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BACKGROUND AND OBJECTIVES: Shwachman Diamond syndrome (SDS) is an inherited bone marrow failure syndrome (IBMFS)
associated with pancreatic insufficiency, neutropenia, and skeletal dysplasia. Biallelic pathogenic variants (PV) in SBDS account for
>90% of SDS. We hypothesized that the SDS phenotype varies based on genotype and conducted a genotype-phenotype
correlation study to better understand these complexities.
METHODS:We reviewed records of all patients with SDS or SDS-like syndromes in the National Cancer Institute’s (NCI) IBMFS study.
Additional published SDS cohorts were reviewed and compared with the NCI cohort.
RESULTS: PVs in SBDS were present in 32/47 (68.1%) participants. Biallelic inheritance of SBDS c.258+ 2T > C and c.183_184TA > CT
was the most common genotype in our study (25/32, 78.1%) and published cohorts. Most patients had the SDS hallmark features of
neutropenia (45/45, 100%), pancreatic insufficiency (41/43, 95.3%), and/or bony abnormalities (29/36, 80.6%). Developmental delay
was common (20/34, 58.8%). Increased risk of hematologic malignancies at young ages and the rarity of solid malignancies was
observed in both the NCI cohort and published studies.
CONCLUSIONS: SDS is a complex childhood illness with a narrow genotypic spectrum. Patients may first present to primary care,
gastroenterology, orthopedic, and/or hematology clinics. Coordinated multidisciplinary care is important for diagnosis and patient
management.
CLINICAL TRIAL REGISTRATION: ClinicalTrials.gov Identifier: NCT00027274.
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IMPACT:

● The clinical and genetic spectrum of Shwachman Diamond Syndrome was comprehensively evaluated, and the findings
illustrate the importance of a multidisciplinary approach for these complex patients.

● Our work reveals:

1. a narrow genotypic spectrum in SDS;
2. a low risk of solid tumors in patients with SDS;
3. patients with SDS have clinical manifestations in multiple organ systems

INTRODUCTION
Shwachman Diamond syndrome (SDS) is an inherited bone
marrow failure syndrome (IBMFS) characterized by three hallmark
features: neutropenia, exocrine pancreatic insufficiency, and bony
abnormalities.1–4 Failure to thrive and gastrointestinal (GI) compli-
cations, such as steatorrhea and malabsorption, are commonly
observed and occur secondary to exocrine pancreatic insufficiency
and associated nutritional difficulties. Patients often experience a
long and complicated diagnostic journey seeing multiple providers
before a conclusive diagnosis is made. Patients with SDS are

frequently evaluated for cystic fibrosis, celiac disease, Crohn’s
disease, and other diseases prior to suspicion of SDS because the
clinical presentation can vary widely and it is often under-
recognized.5 Recognition of SDS by pediatric providers is critical
for patient identification and management.
Patients with SDS often experience recurrent infections due to

neutropenia and in some patients hypogammaglobulinemia.1

Other common complications include eczematous skin rashes,
failure to thrive, and mild-severe developmental delay.1 The
spectrum of developmental delay and other psychological
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diagnoses are becoming more widely recognized in patients with
SDS.6–10 There is also a high lifetime risk of cancer, particularly
hematological malignancies such as myelodysplastic syndrome
(MDS) and acute myeloid leukemia (AML).1

Between 90 and 95% of patients with SDS have autosomal
recessive (AR) disease with pathogenic variants (PV) in the
Shwachman Bodian Diamond Syndrome (SBDS) gene located on
chromosome 7.1,11 The most common variants in SBDS are the
splice site variant, c.258+ 2T > C, and a two-base pair inversion
variant involving the SBDS pseudogene, c.183_184TA > CT.1 Boo-
cock et al.12 established in a cohort of 158 families of which 89%
of patients had at least one allele as a result of the gene
conversion with the pseudogene, and 60% of patients had at least
two of these converted alleles (the cis/trans orientation of the
alleles were not determined). These authors noted that 50% of
families in that cohort were compound heterozygotes for c.258+
2T > C and c.183_184TA > CT. Patients who are homozygous for
the c.183_184TA > CT have not been identified, implying that
some partial SBDS function is required for life, and this
observation holds true in several model organisms.11 Individuals
with homozygous inheritance of c.258+ 2T > C have been
identified, as well, patients with homozygous c.258+ 2T > C with
a c.183_184TA > CT allele.12 Other genes associated with an SDS-
like phenotype include EFL1 (AR), DNAJC21 (AR), and SRP54
(autosomal dominant).13–19 A small percentage of patients with an
SDS phenotype have no identifiable genetic cause.5,11

The SBDS protein plays a crucial role in many cellular processes
including maturation of the 60S ribosomal subunit, stromal micro-
environment maintenance, mitosis, and DNA repair.20–25 Specifically,
SBDS cooperates with EFL1 to catalyze the removal of eIF6 from the
pre-60S subunit. This mechanism requires GTP binding and hydrolysis
of EFL1, resulting in the release of eIF6. Release of eIF6 is essential for
the assembly of the 80S ribosomal subunit.20,26 This process can be
inhibited by decreased GTP-ase signaling activity in the presence of
SRP54 variants.14,20 SBDS loss leads to accumulation of 40S and 60S
subunits in the cytoplasm and fewer 80S are assembled.27 Similarly,

DNAJC21 is associated with ribosome biogenesis and the release of
maturation factors required for 80S formation.28,29 Decreased levels of
the SBDS protein have been shown to contribute to chromosomal
instability at the mitotic spindle during mitosis in addition to
negatively affecting the DNA repair mechanism.23–25

To better understand the complexities of SDS, we conducted a
genotype-phenotype correlation study comparing patients with
the common PVs SBDS c.258+ 2T > C and c.183_184TA > CT with
all other cases of SDS in the National Cancer Institute’s (NCI) IBMFS
cohort study. We hypothesized that genotype-phenotype correla-
tions may occur in SDS, similar to observations reported in other
IBMFS.30 We asked whether the clinical features of SDS are
different in patients with the rarer variants compared with the
most common combination of the biallelic SBDS PVs, c.258+ 2T >
C and c.183_184TA > CT.31–34 We also reviewed published cohorts
and compared data across cohorts.5,35–39

METHODS
Participants
The IBMFS study at the NCI is an ongoing natural history and retrospective/
prospective longitudinal cohort study approved by the NCI Institutional
Review Board with more than 500 families enrolled (www.marrowfailure.
cancer.gov, ClinicalTrials.gov Identifier: NCT00027274).3,40 Affected indivi-
duals and their unaffected family members complete detailed family history
and medical history questionnaires. Fifty-nine families with SDS or an SDS-
like phenotype are currently enrolled. Forty-two families with 47 affected
participants with SDS were included in this genotype-phenotype correla-
tion study. SDS was defined as neutropenia plus pancreatic insufficiency
with positive genetic testing or negative/absent genetic testing. Seven
participants from five families were grouped as SDS-like. These patients
had suspicion of SDS by the referring provider and a phenotype suggestive
of the disease but did not meet full SDS criteria. SDS-like patients had a
hypocellular bone marrow but negative/absent genetic testing with either
neutropenia or pancreatic insufficiency (Fig. 1). SDS-like participants were
not included in the genotype-phenotype correlation study, but clinical data
was extracted and reviewed (Supplementary Tables 1 and 2). Clinical data
of twelve families were excluded from this report due to missing or

Suspicion of SDS (N = 54)
with a combination of

Hallmark features

+ Hypocellular bone
marrow

SDS-likea

(N = 7)

Pancreatic insufficiency
AND neutropenia

(+/- skeletal dysplasia)
(N = 47)

Pancreatic insufficiency
OR neutropenia

(+/- skeletal dysplasia)
(N = 7)

Genetic testing

Positive

SDS (N = 32)

Negative
(N = 11)

No samples
available (N = 4)

SDS with unknown
genetic cause (N = 15)

Fig. 1 Classification scheme of patients with suspected SDS in NCI IBMFS cohort. Genetic testing methods included whole exome
sequencing, targeted long-read PacBio sequencing of SBDS, EFL1, DNAJC21, and SRP54, or low-pass long-read whole genome sequencing.
aSDS-like participants did not have available samples for sequencing and/or external negative genetic testing results.
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insufficient data. For the purposes of this study, negative genetic testing
was defined as an absence of germline pathogenic variant(s) in all the
known SDS genes (SBDS, EFL1, DNAJC21, and SRP54).

Clinical data extraction
We reviewed medical records including, but not limited to, clinic notes and
laboratory, pathology and radiology reports. We relied on self-reported
information and medical records from participants. We used a compre-
hensive data collection process, and all organ systems were included in the
medical record review. Date of SDS or SDS-like diagnosis was based on
physician report when available. The genetic testing report date was used
to establish a date of diagnosis if no earlier medical records were available.
The age at last follow-up was obtained for all subjects with the date of
death serving as the age at last follow-up for those who were deceased.
Laboratory values at diagnosis and the most recently reported values as

of October 31, 2020 or last follow-up were extracted. At both time points,
absolute neutrophil count (ANC), platelet count, white blood cell count,
hemoglobin, and mean corpuscular volume data were evaluated.
Neutropenia was defined by an ANC of less than 1500 cells/μL,
thrombocytopenia by a platelet count of less than 150,000 cells/μL, and
anemia by a hemoglobin level of less than 10 g/dL. Participants with severe
bone marrow failure requiring hematopoietic cell transplantation (HCT)
and those with malignancies had additional laboratory and system
evaluations. The following laboratory evaluations were used to determine
pancreatic insufficiency: fecal elastase, serum trypsinogen, pancreatic
isoamylase, and 72-h fecal fat levels (normal values were based on
reference standards set by Ip et al.).41 For this study, severe neutropenia
was defined as ANC < 500 at the time of SDS diagnosis. We also recorded
whether patients underwent chronic or intermittent treatment with
granulocyte colony stimulating factor (GCSF) and/or intravenous immu-
noglobulins (IVIG), and/or had a history of recalcitrant infection requiring
hospitalization. IVIG treatment administered post-HCT was not included.
The first reported and/or most severe bone marrow biopsy results were

examined. Severity of bone marrow findings were determined by lowest
cellularity, myeloid to erythroid (M:E) ratio, hematopoietic cellular
morphological abnormalities, flow cytometry results when available,
degree of cytogenetic abnormalities, and/or greatest number of somatic
mutations. Patients were classified has having MDS per 2016 WHO
guidelines for refractory cytopenia of childhood – a bone marrow biopsy
report with dysplasia in at least one lineage, at least one peripheral
cytopenia with any clonal cytogenetic change.42 AML cases were
confirmed by medical records and as defined by referring institution.

Genetic evaluation
Many patients had clinical genetic testing prior to enrollment (40/54, 74%).
Exome sequencing was performed on probands and available family
members as previously described if they did not have PV(s) in a known SDS-
associated gene.43 Targeted long-read PacBio gene sequencing (N= 11) and
low-pass long-read whole genome PacBio sequencing (N= 1) were
completed for the full genomic sequences surrounding SBDS, EFL1, DNAJC21,
and SRP54 if exome sequencing did not uncover the genetic cause of
disease. Standard manufacturer protocol was followed for PacBio prepara-
tion and sequencing methods with genomic DNA extracted from whole
blood of probands and family members enrolled in the study. Sequencing
data were processed, and raw reads were obtained. Targeted long-read
PacBio gene sequencing data was processed using circular consensus reads.
All sequence reads were aligned to human genome build 19 (GRCh37) and
structural variants were called using pbsv default parameters.

Review of published SDS cohorts
A comprehensive literature review was performed using the National Library of
Medicine’s PubMed database with the following search terms: “Shwachman
Diamond syndrome AND cohort” or “Shwachman Diamond syndrome AND
registry” to study the clinical presentation and genotypes in other SDS cohorts
(last accessed January 11, 2021). Individual case reports and those not published
in English were excluded. Studies which only reported clinical features without
patients’ genotypes were also excluded. Data were compared across cohorts.

RESULTS
NCI IBMFS SDS cohort
Forty-two families with 47 affected participants with SDS were
included in our genotype-phenotype correlation study. Demographics

of the participants and their phenotypes are described in Table 1.
Almost half of patients with SDS in the NCI IBMFS cohort (21/47,
44.7%) were seen at the National Institutes of Health (NIH) Clinical
Center (Bethesda, MD) and received formal evaluations of all major
organ systems. We relied on self-reported data and medical records in
the remaining participants (26/47, 55.3%). Seven participants (five
families) with an SDS-like phenotype were not included in the
genotype-phenotype correlation analyses, but general clinical and
hematology data were extracted and summarized in Supplementary
Tables 1, 2, respectively.
Patients were grouped into SDS with a known genetic cause

(SBDS c.258+ 2T > C and c.183_184TA > CT OR c.258+ 2T > C and
other single nucleotide variant [SNV] or copy number variant
[CNV]) or SDS with unknown genetic cause (Table 1). Some
phenotype data were not available for all participants. The noted
values are calculated based on number of participants with data
for that specific phenotype. The median age at diagnosis for SDS
was 1.78 years (range, 0.12–41.82). The median age at last follow-
up was 12.59 years (range 1.24–70.55). The prevalence of SDS was
slightly lower in males than females at a ratio of 0.74 to 1 (Table 1).
This slightly decreased prevalence of SDS in males compared to
females is not consistent with previous reports of a male to female
ratio of 1.5 to 1.4

Hallmark SDS features were seen in most patients; pancreatic
insufficiency (41/43, 95.3%) and a history of neutropenia (45/45,
100%) and were the most common findings across all participants.
Forty percent of these patients (10/25) had severe neutropenia
(ANC < 500) at time of SDS diagnosis (ANC range 52–476). Failure
to thrive, often secondary to pancreatic insufficiency and feeding
difficulties, was common across all participants (31/36, 86.1%).
MDS (N= 3) and AML (N= 2) were only observed in patients with
a known genetic cause. Two patients in our cohort developed
solid tumors, one had ovarian cancer and one had breast cancer
(Table 1).
At least one skeletal dysplasia was observed in all groups of

participants (29/36, 80.6%) (Table 1). Bony abnormalities of the
extremities including short arms, short legs, small hands, and/or
other skeletal dysplasia(s) in the extremities were the most
common findings (20/29, 69%) and present in SDS patients with a
known and unknown genetic cause. Thoracic and rib cage
abnormalities were also a common finding in all participant
groups (17/31, 54.8%). Metaphyseal dysostosis and scoliosis were
respectively observed at 45.8% (11/24) and 33.3% (9/27) in all SDS
patients.
Gastrointestinal manifestations were observed at high rates

among all groups of participants (36/42, 85.7%); elevated
transaminases (16/18, 88.9%) and malabsorption (25/29, 86.2%)
were the most common findings. Patients often had a history of
gastroesophageal reflux disease (11/14, 78.6%) and/or steatorrhea
(19/27, 70.4%). Liver steatosis, cirrhosis, and/or unspecified liver
disease was only seen in participants with a known genetic cause
for disease (6/25, 24%). Fifteen patients among all groups received
supplemental nutrition via tube feedings (12/15, 80%) or parental
nutrition (3/15, 20%) (Table 1).
Most participants with SDS had a history of recurrent infections

(34/37, 92%), particularly otitis media (30/32, 94%) and various
other respiratory infections (27/39, 69%). The reason for these
recurrent infections is unclear but it is possible that some of these
patients had some level of immune dysregulation, and several
patients needed intervention. Thirteen patients (54.2%) received
GCSF injections (5 intermittently and 8 chronically). Eleven
patients (45.8%) were treated with IVIG (5 intermittently and 3
chronically). Six of these participants (25%) received both GCSF
injections and IVIG treatment. History of infection requiring
hospitalization and intravenous antibiotics was identified in
20.5% (8/39) of participants (Table 1).
Attention deficit disorders (8/34, 23.5%) and delay in speech

development (4/34, 11.8%) were the most common psycho-
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developmental phenotypes reported. Although structural neuro-
logical findings were not prevalent in our SDS cohort, there were
two cases of type 1 Chiari malformation and both participants also
presented with developmental delay (c.258+ 2T > C and
c.183_184TA > CT, and SDS without a genetic cause of disease).
According to available medical records, the remaining patients
with SDS and psycho-developmental problems had no observed
neurological abnormalities. Microcephaly was observed most

often in SDS patients with a known genetic cause for disease (8/
22, 36.4%) but was not observed in SDS participants without a
known genetic variant (Table 1).
Cardiac malformations and abnormalities were present in

almost half of all participants (10/23, 43.5%), but most cardiac
anomalies were reported as mild and/or resolving at a young age.
Patent foramen ovale was the most common cardiac abnormality
(4/10, 40%). Other cardiac findings included cardiomegaly (3/10,

Table 1. Comparison of clinical phenotypes of cases grouped by genotype in the NCI IBMFS SDS cohort.

c.258+ 2T > C and c.183_184TA > CT c.258+ 2T > C and
other SNV or CNV

SDS with unknown
genetic cause

Number of cases 25 7 15

Sex (male:female) 0.56:1 0.75:1 1.14:1

Median age at diagnosis in years (range)a 1.86 (0.28–41.82) 1.27 (0.32–7.08) 2.31 (0.18-12.13)

Vital status (alive, deceased) 21, 4 6, 1 15, 0

Disease-specific death 1 – –

Treatment-related death 2 1 –

Malignant disease 1 – –

Age at death in years, median (range) 31.36 (13.16–52.83) 37.15 –

Median age at last follow-up in years (range) 13.50 (1.24–52.80) 17.52 (1.47–37.15) 9.78 (1.54–70.55)

All hallmark SDS features 73.7% (14/19) 83.3% (5/6) 80% (8/10)

Pancreatic insufficiency 91% (21/23) 100% (6/6) 100% (14/14)

History of neutropenia 100% (23/23) 100% (7/7) 100% (15/15)

Skeletal dysplasiab 80% (16/20) 83.3% (5/6) 80% (8/10)

Severe neutropenia at time of SDS
diagnosis, ANC < 500 cells/μL

33.3% (6/18) 57.1% (4/7) 25% (3/12)

Hematologic malignancy, MDS or AML (N) Yes (3 MDS, 1 AML) Yes (1 AML) No

MDS/AML median age in years (range) 18.53 (11.41–45.08) 36.98 (N= 1) –

Frequent cytogenetic abnormalities of MDS/
AML

Del(20q) (N= 2), Del(7q) (N= 1),
Monosomy 5/ Monosomy 7 (N= 1)

Data not available –

Other solid cancer, age at diagnosis, years Ovarian, 41 No Breast, 69

GCSF treatment (intermittent, chronic) 1, 5 1, 0 3, 3

IVIG treatment (intermittent, chronic) 2, 1 0, 0 3, 2

History of recalcitrant infection 33.3% (7/21) 0% (0/5) 7.69% (1/13)

Failure to thrive 88.9% (16/18) 100% (6/6) 75% (9/12)

Gastrointestinal symptomsc 85.7% (18/21) 85.7% (6/7) 85.7% (12/14)

Steatorrhea 64.7% (11/17) 83.3% (5/6) 75% (3/4)

Elevated liver transaminases 100% (13/13) 100% (2/2) 33.3% (1/3)

Malabsorption 80% (12/15) 100% (4/4) 90% (9/10)

Received nutritional assistance via tube
feedings, parental nutrition (N)

8, 2 2, 0 2, 1

Developmental delay/learning disabilitiesd 68.4% (13/19) 80% (4/5) 30% (3/10)

Microcephaly 35.3% (6/17) 40% (2/5) 0% (0/6)

Short stature 90% (18/20) 100% (5/5) 80% (4/5)

Cardiac abnormalitiese 46.2% (6/13) 50% (2/4) 33.3% (2/6)

Dermatologic findingsf 95% (19/20) 100% (5/5) 100% (5/5)
aDate of SDS diagnosis was based on physician report, when available. Genetic testing report date confirmed the date of diagnosis if no earlier medical
records were available.
bSkeletal dysplasia findings include severe thoracic dystrophy, metaphyseal dysostosis, scoliosis, short arms, short legs, small hands, other bony abnormalities
in the extremities, or other rib cage/thoracic malformations.
cGastrointestinal symptoms include a history of malabsorption, malnutrition, steatorrhea, gastroesophageal reflux disease, liver disease, liver steatosis, and/or
liver cirrhosis.
dPsycho-developmental findings include ADHD/ADD, speech delay, depression, anxiety, Asperger’s syndrome, bipolar disorder, PTSD, OCD, dyslexia, auditory
processing disorder, sensory integration dysfunction, and anger issues.
eCardiac abnormalities include ventricular septal defect, patent foramen ovale, atrial septal defect, patent ductus arteriosus, and other heart malformations
(e.g., cardiomegaly).
fDermatologic findings include eczema, café au lait spots, hypopigmentation, hyperpigmentation, ichthyosis, petechiae, xerosis, ecchymosis, atopic dermatitis,
subcutaneous lupus erythematosus, pityriasis alba, dermatofibroma, xanthelasma, psoriasis, hyperkeratosis, and keratosis pilaris.
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30%), which was noted to co-occur with cardiac anomalies such as
ventricular septal defect, patent ductus arteriosus, patent foramen
ovale, atrial septal defect, Kawasaki disease, tricuspid or pulmon-
ary valve regurgitation, bicuspid aortic valve, aortic regurgitation,
or aortic dilation.
At least one dermatologic finding was observed among nearly

all participants with SDS (29/30, 96.7%), with eczema (15/24,
62.5%) and café au lait spots (11/20, 55%) being the most
common. Areas of hypopigmentation (7/15, 46.7%) and hyper-
pigmentation (3/14, 21.4%) were observed in both groups of
participants with a known genetic variant (Table 1).

Genetic profile of SDS patients in NCI IBMFS cohort
All SDS patients in the NCI cohort with a known genetic cause for
disease (N= 32) have compound heterozygous variants in SBDS
(Fig. 2). The genetic cause has not yet been identified in fifteen
affected individuals with SDS and seven affected individuals with
an SDS-like phenotype despite extensive genetic evaluation or
due to a lack of available samples. See Supplementary Table 3 for
details of genetic testing performed on those without a known
genetic variant. There are no participants with a homozygous

genotype or mutations in non-SBDS genes (EFL1, SRP54, and
DNAJC21) in our cohort. The most common cause of SDS in our
cohort is biallelic inheritance of the SBDS pathogenic variants,
c.258+ 2T > C and c.183_184TA > CT (25/32, 78.1%). Clinical
genetic testing or exome sequencing and deletion analyses
identified seven unrelated SDS patients with biallelic inheritance
of c.258+ 2T > C and a different, rare deleterious variant in SBDS
(Table 2). Low-pass whole genome long-read (PacBio) sequencing
was used, to identify one patient with a novel 19 kb deletion
removing part of intron 4, exon 5, and the 3’UTR of SBDS. Targeted
long-read panel sequencing identified another patient with an
872 base pair deletion removing exon 3 and portions of the
surrounding intronic regions. All patients with an SDS-like
phenotype (N= 7) have an unknown genetic cause for disease
(Fig. 2 and Supplementary Table 3).

Hematologic findings in NCI IBMFS SDS cohort
Patients with SDS had a high prevalence of cytopenias with 84.6%
(33/39) having neutropenia and 25% (7/28) and 23.1% (6/26)
having with thrombocytopenia and anemia, respectively (Table 3)
at time of diagnosis.

7 (13%)

4 (8%)

11 (20%)
7 (13%)

22 (41%)

25 (46%)

c.258+2T>C and c.183_184TA>CT

Variant profile of
SDS and SDS-like (N = 54)

in NCI IBMFS cohort

Unknown genetic cause

c.258+2T>C and Other SNV or CNV

SDS with negative genetic Testing

SDS-like (No samples available)

Unknown genetic cause

SDS (No samples available)

Fig. 2 Pie charts indicating the grouping of the patients with SDS with known and unknown genetic cause of disease. Left chart shows
the full cohort with the three genetic groups: c.258+2T>C and c.183_184TA>CT (dark gray), c.258+2T>C and other SNV or CNV (light gray),
unknown genetic cause (medium gray). Right chart is the subgroup of those with an unknown genetic cause: SDS with negative genetic
testing (white), SDS with no samples available (light gray), SDS-like with no samples available (medium gray).

Table 2. SBDS variants (NM_016038.4) in the NCI IBMFS cohort. Empty cells indicate no available information.

Number of patients (N= 32) with
specified variant

SBDS variant rsID gnomAD % allele frequency
(exome and genome)

32 c.258+ 2T > C rs113993993 0.3879

25 c.183_184TA > CT, p.Lys62* rs113993991 0.02582

1 c.41 A > G, p.Asn14Ser rs766277488 0.001591

1 c.258+ 1 G > C rs113993992 0.001061

1 c.123delC, p.Ser41Argfs*18 rs761310052 0.0007961

1 c.641 C > T, p.Pro214Leu rs1217811332 0.0003981

1 c.460–1 G > A

1 872 bp deletion (exon 3)

1 19 kb deletion (part of intron
4–3’ UTR)
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Most patients had results from at least one bone marrow
aspirate and biopsy, summarized in Table 3. Most were
hypocellular for age, but cellularity varied ranging from severely
hypocellular to hypercellular. Several had cytogenetic abnormal-
ities as noted. Three patients had more than one cytogenetic
abnormality with no reported morphologic dysplasia. Deletion of
the q-arm of chromosome 20 was the most common cytogenetic
abnormality observed in both the first and most severe bone
marrow aspirate and biopsy reports.
Four patients (all were c.258+ 2T > C and c.183_184TA > CT)

underwent HCT; two for severe bone marrow failure, one for MDS
that transformed to AML, and one for unknown reasons due to
missing data. One patient underwent HCT with a matched sibling
donor and two were transplanted with unrelated donors, donor
type for the fourth patient was unknown. Two patients were
transplanted with a myeloablative regimen; the details on the
preparative regimen for two patients were not available.

Hematologic malignancies in NCI IBMFS SDS cohort
There were three cases of MDS and two cases of AML in the NCI
IBMFS SDS cohort of 47 participants. Data on four of these patients
have been previously reported.3,44 All five patients had confirmed
biallelic variants in SBDS (Table 4). The three patients with MDS and
one patient with AML had a compound heterozygous genotype of
the pathogenic variants, c.258+ 2T > C and c.183_184TA > CT. The
genotype for the second AML case was c.258+ 2T > C with
c.123delC. Cytogenetic abnormalities observed in MDS cases
included del(20q), and del(7q). Monosomy 5 and monosomy 7
were observed in one patient with AML. In our cohort, there was
poor prognosis in SDS patients diagnosed with a hematologic
malignancy with 33% (1/3) of MDS patients deceased and both
AML patients deceased at date of last follow-up. An additional
patient with SDS was diagnosed with AML, after the end of data
collection date (October 31, 2020). The patient was 30 years old
and had biallelic pathogenic variants in SBDS- a large deletion and
c.258+ 2T > C. This patient’s AML had a complex karyotype
including monosomy 21, trisomy 9, and a somatic TP53 mutation.

The patient passed away from disease progression and infectious
complications.

SDS cohort comparisons
In addition to reviewing our own genotype data, we compared
this data with six published SDS cohort studies.5,35–39 Genetic
variation of SDS in other cohorts was consistent with the
compound heterozygous genotype in SBDS of c.258+ 2T > C
and c.183_184TA > CT being the most common across all groups
(Fig. 3). Compound heterozygous genotypes in SBDS with c.258+
2T > C on one allele and another SNV on the other allele was also
commonly observed. Homozygous incidence of c.258+ 2T > C
was observed, with some groups reporting homozygous incidence
of c.258+ 2T > C in combination with the allele, c.183_184TA > CT.
Reports of novel variants were identified in four cohorts.5,36,38,39

The NCI SDS cohort data and published SDS cohorts emphasize
the variable clinical features of SDS and its range in severity. Each
study used its own diagnostic criteria, making it difficult to
quantitate the phenotypic features. Supplementary Table 4
summarizes the phenotypes of SDS reported from five cohorts
in comparison with the NCI IBMFS cohort.5,35–37,39

DISCUSSION/CONCLUSION
We assessed the full spectrum of SDS genotypes, phenotypes, and
their potential association(s) in a large cohort of patients with SDS
(47 patients, 42 families) from the NCI IBMFS study. We
hypothesized that patients with the less common variants (i.e.,
not c.258+ 2T > C and c.183_184TA > CT) would have different
clinical features of SDS. However, our findings revealed a narrow
genotypic spectrum, not significantly associated with phenotype.
Only seven patients out of 32 with a known genotype had

variants other than the biallelic variants c.258+ 2T > C and
c.183_184TA > CT. These seven patients also had the splice site
variant c.258+ 2T > C as their second pathogenic SBDS allele. Two
patients with SDS in the NCI IBMFS cohort had biallelic genotypes
made up of a large genomic deletion in SBDS on one allele and

Table 3. Hematologic findings in the NCI IBMFS SDS cohort.

c.258+ 2T > C and c.183_184TA > CT c.258+ 2T > C and
other SNV or CNV

SDS with unknown
genetic cause

Total number 25 7 15

Neutropenia at diagnosis 95% (18/19) 100% (7/7) 61.5% (8/13)

Median ANC at diagnosis (cells/μL)
(range)

819 (52–1806) 457 (300–1383) 1138 (180–3400)

Thrombocytopenic at diagnosis 33% (7/21) 0% (0/7) 7.1% (1/14)

Median platelet count at diagnosis
(K/μL) (range)

175 (52–338) 300 (207–462) 315 (143–474)

Anemic at diagnosis 20% (4/20) 33% (2/6) 0% (0/14)

Median hemoglobin at diagnosis
(g/dL) (range)

11.6 (7.8–14.0) 12.1 (8.0–13.2) 11.9 (10.1–12.1)

Hypocellular for age at first bone
marrow biopsy

73.9% (17/23) 50% (2/4) 54.5% (6/11)

Median cellularity at first biopsy
(range)

50% (10–100%) 27.5% (25–30%) 60% (20–90%)

Cytogenetic abnormalities of first
bone marrow aspirate

Del(20q) (N= 3), Mono 7/Tri 8 (N= 1),
Isochromosome 7 (N= 2)

Del(20q) (N= 1) Monosomy 7 (N= 1)

Hypocellular for age at most severe
bone marrow biopsy

100% (21/21) 100% (3/3) 66.6% (8/12)

Median cellularity for most severe
biopsy (range)

20% (7.5–80%) 10% (10–35%) 48.8% (30–90%)

Cytogenetic abnormalities of most
severe bone marrow aspirate

Del(7q) (N= 1), Del(20q) (N= 5), Isochromosome
(Xp10)/+(Xp22) (N= 1), Mono 7/Del(20q) (N= 1),
Isochromosome 7 (N= 2)

Del(20q) (N= 1) Del(20q) (N= 2)
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c.258+ 2T > C on the other allele. These large deletions were only
identified by long-read sequencing technology. One patient had a
novel 19 kb deletion removing part of intron 4, exon 5, and the
3’UTR of SBDS. To our knowledge, this is the first report of such a
large deletion in SBDS. The other patient with a large deletion had
a deletion of exon 3; deletions in this region have been previously
reported.45,46 Our findings suggest investigation for large struc-
tural variants in patients with a single known SBDS PV without a
second pathogenic allele may be required in order to identify the
genetic etiology of SDS.
Literature review determined that the high prevalence of

biallelic variants c.258+ 2T > C and c.183_184TA > CT in our
cohort was consistent with other large cohort studies of patients
with SDS. There were no SDS patients in the NCI IBMFS cohort
with a homozygous genotype. Other SDS cohort studies have
reported c.258+ 2T > C homozygosity; it is important note some
of these participants may be included in multiple cohort studies
(e.g., the North American SDS Registry and the Canadian IBMF
Study).5,35,36,38 This narrow genotypic spectrum of SDS in our
cohort and other large studies limits the ability to assess potential
genotype and phenotype correlations. It is possible that the
variable clinical features seen in our and other SDS cohorts may be
due to various modifiers including genetic, epigenetic, environ-
mental, and/or inflammatory. Larger collaborative studies would
allow for such research. The apparent lack of genomic diversity in
large cohorts could be a result of unreported SDS genes at the
time those studies were completed. Follow-up studies in these
cohorts will be important to identify the presence of pathogenic
variants in other SDS-associated genes, such as EFL1, DNAJC21,
and SRP54. In addition, excluding case reports from our cohort
review may have contributed to the lack of genomic diversity seen
across SDS. This narrow genotypic spectrum contrasts with the
other IBMFS where a wide genetic diversity is seen across the
disorders.30,32 In other IBMFS such as Fanconi anemia and
dyskeratosis congenita disease-associated variants are scattered
across the gene, with only a few known founder mutations. In
contrast, in SDS, we and others have observed that patients have
only a few recurrent variants as described in international cohorts.
The hallmark features of SDS (exocrine pancreatic insufficiency,

neutropenia, and skeletal dysplasia) were observed at comparable
rates among patients with a known genetic cause for disease in
the NCI IBMFS cohort. Consistent with other studies, gastrointest-
inal complications such as feeding difficulties and steatorrhea
were often present at young ages and improved with age and
pancreatic enzyme supplementation.47 The median ANC at
diagnosis reflected a high prevalence of neutropenia in all groups
of participants at the time of diagnosis. Both groups of patients
with a known genetic cause for disease had a lower median ANC
at diagnosis than those with an unknown genetic cause for
disease. Recurrent infections, particularly otitis media and
respiratory infections, likely due to chronic and/or variable
neutropenia, were common complications for SDS patients over
their lifetimes. Skeletal dysplasia varied in its severity with most
patients having bony abnormalities of the extremities and/or rib
cage/thoracic region. Congenital cardiac abnormalities observed
in the NCI SDS cohort were often minor and/or resolved in
childhood. There is limited understanding of the full spectrum of
neuropsychiatric manifestations in patients with SDS.7,10 The
presence of developmental delay in the NCI SDS cohort is
consistent with previous studies of the behavioral phenotype of
school-age children with SDS, which reported significant differ-
ences in attention span and ability when completing tasks in
comparison with normative samples and cystic fibrosis control
subjects.8,10 The majority of large cohort studies and other
literature report a slightly increased prevalence of SDS in males
compared to females. Our cohort showed an unexpected female
predominance (male:female ratio 0.74:1), which may be due to a
small cohort size (Table 1).Ta
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We observed a relatively high prevalence of MDS and AML
among SDS patients in both groups with a known genetic cause
for disease in our cohort. Those without a known pathogenic gene
in our cohort presented with a hematologic phenotype, such as
neutropenia and hypocellular bone marrow, but have not yet
developed a hematologic malignancy. Our findings on the
hematological parameters, age and rates of MDS and AML are
consistent with those recently reported by the North American
SDS Registry.48

Patients with SDS have high lifetime risks of cancer at rates 8.5-
fold higher than the general U.S. population.3 Solid malignancies
in the SDS population are rarer with the highest lifetime risks
being hematological malignancies (O/E: 202).3 There were two
cases of solid malignancies in the NCI cohort. One case of ovarian
cancer was reported in an SDS patient (41.8 years) with the most
common biallelic variants, c.258+ 2T > C and c.183_184TA > CT.
There was also one case of breast cancer in a 69-year-old
postmenopausal woman in our cohort. She had negative germline
genetic testing. The association between SDS and these malig-
nancies is difficult to establish given the older age at cancer onset
in the patients with solid malignancies.
The rarity of solid malignancies in the NCI IBMFS SDS cohort is

consistent with the literature. Ikuse et al.39 was the only SDS cohort
study reporting incidence of a non-hematologic, solid malignancy, a
pancreatoduodenal carcinoma in a young adult (died, age 24 years).
Bou Mitri et al.49 reported three incidences of solid malignancies
over the age of 50 years (breast, ovarian, and esophagus) in a large
cohort of SDS patients (N= 155), these low rates of solid tumors are
consistent with the NCI IBMFS SDS cohort. This is in contrast to other
IBMFS, particularly Fanconi anemia and telomere biology disorders,
which have high lifetime risks of both hematological and solid
malignancies, notably head and neck squamous cell carcinoma.3

Osteosarcoma has not been reported in SDS in contrast to Diamond
Blackfan anemia, the other ribosome-related IBMFS which has a
significant risk of osteosarcoma.3,21

Limitations of this study include missing data from patients
evaluated externally and, in the literature, and the inability to do
robust statistical analyses due to cohort size. Strengths of the
study includes thoroughly curated cohort data, formal compre-
hensive evaluation for those patients seen at the NIH Clinical
Center, and a large cohort for a rare disorder.
SDS may be underdiagnosed because of its array of clinical

features and variable phenotypes. Many patients, in our cohort
and others, report a long diagnostic journey and/or delayed
diagnosis.50 This delay is likely multifactorial including variable
clinical features, the need to see multiple subspecialities and lack
of suspicion of the syndrome on behalf of medical providers. Prior
to SDS diagnosis, many patients in the NCI IBMFS cohort were also
assessed for a wide variety of diseases. Pediatricians and pediatric
subspecialists need to be knowledgeable about SDS and include it
in the differential diagnosis of children with one or more of
neutropenia, gastrointestinal problems, failure to thrive or skeletal
abnormalities. Clinicians should consider SDS in patients with
suspicion for cystic fibrosis, celiac disease, or Crohn’s disease
(particularly if they have neutropenia, even if borderline).
Awareness of SDS may save a lengthy work-up and get patients
to the needed subspecialities for care and management. Figure 4
outlines the pediatric specialties who may be the first to see these
patients in clinic, and the multiple signs and symptoms that may
be observed in a patient with suspected SDS. Genetic testing
should be pursued if there is clinical suspicion of SDS and can be
directed to the four SDS-associated genes. Most patients can be
diagnosed with Sanger or next generation sequencing focused on
SNV identification. Other technologies can be employed to
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identify both small and large deletions if two pathogenic SNVs are
not identified. Genetic testing is critical for family planning, and
donor choice if hematopoietic cell transplantation is considered.
Patients with SDS should be monitored for the development of
MDS and/or AML.44 Thus far, no solid tumors have been
recurrently reported and there is no evidence-based guideline
for solid tumor surveillance. Using a multidisciplinary approach,
we can help patients with SDS get prompt diagnosis, and the
needed treatment and management.
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