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Abstract

Introduction—L.iver Glycogen Storage Disease IX is a rare metabolic disorder of glycogen
metabolism caused by deficiency of the phosphorylase kinase enzyme (PhK). Variants in the
PHKGZ gene, encoding the liver-specific catalytic y2 subunit of PhK, are associated with a liver
GSD IX subtype known as PHKGZ GSD 1X or GSD IX -y2. There is emerging evidence that
patients with GSD 1X y2 can develop severe and progressive liver disease, yet research regarding
the disease has been minimal to date. Here we characterize the first mouse model of liver GSD IX

Y2.

Methods—A Phkg2~ mouse model was generated via targeted removal of the Phkg2 gene.
Knockout (PhkgZ2™!=, KO) and wild type (Phkg2"*, WT) mice up to 3 months of age were
compared for morphology, PhkgZtranscription, PhK enzyme activity, glycogen content, histology,
serum liver markers, and urinary glucose tetrasaccharide Glca1l-6Glcal-4Glcal-4Glc (Glcy).

Results—When compared to WT controls, KO mice demonstrated significantly decreased
liver PhK enzyme activity, increased liver: body weight ratio, and increased glycogen in the
liver, with no glycogen accumulation observed in the brain, quadricep, kidney, and heart. KO
mice demonstrated elevated liver blood markers as well as elevated urine Glcg, a commonly
used biomarker for glycogen storage disease. KO mice demonstrated features of liver structural
damage. Hematoxylin & Eosin and Masson’s Trichrome stained KO mice liver histology slides

"To whom correspondence should be addressed: Dr. Priya S. Kishnani, 905 Lasalle Street, GSRB1, 4th Floor, Room 4010, Division of
Medical Genetics, Duke University Medical Center, Durham, NC, USA, 27710 priya.kishnani@duke.edu.

Author contributions

Conceptualization was performed by RG, JL, BS, PSK. Data curation was performed by RG, JL, SC, LF, DB, SY. Formal analysis was
performed by RG, JL, SC, LF, LC, AA, BS, PSK. Funding acquisition was performed by PSK. Investigation was performed by RG,
JL, SC, LF, DB, SY. Methodology was performed by RG, JL, SC, LF, LC, DB, SY. Project administration was performed by BS, PSK.
Resources were provided by SY, DB, LC, AA, BS, PSK. Software was provided by RG and JL. Supervision was performed by AA,
BS, PSK. Validation was performed by RG, JL, SC, LC, DB, SY. Visualization was performed by RG, JL, SC, LF. Writing - original
draft was performed by RG, JL, PSK. Writing - review & editing was performed by RG, JL, SC, LF, LC, DB, SY, AA, BS, PSK.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gibson et al. Page 2

revealed characteristic GSD hepatocyte architectural changes and early liver fibrosis, as have been
reported in liver GSD patients.

Discussion—This study provides the first evidence of a mouse model that recapitulates the
liver-specific pathology of patients with GSD 1X y2. The model will provide the first platform
for further study of disease progression in GSD X y2 as well as for the evaluation of novel
therapeutics.

Keywords

Liver Glycogen Storage Disease type 1X; GSD IX -y2; Phosphorylase kinase deficiency; Phkg2;
mouse model

1. Introduction

Glycogen Storage Disease 1X (GSD IX) is one of the most common forms of GSD,
accounting for 25% of all GSD cases with an overall estimated prevalence of 1 in 100,000
individuals [1]. GSD IX is caused by a deficiency of phosphorylase kinase (PhK), one

of the most upstream enzymes in the glycogenolysis pathway [2]. PhK is a complex,
hetero-tetrameric enzyme comprised of four subunits; alpha (a.), beta (g), gamma (), and
delta (8) [3,4]. Phosphorylation of the a and B subunits as well as the presence of calcium
for the calmodulin & subunit regulate the activity of the PhK catalytic -y domain [[3], [4], [5],
[6], [71]- The subunits of PhK exist in different isoforms, corresponding to GSD IX muscle
and liver subtypes [2].

The most common GSD X subtype is liver GSD 1X [2]. During the fasted state, the
release of glucagon and epinephrine into the blood activates liver PhK, stimulating the
glycogenolysis pathway to breakdown glycogen into glucose and maintain glucose levels
in the blood [8]. However, in liver GSD 1X, deficiency of liver PhK prevents adequate
breakdown of glycogen into glucose, leading to hypoglycemia, increased glycogen in the
liver, and associated hepatomegaly, growth delay, and elevated liver enzymes [2,[9], [10],
[11], [12], [13]].

Research into liver GSD IX is severely limited, in part due to the complexity of the PhK
enzyme. Pathogenic variants in three of the eight genes that encode PhK subunits are
associated with liver PhK deficiency; PHKAZ (OMIM *300798) which encodes the PhK
a2 regulatory subunit liver isoform, PHKB (OMIM *172490) which encodes the PhK B
regulatory subunit in both the muscle and liver isoform, and PHKGZ2 (OMIM *172471)
which encodes the PhK y2 catalytic subunit liver isoform. Pathogenic variants in these three
genes are associated with the three liver GSD IX subtypes PHKAZ2 GSD IX (GSD I1X a2),
PHKB GSD IX (GSD IX B), and PHKGZ2 GSD IX (GSD IX y2), respectively [2,12].

There is growing evidence from the literature that patients with liver subtype GSD

IX -y2 are associated with a severe pathological phenotype [14]. Secondary to liver
glycogen accumulation, GSD X y2 patients present with liver-specific symptoms including
hypoglycemia, growth delay, hepatomegaly and elevated liver enzymes, and the majority

of individuals progress to severe liver disease [[10], [11], [12],[14], [15], [16], [17], [18],
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[19], [20], [21]]. Of published case reports for patients with GSD 1X y2, 80% of patients
received a liver biopsy of which95.8% of pathology reports identified liver fibrosis and/or
cirrhosis [14]. Ultimately, individuals with GSD IX -y2 are at high risk for developing
severe progressive liver disease, advancing from liver fibrosis, cirrhosis, to liver failure,
hepatocellular carcinoma and death [2,12,14].

The standard of care for individuals with liver GSD IX y2 is dietary modification via
consumption of high protein meals with supplements of uncooked cornstarch. High protein
intake provides repletion of protein precursors necessary for maintaining gluconeogenesis
[2,12,13]. Cornstarch, a source of the plant-based glycogen analogue amylopectin, is
broken down in the gastrointestinal tract and provides a slow-release form of glucose
in-between meals [2,12,13].Dietary modification provides symptomatic improvement of
hypoglycemic episodes but does not address the continued buildup of glycogen in the liver,
the underlying pathophysiology of the disease. In patients with GSD IX -y2, persistent
liver glycogen accumulation leads to progressive liver fibrosis, elevated liver enzymes, and
decline in liver function, potentially necessitating liver transplant [2,11,12,[14], [15], [16],
[17], [18], [19], [20], [21]]. Liver transplants come with their own set of complications,
including scarcity of organ donors and long-term immunosuppression [22]. Despite the
life-threatening severity of GSD 1X y2, there are currently no non-surgical, minimally
invasive, long-term, therapeutic options for patients, presenting a severely unmet need in the
field.

The investigation of disease progression and evaluation of novel therapeutics relies on the
development of robust animal models [[23], [24], [25]]. To date, there have been four animal
models described with PhK deficiency. These animals arose spontaneously in nature or
were transgenically derived [26,27]. The I-mouse strain was associated with muscle-specific
PhK deficiency and an X-linked recessive mutation in the Phkal gene [[28], [29], [30],
[31]]- The VV-mouse strain was associated with partial muscle-specific PhK deficiency and
an X-linked dominant mutation in the Phkal gene [32]. The University of Connecticut
School of Medicine mouse model was associated with liver and muscle PhK deficiency as
well as autosomal recessive mutations in the Phkb gene [33]. The only liver specific GSD
IX animal model was identified in an inbred strain of NZR/Mh rats (gsd gsa) that was
discovered four decades ago with liver-specific PhK deficiency, and later identified to have
autosomal recessive mutations in the Phkg2 gene [1,34,35]. However, this rat model has not
been studied in publication since 1996 [1]. Mice are a preferable model to rats as they are
smaller in size, have a shorter gestation period, and generally cost less to maintain [36]. To
date there are no established mouse models associated with liver GSD 1X y2 [26,27]. Here
we identify the first mouse model for GSD IX y2. Our laboratory has established the first
successful breeding mouse colony to generate complete Phkg2 knockout (Phkg2™'") mice.
Results of this study provide evidence that the mouse model successfully recapitulates the
liver-specific pathophysiology seen in GSD IX 2 patients.
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2. Methods

2.1. Generation of GSD IX y2 Mice (Phkg2~/")

Heterozygous Phkg2 mutant (Phkg2*~) mice carrying the Phkg2™2-Z knockout

allele (C57BL/6 N-Phkg2'mLAKOMP) Vicg jMmucd, RRID:MMRRC_049060-UCD) were
purchased from the Mutant Mouse Resource and Research Center (MMRRC) at
University of California at Davis and then cross-bred to produce homozygous

Phkg2 knockout (KO, Phkg2™'-) mice and wild-type (WT, Phkg2*'*) controls.

Pieces of tails were collected for genomic DNA extraction to confirm

genotype by PCR. Primer pairs GGGAGCAGGGATTGCTACTG (Forward 1) and
TTCCTCAGGGTTCCTGTTCTG (Reverse 1) were used for genotyping the KO allele and
GGTAAACTGGCTCGGATTAGGG (Forward 2) and TTGACTGTAGCGGCTGATGTTG
(Reverse 2) were used for the WT allele [37,38].

2.2. Fasting and Dissection of Mice

3 month old KO and WT mice were fasted for 24 h. Equal numbers of male and female
mice were used between WT and KO groups. Apart from the body weight growth curve,
all assays were performed specifically on samples from 3 month old mice. Blood and urine
samples were collected. Mice were euthanized for tissue collection. After dissection, tissue
was frozen on dry ice and stored at —80 °C for future biochemical assays or fixed in

10% neutral-buffered formalin (NBF) for 48 h for future histological analysis. All animal
experiments were performed under approval of the Duke University Institutional Animal
Care and Use Committee (IACUC) and under the guidelines from the National Institute of
Health guide for the care and use of laboratory animals [39].

2.3. Measurement of Liver: Body Weight Ratio

Body weight was measured on a cohort of mice at 1 month, 2 months, and 3 months of

age. These mice were not sacrificed. Body weight at 3 months of age was measured on

a separate cohort of mice immediately followed by euthanasia, liver dissection, and liver
weight measurement. Whole liver was collected and weighed to evaluate the ratio of liver
weight to body weight. Liver weight was reported as a percent of body weight using the ratio
of Liver weight/Body Weight (LW/BW) *100 as a metric for hepatomegaly.

2.4. RT-gPCR

RT-gPCR was performed to measure the transcription levels of the PhkgZ2 gene. Equal
weights of tissue were homogenized in cold lysis buffer [PBS containing 1% NP40,

0.5% sodium deoxycholate, 0.1% SDS and a protease/phosphatase inhibitor cocktail (Cell
Signaling Technology, Danvers, MA)] using an electric homogenizer. Tissue lysates were
cleared by centrifugation at 18,000g at 4 °C for 15 min. RNA isolation was performed

on tissue lysates using the RNeasy mini kit (Qiagen) per manufacturer’s instructions.

The concentration and purity of RNA was assessed using NANODROP 2000 (Thermo
Scientific). RNA was reverse transcribed into cDNA using the iScript cDNA Synthesis Kit
(Bio-Rad Laboratories). RT-qPCR was performed using SYBR Green and the LightCycler
480 System (Roche, Basel, Switzerland) according to the manufacturer’s instructions
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with three technical replicates. PhkgZ2 gene expression was measured relative to p-Actin.
The following primers were used: PhkgZ2 Forward 5’-GAGATGCACATTCTTCGCCA-3’
Phkg2 Reverse 5’-TCCTTTCCGCATCAGGTCAAA-3” (Eton Bioscience), p-

actin forward: 5’-AGATGTGGATCAGCAAGCAG -3’, B-Actin reverse: 5'-
GCGCAAGTTAGGTTTTGTCA-3’ (Integrated DNA Technologies). The primers were
designed to span different exons to ensure there was no amplification of genomic DNA.
Relative gene expression compared to the housekeeping gene p-actin was calculated using
the Delta-Delta Cycle Threshold (Ct) method [40].

2.5. PhK Enzymatic Activity

PhK enzyme activity was analyzed in frozen liver samples using standard
spectrophotometric methods used by Glycogen Storage Disease Laboratory at DUHS.

The assay is composed of three step reactions; the first step is set to activate the
Phosphorylase b to Phosphorylase a. The second step involves breakdown of Glycogen

in the presence of glycogen phosphorylase to release the free glucose molecule in the

form of Glucose-1-phosphate. The last step uses Glucose reagent (Infinity™: Cat No.
TR15421; ThermoScientific - Fisher Diagnostics, Middletown, VA, USA), which coverts
Glucose-1-Phosphate to glucose-6-phosphate in the presence of Phosphoglucomutase. G-6-P
is then oxidized and NAD+ is converted to NADH by G-6-P dehydrogenase. The amount of
NADH formed is proportional to the concentration of glucose in the sample and is measured
as absorbance at 340 nm. Enzyme activity was expressed as umol/min/mg of liver tissue
[15,41].

2.6. Glycogen Content Assay

Frozen tissues were homogenized in distilled water (1 mg of tissue/20 uL of water)

using an electric homogenizer. Homogenization was followed by sonication for 15 s and
centrifugation at 18,000g at 4 °C for 15 min. The 1:5 diluted lysates were boiled for 3

min to inactivate endogenous enzymes. Samples were incubated with 0.175 U/mL (final
concentration in the reaction) of amyloglucosidase (Sigma-Aldrich Co., St. Louis, MO) for
90 min at 37 °C. The mixtures were boiled for 3 min to stop the reaction. 30 uL of the
mixtures were incubated with 1 mL of Pointe Scientific Glucose Hexokinase Liquid Reagent
(Fisher, Hampton, NH) for 10 min at room temperature. Absorbance was measured at 340
nm with a UV-VIS spectrophotometer (Shimadzu UV-1700 PharmaSpec) [42,43].

2.7. Histology

Fresh tissue samples were fixed in 10% NBF for 48 h and post-fixed with 1% periodic

acid (PA) in 10% NBF for 48 h at 4 °C. Samples were washed with PBS, dehydrated with
ascending grades of alcohol, cleared with xylene, and infiltrated with paraffin. Sections were
cut with a microtome and mounted for staining.

For periodic acid-Schiff (PAS), slides were processed based on previously described
methodology [42]. In brief, slides were deparaffinized and rehydrated. Slides were oxidized
with freshly made 0.5% PA for 5 min and rinsed with distilled water for 1 min. Slides were
then stained with Schiff reagent for 15 min and washed with tap water for 10 min. Slides
were counterstained with Hematoxylin, rinsed with tap water, and incubated with bluing
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reagent for 1 min. Slides were then dehydrated and mounted. The periodic acid oxidizes
glycogen to an aldehyde product which reacts with Schiff reagent to produce a purple stain.

For Hematoxylin and Eosin staining (H&E), slides were treated based on previously
described methodology [44]. In brief, slides were deparaffinized and rehydrated. Slides were
stained with hematoxylin solution for 3 min, washed with running water and then stained
with Eosin Y solution for 2 min. Slides were then dehydrated and mounted.

For Masson’s Trichrome staining, slides were treated using the Sigma-Aldrich Masson’s
Trichrome Stain Kit No. HT15. Slides were deparaffinized and rehydrated. Slides were
incubated in Bouin’s solution at room temperature overnight. Slides were washed with
running tap water, stained with Weigert’s Iron Hematoxylin solution for 5 min, washed with
running tap water, stained with Biebrich Scarlet-Acid Fuschin for 5 min, rinsed with distilled
water, stained with phosphotungstic/phosphomolybdic Acid for 5 min, rinsed with distilled
water, stained in Aniline Blue Solution for 5 min, rinsed with distilled water, stained in

1% acetic acid for 2 min, and rinsed in distilled water. Slides were then dehydrated and
mounted. All imaging of slides was performed using a BZ-X710 microscope (Keyence
America, Itasca, IL).

2.8. Blood & Urine Analyses

Blood was sampled at 3 months of age after 24 h of fasting via submandibular bleeding.
Whole blood was sampled for blood glucose and ketones at hour intervals of fasting. Blood
glucose levels were measured using the AlphaTRAK2 whole blood glucometer and blood
ketone levels were measured using the Nova Max Glucose Ketone Meter [45]. Additional
blood was collected in a red top collection tube and centrifuged at 2000g, 4 °C for 10

min to isolate serum. Serum samples were sent out for liver and lipid panel testing by

a commercial laboratory (IDEXX Laboratories, Inc.). The liver panel included alkaline
phosphatase (ALP), aspartate aminotransferase (AST), alanine aminotransferase (ALT),
conjugated bilirubin (CB), unconjugated bilirubin (UCB), total bilirubin (TB), creatine
kinase (CK), total protein (TP), albumin (ALB), and gamma-glutamyl transferase (GGT).
The lipid panel included total cholesterol (TC), triglycerides, low-density lipoprotein (LDL),
and high-density lipoprotein (HDL). Urine samples were collected at 3 months of age after
24 h of fasting. Individual mice were restrained over a collection device. Gentle pressure
was placed on the belly to stimulate urination. Per mouse, 50 pL of urine was collected in
individual 1.7 mL Eppendorf tubes. Samples were shipped on dry ice to the Duke University
Health System Biochemical Genetics Laboratory for urine glucose tetrasaccharide Glcal-
6Glcal-4Glcal-4Glc (Glcy) analysis, also referred to as hexose tetrasaccharide (Hexy),
based on the laboratory’s previously described mass spectrometry methods [46,47].

2.9. Statistical Analysis

All numerical data was evaluated using Prism software version 8 (GraphPad, La Jolla,

CA). Statistical analysis of all quantitative data collected was performed using parametric
unpaired #tests to determine the differences between assays in male and female KO and WT
groups. One star * indicated p value < 0.05. Two stars ** indicated p< 0.01. Three stars ***
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indicated p < 0.001. Four stars **** indicated p < 0.0001. Pvalue < 0.05 was considered a
statistically significant difference.

3. Results
3.1. Generation of Phkg2~~ Mouse Model Verified at DNA Level

The Phkg2'™1 knockout allele was generated with a targeting vector by replacing the entire
PhK coding regions in the PhkgZ2 allele with a DNA fragment containing the lacZ and LoxP-
floxed neomycin expression cassettes (not shown). The Phkg2i™2-L knockout allele was
generated via Cre-mediated excision of the neomycin selection cassette from the parental
Phkg2'™I knockout allele (Fig. 1A). Genotype was confirmed via genomic DNA extraction,
PCR, and gel electrophoresis. The first PCR product at 210 bp in length was amplified from
the KO allele using the F1 and R1 primers. The second PCR product at 136 bp in length
was amplified via PCR from the WT allele using the F2 and R2 primers. Heterozygous mice
(HT) demonstrated both the KO and WT PCR products (Fig. 1B).

3.2. Generation of Phkg2~/~ Mouse Model Verified at RNA and Enzyme Level

RT-gPCR was performed with liver lysates from KO mice and WT controls. Primers were
designed to identify levels of transcription for the PhkgZ2 gene, with B-actin as a control.
Transcription of the PhkgZ2 gene was significantly decreased (p < 0.001) in KO mice
compared to WT controls (Fig. 1C). PhK enzyme activity was also performed with liver
lysates and was significantly decreased (o < 0.0001) in KO mice compared to WT controls.
6 KO (3 male, 3 female) 6 WT (3 male, 3 female) (Fig. 1D).

3.3. Morphological Measurements in Phkg2~~ Mice Reveal Hepatomegaly

Total body weight was measured and compared for WT and KO mice at 1, 2, and 3 months
of age. KO mice demonstrate significantly lower (p < 0.001) average body weight at 1
month of age. 20 WT (13 female, 7 male), 20 KO (13 female, 7 male). KO and WT mice
demonstrated similar weights by 2 months of age. 2 months - 14 WT (7 male, 7 female), 14
KO (7 male, 7 female) and 3 months - 14 WT (7 male, 7 female), 14 KO (7 male, 7 female).
(Fig. 2A). Liver weight (LW) was normalized to overall body weight (BW) as a quantitative
metric for enlarged liver or hepatomegaly. % Liver weight (LW/BW*100) was significantly
higher in KO mice when compared to WT controls.17 WT (7 male, 10 female), 17 KO (7
male, 10 female; p < 0.0001) (Fig. 2B).

3.4. Liver Glycogen Content is Significantly Elevated in Phkg2~/~ Mice

There was a marked difference in PAS stain between KO and WT controls specific to the
liver (Fig. 3A). For histology slides of brain, quadricep, kidney, and heart, there was minimal
difference in the PAS stain between KO and WT controls 6 WT (3 male, 3 female), 6 KO

(2 male, 4 female; Fig. 3A). The remarkable increase in PAS stain in the liver of KO mice
was verified with glycogen content assay. Glycogen content in the liver was significantly
elevated in KO mice compared with WT controls. 6 WT (3 male, 3 female), 6 KO (3 male, 3
female; p < 0.0001; Fig. 3B). Glycogen content assay confirmed that there was a significant
difference in glycogen accumulation specific to the liver of KO mice, a key characteristic of
liver GSD IX y2.
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3.5. Phkg2~~ Mice Demonstrated Characteristic GSD Hepatocyte Architectural Changes
and Early Perisinusoidal Fibrosis

On H&E stain, KO hepatocytes were heterogeneously enlarged with pale cytoplasm and
distinct cell membranes, secondary to persistent glycogen accumulation. Nuclei were
concentrated, pyknotic, and lateralized (Fig. 4A). Based on pathologist review, hepatocyte
architectural changes were identified in 5 KO mice and 0 WT controls. 6 WT (4 male, 2
female), 5 KO (2 male, 3 female). These hepatocyte architectural changes are characteristic
of the changes seen in patients with liver GSDs [48]. On Masson’s Trichrome stain, KO
mice showed evidence of early perisinusoidal liver fibrosis (Fig. 4B). Based on pathologist
review, early perisinusoidal fibrosis was identified in 3 KO mice and 0 WT controls. 6 WT
(4 male, 2 female), 8 KO (5 male, 3 female). Progressive liver fibrosis is characteristic in
patients with liver GSDs [48,49].

3.6. Phkg2~~ Mice Demonstrated Significant Increase in Serum AST, ALT, and Urine Hex,

To create fasting blood glucose and ketone curves, KO and WT mice were fasted and
measured for blood glucose and ketones. When compared to WT controls, KO mice
demonstrated significant hypoglycemia for 0 and 8 h of fasting. During the period of
hypoglycemia, while blood ketones did increase in both groups, there was not a significant
difference in blood ketones between KO mice and WT controls. 10 WT (5 male, 5 female)
and 10 KO (5 male, 5 female; Fig. 5A,B). Urine samples were evaluated for Hex,, a known
biomarker of glycogen accumulation. In line with the elevated glycogen accumulation seen
on PAS stain and glycogen assay (Fig. 4), there was a significant elevation in urine Hex,

in KO mice compared to WT controls. 6 WT (3 male, 3 female), 6 KO (3 male, 3 female)
(p<0.01; Fig. 5C). Serum samples were collected for liver and lipid panel analyses. Liver
enzymes including ALT and AST were significantly elevated in KO mice vs. WT controls.
5 WT (2 male, 3 female), 5 KO (2 male, 3 female) (ALT p< 0.0001, AST p< 0.0001; Fig.
5D, E). No significant differences were observed for GGT, TP, Albumin, TB, CB, UCB, TC,
triglycerides, LDL, and HDL.

4. Discussion

Patients with liver GSD IX generally present with liver-specific symptoms including
hepatomegaly, hypoglycemia, growth delay, and elevated liver blood markers. For patients
with GSD IX -y2, symptoms persist and progress to severe liver disease [2,12,[16], [17],
[18], [19],21]. As exemplified in the literature, 95.8% of published case reports for GSD
IX -y2 patients who received a liver biopsy reported features of liver fibrosis and/or
cirrhosis [14]. Severe liver pathology places individuals with GSD IX -2 at high risk for
developing progressive liver disease, advancing from liver fibrosis, cirrhosis, to liver failure,
hepatocellular carcinoma and death. Despite the life-threatening phenotype of GSD IX -2,
research regarding the disease and definitive treatment options has been minimal to date
[14]. Here we have identified the first mouse model for GSD IX y2, and provided evidence
that the mouse model recapitulates the liver-specific disease phenotype seen in patients
[48,49].
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In the Phkg2~ mouse, our data verified the loss of the Phkg2 gene at the DNA, RNA, and
enzyme level. At the DNA level, genotyping confirmed that targeted deletion was achieved
via insertion of the Velocigene-Regeneron targeted vector into exon 2 of the Phkg2allele
(Fig. 1A,B). At the RNA level, transcription of PhkgZ2is virtually undetectable (p < 0.001)
in KO mice compared to WT controls (Fig. 1C). At the enzyme level, PhK activity was
significantly decreased (p < 0.0001) in KO mice when compared with WT controls (Fig.
1D). This decrease in PhK enzyme activity prevents adequate breakdown of glycogen into
glucose, which leads to glycogen accumulation in the liver, the disease defining phenotype
of GSD IX y2. As seen in other glycogen storage disease models, a decrease in enzyme
activity in one enzyme can have upstream or downstream effects on subsequent enzymes in
the glycogen metabolism pathways [50,51]. Future research should include analysis of all
enzymes in the glycogen metabolism pathways in our GSD 1X y2 mouse model. A better
understanding of how glycogenolysis and glycogenesis enzyme expression and activity are
altered in the GSD IX y2 mouse model may inform metabolic reprogramming as a potential
treatment.

As previously stated, patients with GSD 1X generally present with liver-specific symptoms
secondary to persistent liver glycogen accumulation. PAS-stained histology slides identified
remarkable glycogen accumulation specific to the liver (Fig. 3A), which was confirmed

by glycogen content analysis (o < 0.0001; Fig. 3B). In the Phkg2~ mouse, KO

mice demonstrated significant hepatomegaly secondary to glycogen accumulation, when
compared to WT controls (p < 0.0001; Fig. 2B). The PhkgZ™/~ mouse also demonstrated
liver glycogen-associated changes in blood and urine biomarkers. A serum liver panel
demonstrated significantly elevated ALT and AST levels (Fig. 5D, E). Urine analysis
demonstrated significantly elevated Hex, levels (Fig. 5C). When further stratified by sex,
all significant data remained statistically significant (Figs. S1-S3). This is the first time that
elevated Hexy levels, also known as Glcg, have been associated with liver-only glycogen
accumulation in an animal model. Glc,4 has been identified as a robust biomarker in muscle
associated glycogen storage diseases such as Pompe (GSD I1) [52]. In GSD Ill, Glc,4 can be
elevated secondary to glycogen accumulation in liver and/or muscle [53]. Here we present
the novel finding of elevated Glc, in the PhkgZ'~ mouse, supporting the use of urine Glcy,
as a biomarker for liver-specific GSDs. Future work will require analysis of blood and
urine biomarkers over different time points. With comparison to age matched histology, the
analysis of blood and urine biomarkers at later ages will help us better understand liver
disease progression with noninvasive tools. Histology slides from our mouse model mirror
the architectural and fibrotic changes seen in GSD 1X y2 patients [48,49]. H&E-stained liver
histology slides from liver GSD IX -2 patients display hepatocytes that are heterogeneously
enlarged with distinct cell membranes, pale cytoplasm, and concentrated, pyknotic, and
lateralized nuclei. The pale cytoplasm identifies persistent glycogen accumulation. Based
on board certified hepatobiliary pathologist review, all H&E-stained liver histology slides
from our KO mice demonstrated these characteristic H&E hepatocyte changes (Fig. 4A).
Masson’s Trichrome stained histology slides from 3 of our KO mice demonstrated early
perisinusoidal liver fibrosis, a sign of early liver damage (Fig. 4B). Trichrome stained
histology slides from liver GSD patients similarly display progressive liver fibrosis [14].
Changes are also visible at lower magnification (Fig. S4). Identification of initial liver
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structural damages allows for the description of further liver disease progression. Based

on the lessons learned from previously described liver GSD patients, we know that liver
damage/fibrosis becomes gradually more progressive and severe in patients with age. Based
on our published laboratory work, we also know that severe liver fibrosis can be captured

in GSD mouse models [42,43,[54], [55], [56]]. Future work will require longitudinal
evaluation. The analysis of Trichrome stained histology slides at later ages will allow us

to capture the progressive stages of liver fibrosis in our mouse model and compare these
changes to the progressive liver disease seen in patients with GSD X 2.

In conclusion, our laboratory has characterized the first mouse model for liver GSD IX

v2 and demonstrated that the model recapitulates the liver-specific glycogen accumulation
phenotype of patients with GSD X y2. Future research is needed to characterize the
mouse model at later ages, which will better our understanding of liver GSD X y2
disease progression. The PhkgZ™'~ mouse will provide the first platform for the design and
examination of novel, long term, definitive liver GSD 1X 2 therapeutics.
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Figure 1 —. Generation of Phkg2‘/' mouse model verified at DNA, mRNA, and enzyme activity
level. (A) Hlustration of the Phkgztml'1 knockout allele.

Targeted deletion of the critical exons containing the entire PhK protein coding regions was
achieved via a non-conditional knockout approach followed by Cre-mediated excision of the
neomycin selection cassette. (B) Genotyping by PCR. F1, R1 primers added to genomic
DNA of knockout (KO) mice generate a PCR fragment at 210 bp in length. F2, R2 primers
added to genomic DNA of wild type (WT) mice generate a PCR fragment at 136 bp in
length. Primers added to genomic DNA of Heterozygous (HT) mice generate both PCR
fragments. M indicates the size marker. (C) Phkg2 mRNA. RT-gPCR was performed to
assess transcription of the PhkgZ2 gene. b-actin served as the loading control. The level of
transcription was significantly higher in KO mice than WT controls. KO n=3, WT n=3.
***n<0.001. (D) PhK Enzyme Activity. Enzyme activity was assayed with liver lysates from
KO mice and WT controls. Phosphorylase kinase (PhK) activity was significantly less in
KO mice compared to WT controls. 6 WT (3 male, 3 female), 6 KO (3 male, 3 female).
***%0<0.0001.
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Figure 2 —. Morphological measurements demonstrate differences in body weight and

hepatomegaly in Phkg2_/_ mice.

(A) Body weight. Total body weight was measured for WT and KO mice at 1 month, 2
months, and 3 months of age. At 1 month, KO mice have significantly lower body weight
than WT controls. 1 month 20 WT (13 female, 7 male), 20 KO (13 female, 7 male). 2
months 14 WT (7 male, 7 female), 14 KO (7 male, 7 female). 3 months 14 WT (7 male, 7
female), 14 KO (7 male, 7 female). Mean with SEM. ***p<0.001. (B) Percent liver weight.
Liver weight (LW) was measured and normalized to body weight (BW) as a quantitative
marker of hepatomegaly. Percent liver weight was significantly higher in KO mice compared
to WT controls. 17 WT (7 male, 10 female), 17 KO (7 male, 10 female). Min to max

demonstrating all points. ****p < 0.0001.
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Figure 3 —. Glycogen level was significantly elevated in liver of Phkg2_/_ mice and similar to WT
in other tissues. (A) PAS Stain.

Slides were stained with Periodic acid-Schiff (PAS) to identify the presence of glycogen

in tissues. Brain, quadricep, kidney, and heart tissue demonstrated no differences on PAS
stain between KO mice and WT controls. Liver tissue demonstrated a remarkable difference
on PAS stain between KO mice and WT controls. Images were captured at 20x. Scale

bar is 50 um. (B) Liver glycogen content assay. To verify PAS stain, glycogen assay was
performed on liver lysates from WT and KO mice. Liver tissue from KO mice demonstrate
significantly higher glycogen content levels than WT controls. Male and Female. 6 WT (3
male, 3 female), 6 KO (3 male, 3 female). Min to max demonstrating all points. ****p <
0.0001.
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Figure 4 —. Phng'/‘ mice demonstrated characteristic GSD hepatocyte architectural changes
and early perisinusoidal fibrosis.

(A) H&E Stain. Slides were stained with Hematoxylin & Eosin (H&E) to identify
hepatocyte architecture. Per pathologist review, KO mice demonstrated heterogeneously
enlarged hepatocytes with pale cytoplasm and distinct cell membranes as well as lateralized,
pyknotic nuclei. 6 WT (4 male, 2 female), 5 KO (2 male, 3 female). 2 WT and 2 KO mice
displayed. (B) Masson’s Trichrome Stain. Slides were stained with Masson’s Trichrome to
identify tissue fibrosis. Per pathologist review, 3 KO mice demonstrated features of early
perisinusoidal fibrosis. 6 WT (4 male, 2 female), 8 KO (5 male, 3 female). 2 WT and 2 KO
mice displayed. Images were captured at 20x. Scale bar is 50 pm.
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Figure 5 —. Blood and urine analyses demonstrated significantly increased ALT, AST, and Hexy
levels in Phkgz_/_ mice.

Fasted whole blood samples were collected to measure blood glucose and blood ketones (A)
Fasting Blood glucose curve Blood glucose was significantly lower in KO mice than WT
controls for 0 and 8 hours of fasting ****p<0.0001. (B) Fasting Blood ketones curve Blood
ketones in KO mice were not significantly elevated compared to WT controls. 10 WT (5
male, 5 female) and 10 KO (5 male, 5 female). (C) Urine Hex4. Urine Glcy, also known

as Hexy, was significantly elevated in KO mice compared to WT controls. 6 WT (3 male,

3 female), 6 KO (3 male, 3 female). **p<0.01. (D) ALT Alanine aminotransferase (ALT)
was significantly elevated in KO mice compared to WT controls ****p<0.0001. (E) AST
Aspartate aminotransferase (AST) was significantly elevated in KO mice compared to WT
controls ****p<0.0001. 5 WT (2 male, 3 female), 5 KO (2 male, 3 female). Min to max
demonstrating all points.
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