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Avoidance of fasting and regular ingestion of uncooked-cornstarch have long been the mainstay dietary treat-
ment of Glycogen Storage Disease type Ia (GSD-Ia). However, GSD-Ia patients who despite optimal dietary
treatment show poor glycemic control and are intolerant to cornstarch, present a complex clinical challenge. We
pursued Whole Exome Sequencing (WES) in three such unrelated patients, to both confirm a molecular diagnosis
of GSD-Ia, and seek additional variants in other genes (e.g. genes associated with amylase production) which may
explain their persistent symptoms. WES confirmed the GSD-Ia diagnosis, with all three probands harboring the
homozygous p.R83C variant in G6PC. While no other significant variants were identified for patients A and B, a
homozygous p.G276V variant in the SI gene was detected in patient C, establishing the dual-diagnosis of GSD-Ia
and Sucrase-Isomaltase Deficiency. To conclude, we suggest that WES should be considered in GSD-Ia patients
who show persistent symptoms despite optimal dietary management.

1. Introduction catalyzing the hydrolysis of glucose-6-phosphate (G6P) to glucose and

phosphate in the terminal step of gluconeogenesis and glycogenolysis.

Glycogen Storage Disease (GSD) Type I, also known as Von Gierke
disease, is a group of autosomal recessive disorders with an overall
incidence of approximately 1:100,000. The disease is caused by a defect
in the Glucose-6-Phosphatase Catalytic unit (G6PC). G6PC is a key
enzyme for the maintenance of glucose homeostasis between meals,

GSD-Ia patients are unable to maintain glucose homeostasis. As in other
hepatic glycogenoses, the disease hallmark manifestation is hypoglyce-
mia following a short fast.

The prognosis of GSD Type Ia has dramatically improved since the
introduction of nocturnal nasogastric infusion of a high glucose formula
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in 1976 in addition to usual frequent meals during daytime (Greene
et al., 1976). By constantly maintaining a nearly normal level of blood
glucose, this treatment causes a remarkable decrease, although not
normalization, of blood lactate, urate and triglyceride levels, as well as
bleeding time values. A second major improvement in the treatment,
introduced in 1984 (Chen et al., 1984), was the use of uncooked starch
in the regimen. This allows maintenance of a normal blood glucose level
for as long as four to 6 h. In 2007 (Bhattacharya et al., 2007; Correia
et al., 2008), an extended release cornstarch preparation was presented,
for maintaining glucose concentrations during the overnight period. The
preparation, Glycosade, was approved in the United Kingdom and in the
United States in 2009 and 2012, respectively (Ross et al., 2016), and
allows 7-10 h of coverage without sacrificing metabolic control (Dam-
bska et al., 2017). Under this combined treatment, glycemic control is
achieved, and to a great extent the multisystem complications of the
disease are expected to be avoided (Dambska et al., 2017). Indeed, for
most GSD-Ia patients, adherence to this dietary regimen achieves good
glycemic control. However, occasional patients for whom uncooked
cornstarch is not tolerated or otherwise does not achieve glycemic
control, present a unique and complex challenge in the management of
GSD.

2. Patients and methods
2.1. Patient recruitment

At the Metabolic Disease Unit of the Edmond and Lily Safra Chil-
dren’s Hospital, Sheba Medical Center, we have encountered three un-
related patients with a clinical diagnosis of GSD-Ia who are refractory to
uncooked cornstarch. The patients were treated with the same strict diet
that is customary and described above, but persistently showed poor
glycemic control, as well as resistance to different therapeutic in-
terventions, including dietary alternatives to cornstarch. The dietary
treatment was tailored and planned by metabolic disease specialists and
dedicated certified dieticians highly experienced with the management
of pediatric and adult patients with GSDs and other inborn errors of
metabolism. As each of these patients experienced persistent hypogly-
cemic episodes with or without diarrhea, despite optimal treatment as
described above, we sought to pursue Whole Exome Sequencing (WES)
for the patients and their parents (trio exome). This, in order to both
confirm the clinical suspicion of GSD-Ia, and to try and unveil any other
potential genetic contributors to the complex phenotype.

Written, informed consent for genetic analysis was obtained from the
patients or their legal guardians. Approval for human subject research
was obtained from the Institutional Review Board of the Sheba Medical
Center.

2.2. Case presentations

Patient A is a 31 years-old male, born to non-consanguineous parents
of Ashkenazi-Jewish descent. He showed difficulties to maintain good
metabolic control since infancy. In addition, he has chronic diarrhea. He
was treated with uncooked cornstarch as usual, however hypoglycemic
events occurred regularly. He was also treated with Glycosade, the
aforementioned extended release cornstarch preparation, with no
improvement. The patient experiences multi-systemic complications
due to his unbalanced disease, including hyperlipidemia, hyper-
triglyceridemia, proteinuria, osteoporosis, chronic anemia, hyperurice-
mia and hepatic adenomas. One adenoma was resected from the left lobe
of his liver. As a part of his evaluation at the Gastrointestinal Unit, he
had starch tolerance test that showed intolerance to cornstarch.
Duodenal biopsies were considered normal. After cornstarch treatment
was halted, diarrhea stopped as anticipated. He was treated with other
dietary alternatives to cornstarch, including mazza-flour and Tapioca,
with no change in his metabolic control. To date, the only way to
maintain his glucose levels within the desired range during night time, is
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a continuous drip of Dextrose10% PG.

Patient B is an 11 years-old girl, born to non-consanguineous parents
of Ashkenazi-Jewish descent. She was followed by the Glycogen Storage
Disease Program team at the University of Florida (UF Health), under a
working diagnosis of GSD-I. However, similar to Patient A, despite
optimal adherence to dietary treatment, she shows intolerance to un-
cooked cornstarch, with poor glycemic control and subsequent multi-
systemic complications of GSD-I, proving a challenge in her routine care.

Patient C is an 18 months-old boy, born to highly consanguineous
parents of Arab-Muslim descent. He was admitted from another hospital
for evaluation due to poor glycemic control and chronic diarrhea. He
was managed as is usually done in GSD-Ia patients, gastrostomy feeding
tube was inserted and cornstarch was added to his meals. During his
hospitalization, despite full adherence with the strict dietary regimen,
he experienced recurrent events of hypoglycemia 30-40 min after every
meal. In order to avoid the hypoglycemia, he was connected to a
maintenance amount of continuous intravenous fluids with 10%
Dextrose. All trials to wean him off IV fluids failed, and he showed lactic
acidosis, hyperlipidemia and hypertriglyceridemia. In addition, the pa-
tient exhibited severe failure to thrive (FTT) and chronic diarrhea,
which was reported to have started at the age of 6 months. Before this
age, he was fed with breast milk only, and his stools were reportedly
normal. At 6 months, regular infant formula was added to breast milk,
and at 9 months breastfeeding was stopped. A large variety of formulas
were tried, but no improvement was noticed-these included an exten-
sively hydrolyzed formula, hypoallergenic formula with 55% MCT,
amino acid-based formula, and 84% MCT. None of the above helped.
Diarrhea continued, and the patient spent his life up to 18 months in the
hospital as weaning him off IV fluids was not achievable. He underwent
a thorough clinical assessment, including exhaustive laboratory tests
(CBC, ESR, CRP, Celiac serology, thyroid function tests, metabolic
screening tests: urine organic acids profile, plasma free carnitine, as well
as infectious evaluation in stool: Salmonella, Shigella, Campylobacter
Pylori, Yersinia enterocolitica, and E. Coli)- which were all normal. The
diarrhea was characterized as watery (Thiagarajah et al., 2018), and was
noted to be diet-induced. Endoscopies were done and biopsies were
considered normal with no evidence of inflammation. The patient was
then fed with Galactomin-19 (formula containing minimal levels of
lactose, galactose and glucose), with cessation of his diarrhea. Based on
his response to Galactomin-19, two possible disorders of malabsorption
were considered in the differential diagnosis, as co-morbid conditions to
his suspected GSD-Ia: Glucose Galactose Malabsorption and Sucrase
Isomaltase Deficiency (Haberman et al., 2017). To rule out the former,
glucose 10% solution was infused to his gastrostomy. With this infusion,
the patient showed normal glucose levels, and there were no events of
hypoglycemia. However, none of the formulas that were infused PG
(including uncooked cornstarch) managed to maintain glycemic control.
Thus, the child was suspected to have Sucrase-Isomaltase Deficiency.

2.3. Whole exome sequencing

For Patient A and B, Whole exome sequencing (WES), variant
detection, and filtering were performed at the Genomic Unit, Sheba
Cancer Research Center, Sheba Medical Center, as previously described
(Tirosh et al., 2019). Mutation calling was performed by a team of
clinician scientists, who had knowledge of the clinical phenotypes and
pedigree structure, as well as genetic expertise in exome evaluation.
Exome data were interpreted according to the American College of Ge-
netic and Genomic Medicine (ACMG) guidelines (Richards et al., 2015),
and pathogenicity of the variants was also evaluated using VarSome
(Kopanos et al., 2019).

3. Results

For all three unrelated probands, trio-WES yielded a shared homo-
zygous p.R83C variant in the G6PC gene, previously reported and



O. Steg Saban et al.

European Journal of Medical Genetics 65 (2022) 104518

i

<

I] GSD-la

El Sucrase-Isomaltase Deficiency

5 E B8

BEED

Fig. 1. Pedigree of family C. The index patient (arrow) was revealed by WES to harbor homozygous pathogenic variants in both the G6PC gene and SI gene. His
brother (V:4) was found to be homozygous for the SI variant, while their parents were found to be heterozygous carriers of both variants.

considered a known and common pathogenic variant in the Ashkenazi-
Jewish population, as well as in GSD-Ia patients of other ethnic origins.
This served to confirm a molecular diagnosis of GSD-Ia in all three pa-
tients. However, for patients A and B, no other pathogenic variants were
identified in other genes, and the explanation of their intolerance to
cornstarch is unfortunately still elusive.

In contrast, for Patient C, who had previously undergone Trio WES, a
revision of the WES data interpretation was pursued, with a specific
question of pathogenic variants in genes associated with malabsorption.
Upon re-analysis, the patient was found to be homozygous also for a
c.827G > T, p.(G276V) mutation in the Sucrase Isomaltase (SI) gene
(NM_001041.4), thus establishing a second diagnosis of Sucrase-
Isomaltase deficiency in the proband (Fig. 1). Subsequently, targeted
treatment with enzyme replacement therapy (ERT) with sacrosidase was
initiated, and after spending most of his life in hospitals, the patient was
able to be discharged home, and began gaining weight. Interestingly, his
older brother, who was at first reported as healthy, was later reported by
the parents to have intermittent diarrhea from infancy, without further
manifestations of GSD. Following the revision of the proband WES data,
the older brother was also tested for both pathogenic variants and was
found to harbor the SI variant, thus confirming him to also have SI
deficiency.

4. Discussion

The past few decades have seen significant advancements made in
the efficiency and clinical utility of Next Generation Sequencing (NGS)
technology, including targeted gene panel sequencing, whole exome-
and whole genome sequencing (WES, WGS). Along with the continued
decrease in their associated costs, these NGS methods brought a revo-
lution to clinical pediatrics at large, and specifically to pediatric
gastroenterology (Ki, 2021). This has enabled elucidation of the mo-
lecular basis of a myriad of genetic disorders with gastrointestinal
involvement affecting infants and children, and allows to increase the
diagnostic yield and shorten the diagnostic odyssey for many families.

In our study, we pursued research-based whole exome sequencing
(WES) in three unrelated families, in which the proband presented with
a clinical diagnosis of GSD, most consistent with GSD-Ia, for whom the
well-established dietary management based primarily on uncooked

cornstarch, was not tolerated and thus failed to achieve glycemic con-
trol. For specialists well-experienced with the management of patients
with GSD and inborn errors of metabolism, these patients constituted the
most complex and difficult-to-treat cases, challenging the treatment
guidelines. Indeed, the inability to achieve glycemic control in these
three patients brought severe multi-systemic complications, as well as
significant impairment of their quality of life.

The role of NGS in the diagnostic evaluation of patients with
glycogen storage disorders is growingly recognized (Beyzaei et al.,
2020), first and foremost due to the potentially overlapping phenotypic
features of GSD-Ia, other hepatic glycogenoses, related IEMs and other
conditions mimicking GSD, which often hamper the ability to reach a
definitive diagnosis based on clinical, laboratory and imaging findings
alone.

The striking finding of an additional pathogenic variant in the SI
gene in patient C in our study, establishing a second diagnosis of
Sucrase-Isomaltase Deficiency, not only brought to a targeted thera-
peutic intervention which benefited the patient, but enabled genetic
counselling and identification of additional affected and at-risk in-
dividuals in his family. Furthermore, our experience with this clinical
scenario underscores the importance of considering the possibility of
more than a single genetic disorder in a patient or family. This is espe-
cially true for patients born to consanguineous parents. As discussed by
Kurolap et al. (2016), clinicians are often guided by a single disorder
paradigm, but sometimes the patient’s diagnosis does not explain all of
the clinical findings. With the increased use of NGS in the clinical
setting, such cases of dual diagnosis are not an unheard-of phenomenon
(Kurolap et al., 2016). We suggest that WES or WGS should be consid-
ered in such cases, even more so than gene panel sequencing, and
especially in consanguineous kindreds.

In conclusion, the families reported herein underscore some of the
benefits of next generation sequencing (NGS) in the evaluation of
complex patients with GSD. We suggest that in selected patients, if the
initial diagnosis does not explain the whole phenotype, NGS might
reveal an alternative or even a second diagnosis, and especially in
consanguineous families.
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