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Abstract

Introduction: Liver Glycogen Storage Disease Type IX (GSD IX) is one of the most common
forms of GSD. It is caused by a deficiency in enzyme phosphorylase kinase (PhK), a complex,
hetero-tetrameric enzyme comprised of four subunits - a, B, v, and 6 - each with tissue specific
isoforms encoded by different genes. Until the recent availability of gene panels and exome
sequencing, the diagnosis of liver GSD IX did not allow for differentiation of these subtypes. This
study presents the first comprehensive literature review for liver GSD IX subtypes - GSD IX a2,
B, and -y2, We aim to better characterize the natural history of liver GSD 1X and further investigate
if there are subtype-specific differences in clinical presentation.

Methods: A comprehensive literature review was performed with the help of a medical librarian
at Duke University Medical Center to gather all published patients of liver GSD IX. Our refined
search yielded 74 articles total. Available patient data were compiled into an excel spreadsheet.
Data were analyzed via descriptive statistics. The number of patients with specific symptoms were
individually summed and reported as a percentage of the total number of patients for which data
were available or were averaged and reported as a mean numerical value. Published pathology
reports were scored using the International Association of the Study of the Liver Scale.

Results: There were a total of 183 GSD IX a2 patients, 17 GSD IX B patients, and 30 GSD IX
¥2 patients. Average age at diagnosis was 4 years for GSD 1X a2 patients, 2.34 years for GSD IX
[ patients, and 1.81 years for GSD IX -y2 patients. Hepatomegaly was reported in 164/176
(93.2%) of GSD IX a2 patients, 16/17 (94.1%) of GSD IX B patients, and 30/30 (100%) of GSD
IX y2 patients. Fasting hypoglycemia was reported in 53/121 (43.8%) of GSD IX a2 patients,
8/16 (50%) of GSD IX B patients, and 18/19 (94.7%) of GSD IX -y2 patients. Liver biopsy
pathology reports were available and interpreted for 46 GSD 1X a2 patients, 3 GSD IX B patients,
and 24 GSD IX y2 patients. 22/46 (47.8%) GSD IX a2 patients, 1/3 (33.3%) GSD IX  patients,
and 23/24 (95.8%) GSD IX -y2 patients with available pathology reports documented either some
degree of fibrosis or cirrhosis.
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Conclusion: Our comprehensive review demonstrates quantitatively that the clinical presentation
of GSD IX y2 patients is more severe than that of GSD 1X a2 or B patients. However, our study
also shows the existence of a severe phenotype in GSD IX a2, evidenced by early onset liver
pathology in conjunction with clinical symptoms. There is need for a more robust natural history
study to better understand the variability in liver pathophysiology within liver GSD 1X; in
addition, further study of mutations and gene mapping could bring a better understanding of the
relationship between genotype and clinical presentation.
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1. Introduction

With an incidence of 1:100,000 live births, Glycogen Storage Disease Type I1X (GSD IX) is
one of the most common glycogen storage diseases [1,2]. GSD IX is caused by a deficiency
of phosphorylase kinase (PhK), an essential hetero-tetrameric regulatory enzyme in
glycogenolysis. The first enzyme in the glycogenolysis pathway, PhK is responsible for
phosphorylating and activating muscle and liver glycogen phosphorylase. This facilitates the
release of the outer glucose-1-phosphate from glycogen, the first step in debranching of
glycogen. Glucose continues to be mobilized through the activity of phosphorylases at first
and eventually through the debranching enzyme when the glucose chain is less than five
residues, leading to increased free glucose for energy usage [3]. PhK is comprised of four
copies of each subunit; alpha, beta, gamma, and delta (apy8), each encoded by unique
genes [3]. The -y subunit houses the catalytic site which is regulated by the a, B, and &
subunits, as well as extrinsic calmodulin, which is structurally indistinct from the & subunits
[3]. There are muscle and liver specific isomers of PhK, deficiencies of which are caused by
pathogenic variants in different genes and lead to different phenotypic manifestations. This
review focuses on liver PhK deficiency, also classified broadly as liver GSDIX, and its
subtypes [4].

The a subunit is coded by PHKA1Z (OMIM *311870) in muscle and PHKAZ (OMIM
*300798) in liver, both on the X chromosome; the B subunit is coded by PHKP the y subunit
is coded by PHKG1 (OMIM *172470) in muscle and PHKGZ (OMIM *172471) in liver; the
& subunit is coded by CALM1 (OMIM *114180), CALM2 (OMIM *114182), and CALM3
(OMIM *114183) [5-7], The genes PHKA1 and PHKGI encode the muscle specific
isoform and are responsible for various subtypes of muscle PhK deficiency [4]. The genes
PHKAZ, PHKB, and PHKGZ encode the liver isoform a2, B, and y2 subunits, respectively
and are responsible for the various subtypes of liver PhK deficiency [4]. Mutations in the &
subunit and the CALM 1, 2, 3 genes has not yet been definitively linked to a specific
phenotype and will not be further addressed in this paper [3].

Mutations in the a.2 subunit are most common, X-linked recessive, and responsible for
roughly 75% of liver PhK deficiency; mutations in the y2 subunit are second most common,
autosomal recessive, and responsible for almost 25% of liver PhK deficiency; mutations in
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the B subunit are also autosomal recessive and are far less common [8-11]. In this paper we
will focus on liver PhK deficiency, also classified broadly as liver GSDIX, and its subtypes

[4].

There is a large amount of variability in the nomenclature of the different liver GSD IX
subtypes, with the most recent 2019 American College of Medical Genetics and Genomics
guideline proposing utilizing the Roman lettering “a, b, ¢” to stand for mutations in PHKAZ,
PHKB, and PHKGZ genes respectively [12]. The Online Mendelian Inheritance in Man
Database also classifies the subtype of liver GSD IX utilizing the roman letter “a, b, ¢” to
represent mutations in the PHKAZ, PHKB, and PHKGZ2 genes respectively. For example,
GSD IXa refers to a mutation in the PHKAZ gene. However, in this paper we propose
referring to the subtype of liver GSD IX utilizing the Greek lettering referring to the mutated
subunit of the PhK enzyme, as this is the most concise and clear nomenclature. For example,
from now on the disease caused by a mutation in PHKAZ gene, leading to a mutation in the
a subunit will be called GSD IX a2. Mutations in PHKB gene encoding the p subunit will
be referred to as GSD IX B. Mutations in the PHKGZ2 gene encoding the y2 subunit will be
referred to as GSD IX y2.

Until the recent availability of gene panels and exome sequencing, the diagnosis of liver
GSD IX did not allow for clear differentiation of these subtypes. However, based on prior
case reports, there is growing body of evidence for some genotype-phenotype correlation
[8,13-15]. Most liver GSD X patients present between infancy and two years with
hepatomegaly, elevated liver transaminases, elevated triglycerides, motor delay, growth
delay, and/or episodes of ketotic hypoglycemia [10]. The clinical presentation of the
majority of GSD IX a2 and GSD IX B patients is reported to become milder with age as
metabolic demands decrease; however, the symptoms of GSD IX -y2 patients have been
shown to persist with age, potentially progressing to cirrhosis, liver failure, hepatocellular
carcinoma, and death [4,13-22].

We present the first comprehensive literature review of liver GSD 1X in order to characterize
the natural history of GSD IX a2, GSD IX y2 and GSD IX B, and further investigate
genotype-phenotype correlations.

2. Methods

2.1. Literature review

To obtain all relevant, published case reports with liver type GSD IX a2, B, and y2, a
comprehensive literature review was conducted through September 2020 using PubMed.
Working with a medical librarian at Duke Medical Sciences Research Library, the following
search strategy was crafted and performed: “Glycogen storage disease type IX OR GSD IX
OR glycogenosis type 1X OR Glycogen storage disease type 9 OR Glycogen storage disease
type nine” National Library of Medicine Medical Subject Headings (MeSH) terms
“glycogen storage disease” was used. Additional literature searches with each of the
following terms were performed: “PHKA2”, “PHKG2”, “PHKB”, “GSD IXa”, “GSD IXb”,
“GSD I1Xc”, “GSD alpha”, “GSD beta”, “GSD gamma” to ensure maximal coverage of
reported cases.
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All papers were reviewed and only papers that specifically contained patient data such as
case reports and case series with patients who were reported to have genetically confirmed
diagnoses of liver GSD IX were included in the study. These refined criteria yielded 74 total
articles. The raw data alongside the specific paper citations is included in the supplementary
materials.

All patients cited as previously reported in the literature were noted and the both the initial
and recent reference were reviewed and cited to ensure no duplicate patients were recorded.

2.2. Data collection

All relevant clinical data were pulled from the collected literature. For patients reported in
multiple sources, data from the most recent source was used. If any data for a particular
patient was not mentioned in the most recent report, all older published references citing the
patient were searched for the relevant data. Raw data were compiled into an excel
spreadsheet by three separate researchers and all data entry was double checked using the
original papers by one researcher.

2.2.1. Demographic information—Descriptive information including patient gender
and age at diagnosis was extracted. Age at diagnosis was converted to years if previously
reported in months. The relationship between patients in the same family was recorded. If
available, the genetic variants, amino acid change, and exon location of the mutation for
each patient was recorded. The initial presentation, description of the symptoms that the
patient was exhibiting which lead to diagnosis/treatment, was also recorded.

2.2.2. Hepatomegaly, growth and development—~Patients with documented
hepatomegaly, growth retardation, delayed growth, or short stature were reported
respectively. All patients with a documented length or height equal to or below the 10th
percentile were coded as “delayed” [23]. Any form of developmental delay including gross
motor delay, hypotonia, physical deformity, or speech delay were coded as “delayed.” All
patients reported as displaying normal development were coded as “normal.” Any parameter
with no information reported for a patient was coded as “ND” (no data).

2.2.3. Biochemical laboratory evaluation—Data reported for presence or absence of
fasting ketosis, hypertriglyceridemia, hypercholesterolemia, and fasting hypoglycemia, were
reported respectively. Enzyme activity was coded based on documented low enzyme activity
as measured in either erythrocytes, leukocytes, or hepatocytes, or normal. Aspartate
Transaminase (AST) and Alanine Transaminase (ALT) levels were counted as either
elevated or normal; patients were also reported as elevated if above the normal reference
range of 0-45 units per liter (U/L) for AST or 0-40 U/L for ALT. Numerical values for these
parameters were collected when appropriate and averages were reported. Any parameter
with no information reported for a patient was coded as “ND” (no data).

2.2.4. Liver biopsy, hepatic adenoma, and transplant—~Patients who received
liver biopsies or transplants, or were documented to have hepatic adenomas were noted. Age
at time of liver biopsy, and age at time of transplant were converted to years if previously
reported as months. Pathology reports were coded using the categories denoted by the
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International Association for Study of the Liver (IASL) [24]. This scale was chosen as the
categories were broad while still capturing the progressive nature of liver pathology. As we
did not have access to full pathology and histology reports we did not know the most
detailed scope of liver disease, thus rendering other histologic grading scales more difficult
to use. Pathology reports documenting cirrhosis were coded as stage 4. Severe fibrosis was
coded as stage 3. Moderate fibrosis was coded as stage 2. Mild fibrosis was coded as stage 1.
No fibrosis was coded as stage 0. Any parameter with no information reported for a patient
was coded as “ND” (no data).

2.3. Data analysis

All data were analyzed using descriptive statistics. Descriptive statistical analysis was
performed separately for each liver GSD 1X subtype. The number of patients with specific
symptoms for which data were collected, were individually summed and reported as a
percentage of the total number of patients for which data were available, or data were
averaged and reported as a mean numerical value. Ranges were also calculated when
applicable.

3. Results

3.1. GSDIXa2

3.1.1. Diagnosis and initial presentation—A total of 183 patients with liver type
GSD IX a2 were gathered from the literature. Of the 183 patients there were 15 families (34
patients total) with family history of GSD 1X a2 of which nine families had sibling pairs
with GSD IX a2. The remaining 149 patients were singletons with no family history of
GSD IX a2.

Of the 132 patients which reported age at diagnosis, the mean age at diagnosis was 4 years
with a range of 0.24-37 years.

Initial presentation was reported for 157 patients. Of the 157 patients, 141 (89.8%) presented
with hepatomegaly. 56 (35.7%) patients presented with abnormal liver function. 47 out of
157 (29.9%) patients presented with growth or developmental delays including delay in
gross motor milestones, cognitive impairment, short stature, growth retardation, or decrease
in growth velocity. 8 out of 157 (5.1%) patients presented with complaints of frequent
infections. 6 out of 157 (3.8%) patients presented with frequent hunger. 6 out of 157 (3.8%)
patients presented with frequent hypoglycemia. 4 out of 157 (2.5%) patients presented with
fatigue. 2 out of 157 (1.3%) patients presented with anemia. 1 out of 157 (0.6%) patient
presented with frequent ketosis. 4 out of 157 (2.5%) patients presented with vomiting,
diarrhea, or nausea. 4 out of 157 (2.5%) patients presented with splenomegaly. 2 out of 157
(1.3%) patients presented with hypotonia. 1 out of 157 (0.6%) patients presented with
osteoporosis. 1 out of 157 (0.6%) presented with excessive weight gain. 1 out of 157 (0.6%)
presented with lactic acidosis.

3.1.2 . Clinical presentation—164 (93.2%) patients were reported as having
hepatomegaly of the 176 for which it was discussed. AST/ALT levels were reported for 138
patients, and 125 (90.6%) patients displayed elevated levels. Enzyme activity as measured in
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erythrocytes, leukocytes, or hepatocytes was reported for 116 patients, an enzyme activity
was reported as low in 101 (87.1%) patients. Growth was reported for 168 patients, 98
(58.3%) displayed growth retardation. 21 (61.8%) patients displayed fasting ketosis out of
the 34 for which it was discussed. Hypertriglyceridemia was present in 64 (65.3%) of the 98
patients for which it was reported. Hypercholesterolemia was present in 41 (45.6%) of the
90 patients for which it was reported. 53 (43.8%) patients displayed fasting hypoglycemia of
the 121 patients for which it was discussed. Development was reported for 88 patients and
31 (35.2%) patients displayed delayed development.

Quantitative AST levels were reported for 85 patients, 66 were elevated and 19 were normal.
Mean AST was 328.2 U/L. ALT levels were reported for 91 patients, 70 were elevated and
21 were normal. Mean ALT was 274.1 U/L. AST levels ranged from 24 to 2001 U/L. ALT
levels ranged from 13 to 1121 U/L. Quantitative triglyceride level was reported for 69
patients. The mean triglyceride level was 6.23 mmol/L with a range of 0.46—43.3 mmol/L.
Quantitative total cholesterol level was reported for 66 patients. The mean cholesterol level
was 6.52 with a range of 0.57-20.26 mmol/L.

3.1.3. Liver biopsy—68 (37.2%) of the 183 patients underwent a liver biopsy. Mean age
at time of biopsy was 3.09 years with a range of 0.5-6.7 years. 60 patients had a documented
pathology report. 46 pathology reports were able to be coded under the IASL grading
system. 14 patients from China and South Korea utilized wording in the pathology report
that was not consistent with our histologic grading scale.

24 of the 46 pathology reports evaluated (52.2%) displayed no fibrosis. 7 (15.2%) displayed
mild fibrosis. 4 (8.7%) displayed moderate fibrosis. 7 (15.2%) displayed severe fibrosis. 4
(8.7%) displayed cirrhosis.

Overall, 22 out of 46 evaluable patients with pathology reports (47.8%) displayed some
degree of fibrosis (mild, moderate, or severe) or cirrhosis.

The mean IASL score was 1.13.

3.1.4. Hepatic adenoma—Data regarding the presence or absence of a hepatic
adenoma was documented for 73 patients. Only one patient was reported to have a hepatic
adenoma.

3.1.5. Liver transplant—No patients were reported as receiving a liver transplant.

3.2. GSDIXB

3.2.1. Diagnosis and initial presentation—A total of 17 patients of GSD IX p were
gathered from the literature. Initial presentation was reported for all 17 patients. Of the 17
patients there were 2 separate families (4 patients total) with family history of GSD IX B,
both families consisted of sibling pairs. The remaining 13 patients did not have family
history of GSD IX .

16 out of 17 patients (94.1%) presented with hepatomegaly. 3 out of 17 patients (17.6%)
presented with short stature. 2 out of 17 (11.8%) presented with hypotonia. 1 out of 17
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patients (5.9%) presented with abnormal liver function. 1 out of 17 patients (5.9%) presented
with hypoglycemia. 1 out of 17 patients (5.9%) presented with splenomegaly.

Of the 15 patients which reported age at diagnosis, the mean age was 2.34 years with a range
of 0.5-5.25 years.

3.2.2. Clinical presentation—16 out of 17 patients displayed hepatomegaly (94.1%).
Liver enzyme activity as measured through erythrocytes, leukocytes, or hepatocytes was
reported for 12 patients. 11 patients displayed low enzyme activity (91.7%). AST/ALT levels
were reported for 9 patients, and 7 displayed elevated levels (77.8%). Hypertriglyceridemia
was present in 6 (85.7%) out of the 7 patients for which it was reported. Growth was
reported for 8 patients, 7 (87.5%) displayed growth retardation. 8 patients of the 16 for
which it was reported (50.0%) displayed fasting hypoglycemia. Hypercholesterolemia was
present in 1 (50.0%) of the 2 patients for which it was reported. 1 (33.3%) case displayed
fasting ketosis out of the 3 for which it was discussed. Development was reported for 12
patients, 3 (25.0%) patients displayed delayed development.

Quantitative AST/ALT levels were reported for 6 patients, 4 were elevated and 2 were
normal. Mean AST was 146 U/L. Mean ALT was 115.3 U/L. AST levels ranged from 46 to
274 U/L. ALT levels ranged from 30 to 192 U/L. Quantitative triglyceride level was reported
for 1 patient (13.87 mmol/L). Quantitative total cholesterol level was reported for 1 patient
(18.87 mmol/L).

3.2.3. Liver biopsy—3 out of 17 patients received a liver biopsy (17.6%). Age at time of
biopsy was documented for one patient who received a biopsy at 3.5 years of age. Pathology
report was documented for all 3 patients.

2 of the 3 pathology reports (66.7%) displayed no fibrosis. 1 (33.3%) displayed mild
fibrosis.

The mean IASL score was 0.33.

3.2.4. Hepatic adenoma—Data regarding the presence or absence of a hepatic
adenoma was documented for 3 patients. Only one patient was reported to have a hepatic
adenoma.

3.2.5. Liver transplant—No patients were reported as receiving a liver transplant.

3.3. GSDIXy2

3.3.1. Diagnosis and initial presentation—A total of 30 patients with liver type
GSD IX y2 were gathered from the literature. Initial presentation was reported for 29 out of
30 patients. Of the 30 patients there were 3 separate families (6 patients total) with family
history of GSDIX y2, all families consisted of sibling pairs with GSD IX y2. The remaining
24 patients did not have family history of GSD 1X y2.

27 out of 29 patients (93.1%) presented with hepatomegaly. 3 out of 29 patients (10.3%)
presented with splenomegaly. 10 out of 29 patients (34.5%) presented with frequent
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hypoglycemia. Additionally, 3 out of 29 patients (10.3%) presented with seizures, 3 out of
29 (10.3%) presented with delayed growth, and 3 out of 29 (10.3%) presented with delayed
development. 2 out of 29 patients (6.9%) presented with cholestasis. 2 out of 29 patients
(6.9%) presented with “abnormal liver function”.

Of the 26 patients which reported age at diagnosis, the mean age was 1.81 years with a range
of 0.3-15 years.

3.3.2. Clinical presentation—All 30 patients (100%) displayed hepatomegaly.
AST/ALT levels were reported for 22 patients, and all 22 patients (100%) displayed elevated
levels. Fasting ketosis was discussed for 6 patients, and all 6 (100%) displayed fasting
ketosis. Fasting hypoglycemia was discussed for 19 patients, and 18 displayed fasting
hypoglycemia (94.7%). Liver enzyme activity as measured through erythrocytes, leukocytes,
or hepatocytes was reported for 19 patients. 18 patients (94.7%) displayed low enzyme
activity. Hypertriglyceridemia was reported in 17 (94.4%) out of the 18 patients for which it
was discussed. Growth was documented for 24 patients, 17 patients (70.8%) displayed
delayed growth retardation. Development was reported for 20 patients, 10 patients (50%)
displayed delayed development. Hypercholesterolemia was documented in 5 patients
(45.4%) of the 11 for which it was discussed.

Quantitative AST/ALT levels were reported for 16 patients and all were elevated. Mean AST
was 751.1 U/L. Mean ALT was 516.9 U/L. AST levels ranged from 80 to 2000 U/L. ALT
levels ranged from 175 to 1125 U/L. Quantitative triglyceride level was reported for 7
patients. The mean triglyceride level was 5.8 mmol/L with a range of 1.75-14.5 mmol/L.
Quantitative total cholesterol level was reported for 8 patients. The mean cholesterol level
was 9.4 with a range of 37.5-18.4 mmol/L.

3.3.3. Liver biopsy—24 out of 30 patients (80%) received a liver biopsy. Age at time of
biopsy was reported for 15 patients. Mean age at time of liver biopsy was 3.03 years with a
range of 0.5-20 years. Pathology report was documented for all 24 out of 30 patients.

1 of 24 pathology reports (4.2%) displayed no fibrosis. 5 (20.8%) displayed mild fibrosis. 3
(12.5%) displayed moderate fibrosis. 9 (37.5%) displayed severe fibrosis. 6 (25%) displayed
cirrhosis.

23 out of 24 (95.8%) patients displayed either fibrosis (mild, moderate, or severe) or
cirrhosis.

The mean IASL score was 2.7.

3.3.4. Hepatic adenoma—Data regarding the presence or absence of a hepatic
adenoma was documented for 10 patients. Three patients were reported to have a hepatic
adenoma.

3.3.5. Liver transplant—One patient with GSD 1X y2 was reported as receiving a liver
transplant at 20 years of age due to cirrhosis of the liver and liver failure. One patient with
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GSD IX y2 was reported to have developed hepatocellular carcinoma at 27 years of age and
is currently awaiting liver transplant.

Table 1 reports the number of patients in each category, for GSD I1X a2, B, and 2 patients.
Fig. 1 shows the comparison of age at diagnosis between GSD IX a2, B, and -y2 patients.
Fig. 2 show the percentage of reported hypoglycemia, ketosis and hypertriglyceridemia,
between GSD 1X a2, B, and y2 patients. Table 2 displays the results from the coding of the
pathology reports for GSD IX a2, B, and y2 patients.

4. Discussion

Here, we present the first comprehensive literature review including all subtypes of liver
GSD IX - GSD IX a2, B, and y2. From this literature review, we have confirmed previously
published findings for liver GSD IX. Presenting signs include hepatomegaly, growth delay,
and developmental delay. Common lab findings include ketotic hypoglycemia,
hypertriglyceridemia, hypercholesterolemia, elevated AST/ALT, and low enzyme activity
[13,20]. Generally, these presenting signs and symptoms have been thought to be benign as
they tend to improve with age, especially with GSD IX a2 and B patients. However, our
understanding of liver GSD IX is evolving, from a benign disorder to one with significant
clinical variability.

The results of our study demonstrated that patients with GSD 1X y2 displayed a more severe
phenotype when compared to GSD IX a2 and . GSD IX y2 patients on average had a
higher percentage of patients with hepatomegaly, fasting hypoglycemia, fasting ketosis,
hypertriglyceridemia, and elevated AST/ALT compared to GSD IX a2 and f patients (Table
1, Fig. 2). Quantitative AST/ALT and AST/ALT mean and range were above normal
reference values for GSDIX a2, B, and y2 however, patients with GSD IX -y2 had a higher
mean AST/ALT level and range than patients with GSD IX a2 and B (Table 1). In addition,
GSD IX y2 patients were diagnosed at a younger age compared to GSD I1X a2 and
patients (Fig. 1). Also, a significantly higher percentage of GSD IX 2 patients received
liver biopsies as compared to GSD I1X a2 and B patients (Table 2). All subtypes
demonstrated a majority of patients with growth delays. Interestingly, patients with GSD 1X
B demonstrated the highest percentage of patients with delayed growth. This shows the need
for further study regarding the phenotype of a GSD IX B. GSD IX 2 patients exhibited
some form of developmental delay, two times more frequently than GSD IX a2 and
patients (Table 1). These results may have significant implications for future cognitive and
physical outcomes for GSD IX -y2 patients later in life.

Patients with GSD 1X y2 demonstrated significant liver fibrosis, when compared to other
liver GSD 1X subtypes (Table 2). Reported pathology was coded using the categories
denoted by the International Association for Study of the Liver (IASL). Of the 24 reported
patients of GSD 1X y2 with a recorded liver biopsy, 95.8% of patients had reported fibrosis
and/or cirrhosis. This is compared to only 47.8% with fibrosis and or cirrhosis of the 46
GSD IX a2 patients with a liver biopsy we were able to code. In addition, once again, the
mean age at diagnosis for GSD IX -y2 patients was younger than GSD 1X a.2 patients.
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Overall this provides evidence for the fact that GSD IX -y2 patients suffer from clinically
more severe liver symptoms, at an earlier age than patients with mutations in the other
subunits.

A potential explanation for this disparity in severity between GSD 1X y2 patients compared
to GSD IX a2 and B patients is the location of the mutation and the role of the affected
subunit in enzyme functionality. The -y subunit houses the catalytic site which is regulated
by the a, B, and 6 subunits, and extrinsic calmodulin, which is structurally identical to &
subunit [3]. Phosphorylation of the a and B subunits disinhibits the catalytic site and
promotes PhK activation as does the addition of calcium to the 6 subunits [3]. Therefore, a
mutation in the catalytic site of the PhK enzyme could lead to greater impairment of enzyme
activity as compared to a mutation in one of the other three regulatory subunits. However,
due to the enzyme’s large size, complexity, and the instability of the subunits when purified,
the regulation of the catalytic site has not been fully characterized and more studies are
needed to further understand the interaction between the subunits [3].

Based on clinical experience and taking into consideration the young age of most GSD IX
¥2 patients at the time of publication, it is likely that with the high prevalence of severe liver
disease on biopsy, as liver damage accumulates and progresses many more GSD IX y2
patients could require a liver transplant in the future [12]. This elucidates the unmet need
with regard to treatment of GSD IX y2. There are currently no non-surgical, minimally
invasive, long-term, therapeutic options for any liver GSD IX patients. More studies
investigating the clinical presentation and disease progression of liver GSD IX subtypes,
specifically GSD 1X y2 will allow for the development of targeted treatment to fill this
unmet need.

It is important to note that though GSD IX a2 patients typically display a less severe disease
phenotype than those with GSD 1X y2, there is clinical variability within the GSD I1X a2
subtype. 47.8% of GSD IX a.2 patients with recorded liver biopsies and pathology reports
had liver biopsy proven fibrosis and/or cirrhosis. These patients also generally presented
with more severe clinical symptoms including growth and/or developmental delay,
hepatomegaly, hypoglycemia, ketosis, elevated liver enzymes, hypertriglyceridemia, and
hypercholesterolemia compared to others with GSD 1X a2. Though no patients with an
alpha subunit variant were documented as receiving a liver transplant, taking into account
the young mean age at publication, it is possible that patients with a severe liver phenotype
may have or will go on to require liver transplantation. Therefore, further follow-up of
reported patients is needed in addition to new longitudinal clinical studies.

In this paper we have formalized the nomenclature for the subtypes of liver GSD IX. This
method of naming, using the mutated subunit to denote the disease subtype instead of roman
lettering or using the mutated gene, allows us to more easily analyze and report information
regarding a connection between genotype-and phenotype. We will utilize this subunit centric
nomenclature in future literature about liver GSDIX.

Limitations to this review stem from the small number of published patients reports. As a
rare disease with nonspecific symptoms that requires genetic testing to confirm diagnosis,
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liver GSD IX often goes undiagnosed. This review was also limited by the disproportionate
number of patients within each subtype. As an X-linked disorder, GSD IX a.2 occurs more
frequently than autosomal recessive subtypes GSD IX  and GSD 1X y2. This review was
also a cross-sectional examination of reported liver GSD IX patients. Most importantly, the
published case reports reviewed for this study were written as discrete time points.
Longitudinal studies are required to better understand the natural history of liver GSD 1X
and to understand the variations in liver disease progression over time. In addition, this
review is a comprehensive literature review and thus is prone to human error and bias. Our
selection criteria excluded articles that were not written in English and articles without
genetically confirmed diagnoses of GSD IX. In addition, due to the fact that there is a great
amount of variability in the nomenclature of GSD IX currently, it is possible our search
strategy might not have covered every single possible case. We mitigated this source of bias
by running two separate literature reviews at two different time points with search strategies
curated by Duke University Medical Library to ensure we captured the vast majority of the
literature.

5. Conclusion

In this paper we present the first comprehensive literature review for liver GSD IX. We
provide a standard nomenclature based on mutated subtype, demonstrate evidence for a
genotype-phenotype correlation among the subtypes of liver GSD 1X, and discuss the
clinical variability in GSD I1X a.2.

Our comprehensive review demonstrates quantitatively that the clinical presentation of GSD
IX 2 patients is generally more severe than that of GSD 1X a2 or B patients. We suggest
that this is perhaps due to the fact that the -y subunit houses the catalytic site, and damage to
this area, as opposed to the regulatory sites, causes greater enzyme impairment and thus
more severe disease. However, our study also shows the existence of a severe phenotype,
evidenced by early onset liver pathology, in GSD IX a2. A potential hypothesis is that the
disease manifestation of liver GSD IX exists on a spectrum. More studies regarding the
specific genetic mutations and gene mapping, in conjunction with longitudinal clinical
studies, need to be done to investigate this connection.

This comprehensive case review of liver GSD 1X demonstrates that there is evidence for a
genotype-phenotype connection within liver GSD IX. However, it is also clear that there is a
need for a more robust natural history study to better understand the variability in liver
pathophysiology within liver GSD IX. In addition, increased study of the mutations and
gene mapping could bring a better understanding of the relationship between genotype and
clinical presentation. With evidence pointing to the fact that GSD IX -y2 patients suffer from
more severe symptoms, it is evident that there is a gap in the literature with regard to specific
treatment for this patient population. Lastly, in future literature regarding GSD IX we
propose the nomenclature used in this paper, referring to a specific liver GSD 1X subtype
with the mutated subunit, be standardized and utilized.
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Fig. 1.
Age at diagnosis for GSD IX patients with GSD 1X a2, B, and y2. Patients with -y2 variant

are diagnosed at an earlier age when compared to a.2 or .
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Fig. 2.
Percentage of GSD IX patients with reported hypoglycemia, ketosis, and

hypertriglyceridemia, compared between GSD 1X a2, B, and y2. Patients with y2 variant
have the highest percentage of all three categories, when compared to GSD 1X a2 and
patients.
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Table 2:

Previously published liver pathology reports were coded using International Association for Study of the Liver
(IASL). 95.8% of pathology reports from patients with GSD 1X y2 variant reported liver pathology. Pathology
reports from patients with GSD 1X a2 and B, were 47.8% and 33% respectively.

GSDIXa2 GSDIXB GSDIXy2

Number of biopsies with path reports 46 3 24
Mean score using IASL 1.13 0.33 2.7
Percent of cirrhosis [4] 8.70% 0.00% 25.00%
Number of cirrhoss 4 0 6
Percent of severe fibrosis (3)P 15.2% 0.00% 37.50%
Number of severe fibrosis 7 0 9
Percent of moderate fibrosis [2] 8.70% 0.00% 12.50%
Number of moderate fibrosis 4 0 3
Percent of mild fibrosis [1] 15.20% 33.33% 20.80%
Number of mild fibrosis 7 1 5
Percent of no fibrosis (0) 52.20% 66.67% 4.20%
Number of no fibrosis 24 2 1
Percent of fibrosis (mild, moderate, severe) or cirrhosis (1,2,3,4)  47.80% 33.33% 95.8%
Number of fibrosis (mild, moderate, severe) or cirrhosis (n) 22 1 23
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