complications of the underlying organ dysfunction or caused by an as yet
undetermined genetically mediated susceptibility to certain conditioning agents. As
a result, there is no clear consensus on when a patient with SDS should undergo HCT.
HCT studies for treatment of other genetic diseases, such as Wiskott-Aldrich
syndrome and sickle cell disease, clearly show benefit when HCT is performed at
a younger age, presumably because younger patients are healthier. SDS patients
with MDS or leukemia at time of HCT seem to have worse outcomes compared
with those with bone marrow failure alone. Thus, it seems reasonable that transplant
be performed before complications of SDS develop.
Indications for HCT include severe persistent or symptomatic cytopenia; MDS with
excess blasts (5%–20%); and overt leukemia with high-risk features. Particularly in the
era of better supportive care and reduced-intensity conditioning regimens, one should
consider HCT for those patients with AML and high-risk characteristics including
evolution from MDS or abnormal cytogenetics, such as monosomy 7 (-7), monosomy
5 (-5), deletion of q arm of chromosome 5 (del5q), or complex cytogenetics with
multiple cytogenetic abnormalities. In addition, molecular alterations including internal
tandem duplication of the FLT3 gene (FLT3/ITD), a gene involved in regulation of stem
cell differentiation, should also be considered. AML-like treatment has not been shown
to provide a curative treatment approach for patients with MDS, and HCT remains the
treatment of choice for clinically significant MDS. In general, there is a significant
survival benefit when HCT is performed at an earlier phase of disease.75 For those
patients with marrow failure alone, the indications for HCT may include severe persistent or symptomatic cytopenias or a history of frequent life-threatening infections
secondary to intractable neutropenia. These general guidelines, however, need to
take into consideration donor source and histocompatibility.
SUMMARY

SDS is a rare autosomal-recessive multisystem disorder with varying phenotypic
presentation. The identification of the SBDS gene has greatly expanded diagnostic
capabilities; however, mechanistic and biologic studies defining SBDS gene function
are needed to advance understanding of the molecular pathogenesis of marrow failure
and leukemia. To date, studies have not shown any correlation between hematologic
or skeletal phenotype and the SBDS genotype.30,76 The complete clinical phenotype,
natural history, and risk factors associated with the development of future complications, such as aplastic anemia, MDS, or leukemia, need to be elucidated to better
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determine the optimal timing of therapeutic intervention. Collaborative efforts are
currently underway to develop a longitudinal data registry and tissue repository specifically for patients with SDS for clinical and scientific studies. Equally important is the
development of clinical trials addressing pertinent clinical challenges, such as optimal
HCT regimens. These efforts will advance the ability to diagnose and better treat
patients with SDS.

REFERENCES

1. Boocock GR, Morrison JA, Popovic M, et al. Mutations in SBDS are associated
with Shwachman-Diamond syndrome. Nat Genet 2003;33:97–101.
2. Smith OP, Hann IM, Chessells JM, et al. Haematological abnormalities in Shwachman-Diamond syndrome. Br J Haematol 1996;94:279–84.
3. Mack DR, Forstner GG, Wilschanski M, et al. Shwachman syndrome: exocrine
pancreatic dysfunction and variable phenotypic expression. Gastroenterology
1996;111:1593–602.
4. Aggett PJ, Cavanagh NP, Matthew DJ, et al. Shwachman’s syndrome: a review of
21 cases. Arch Dis Child 1980;55:331–47.
5. Cipolli M, D’Orazio C, Delmarco A, et al. Shwachman’s syndrome: pathomorphosis and long-term outcome. J Pediatr Gastroenterol Nutr 1999;29:265–72.
6. Lesesve JF, Dugue F, Gregoire MJ, et al. Shwachman-Diamond syndrome with
late-onset neutropenia and fatal acute myeloid leukaemia without maturation:
a case report. Eur J Haematol 2003;71:393–5.
7. Woods WG, Krivit W, Lubin BH, et al. Aplastic anemia associated with the
Shwachman syndrome: in vivo and in vitro observations. Am J Pediatr Hematol
Oncol 1981;3:347–51.
8. Woods WG, Roloff JS, Lukens JN, et al. The occurrence of leukemia in patients
with the Shwachman syndrome. J Pediatr 1981;99:425–8.
9. Dror Y, Squire J, Durie P, et al. Malignant myeloid transformation with isochromosome 7q in Shwachman-Diamond syndrome. Leukemia 1998;12:1591–5.
10. Donadieu J, Leblanc T, Bader MB, et al. Analysis of risk factors for myelodysplasias, leukemias and death from infection among patients with congenital neutropenia. Experience of the French Severe Chronic Neutropenia Study Group.
Haematologica 2005;90:45–53.
11. Dror Y. Shwachman-Diamond syndrome. Pediatr Blood Cancer 2005;45:892–901
[review].
12. Dror Y, Durie P, Ginzberg H, et al. Clonal evolution in marrows of patients with
Shwachman-Diamond syndrome: a prospective 5-year follow-up study. Exp
Hematol 2002;30:659–69.
13. Maserati E, Minelli A, Pressato B, et al. Shwachman syndrome as mutator phenotype responsible for myeloid dysplasia/neoplasia through karyotype instability
and chromosomes 7 and 20 anomalies. Genes Chromosomes Cancer 2006;45:
375–82.
14. Dror Y, Freedman MH. Shwachman-Diamond syndrome marrow cells show
abnormally increased apoptosis mediated through the Fas pathway. Blood
2001;97:3011–6.
15. Austin KM, Gupta ML, Coats SA, et al. Mitotic spindle destabilization and genomic
instability in Shwachman-Diamond syndrome. J Clin Invest 2008;118:1511–8.
16. Grinspan ZM, Pikora CA. Infections in patients with Shwachman-Diamond
syndrome. Pediatr Infect Dis J 2005;24:179–81 [review].

Author's personal copy

Shwachman-Diamond Syndrome

17. Aggett PJ, Harries JT, Harvey BA, et al. An inherited defect of neutrophil mobility
in Shwachman syndrome. J Pediatr 1979;94:391–4.
18. Dror Y, Ginzberg H, Dalal I, et al. Immune function in patients with ShwachmanDiamond syndrome. Br J Haematol 2001;114:712–7.
19. Stepanovic V, Wessels D, Goldman FD, et al. The chemotaxis defect of Shwachman-Diamond syndrome leukocytes. Cell Motil Cytoskeleton 2004;57:158–74.
20. Rothbaum RJ, Williams DA, Daugherty CC. Unusual surface distribution of
concanavalin A reflects a cytoskeletal defect in neutrophils in Shwachman’s
syndrome. Lancet 1982;2:800–1.
21. Kornfeld SJ, Kratz J, Diamond F, et al. Shwachman-Diamond syndrome associated with hypogammaglobulinemia and growth hormone deficiency. J Allergy
Clin Immunol 1995;96:247–50.
22. Ip WF, Dupuis A, Ellis L, et al. Serum pancreatic enzymes define the pancreatic
phenotype in patients with Shwachman-Diamond syndrome. J Pediatr 2002;141:
259–65.
23. Toiviainen-Salo S, Raade M, Durie PR, et al. Magnetic resonance imaging
findings of the pancreas in patients with Shwachman-Diamond syndrome and
mutations in the SBDS gene. J Pediatr 2008;152:434–6.
24. Maki M, Sorto A, Hallstrom O, et al. Hepatic dysfunction and dysgammaglobulinaemia in Shwachman-Diamond syndrome. Arch Dis Child 1978;53:693–4.
25. Ginzberg H, Shin J, Ellis L, et al. Shwachman syndrome: phenotypic manifestations of sibling sets and isolated cases in a large patient cohort are similar.
J Pediatr 1999;135:81–8.
26. Bodian M, Sheldon W, Lightwood R. Congenital hypoplasia of the exocrine
pancreas. Acta Paediatr 1964;53:282–93.
27. Brueton MJ, Mavromichalis J, Goodchild MC, et al. Hepatic dysfunction in association with pancreatic insufficiency and cyclical neutropenia. Shwachman-Diamond syndrome. Arch Dis Child 1977;52:76–8.
28. Bunin N, Leahey A, Dunn S. Related donor liver transplant for veno-occlusive
disease following T-depleted unrelated donor bone marrow transplantation.
Transplantation 1996;61:664–6.
29. Danks DM, Haslam R, Mayne V, et al. Metaphyseal chondrodysplasia, neutropenia, and pancreatic insufficiency presenting with respiratory distress in the
neonatal period. Arch Dis Child 1976;51:697–702.
30. Makitie O, Ellis L, Durie PR, et al. Skeletal phenotype in patients with ShwachmanDiamond syndrome and mutations in SBDS. Clin Genet 2004;65:101–12.
31. Toiviainen-Salo S, Mayranpaa MK, Durie PR, et al. Shwachman-Diamond
syndrome is associated with low-turnover osteoporosis. Bone 2007;41:965–72.
32. Savilahti E, Rapola J. Frequent myocardial lesions in Shwachman’s syndrome:
eight fatal cases among 16 Finnish patients. Acta Paediatr Scand 1984;73:
642–51.
33. Sacrez R, Klein F, Hoffmann B, et al. [Hypoplasia of exocrine pancreas: associated myoendocardial fibrosis in 1 of 2 brothers]. Ann Pediatr (Paris) 1969;16:
43–8 [in French].
34. Nivelon JL, Michiels R, Martres-Lassauniere MN, et al. [Myocardial fibrosis in
Shwachman’s syndrome: pathogenic discussion of cardiac complications].
Pediatrie 1978;33:461–9 [French].
35. Nezelof C, LeSec G. Multifocal myocardial necrosis and fibrosis in pancreatic
diseases of children. Pediatrics 1979;63:361–8.
36. Graham AR, Walson PD, Paplanus SH, et al. Testicular fibrosis and cardiomegaly
in Shwachman’s syndrome. Arch Pathol Lab Med 1980;104:242–4.

245

246

Burroughs et al

Author's personal copy

37. Toiviainen-Salo S, Pitkanen O, Holmstrom M, et al. Myocardial function in patients
with Shwachman-Diamond syndrome: aspects to consider before stem cell transplantation. Pediatr Blood Cancer 2008;51:461–7.
38. Fleitz J, Rumelhart S, Goldman F, et al. Successful allogeneic hematopoietic stem
cell transplantation (HSCT) for Shwachman-Diamond syndrome. Bone Marrow
Transplant 2002;29:75–9 [review].
39. Donadieu J, Michel G, Merlin E, et al. Hematopoietic stem cell transplantation for
Shwachman-Diamond syndrome: experience of the French neutropenia registry.
Bone Marrow Transplant 2005;36:787–92.
40. Tsai PH, Sahdev I, Herry A, et al. Fatal cyclophosphamide-induced congestive
heart failure in a 10-year-old boy with Shwachman-Diamond syndrome and
severe bone marrow failure treated with allogeneic bone marrow transplantation.
Am J Pediatr Hematol Oncol 1990;12:472–6 [erratum appears in Am J Pediatr
Hematol Oncol 1991 Summer;13(2):248].
41. Raj AB, Bertolone SJ, Barch MJ, et al. Chromosome 20q deletion and progression to monosomy 7 in a patient with Shwachman-Diamond syndrome without
MDS/AML. J Pediatr Hematol Oncol 2003;25:508–9.
42. Goobie S, Popovic M, Morrison J, et al. Shwachman-Diamond syndrome with
exocrine pancreatic dysfunction and bone marrow failure maps to the centromeric region of chromosome 7. Am J Hum Genet 2001;68:1048–54.
43. Austin KM, Leary RJ, Shimamura A. The Shwachman-Diamond SBDS protein
localizes to the nucleolus. Blood 2005;106:1253–8.
44. Woloszynek JR, Rothbaum RJ, Rawls AS, et al. Mutations of the SBDS gene are
present in most patients with Shwachman-Diamond syndrome. Blood 2004;104:
3588–90.
45. Zhang S, Shi M, Hui CC, et al. Loss of the mouse ortholog of the Shwachman-Diamond syndrome gene (Sbds) results in early embryonic lethality. Mol Cell Biol
2006;26:6656–63.
46. Dror Y, Freedman MH. Shwachman-Diamond syndrome: an inherited preleukemic bone marrow failure disorder with aberrant hematopoietic progenitors and
faulty marrow microenvironment. Blood 1999;94:3048–54.
47. Elghetany MT, Alter BP. p53 protein overexpression in bone marrow biopsies of
patients with Shwachman-Diamond syndrome has a prevalence similar to that
of patients with refractory anemia. Arch Pathol Lab Med 2002;126:452–5.
48. Rawls AS, Gregory AD, Woloszynek JR, et al. Lentiviral-mediated RNAi inhibition
of Sbds in murine hematopoietic progenitors impairs their hematopoietic potential. Blood 2007;110:2414–22.
49. Venkatasubramani N, Mayer AN. A zebrafish model for the Shwachman-Diamond
syndrome (SDS). Pediatr Res 2008;63:348–52.
50. Shammas C, Menne TF, Hilcenko C, et al. Structural and mutational analysis of
the SBDS protein family: insight into the leukemia-associated Shwachman-Diamond Syndrome. J Biol Chem 2005;280:19221–9.
51. Savchenko A, Krogan N, Cort JR, et al. The Shwachman-Bodian-Diamond syndrome
protein family is involved in RNA metabolism. J Biol Chem 2005;280:19213–20.
52. Ganapathi KA, Austin KM, Lee CS, et al. The human Shwachman-Diamond
syndrome protein, SBDS, associates with ribosomal RNA. Blood 2007;110:
1458–65.
53. Hesling C, Oliveira CC, Castilho BA, et al. The Shwachman-Bodian-Diamond
syndrome associated protein interacts with HsNip7 and its down-regulation
affects gene expression at the transcriptional and translational levels. Exp Cell
Res 2007;313:4180–95.

Author's personal copy

Shwachman-Diamond Syndrome

54. Menne TF, Goyenechea B, Sanchez-Puig N, et al. The Shwachman-Bodian-Diamond syndrome protein mediates translational activation of ribosomes in yeast.
Nat Genet 2007;39:486–95.
55. Basu U, Si K, Warner JR, et al. The Saccharomyces cerevisiae TIF6 gene encoding translation initiation factor 6 is required for 60S ribosomal subunit biogenesis.
Mol Cell Biol 2001;21:1453–62.
56. Ceci M, Gaviraghi C, Gorrini C, et al. Release of eIF6 (p27BBP) from the 60S
subunit allows 80S ribosome assembly. Nature 2003;426:579–84.
57. Senger B, Lafontaine DL, Graindorge JS, et al. The nucle(ol)ar Tif6p and Efl1p are
required for a late cytoplasmic step of ribosome synthesis. Mol Cell 2001;8:
1363–73.
58. Ganem NJ, Storchova Z, Pellman D. Tetraploidy, aneuploidy and cancer. Curr
Opin Genet Dev 2007;17:157–62 [Review] [52 refs].
59. Grisendi S, Bernardi R, Rossi M, et al. Role of nucleophosmin in embryonic development and tumorigenesis. Nature 2005;437:147–53.
60. Oeffinger M, Fatica A, Rout MP, et al. Yeast Rrp14p is required for ribosomal
subunit synthesis and for correct positioning of the mitotic spindle during mitosis.
Nucleic Acids Res 2007;35:1354–66.
61. Rothbaum R, Perrault J, Vlachos A, et al. Shwachman-Diamond syndrome: report
from an international conference. J Pediatr 2002;141:266–70 (review).
62. Rosenberg PS, Alter BP, Bolyard AA, et al. The incidence of leukemia and
mortality from sepsis in patients with severe congenital neutropenia receiving
long-term G-CSF therapy. Blood 2006;107:4628–35.
63. Hsu JW, Vogelsang G, Jones RJ, et al. Bone marrow transplantation in Shwachman-Diamond syndrome. Bone Marrow Transplant 2002;30:255–8 (case report).
64. Vibhakar R, Radhi M, Rumelhart S, et al. Successful unrelated umbilical cord
blood transplantation in children with Shwachman-Diamond syndrome. Bone
Marrow Transplant 2005;36:855–61.
65. Mitsui T, Kawakami T, Sendo D, et al. Successful unrelated donor bone marrow
transplantation for Shwachman-Diamond syndrome with leukemia. Int J Hematol
2004;79:189–92 (review).
66. Park SY, Chae MB, Kwack YG, et al. Allogeneic bone marrow transplantation in
Shwachman-Diamond syndrome with malignant myeloid transformation: a case
report. Korean J Intern Med 2002;17:204–6.
67. Faber J, Lauener R, Wick F, et al. Shwachman-Diamond syndrome: early bone
marrow transplantation in a high risk patient and new clues to pathogenesis.
Eur J Pediatr 1999;158:995–1000 (review).
68. Okcu F, Roberts WM, Chan KW. Bone marrow transplantation in Shwachman-Diamond syndrome: report of two cases and review of the literature. Bone Marrow
Transplant 1998;21:849–51 [review].
69. Smith OP, Chan MY, Evans J, et al. Shwachman-Diamond syndrome and
matched unrelated donor BMT. Bone Marrow Transplant 1995;16:717–8.
70. Barrios N, Kirkpatrick D, Regueira O, et al. Bone marrow transplant in Shwachman Diamond syndrome. Br J Haematol 1991;79:337–8.
71. Arseniev L, Diedrich H, Link H. Allogeneic bone marrow transplantation in
a patient with Shwachman-Diamond syndrome. Ann Hematol 1996;72:83–4.
72. Cesaro S, Oneto R, Messina C, et al. Haematopoietic stem cell transplantation for
Shwachman-Diamond disease: a study from the European Group for Blood and
Marrow Transplantation. Br J Haematol 2005;131:231–6.
73. Sauer M, Zeidler C, Meissner B, et al. Substitution of cyclophosphamide and
busulfan by fludarabine, treosulfan and melphalan in a preparative regimen for

247

248

Burroughs et al

Author's personal copy

children and adolescents with Shwachman-Diamond syndrome. Bone Marrow
Transplant 2007;39:143–7.
74. Bhatla D, Davies SM, Shenoy S, et al. Reduced-intensity conditioning is effective
and safe for transplantation of patients with Shwachman-Diamond syndrome.
Bone Marrow Transplant 2008;42:159–65.
75. Yusuf U, Frangoul HA, Gooley TA, et al. Allogeneic bone marrow transplantation
in children with myelodysplastic syndrome or juvenile myelomonocytic leukemia:
the Seattle experience. Bone Marrow Transplant 2004;33:805–14.
76. Kuijpers TW, Alders M, Tool AT, et al. Hematologic abnormalities in Shwachman
Diamond syndrome: lack of genotype-phenotype relationship. Blood 2005;106:
356–61.

