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Abstract We present the case of a 53-yr-old woman with an inherited bone marrow failure
coexisting with uncommon extrahematological symptoms, such as cirrhosis and skin
abnormalities. Whole-exome sequencing revealed a diagnosis of Shwachman-Diamond
syndrome (SDS) with an atypical presentation. Unexpected was the age of disease expres-
sion, normally around the pediatric age, with a predominantly median survival age of 36 yr.
To our knowledge, she was the first adult patient with a molecular diagnosis of Shwachman-
Diamond in Uruguay. The patient was referred to our service when she was 43-yr-old with a
history of bone marrow failure with anemia and thrombocytopenia. All secondary causes of
pancytopenia were excluded. Bone marrow aspirate and biopsy specimens were hypocel-
lular for the patient’s age. Numerous dysplastic features were observed in the three line-
ages. She had a normal karyotype and normal chromosomal fragility. A diagnosis of low-
risk hypoplastic MDS was made. Dermatological examination revealed reticulate skin
pigmentation with hypopigmented macules involving the face, neck, and extremities; nail
dystrophy; premature graying; and thin hair. Extrahematological manifestations were pre-
sent (e.g., learning difficulties, short stature). Last, she was diagnosed with cryptogenic liver
cirrhosis CHILD C. This rules out all other possible causes of chronic liver disease. This clin-
ical presentation initially oriented the diagnosis toward telomeropathy, so we did a telomer-
opathy NGS panel that came up negative. Finally, we did an exome sequencing that
confirmed the diagnosis of SDS. Using whole-exome sequencing, we were able to find
two compound heterozygous mutations in the SBDS gene that were responsible for the
phenotype of a patient that was undiagnosed for 10 years. An earlier genetic diagnosis
could have influenced our patient’s outcome.

[Supplemental material is available for this article.]

INTRODUCTION

Shwachman-Diamond syndrome (SDS) is a rare, multisystem, autosomal, recessively inher-
ited disorder that has a wide variety of abnormalities and heterogeneous symptoms
(Shwachman et al. 1964), making it difficult to diagnose in many cases.

SDS is clinically characterized by exocrine pancreatic dysfunction, bony metaphyseal dys-
ostosis, and varying degrees of bone marrow failure. According to a recent study, the
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cumulative incidence of severe neutropenia, thrombocytopenia, and anemia at the age of
30yris 59.9%, 66.8%, and 20.2%, respectively. The 20-yr cumulative incidence of myelodys-
plastic syndrome and/or leukemia is 9.8% (Cesaro et al. 2020). The 20-yr cumulative risk of
bone marrow failure and/or severe cytopenia ranges from 9.9% to 24.3%, according to dif-
ferent studies (Donadieu et al. 2012; Cesaro et al. 2020). Severe marrow failure with trans-
plant requirement was developed in ~5% of patients at a median age of 1.7 yr, according
to a different study (Furutani et al. 2022). The probability of overall survival at 10 and 20 yr
was 95.7% and 87.4%, respectively (Cesaro et al. 2020). More rarely, it can cause chronic
diarrhea (Alshammari et al. 2021), it can be associated with features mimicking common var-
iable immunodeficiency (Hou 2021), and there is one case report associating it with cirrhosis
in a child (Camacho et al. 2019).

In patients with SDS, Boocock et al. (2003) identified mutations in a previously uncharac-
terized gene, which was then designated as SBDS (Shwachman-Diamond-Bodian syn-
drome). In that study, 56% of the patients harbored two compound heterozygous
mutations in exon 2 of the SBDS gene; namely, the ¢.183-184TA-CT (K62X) stopgain and
258+2T-C in the splicing site. Subsequent studies identified that biallelic mutations in the
SDS gene account for >90% of SDS cases (Nakashima et al. 2004; Kuijpers et al. 2005;
Cesaro et al. 2020; Yamada et al. 2020; Furutani et al. 2022). However, additional genes
such as EFL1, DNAJC21, and SRP54 may also be involved in SDS (Carapito et al. 2017;
Dhanraj et al. 2017).

The SBDS gene encodes for a highly conserved protein that plays an essential role in ri-
bosome biogenesis. The protein interacts with elongation factor-like GTPase 1 (EFL1) to dis-
associate eukaryotic initiation factor 6 (elF6) from the late cytoplasmic pre-60S ribosomal
subunit, allowing the assembly of the 80S subunit by a mechanism requiring GTP binding
and hydrolysis (Finch et al. 2011)

The advent of high-throughput sequencing techniques has substantially improved diag-
nosis of rare diseases, increasing the diagnostic yield, depending on the pathology and ge-
nomic strategy (WES [whole-exome sequencing] and WGS [whole-genome sequencing or
gene panels]) to 36%-50% (Gilissen et al. 2014; Trujillano et al. 2017; Palmer et al. 2021;
Alvarez-Mora et al. 2022). WES and WGS are especially useful in diseases whose etiology
is unknown, that are associated with mutations in various genes, or that have atypical presen-
tations and/or a wide spectrum of symptoms associated with them, as well as in cases in
which gene panels or other genomic strategies were already done and came up “negative.”
In the present case, the patient had an atypical presentation of the Shwachman-Diamond
syndrome with cirrhosis and atypical cutaneous manifestations that standard clinical and ge-
nomic studies (gene panel and karyotype) were unable to reach a diagnosis.

RESULTS

Case Report

Here, we report a 53-yr-old woman who has been treated at our Hematology Department at
Dr. Manuel Quintela Hospital de Clinicas in Montevideo for 10 years. She has no family his-
tory of clinical relevance, and her parents were not consanguineous. She was referred to our
service when she was 43 yr old with a history of bone marrow failure with anemia and throm-
bocytopenia. She had a blood count that showed hemoglobin level of ~9 g/dL, thrombocy-
topenia of 70.0 x 109/L, and neutropenia of 0.9 x 109/L. The blood smear showed marked
anisocytosis, macrocytosis, and pseudo-Pelger-Huet anomaly on neutrophils. These values
have been stable for years without the need of transfusion. Biochemical tests were all within
normal range. Notably serum iron level and saturation of transferrin were normal, and serum
ferritin was increased (270 ng/ml). There was no vitamin B12 deficiency or folic acid
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deficiency. Serological tests for CMV, HIV, and hepatitis B and C were negative. Bone mar-
row aspirate and biopsy specimens showed 25% cellularity (hypocellular for patient age).
Numerous dysplastic features were observed in the three lineages. The erythroid cells dis-
played marked dyserythropoietic changes: karyorrhesis, nuclear budding, internuclear
bridging, megaloblastosis, and punctate basophilia. Granulopoiesis was often hypogranu-
lar. Increased blast and Auer rods were not observed. Abnormal thrombopoiesis was also
present with an increased number of megakaryocytes with bilobed nuclei. Bone marrow bi-
opsy detected an increase of reticulin fibrosis. Conventional cytogenetic analysis performed
on bone marrow cells showed a normal karyotype (46,XX). Chromosomal fragility test was
negative. Flow cytometric showed normal expression of GPI-linked proteins excluding par-
oxysmal nocturnal hemoglobinuria. A diagnosis of hypoplastic MDS was proposed, and the
patient received treatment with cyclosporin A for several years, achieving partial response.

Several extrahematological manifestations were also present: learning difficulties, delays
in reaching developmental milestones as a child, and short stature. As a child she required
surgical intervention for coxovarus. During follow-up, dermatological examination revealed
reticulate skin pigmentation with hypopigmented macules involving the face, neck and ex-
tremities; nail dystrophy; premature graying; and thin hair. Furthermore, the patient lost all
dental pieces because of caries and gum pathologies. At the age of 53, she was diagnosed
with cryptogenic liver cirrhosis CHILD C (Child and Turcotte 1964), meaning an advanced
hepatic dysfunction. This rules out all other possible causes of chronic liver disease. We hy-
pothesize that the liver dysfunction and probable exocrine pancreatic insufficiency may
determine chronic vitamin A and zinc deficiency that could explain the skin symptoms.

In April 2021, she was admitted to the hospital because of neutropenic fever that pro-
gressed to sepsis and unfortunately died as a result of infection from Gram-negative multi-
resistant bacteria. Neutropenia was severe, <200/mm?3, and bone marrow studies were
repeated, excluding progression to AML.

Written informed consent for publication was obtained from the patient before her
passing.

An inherited bone marrow syndrome was suspected since our first contact with the pa-
tient. However, at that time it was not feasible to carry out comprehensive genomic studies
locally. Dyskeratosis congenita and/or telomeropathy were our primary clinical diagnosis.
For that reason, we performed a thelomeropathy-targeted NGS panel in an external labora-
tory including the genes CTC1, DKC1, NHP2 (NOLA2), NOP10 (NOLA3), RTEL1, TERC,
TERT, TINF2, USB1 (C160RF57), and WRAP53, but no pathogenic/causative variant was
identified. We were not able to measure the length of the telomeres in our country at that
time.

Whole-Exome Sequencing and Bioinformatic Analysis

We performed exome sequencing in the setting of a local pilot program aimed at promoting
the use of massive sequencing in the diagnosis of rare genetic diseases. We found two com-
pound heterozygous mutations in the SBDS gene that we believe are causative of the pa-
tient's clinical features.

The first mutation is an already described stopgain mutation (NM_016038:exon2:
c.A184T:p.K62X ClinVar Variation ID 3195).

The premature stop codon is in the second exon at position 62 of a 251-amino-acid-long
protein and hence in the first ~25% of the gene product. According to gnomAD, the overall
variant’s population frequency is 0.00026. The second mutation is an already described
splicing one, affecting the adenine in the canonical donor site of the second exon
(NM_016038:exon3:¢c.258 + 2T > C, ClinVar Variation ID 3196) (Table 1). The overall variant's
population frequency is 0.0039. The co-occurrence of both variants is rare in the general
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Table 1. Variant table

HGVS
HGVS DNA protein Variant Predicted dbSNP/

Gene Chromosome reference reference type effect dbVar ID Genotype Comments

SBDS 7 c.A184T p.K62X Exonic Stopgain NA Het Predicted as pathogenic in
compound heterozygosity
with the other variant.
OMIM phenotype 607444

SBDS 7 c.258 + 2T NA Noncoding  Splicing rs113993993 Het Predicted as pathogenic in

>C compound heterozygosity

with the other variant.
OMIM phenotype 607444

population (but are fairly common among the patients with this phenotype), corresponding
to a rare phenotype, as the one she presents. The syndrome associated with this gene is
Shwachman-Diamond syndrome, with MIM #260,400, and it has an estimated frequency
of one in 80,000 newborns (https://medlineplus.gov/).

DISCUSSION

We present the case of a 53-yr-old woman with inherited bone marrow failure (IBMF) coex-
isting with uncommon extrahematological signs, such as cirrhosis and skin abnormalities.
Genomic studies revealed a diagnosis of Shwachman-Diamond syndrome with atypical pre-
sentation, highlighting the fact that the usual age of diagnosis is in the pediatric age (before
the age of 1 yr), with a predominantly median survival age of >35 yr (Hall et al. 2006).
However, patients with significant hematological complications have a reduced life expec-
tancy (Hall et al. 2006). To our knowledge, she was among the first adult patients with a mo-
lecular diagnosis of Shwachman-Diamond in our country.

IBMF syndromes are highly heterogeneous. The clinical phenotypes are variable, often
mild, do not always fully conform to classic syndromes, and largely overlap one another; pre-
vious family history can be absent. In this context, predicting an individual genotype based
on clinical data is challenging. In addition, some IBMF patients may carry more than one mu-
tated gene. Therefore, a broad approach encompassing the various IBMF genes and WES is
extremely useful to obtain an accurate genetic diagnosis in an appropriate time frame.

SBDS is required for mature ribosome assembly and ribosome genesis. SBDS in interac-
tion with elongation factor like-1 (EFL1) triggers the release of elF6 (eukaryotic initiation fac-
tor 6) from 60S preribosomes into the cytoplasm (Menne et al. 2007; Finch et al. 2011;
Warren 2018) in a GTP-dependent mechanism. This activates the ribosomes for translation,
because it allows 80S ribosome assembly and the recycling of elF6 to the nucleus, where it is
needed for the processing of 60S rRNA and subsequent nuclear export. SBDS increases the
affinity for GTP over GDP for ELF1, functioning as a nucleotide exchange factor (GEF)
(Menne et al. 2007).

Most SDS patients display the biallelic pathogenic variants c.183_184TA > CT (K62X) and
€.258+2T > C (C84fsX3) (Boocock et al. 2003). Less frequently, patients harbor nonsense and
splicing mutations (as the case presented here), and also missense and small indels, among
others. Most known SBDS mutations result in a drop in protein function that causes, when
SBDS levels drop below a threshold, the clinical SDS phenotype (Spinetti et al. 2022).
Because of the relevant role of SBDS for EFL1 activation (Menne et al. 2007), it would be ex-
pected that low amounts of SBDS may not be sufficient for the proper activation and
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functioning of EFL1. Additionally, SBDS missense mutations have been shown to classify into
two groups: those affecting the stability of the protein (corresponding to a more classic LoF
mechanism), but also those that modify surface epitopes without altering the protein fold
(Finch et al. 2011; Gijsbers et al. 2018; Spinetti et al. 2022). The impact that surface modifi-
cations may have on the function of SBDS is less studied. However, recent studies have
shown that domain Il of SBDS is crucial for the interaction with EFL1, considered essential
for proper ribosome function (Spinetti et al. 2022).

Evidence has shown the association of liver disease with this phenotype, although rarely.
This involvement can include different levels of liver manifestations, such as different forms of
persistent chronic liver disease due to hepatic fibrosis, including, in some cases, cirrhosis
(Liebman et al. 1979; Toiviainen-Salo et al. 2009; Richards et al. 2015; Camacho et al.
2019; Lawal et al. 2020). Abnormal transaminase levels were often detected in neonates,
and these returned to normal with age. Although there is enough evidence throughout
the literature establishing the involvement of the liver in SDS, including hepatomegaly,
asymptomatic elevation of serum transaminase levels, mild cholestasis, fatty infiltration,
and the presence of microcysts, there are few studies evidencing the presence of liver failure
and cirrhosis. There is no clear genotype—phenotype relationship in liver involvement, irre-
spective of the SBDS mutation. Few studies report mutations in patients, mainly in noncir-
rhotic liver involvement (Brueton et al. 1977; Liebman et al. 1979; Revert Lazaro et al.
2006; Camacho et al. 2019). Although the study by Toiviainen et al. (2009) reports the mu-
tations together with phenotypic metadata of 12 patients with liver complications, none of
the included patients had cirrhosis.

The SBDS gene is located in a block of 305 kb that is duplicated (Boocock et al. 2003).
The duplication is located 5.8 Mb distally and contains an unprocessed pseudogene copy
of SBDS named SBDSP. The pseudogene transcript is 97% identical to SBDS but harbors de-
letions and changes that disrupt coding potential. The presence of pseudogenes implies ad-
ditional complications of bioinformatic analysis, because reads might map onto two regions
in the genome, impacting mapping accuracy and quality. Stringent mapping criteria should
be applied (unique mapping reads, small number of mismatches per reads, etc.). This geno-
mic composition might explain some reads without mutations mapping into the SBDS region
analyzed and other artifacts seen in Figure 1.

Regarding the DNA source, for this case we used whole blood. Alternatively, buccal
swabs or hair follicle samples could be used as a DNA source, especially for pediatric
patients.

The patient was assisted in a pediatric hospital and referred to our center only at the age
of 43 yr. The clinical presentation began in the pediatric age, because she had short stature,
learning difficulties, delays in reaching developmental milestones as a child, and a history of
cytopenias since childhood. This could have suggested SDS syndrome at that time, but
because signs at pediatric age were nonspecific and the genetic tests were not easily avail-
able at that time in the country, the diagnosis ended up being very late. It might have been
possible that having an early genetic diagnosis would have influenced our patient’s out-
come. Regarding hematological manifestations, allogeneic transplant would have been a
feasible approach.

METHODS

Sample Extraction, Whole-Exome Sequencing, and Bioinformatic Analysis

Genomic DNA was extracted from 100 pL of whole blood using Qiamp DNA Blood
Mini kit according to the manufacturer's instructions. We did a whole-exome
sequencing of the patient with 100x in a HiSeq2500 lllumina sequencing machine.
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Figure 1. Genomic view of the SBDS region using IGV (Integrative Genomic Viewer tool). Sequencing reads
are represented as gray horizontal bars. The mutations in question are marked with arrows on top with their
respective genomic positions. Mutations are explicitly indicated with the corresponding letter on the sequenc-
ing read. The vertical gray bars (on top) indicate the position’s coverage. Reads marked with a violet horizontal
box show the presence of G (at 66459197) and absence of A (at 66459273). These reads validate a trans con-
figuration of both variants. The other two variants seen in the figure (C/T and G/A) were discarded as patho-
genic because they are synonymous mutations. Also, one of them has a high population frequency (C/T).

FastQC (https:/www.bioinformatics.babraham.ac.uk/projects/fastqc/ accessed January 21,
2022; Wingett and Andrews 2018) was used for the quality of reads, and BWA (Li and
Durbin 2009) was used for read mapping onto the human genome (GRCh37). Variant calling
was undertaken using GATK (best practices) (McKenna et al. 2010). ANNOVAR (Wang et al.
2010) was used then for the annotation. Different sets of filters were used in order to detect
potentially causative mutations (see below).

In order to filter and prioritize the variants found, we used the following criteria:

1. Homozygous mutations in coding/splicing region with a population frequency <1%.

2. Heterozygous mutations in coding/splicing region with at least two variants in the same
gene and a population frequency <1% (compound heterozygous).

3. Heterozygous mutations in coding/splicing region with a population frequency <0.5%

Coverage table is available in Supplemental Table S1.

Chromosome Fragility

The unique method called “chromosomal fragility testing” using clastogenic agents mito-
mycin C (MMC) and diepoxybutane (DEB) was described by Cervenka et al. (1981) and
Auerbach (1993), respectively. The principle of this method is to challenge the hyposensitive
cells in the cell culture (T-lymphocytes from peripheral blood) exposed to DEB and MMC
and then to analyze the chromosomal aberration, breaks, and rearrangements (radials
exchanges).

We did two cell cultures from peripheral blood with additional MMC at different concen-
trations: 150 and 300 nM. Two age- and sex-matched controls were performed at the same
conditions. We evaluated 50 metaphases of each culture.
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