W) Check for updates

Received: 5 December 2021
DOI: 10.1002/ajmg.a.62771

Revised: 21 March 2022 Accepted: 5 April 2022

AMERI.[:AN JUURNAL.UF PART
ORIGINAL ARTICLE medlcalgenetlcs WILEY

Further evidence supporting the role of DUT gene in diabetes
with bone marrow failure syndrome
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Abstract

In 2017, a homozygous DUT mutation was reported to cause a syndrome of diabetes
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and bone marrow failure. However, no further patient with this combination has

been reported and the phenotype of heterozygous DUT mutation is unknown. We
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describe the genotype, phenotype, and post bone marrow transplantation (BMT) data
of two unrelated families with this rare syndrome. Whole-exome and/or direct

sequencing of the DUT gene were performed in all family members. Each family has
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two children presented within the first 10 years of life with thrombocytopenia, mac-
rocytosis, with or without anemia, followed by non-autoimmune diabetes. The same
homozygous missense DUT mutation, reported in 2017 (c.425A>G p.(Tyr142Cys),
was detected in all affected children. The heterozygous carriers have no BM failure,
one developed type 2 diabetes, and the rest have normal fasting glucose, insulin,
HbA1c, and c-peptide. Multiple nevi were detected in homozygous and heterozygous
mutation carriers. Allogenic BMT normalized BM aplasia without impact on diabetes.
Post BMT follow-up revealed normal puberty and school performance; but three
have height <2.5 SDS. We add two families with this syndrome supporting a role of
DUT in bone marrow and p-cell function. The heterozygous carriers of this DUT muta-

tion appear to be healthy.
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1 | INTRODUCTION

syndrome characterized by early onset diabetes and bone marrow fail-

ure in two consanguineous French and Egyptian families. Each of

The combination of diabetes and extra pancreatic features raises the
possibility of monogenic diabetes mellitus (MGD), which accounts for
1%-6.3% of diabetes caseload in children and young adults
(Delvecchio et al., 2017; Kim et al., 2021). However, identifying this
rare form of diabetes can guide the clinical management for the
patients and their families (Hattersley et al., 2018). To date, mutations
in more than 50 genes are associated with isolated and syndromic
MGD (Riddle et al., 2020) and further genetic studies would identify
more MGD forms and develop our understanding of disease mecha-

nisms.In 2017, Dos Santos et al. described a new autosomal recessive

these families have two siblings with diabetes and variable degrees of
bone marrow failure including macrocytosis, anemia, and thrombocy-
topenia. The hematological features were detected at birth or during
infancy while diabetes presented between the age of 5 and 28 years.
An 11-year-old girl died of brain hemorrhage following severe throm-
bocytopenia, while a man, died at 22 years of severe graft-versus-host
disease following bone marrow transplantation (BMT) for acute lym-
phoblastic leukemia. The parents of both families appeared to be
healthy but were not available for clinical and laboratory assessment.

Genome-wide linkage analysis and whole-exome sequencing (WES) of
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the index case of one family identified a homozygous missense muta-
tion (c.425A>G p.(Tyr142Cys) in the DUT gene (OMIM *601266). This
mutation was replicated by Sanger sequencing of the DUT gene in
another patient, with similar phenotype, from an unrelated family. The
DUT gene is mapped to chromosome 15 and encodes the dUTPase
enzyme, which is essential for nucleotide metabolism by hydrolyzing
the deoxyuridine triphosphate (dUTP) to deoxyuridine monop-
hosphate (dUMP) and pyrophosphate (Vértessy & Téth, 2009). This
reaction generates the dUMP, for the synthesis of thymine nucleo-
tides needed for DNA replication. It also reduces the intracellular
dUTP, which prevents the integration of uracil into DNA that leads to
DNA toxicity and cell death (Koehler et al, 2004; Vértessy &
Téth, 2009; Horvath & Vértessy, 2010).

To the best of our knowledge, no further patient with this syn-
drome has been reported and the phenotype of heterozygous carriers
of DUT mutations has not been detailed. We describe two unrelated
Libyan families in whom some members were homozygous, and
others were heterozygous for the above DUT mutation. We also
report the impact of BMT on this condition.

2 | METHODS

The study was approved by Tripoli University Hospital ethics commit-
tee and was conducted in accordance with the principles of Helsinki
Declaration as revised in 2008.

2.1 | Patients and family

We studied two unrelated consanguineous Libyan families under reg-
ular follow-up in our institution. Each family has two children with dia-
betes and bone marrow aplasia. Clinical, laboratory, and genetic
assessment were done for both families, while bone marrow biopsy,
and pancreatic autoantibodies as clinically indicated. We compared
clinical and laboratory variables pre and post BMT.

2.2 | Molecular genetic testing

In both families, DNA was collected from buccal smear of affected
children as the tests were conducted post BMT, while in other family
members DNA was extracted from whole blood. The analyzed DNA
from the two tissues covers the two isoforms of the gene. WES was
performed in the affected children and Sanger sequencing was used
to confirm the detected DUT variant in the affected children and to
sequence DUT gene in the asymptomatic members of both families.

2.3 | Whole-exome sequencing

Genomic DNA were fragmented using a Covaris E220 evolution

(Covaris). The performed WE trio included both nuclear and

mitochondrial isoforms of the DUT gene. Libraries were prepared
using NEB Ultra Il kits (New England Biolabs) and enriched by Roche
SeqCap EZ MedExome V1 target enrichment (Roche). Sequencing
was performed on an lllumina NovaSeq 6000 system (lllumina). NGS
data were aligned to the hgl9 genome assembly. Variant calling and
annotation were performed by developed bioinformatics pipeline
(Bioscientia). Identified SNVs and indels were filtered against external
and internal databases focusing on rare variants with a Minor Allele
Frequency (MAF) in gnomAD of 1% or less and removing known arti-
facts and variants in regions with highly homologous regions. Classifi-
cation of variants was conducted based on ACMG guidelines
considering database entries (incl. HGMD, Qiagen), bioinformatics
prediction tools and literature status.

24 | Sanger sequencing

The DUT gene was sequenced in patients and unaffected members of
both families to identify the mutation detected by WES. The
corresponding coding regions of DUT exon were amplified by poly-
merase chain reaction and analyzed by direct sequencing on an AB
3500 xL sequencer (Applied Biosystems). The resulting sequence data
were compared with the reference sequence NM_001025248.1
(SegPilot, JSI medical systems).

3 | RESULTS
The demographics, clinical, and laboratory details of the affected indi-
viduals pre and post BMT and the heterozygous carriers in both fami-
lies are summarized in Tables 1 and 2. The pedigrees of both families
with mutation chromatograms are illustrated in Figure 1

Family A: the parents were first cousins with two affected sons
(A.1 and A.2) and a healthy younger daughter. The boys presented at
four and two and half years, respectively, with macrocytosis, throm-
bocytopenia. Within few weeks, their hemoglobin (Hb) and platelets
levels deteriorated, but WBC remained normal. They were not dys-
morphic, with appropriate growth and development without deafness
or skeletal deformities. Coombs test, vitamin B12, and folic acid were
normal, and BM showed hypocellular picture. Cyclosporine and ste-
roid were unhelpful and regular blood transfusion was started. Patient
A.1 presented at 6.8 years with symptomatic hyperglycemia. His gly-
cosylated hemoglobin (HbA1c) was 12.6% (114 mmol/mol) and subcu-
taneous insulin at 0.5 units/kg/day was started. HbAlc remained
above 12% despite an insulin dose of 1.0 units/kg/day but dropped to
8.1% (65 mmol/mol) on continuous subcutaneous insulin infusion
(CSII) 0.6 units/kg/day. Patient A.2 presented at 6.3 years with symp-
tomatic hyperglycemia and HbA1c of 7% (53 mmol/mol). He needed
insulin dose of 0.4 units/kg/day and HbAlc remained around 6.5%
(48 mmol/mol). He experienced recurrent hypoglycemia, which dis-
appeared with CSIl. Both boys had unrecordable c-peptide and nega-
autoantibodies (ICA, [A2, GADé5,
phosphatase, and zinc transporter 8) measured 4 years following the

tive pancreatic tyrosine



medical genetics B-WILEY-L_2

B.2
Male
2.6

GHAWIL ET AL
TABLE 1 Demographic, clinical, and laboratory characteristics of the affected children with pre and post bone marrow transplantation
(BMT) data

Patient Al A2 B.1

Gender Male Male Female

Birth weight (kg) 2.5 3.0 3.2

Age at presentation 4 years 2.5 years 4.5 years

Presenting features

Macrocytosis and
thrombocytopenia

Macrocytosis and
thrombocytopenia

Macrocytic anemia and
thrombocytopenia

8.3 years

Macrocytic anemia and
thrombocytopenia

Age at diabetes diagnosis 6.7 years 6.3 years 6.9 years 9.7 years
Age at BMT 8.2 years 6.6 years 7.5 years 9.7 years
Hb (NR = 11.6-15.5 g/dl)

Presentation 11.2 121 3.4 5.0

Pre BMT 9.7 9.0 111 74

Post BMT 14.3 11.9 12.5 13.9
MCV (NR = 80-100 fl)

Presentation 122.9 104.9 98 105

Pre BMT 112 102 90.3 100.4

Post BMT 86 85 89.7 87
Platelets (NR = 150-450 x 10°/L)

Presentation 114 36 46 17

Pre BMT 63 56 42 59

Post BMT* 285 414 266 219
WBC (NR = 3.5-11.2 x 107/L)

Presentation 7.2 6.3 5.7 6.1

Pre BMT 4.2 3.7 4.6 52

Post BMT 7.9 11.5 7.6 5.6
Serum ferritin (7-140 ng/ml)

Pre BMT 1209 999 2075 3514

Post BMT 635 318 828 412
HbA1c% (mmol/mol)

Presentation 12.6 (114) 7.0 (53) 9.0 (75) 9.0 (75)

Pre BMT 8.6 (70) 6.5 (48) 12 (108) 9.0 (75)

Post BMT 8 (64) 5.8 (40) 13(119) 10.3 (89)
Current age (on submission) 13.5 years 12.0 years 15.2 years 13.5 years
Insulin dose and regimen CSlI (1.1 1U/kg/day) CSlI (0.6 1U/kg/day) MDI (2 IU/kg/day) MDI (2.2 1U/kg/day)
Weight SDS -1.7 -21 +0.54 -2.7
Height SDS —1.3 —2.9 -34 -25
Bone age (Greulich and Pyle) 11.5 years 9 years Closed 12 years
BMI (kg/m?) 16 16.1 27 15.2
Puberty Tanner stage [\ ] Menarche at 12 years 1}

Abbreviations: BMI, body mass index; CSlI, continuous subcutaneous insulin infusion; Hb, hemoglobin; U, international unit; MCV, mean corpuscular

volume; MDI, multiple daily injection; WBC, white blood cells.

diagnosis. They have multiple nevi on the face and trunk, with a maxi-
mum diameter of 1 cm (Figure 2).

Allogenic BMT was conducted on A.1 at 8.2 years and on A.2 at
6.6 years old. Five years post BMT, their Hb, MCV, WBC, and plate-
lets remained normal without significant change in HbAlc levels. They
have appropriate puberty and school performance, but A.1 height was
—2.9 SDS compared with —1.9 in A.2.

The parents and the sister, all heterozygous for the DUT mutation,
have multiple nevi with similar distribution to the homozygous boys.
Their Hb, WBC, platelets, and MCV were normal. The mother and her
daughter had normal fasting glucose, HbAlc, insulin, and c-Peptide
(Table 2), but the father presented at 48 years with hyperglycemia
and HbA1c 8% (64 mmol/mol). He has mild acanthosis nigricans, BMI
of 33 and his diabetes was controlled on metformin. Two years after
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TABLE 2 Demographic and

Family A Family B laboratory characteristics of the
Family member Father Mother Daughter Father Mother heterozygous carriers of the missense
Age (years) 28 38 75 50 39 DUT mutation (c.£?5A>G p.(Tyr142Cys)
BMI (kg/m?) 331 34 16.2 24.2 353 from the two families
Hb (g/dI) 15.3 111 14.1 12.2 12.8
MCV (80-100 fl) 88 85 89 93.5 88.1
Platelets (135-450 x 10°/L) 198 426 279 149 233
WBC (3.5-11 x 10%/L) 6.7 8.82 6.14 7.3 5.97
HbA1c (<6.5%) 8.0 55 4.6 6.0 55
Fasting glucose (mg/dl) 145 94 87 101 95
Fasting insulin (2.0-25.0 mU/L) 9.1 8.6 5.1 8.7 10.2
Fasting c- peptide (1.1-4.4 ng/ml) 4.4 3.47 1.58 34 2.57

his diagnosis with diabetes, biochemical assessment revealed normal
fasting insulin level and high normal fasting C-peptide (Table 2).

Family B: The parents were healthy first cousins with an affected
daughter (B.1) and son (B.2). They presented at 4.5 and 8.3 years old,
respectively, with severe macrocytic anemia and thrombocytopenia.
They were not dysmorphic, with normal growth and development
without hearing defects or skeletal deformities. Coombs test, vitamin
B12, and folic acid were normal with hypocellular bone marrow.
Monthly blood transfusions with chelation were started. Patient B.1
presented at 6.9 years with symptomatic hyperglycemia, ketonuria,
and HbAl1c of 9% (75 mmol/mol). Insulin at 0.5 units/kg/day was
started, but over the years HbAlc raised to 12% (108 mmol/mol)
despite insulin requirement of 1.1 unit/kg/day. At the age of
7.5 years, she received allogenic BMT. Patient B.2 presented at
9.7 years with diabetes, mild ketonuria, and HbA1c of 10% (86 mmol/
mol). Insulin was started at 0.5 units/kg/day and a few weeks later he
received allogenic BMT. Prior to BMT, they have negative pancreatic
autoantibodies and unmeasurable c-peptide. They have multiple nevi
with similar size and distribution to patients A.1 and A.2. Follow-up at
7.7 years and 3.4 years post BMT, their Hb, MCV, platelets, and WBC
remained normal, but their HbA1lc and serum ferritin remained high.
Puberty and school performance were appropriate, but their height
SDS were <—2.5.

The parents were asymptomatic but have multiple nevi with simi-
lar size and distribution to their children. Their Hb, platelets, WBC,
HbA1c, fasting glucose, insulin, and c-peptide were all normal
(Table 2).

3.1 | Genotype

WES identified a homozygous <c.425A>G  p.(Tyr142Cys)
(chr15:48626619; hg19) mutation in the DUT gene (OMIM *601266;
chromosome 15qg21.1) in four affected children of both families.
Sanger sequencing confirmed this variant in the mitochondrial and
nuclear isoforms of the DUT gene of the affected children. The

detected mutation was also identified in heterozygous state in parents

of both families and an asymptomatic girl in family A (Figure 1). This
DUT mutation is identical to the one previously identified in the
homozygous status in patients affected by diabetes and bone marrow
failure and described as causative to this syndrome (Dos Santos
et al., 2017). Thus, our finding replicates this previous finding in
patients from two additional independent families presenting with the

same syndrome.

4 | DISCUSSION

We describe four children from two unrelated families with non-
autoimmune diabetes, bone marrow failure, and homozygous DUT
mutation making a total number of four families reported with this
syndrome to date (Dos Santos et al., 2017). The BMT resolved the
hematological features, and the heterozygous carriers of this mutation
are healthy confirming autosomal recessive transmission.

Dos Santos et al. showed that silencing the DUT gene, by two
independent mechanisms, increased the apoptosis in human and rat
pancreatic p-cell (Dos Santos et al., 2017). This finding indicated a role
of DUT in maintaining p-cell integrity and explains the insulin-
dependent MGD with very low c-peptide in their patients and ours.
The exact explanation for the hematological consequences of DUT
mutation is not clear; however, the initial picture and the progressive
nature of the bone marrow failure mimic other hematological condi-
tions of impaired DNA repair such as Fanconi anemia (FA) (Petryk
et al,, 2015). Interestingly, our patients and others reported by Dos
et al. developed diabetes years after the hematological manifestations.
This delayed diabetes presentation could reflect a variable tissue
response to impaired DUT function. Bone marrow has higher cell divi-
sion and turnover and therefore cells would be more vulnerable to
apoptosis following DUT mutation compared with pancreatic p-cells,
which have slow division (Lam et al., 2017; Oram et al., 2019).

All reported patients with this phenotype were homozygous for
the only described DUT mutation in human. However, we noticed a
wide variation in the severity and age of onset even between sib-

lings of the same gender. This phenomenon was reported in other
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FIGURE 1 Family 1 pedigree with
DUT mutation chromatograms
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MGD syndromes (Habeb, 2013; Habeb et al., 2018) and could be
related to environmental factors or the presence of other modifying
genes. Multiple naevi on the face and trunk were seen in all our
patients and heterozygous family members for this DUT mutation.
This feature was also seen in siblings of a family reported by Dos
Santos et al., but the remaining members of that family were not
available for assessment. Benign naevi can be associated with DNA
repair defect (Stark et al., 2020); however, because nevi are rela-
tively common finding, evaluation of more patients with DUT muta-
tions is needed before considering nevi as a feature of this

syndrome.

c.425A>G/c.425/56

We were able to explore the clinical consequences of carrying
this DUT mutation in heterozygous state, which has not been previ-
ously reported (Dos Santos et al., 2017). Our assessment revealed that
the heterozygous carriers for this mutation have no evidence of BM
failure or diabetes and appear healthy apart from multiple nevi, similar
to individuals with homozygous DUT mutations. Although one father
developed diabetes, he was obese and his good response to metfor-
min suggests that he has common type 2 diabetes rather than MGD.
The remaining heterozygous individuals appear to have normal f-cell
function based on normal fasting insulin, c-peptide, glucose, and

HbA1c levels. However, the families were reluctant to undergo
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dynamic tests to explore the insulin secretion and action, which is a
limitation of our study. More detailed assessment of a larger cohort
would provide more insight into the clinical consequences of hetero-
zygous DUT mutations.

Recognizing DUT mutation syndrome is a challenge as the condi-
tion is rare and its phenotype is similar to thiamine responsive megalo-
blastic anemia (TRMA) (Habeb et al., 2018) and FA (Petryk
et al., 2015). In our patients, the normal hearing ruled out TRMA and
the absence of severe growth failure and skeletal deformities made
FA unlikely. The negative pancreatic autoantibodies and the non-
specific BM histology raised the possibility of syndromic MGD and
prompted us to do WES which made the diagnosis. The proper man-
agement of this syndrome is not clear; however, our experience indi-
cated that allogenic BMT can reverse the bone marrow failure in
patients with this syndrome. Of note, one affected sibling of a patient
from the initial report by Dos Santos et al was successfully treated by
BMT but he was not available of genetic testing, BMT made no
improvement of diabetes control of our patients; however earlier
BMT would minimize the risk of iron overload, due to regular transfu-
sion, which can impair the diabetes control as seen in our patients
with high serum ferritin.

In conclusion, these two families provide further evidence for the
role of the DUT gene in maintaining the cell integrity of bone marrow
and pancreatic f-cells. Allogenic BMT appears to be a successful
option for resolving the bone marrow failure and further studies on
larger cohort would clarify the clinical consequences of heterozygous
DUT mutations.
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