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ABSTRACT 

Urea cycle is the most important biochemical pathway for ammonia detoxification in humans. It 

takes place in mitochondria and cytoplasm of hepatocytes and incorporates ammonia derived from 

protein catabolism into urea, which is then eliminated in urine. Deficiencies of any of the enzymes 

involved in this pathway are responsible for rare inborn errors of metabolism known as urea cycle 

disorders (UCDs). Nuclear glycogen catabolism supports histone acetylation and reduced nuclear 

glycogenolysis drives progression of lung cancer through epigenetic changes. We found increased 

hepatic nuclear glycogen storage in AslNeo/Neo mice, a mouse model of Argininosuccinic Aciduria 

(ASA), the second most common among UCDs. Notably, nuclear glycogen storage was detected 

in liver biopsies from ASA patients. Increased nuclear glycogen storage was associated with 

reduced nuclear abundance of glycogen phosphorylase (PYGL), the first and rate-limiting enzyme 

of glycogenolysis, suggesting impaired nuclear glycogenolysis. Nuclear glycogen storage was 

associated to marked decrease in lysine acetylation of several histones and histone 3, lysine 9 

(H3K9)-dependent transcriptomic changes in AslNeo/Neo mice. Treatment with a histone deacetylase 

inhibitor (HDACi) or adeno-associated viral vector (AAV) mediated gene transfer of PYGL in 

livers of AslNeo/Neo mice improved survival and increased histone acetylation. Liver transcriptomic 

changes in AslNeo/Neo mice highlighted dysregulation of metabolism, particularly lipid metabolism, 

including the master regulator of lipogenesis Pparg and the fatty acid receptor Cd36, that were 

restored in AAV-PYGL injected mice. Interestingly, I found increased nuclear glycogen storage 

and reduced nuclear PYGL histone acetylation in livers of a diet-induced rat model of metabolic 

dysfunction-associated fatty liver disease (MAFLD). ASL deficiency in both humans and mice 

leads to reduced Nitric oxide (NO) synthesis and treatment with NO donors restored nuclear PYGL 

in livers of AslNeo/Neo mice. In summary, we propose that in ASA livers, impairment of NO-

dependent nuclear translocation of glycogen metabolizing enzyme results in reduced 

glycogenolysis, nuclear glycogen storage and histone hypoacetylation that affect expression of 

lipid metabolism genes. Our findings have implications for the development of improved therapies 

for liver disease in ASA, but also common diseases such as MAFLD. 
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List of abbreviations 

AAV: Adeno-associated viral vector 

AGL: Glycogen branching enzyme 

Agl: Murine glycogen branching enzyme gene 

AMP: Adenosine mono-phosphate 
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AMPK: AMP activated kinase 
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ASA: Argininosuccinic aciduria 
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GS: Glutamine synthetase 

GSDs: Glycogen storage diseases 

GSK3β: Glycogen synthase kinase 3 beta 

GYS1: Glycogen synthase, isoform 1 

GYS2: Glycogen synthase, isoform 2 

H&E: Hematoxylin and eosin 

H3K9: Histone 3, lysine 9 

H3K9Ac: Acetylated lysine 9 of histone H3 

H4K12Ac: Acetylated lysine 12 of histone H4 

H4K5Ac: Acetylated lysine 5 of histone H4 

HAT: Histone acetyltransferase 

HCl: Hydrochloric acid 

HDAC: Histone deacetylase 

HDACi: HDAC inhibitor 

HDL: High density lipoprotein 

HFC: High fat, high cholesterol diet 

HRP: Horseradish peroxidase 

HSP90: Heat shock protein 90 

i.p.: Intra-peritoneal 

i.v.: Intravenous 

IgG: Immunoglobulin G 

KCl: Potassium chloride 

KEGG: Kyoto encyclopedia of genes and 

genomes 

LC3B: Microtubule-associated protein 1 light 

chain 3 beta 

L-G6pc: Murine glucose-6-phosphatase alpha 

gene 
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LogFC: Logarithmic fold change 

MAFLD: Metabolic dysfunction-associated fatty  

liver disease 

MgCl2: Magnesium chloride 

mRNA: Messenger ribonucleic acid 

NaCl: Sodium chloride 

NADH: Reduced Nicotinamide adenine 

dinucleotide 

NAFLD: Non-alcoholic fatty liver disease 

NAG: N-acetyl glutamate 

NH3: Ammonia 

NH4
+: Ammonia ion 

NO: Nitric oxide 

NOS: Nitric oxide synthase 

Ns: Non statistically significant 

P62: Ubiquitin-binding protein p62 

PAS: Periodic acid – Schiff 

PBS: Phosphate-buffered saline 

PC: Peri-central 

PCR: Polymerase chain reaction 

PFA: Paraformaldehyde 

P-GYS2: Phosphorylated GYS2 

PP: Peri-portal 

Pparg: Murine peroxisome proliferator activated 

receptor gamma gene 

PVDF: polyvinylidene difluoride 

PYGB: Glycogen phosphorylase, brain isoform 

PYGL: Glycogen phosphorylase, liver isoform 

PYGM: Glycogen phosphorylase, muscle 

isoform 

RNA: Ribonucleic acid 

RT-PCR: Reverse transcriptase PCR 

SAHA: Suberoylanilide Hydroxamic Acid, 

a.k.a. Vorinostat 

SDS: Sodium dodecyl sulphate 

SDS-PAGE: Sodium dodecyl-sulfate 

polyacrylamide gel electrophoresis 

SEM: Standard Error of Mean 

-SH: Free thiol group 

S-NO: S-nitrosylated sulphurs 

SNO-PYGL: S-nitrosylated PYGL 

ST: Standard therapy 

TBS: Tris-buffered saline 

UCDs: Urea cycle disorders 

WT: Wild type 
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INTRODUCTION 

Ammonia metabolism 

Nitrogen is the most abundant component of the atmosphere, and it is fixed into ammonia (NH3) 

by nitrogen-fixing bacteria and archaea (Kuypers et al., 2016). Ammonia dissolves in water as 

ionized form (ammonium, NH4
+), that can be incorporated into amino acids and other nitrogen-

containing species (Stein and Klotz, 2016). At physiological pH ammonia is largely in its ionized 

form. The concentration of ammonia in normal human plasma is 11-50 µmol/L (Brassant et al., 

2013). In humans, ammonia is constantly produced during the catabolism of nucleotides (purine 

and pyrimidine derivates), polyamines, and amino acids (Coomes, 2006). The liver is the primary 

organ involved in nitrogen homeostasis, which is maintained through two main metabolic 

pathways, glutamine synthesis and urea cycle, that are both necessary for ammonia detoxification 

(Haussinger, 1990). The two processes are zonated in the liver: while ureagenesis occurs in 

periportal hepatocytes, glutamine synthesis is restricted to pericentral ones (Cunningham and 

Porat-Shliom, 2021) (Figure 1). The brain cannot metabolize ammonia in normal condition, but 

upon hyperammonemia it can accumulate this metabolite into astrocytes, that in turns incorporate 

it into glutamine or alanine (Wilkinson et al., 2010).   

Fig. 1. Human liver with pericentral (PC) hepatocytes stained for argininosuccinate synthase 1 (ASS1, 
one of the enzymes of the urea cycle, green) and periportal (PP) hepatocytes stained for glutamine 
synthase). Nuclei are stained in DAPI (yellow). Scale bar = 50 μm. Adapted from (Cunningham and 
Porat-Shliom, 2021).  
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The urea cycle is a low-affinity, high-capacity pathway in periportal hepatocytes and is the main 

pathway for ammonia detoxification in Homo sapiens and other ureotelic animals. The urea cycle 

is made by six enzymes and two transporters, that catalyze a series of reactions taking place in 

both mitochondria and cytosol. The conversion from ammonia to urea involves five catalytic 

enzymes (carbamoyl phosphate synthetase I, ornithine transcarbamylase, argininosuccinate 

synthase, argininosuccinate lyase, and arginase), plus one enzyme that synthesizes an allosteric 

activator of carbamoyl phosphate synthetase I (N-acetylglutamate synthase) (Figure 2). Arginine 

– one of the intermediates of the urea cycle – is used as a substrate by nitric oxide synthase (NOS) 

for the synthesis of nitric oxide (NO) (Alderton et al., 2001). NO is a key regulator of vascular 

smooth 

muscle 

compliance, 

and defects in 

its production 

are relevant 

for a large 

number of 

diseases 

mainly 

hypertension 

and 

cerebrovascular disease (Chaklaki et al., 2020; Wang et al., 2022). NO is also the substrate for 

post-translational modification of proteins including tyrosine nitration and cysteine nitrosylation. 

Tyrosine nitration has been described in more than 900 proteins (Griswold-Prenner et al., 2023) 

and occurs under oxidative stress conditions (He et al., 2019; Jiang et al., 2022; Rocha et al., 

Fig. 2. Schematic representation of the urea cycle. The urea cycle converts ammonia 
into urea that is excreted by the kidneys in the urine. Urea is formed from ammonia, 
bicarbonate, aspartate-derived nitrogen and ATP. The incorporation of ammonia into 
urea requires five enzymatic steps. The first and rate-limiting reaction is the synthesis 
of carbamoyl phosphate by carbamoyl phosphate synthetase I (CPS1) that is 
allosterically regulated by the presence of N-acetylglutamic acid (NAG). Adapted from 
(Nitzahn and Lipshutz, 2020). 
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2013). Cysteine nitrosylation has been found in more than 1,000 proteins (Doulias et al., 2013; 

Gould et al., 2013) and regulates several processes including protein stability, enzyme activity and 

intracellular location (Kumari et al., 2022; Malik et al., 2010; Wang et al., 2018).  

 

Hyperammonemia and urea cycle disorders 

Hyperammonemia is defined as a concentration of ammonia in the blood higher than 50 µmol/L 

(> 75 µmol/L in term newborns) (Braissant et al., 2013). Ammonia crosses the blood-brain barrier 

in its non-ionized form. Increased ammonia in the central nervous system (CNS) results in 

neurologic signs of brain damage including tremor, ataxia, drowsiness, seizures that can evolve in 

coma and death. The mechanisms underlying CNS damage during hyperammonemia are not 

completely understood yet. Upon hyperammonemia, ammonia is incorporated into glutamine in 

astrocytes, and the accumulation of intracellular glutamine in astrocytes is thought to be a major 

cause of brain damage, because glutamine is osmotically active and attracts water leading to 

astrocyte swelling (Brusilow et al., 2010). Hyperammonemia can also interfere with glutamatergic 

neurotransmission (Matsumoto et al., 2019). Acute hyperammonemia leads to excitotoxic cell 

death, accumulation of glutamate into the extracellular space, decreased brain glutamate and loss 

of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Matsumoto et al., 

2019).  

Impaired ammonia hepatic detoxification results from a wide range of causes including 

non-genetic diseases (e.g., liver cirrhosis, acute liver failure, portosystemic shunting) (Häberle 

2013) and genetic disorders. Deficiencies of any of the enzymes of the urea cycle, known as urea 

cycle disorders (UCDs), are a group of rare inherited metabolic disorders with an overall estimated 

incidence of 1 in 35,000 births (Ah Mew et al., 2003). UCDs are autosomal recessive disorders, 

with an exception being ornithine transcarbamylase deficiency, that is X-linked. The clinical 

severity of each disease depends on the position of the defective enzyme in the urea cycle with the 

most severe being CPS1 deficiency (CPS1 is the first enzyme of the pathway), and the degree of 

its reduced activity. Complete loss of functions of urea cycle enzymes typically have an onset at 

birth or in newborn period with severe hyperammonemia presenting with non-specific clinical 

signs and symptoms including failure to feed, hypothermia, drowsiness (Kolker et al., 2015).  A 

significant portion of neonates develop seizures. Hyperventilation secondary to cerebral edema is 

a common early finding and can cause respiratory alkalosis (Summar and Ah Mew, 2018). In 
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milder (or partial) urea cycle enzyme 

deficiencies, the disease onset occurs 

later in life (Summar and Ah Mew, 

2018). UCDs have poor outcomes 

especially in cases of misdiagnosis or 

delayed diagnosis (Brusilow, 1995).  

Among the UCDs, argininosuccinic 

aciduria (ASA) is the second most 

common disease, accounting for 16% 

of all UCDs (Summar et al., 2013). 

ASA is due to deficienct of 

argininosuccinate lyase enzyme 

(ASL) that converts 

argininosuccinate into arginine and 

fumarate in the cytosol of 

hepatocytes. The reaction catalyzed 

by ASL is also part of the citrulline-

NO cycle, that generates NO from arginine through the NOS enzyme. ASL is a homotetrameric 

enzyme (Turner et al., 1997), encoded by a highly conserved gene (Crosas et al., 2015; O’ Brien 

et al., 1986; Sampaleanu et al., 2002). ASL is part of a multimeric complex together with the 

amino acid transporter CAT1, the urea cycle enzyme Argininosuccinate synthetase 1 (ASS1) and 

the NOS (Erez et al., 2011). In this complex, ASL plays a double role both producing arginine and 

maintaining this multi-enzymatic complex that enhances NO synthesis (Figure 3). 

ASA can present either with an early neonatal-onset hyperammonemia and a broad 

spectrum of manifestations including neurocognitive, gastrointestinal, hypokalemia, and liver 

manifestations (Kolker et al., 2015; Nagamani et al., 2012). About one half of ASA patients 

develop liver disease, with hepatomegaly or isolated transaminitis being the most common ones 

(Baruteau et al., 2017) but chronic impairment of the liver synthetic function (Marble et al., 2008), 

liver fibrosis and cirrhosis (Marble et al., 2008), and hepatocellular carcinoma have been also 

reported (Baruteau et al., 2017). Notably, the hepatopathy is unrelated to the increased blood 

ammonia (Mori et al., 2002). Neurologic involvement occurs in more than 90% of ASA patients 

Fig. 3. Schematic representation of the multimeric complex 
formed by argininosuccinate lyase (ASL), argininosuccinate 
synthetase 1 (ASS), nitric oxide synthase (NOS) and the 
anionic amino acid transporter CAT1 together with the heat 
shock protein 90 (HSP90). This complex finely regulates 
arginine metabolism and NO synthesis. Adapted from (Erez 
et al., 2011). 
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(Baruteau et al., 2017) with variable manifestations including developmental delay, intellectual 

disability (Baruteau et al., 2019; Waisbren et al., 2016), epilepsy (Elkhateeb et al., 2023; Grioni 

et al., 2011), ataxia, tremor, dystonia and myopathy-like symptoms (Baruteau et al., 2017). 

Psychiatric manifestations include autism-like features, psychosis and even schizophrenia 

(Baruteau et al., 2019). In contrast to proximal UCDs due to mitochondrial enzymes, neurological 

involvement in ASA is not strongly correlated to episodes of hyperammonemia (Baruteau et al., 

2019) and it has been proposed that brain damage may be a consequence of NO deficiency-

dependent disruption of the blood-brain barrier (Kho et al., 2023). Systemic blood hypertension 

(Brambilla et al., 2019; Brunetti-Pierri et al., 2009) has also been correlated to NO deficiency 

(Nagamani et al., 2012). Untreated patients often show slower hair growth, alopecia and 

tricorrhexis nodosa (Coulter et al., 1982) that usually resolve after arginine supplementation 

(Nagamani et al., 2012). ASA patients have also been found to have a lipid metabolism disorder 

with increased blood cholesterol and reduced HDL cholesterol (Brambilla et al., 2019) and fatty 

changes in the liver (Yaplito-Lee et al., 2013).  

Current therapy for ASA aims at correcting arginine deficiency and preventing 

hyperammonemia. Therefore, low-protein diet in combination with arginine and citrulline 

supplementations is used to reduce the risk of hyperammonemia (Häberle et al., 2019). Because 

high doses of arginine have been associated with increased transaminases (Nagamani et al., 2012), 

current recommendations are based on low-dose arginine together with ammonia scavengers 

(Häberle et al., 2019). In a mouse model of ASA, the AslNeo/Neo mice, NO supplementation has 

shown to significantly improve survival (Erez et al., 2011). A single-patient trial found improved 

blood pressure and neurocognitive phenotype upon treatment with NO donors (Nagamani et al., 

2012) and two ongoing clinical trials are investigating the efficacy of NO donor at improving blood 

pressure and neurocognition in ASA patients (NCT02252770; NCT03064048). Liver 

transplantation has been performed for UCDs including ASA and it allows patients to discontinue 

low-protein diet and ammonia scavenges. However, liver transplantation does not revert pre-

existing brain damage (Newnham et al., 2008; Perito et al., 2014). As safer and non-invasive 

alternative to liver transplantation, gene and mRNA therapies have been investigated in the 

AslNeo/Neo mouse model (D’Alessio et al., 2024). Overall, liver-directed gene-based therapies 

corrected the ureagenesis defect as shown by extended survival and biochemical correction 

(Ashley et al., 2018) but had limited efficacy on the other systemic manifestations of ASA (Gurung 
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et al., 2024). 

 
Fig. 4. Main clinical features of argininosuccinic aciduria (ASA). Compared to other UCDs, ASA affects 
several organs and tissues. Adapted from (Baruteau et al., 2019). 
 

Glycogen 

Glycogen is a branched polymer of glucose playing an important role in energy 

homeostasis (Preiss and Walsh, 1981). Discovered in 1857 by Claude Bernard (Young, 1957), 

glycogen is present in the majority of living beings, from archaea and bacteria to H. sapiens (Roach 

et al., 2012). In humans, glycogen is largely stored in liver and muscle. In liver glycogen is used 

to supply glucose in the blood upon fasting (Calder and Geddes, 1985). Muscle glycogen is used 

to provide energy for contraction.  

Glycogen is a polymer made by glucose monomers combined into a branched chain by (1 → 4)-α 

or (1 → 6)-α covalent bonds. The (1 → 4)-α bonds join glucose molecules in a linear chain, 

whereas the (1 → 6)-α linkages introduce a tree-like branching pattern. This arrangement leads to 

the formation of the glycogen “β particles”, 20 nm spherical structures detected under electron 

microscopy (Rybicka, 1996). In the liver, β particles combine to form more complex and larger 
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300 nm diameter structures known as α particles that display a “rosette” appearance (Liu and 

Gilbert, 2024). Glycogen is nonvisible with routine hematoxylin-eosin (H&E) staining, but it can 

be visualized by periodic acid-Schiff (PAS) staining. The specificity of the signal can be evaluated 

by the application of diastase (α-amylase) resulting in the disappearance of the PAS staining 

(Layton et al., 2019). 

Glycogen synthesis is coordinated by three enzymes: i) glycogenin, which primes the 

formation of a 8-12 monomers long glucose chain; ii) glycogen synthase (GYS), which is recruited 

at the C-terminus of glycogenin and interacts with the newly-formed chain to lengthen it through 

the addition of (1 → 4)-α glycosidic linkages, and iii) glycogen branching enzyme that generates 

(1 → 6)-α bounds every 6-8 residues adding branches to the growing polymer, thus creating its 

globular form (Marr et al., 2022; Roach, 2002). Both glycogenin and GYS exist in two isoforms 

with differential expression in different tissues (Curtino and Aon, 2019; Palm et al., 2013; von 

Wilamowitz-Moellendorff et al., 2013). Isoform 1 of GYS (GYS1) is mainly expressed in skeletal 

muscle whereas the expression of isoform 2 of glycogen synthase (GYS2) is restricted to the liver 

(Nuttall et al., 1994). GYS is the rate-limiting enzyme in glycogen synthesis, and its activity is 

activated allosterically by binding glucose-6-phosphate (G6P) (Baskaran et al., 2010). Conversely, 

GYS phosphorylation at several residues has an inhibitory effect and is operated by several 

kinases, including glycogen synthase kinase 3β (GSK3 β) and 5’AMP-activated protein kinase 

(AMPK) (Andeva-Andany et al., 2016). GYS phosphorylation is regulated by a positive feedback 

loop, in which phosphorylation of a specific residue acts as a recognition motif for phosphorylation 

of other residues (Marr et al., 2022). Dephosphorylation of GYS by glycogen-associated 

phosphatases of type 1 (PP1) has an activating effect on it (Adeva-Andany et al., 2016; McCorvie 

et al., 2022).  

Glycogenolysis is the degradation of glycogen into glucose monomers and it is carried out 

by two distinct pathways. The first pathway takes place in the cytosol and involves two enzymes, 

namely the glycogen phosphorylase and the glycogen debranching enzyme (GDE). Glycogen 

phosphorylase is the kinase responsible for detaching glucose-1-phosphate residues from glycogen 

linear chains, thus disrupting (1 → 4)-α glycosidic linkages. There are three tissue-specific 

isoforms of glycogen phosphorylase, namely PYGM (muscle), PYGB (brain), and PYGL (liver) 

(Adeva-Andany et al., 2016; Burwinkel et al., 1998). The activities of glycogen phosphorylases 

are controlled by allosteric regulators: G6P and UDP-glucose that inhibit their activities (Ercan-
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Fang et al., 2002). PYGM is activated by interaction with AMP and increased glycogen content in 

the muscle (Adeva-Andany et al., 2016). In the liver, PYGL is positively regulated by glucagon in 

a cyclic-AMP (cAMP) dependent manner (Keppens et al., 1993). The activity of glycogen 

phosphorylase is regulated by phosphorylation that promotes glycogenolysis (Semrau et al., 2022) 

in response to increased calcium and cAMP (Bali et al., 2014). However, glycogen phosphorylase 

cannot remove glucose 1-phosphate from the glycogen at the branching point and the activity 

glycogen debranching enzyme (AGL) is required to make the branching points accessible to the 

action of glycogen phosphorylase. AGL has indeed two catalytic activities, α-1,4-

glucanotransferase and amylo-α-1,6-glucosidase. The second pathway of glycogen degradation 

occurs in the lysosomes (Koutsifeli et al., 2022) where glycogen is hydrolyzed to glucose by the 

acid α-1,4-glucosidase, 1,4-α-glucan hydrolase or acid maltase (GAA) (Adeva-Andany et al., 

2016).  

 

Glycogen storage diseases 

Glycogen storage diseases (GSDs) are a group inherited metabolic disorders due to defects in 

glycogen synthesis 

and degradation 

(Hannah et al., 2023) 

that almost invariably 

show abundant 

glycogen deposition 

in tissues, mostly 

muscle and liver 

(Ozen, 2007). 

Unexpectedly, some 

GSDs are due to 

deficiency of 

enzymes involved in 

glycogen synthesis, 

such as deficiency of 

muscle isoform of 

Fig. 5. Glycogen metabolism. Spiked balloons indicate enzymes deficient in 
glycogen storage diseases (GSD) associated with deficiency of each enzyme. 
PYGL/PYGM/PYGM, three different isoforms of glycogen phosphorylase; 
GBE, glycogen branching enzyme; GYS1/GYS2, two different isoforms of 
glycogen synthase; GAA, lysosomal acid glucosidase. 
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glycogenin that is responsible for GSD XV (Malfatti et al., 2014), deficiency of GYS1 that is 

responsible for GSD type 0b, and deficiency of GYS2 that is responsible for GSD type 0a 

(Musumeci et al., 2022). Deficiencies of PYGM, PYGL, AGL or GAA are all responsible for 

GSDs (Figure 5). 

 

Glycogenated nuclei 

In hepatocytes, most glycogen is located in the cytosol, with up to 10% located in the 

lysosomes (Roach, 2002). Glycogen inside the nuclei of hepatocytes, was first reported in the 19th 

century by Paul Ehrlich (Ehrlich, 1883). Glycogenated nuclei have been detected in several 

diseases including 

diabetes, fatty liver 

disease, Wilson 

disease and porphyria 

cutanea tarda 

(Fitzpatrick et al., 

2014; Lefkowitch and 

Grossman, 1983; 

Pronicki, 2017; 

Takahashi and 

Fukusato, 2014;). 

Glycogenated nuclei 

have been also 

reported as markers 

for hepatocyte senescence (Aravinthan et al., 2012). Interestingly, while glycogenated nuclei are 

frequent (up to 75% of cells, Table 1) in non-alcoholic fatty liver disease (NAFLD), a condition 

that has been recently renamed as metabolic dysfunction-associated fatty liver disease (MAFLD) 

(Eslam et al., 2020a; Eslam et al., 2020b), but they are usually absent in alcoholic fatty liver disease 

and alcoholic steatohepatitis (Pinto et al., 1996). Two types of nuclear glycogen inclusions have 

been described: type 1 nuclear inclusions including glycogen associated with autophagy- and 

lysosome-related proteins (LC3B, p62, Cathepsin B) within a membrane bordered structure, and 

type 2 nuclear inclusions that are devoid of membrane and exclusively made of glycogen 

Author, year Number of 

biopsies 

Steatosis (%) Glycogenated 

nuclei (%) 

Adler, 1979 29 100 41 

Itoh, 1987 17 100 76 

Nagore, 1988 9 100 100 

Lee, 1989 49 100 35 

Bacon, 1994 33 100 97 

    

Baldridge, 1995 15 100 100 

Pinto, 1996 32 100 75 

Brunt, 1999 51 100 86 

Table 1. Percentage of glycogenated nuclei in the liver of patients suffering 
from non-alcoholic fatty liver disease. Adapted from (Brunt, 2001). 
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(Schwertheim et al., 2020) (Figure 6). Glycogen storage in the liver is observed in UCDs (Bigot 

et al., 2017) and it has been thought to be related to amino acid supplementation (Bigot et al., 

2017). Few reports reported glycogen in the cytosol of hepatocytes patients and mice with ASA 

(Bigot et al., 2017; Burrage et al., 2020; Yaplito-Lee et al., 2013). Moreover, our group observed 

glycogen storage not only in the cytosol but also in the nuclei of hepatocytes of ASA mice (Soria 

et al., 2021) (Figure 7). However, to date, the role of nuclear glycogen is still elusive. 

Nevertheless, it was shown that glycogen can be synthesized de novo in the nuclei of cells, without 

exchanges between the nuclear and cytosolic glycogen pools (Sun et al., 2019). Nuclear glycogen 

is used for in situ production of glucose, that is metabolized through a nucleus-based glycolytic 

pathway for the synthesis of acetyl-CoA required for histone acetylation regulating gene 

expression (Boukouris et al., 2016; Sun et al., 2019). 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7: Electron microscopy images show liver glycogen deposition in the nuclei of AslNeo/Neo mice, but not 
in WT ones. Adapted from (Soria et al., 2021). 
  

Asl
Neo/Neo

 WT 



15 
 

AIM OF THE THESIS 

Our group recently found that livers of the AslNeo/Neo mice, a mouse model of ASA, have nuclear 

glycogen storage (Soria et al., 2021). Nuclear glycogen has been reported in livers of various 

diseases and in cancer cells, nuclear glycogen storage drives cancer progression through reduced 

glycogenolysis, histone hypo-acetylation and transcriptomic changes (Sun et al., 2019). 

The goal of this thesis work was to investigate the mechanisms underlying nuclear 

glycogen storage in ASA livers, and its consequences on liver homeostasis.  
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MATERIALS AND METHODS 

Human samples 

The study was conducted according to the guidelines established in the Declaration of Helsinki. 

Frozen liver samples from patients affected from ASA who received liver transplantation were 

obtained from Ospedale Pediatrico Bambino Gesù (Rome, Italy). Liver samples from patients who 

received liver transplantation for other unrelated reasons were used as controls. The study received 

approval by the ethics committee of Ospedale Pediatrico Bambino Gesù. 

 

Animal studies 

All mouse procedures were performed in accordance with regulations and were authorized by the 

Italian Ministry of Health. AslNeo/Neo mice (B6.129S7‐Asltm1Brle/J) were purchased from Jackson 

Laboratory (Bar Harbor, ME, USA) and housed in ventilated cages in a 12-h light-dark cycle 

environment. Animals were inbred and maintained on standard rodent chow (Harlan 2018, Teklab 

Diets, Madison, WI, USA; protein content 18%) with water ad libitum. Mouse genotyping with 

DNA extracted from finger clips was performed as previously reported (Erez et al., 2011). Two 

different PCR reverse primers, paired with the same forward one, were used to discriminate wild 

type (WT) and recombinant alleles of Asl gene. Both female and male mice were used for 

experiments. AslNeo/Neo mice body weight was evaluated daily from 10 days of age. For all long‐

term experiments, all WT and AslNeo/Neo mice received a supportive treatment modified (Baruteau 

et al., 2018) consisting in daily intra-peritoneal (i.p.) injections of sodium benzoate (0.5 g/kg/day) 

and L‐Arginine (0.5 g/kg/day) from day 10 to day 30. For sodium nitrite experiment, AslNeo/Neo 

mice received daily i.p. injections of sodium nitrite (10 mg/kg) from 10 days of age to the age of 

euthanasia. For vorinostat (SAHA) treatment, AslNeo/Neo mice received i.p injections of SAHA (50 

mg/kg) three times per week, from day 10 to day 30. Concomitantly, all these mice received daily 

supportive treatment to improve survival until day 30. WT littermates were used as controls. For 

all experiments, WT and AslNeo/Neo littermates were housed in the same cages. Pups and their 

mothers were fed with the same diet. Blood samples for biochemical measurements were collected 

by retro-orbital bleedings. Treated animals were sacrificed by cervical dislocation at indicated time 

points; liver, skeletal muscle, and brain were harvested for analysis. The efficacy of Myc-tagged 

human PYGL gene transfer was assessed in WT mice through intravenous (i.v.) injection in the 

retro-orbital plexus of a dose of 1x1013 genome copies (GC)/kg of the AAV-PYGL. Mice were 
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sacrificed 4 weeks after injection and livers were harvested. For PYGL gene transfer in AslNeo/Neo 

mice, 7 days old AslNeo/Neo mice received a single i.v. injection in the retro-orbital plexus of a dose 

of 1x1013 genome copies (GC)/kg of the AAV-PYGL vector. Mice were sacrificed at 30 days of 

age and protein expression was evaluated by western blotting on liver lysates.  

Liver samples of Ass1Fold mice, a hypomorphic mouse model of Argininosuccinate synthetase 1 

deficiency (Lisjak et al., 2023), and of spf-ash mice, a mouse model of ornithine transcarbamylase 

deficiency (Soria et al., 2021) were obtained from from International Centre for Genetic 

Engineering and Biotechnology (ICGEB, Trieste, Italy). Liver samples of mice with liver-specific 

deficiency of Argininosuccinate synthetase 1 (Ass1 LiKO; Keshet et al., 2020) were obtained from 

Weizmann Institute of Science (Revohot, Israel). Liver samples of Gaa-/- mice, a murine model of 

acid maltase deficiency (glycogen storage disease II; Tarallo et al., 2021) were obtained from 

Department of Translational medicine, University “Federico II” (Naples, Italy). Liver samples of 

Agl-/- mice, a mouse model of glycogen debranching enzyme deficiency (GSD III; Vidal et al., 

2018) and of L-G6pc-/- mice, a mouse model of glucose-6-phosphatase deficiency (GSD Ia; Mutel 

et al., 2011) were obtained from Institut national de la santé et de la recherche médicale (INSERM; 

Evry, France). Liver samples of Pygl-/- mice, a mouse model of PYGL deficiency (GSD VI; Wilson 

et al., 2019) were obtained from Department of Pediatrics, University of Connecticut (Farmington, 

CT, USA). Liver samples of rats treated with a high fat, high cholesterol (HFC) diet for two weeks, 

a model of mild MAFLD (Thomsen et al., 2014) were obtained from Department of Clinical 

medicine, hepatology and gastroenterology, University of Aarhus (Denmark). 

 

Electron microscopy 

Frozen liver specimens were fixed in 1% glutaraldehyde in 0.2 M HEPES buffer. Small fragments 

of them were then post-fixed in OsO4 and uranyl acetate. Samples were dehydrated through a 

series of ethanol solutions and propylene oxide and then embedded in epoxy resin and polymerized 

for 72 h at 60 °C. Thin sections of each sample were cut with a Leica EM UC7 ultramicrotome. 

Image acquisition was performed using an FEI Tecnai – 12 electron microscope (FEI, Eindhoven, 

The Netherlands) equipped with Veletta CCD camera (Olympus, Lakewood, CO, USA) for digital 

image acquisition. 

 

Generation of adeno-associated viral vectors (AAVs) 



18 
 

The human PYGL cDNA was purchased by OriGene Technologies Inc. (Rockville, MD, USA) 

and subcloned into a pAAV2/8.TBG.GFP plasmid (Auricchio et al., 2001). GFP was removed by 

enzyme digestion using NotI and HindIII. Myc-tag was inserted in frame in the same vector for 

transgene expression control. AAV vectors were produced by Innovavector s.r.l. (Pozzuoli, Italy) 

by triple transfection in HEK293 cells and purified by CsCl2 ultracentrifugation. Physical titers of 

viral vector preparations, expressed as genome copies/ml, were determined by real-time PCR 

quantification using TaqMan (Applied Biosystems, Foster City, CA) and dot-blot analysis as 

previously described (Doria et al., 2013). Average values between PCR quantification and dot-

blot results were used to calculate the final titer of each prep. 

 

Cell lysis, subcellular fractionation and Western blot analysis 

For subcellular fractionation, 10 mg of liver samples were suspended in cytosol isolation buffer 

(250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, pH 

7.4) supplemented with protease and phosphatase inhibitor cocktails (Complete and PhosSTOP 

Roche, Roche Diagnostics, Basel, Switzerland) and homogenized on ice using a Teflon pestle and 

mortar. Lysates were subsequently centrifuged at 1000 × g for 10 min at 4 °C to pellet the nuclei 

while cytosolic fractions remained in the supernatant. Nuclei-containing pellets were washed with 

PBS twice; after every wash, samples were centrifuged at 800 × g for 10 min at 4 °C. Pellets 

containing nuclei were then re-suspended in nuclear lysis buffer (0.5 M NaCl , 20mM HEPES, 

1.5 mM MgCl2, 0.2 mM EDTA, 20% glycerol, 1% Triton X-100) supplemented with protease and 

phosphatase inhibitor cocktails and incubated on ice for 30 min, during which they were vortexed 

three times, and then sonicated three times at 3 Å for ~10 s. Samples were then centrifuged for 

15 min at 16,000 × g. The supernatant contained the enriched nuclear fraction. The same protocol 

was used for subcellular fractionation of skeletal muscle and brain tissue. For whole cell lysates, 

liver samples were suspended in Radio-Immunoprecipitation assay (RIPA) buffer (50 mM TRIS-

HCl, 0,15 M NaCl, 1mM EDTA, 1% Triton X-100, 0,1% SDS, pH 7.4) supplemented with 

protease and phosphatase inhibitor cocktails and homogenized with stain beads using TissueLyser 

LT (Qiagen, Hilden, Germany) for 3 minutes at 30 Hz. Samples were incubated on ice for 20 

minutes and then centrifuged at 16.800 g for 20 minutes at 4 °C. After centrifugation, supernatants 

containing cell lysates were used for Western blotting. Total protein concentration in lysates was 

assessed using the Bradford Reagent (Bio-Rad, Hercules, California, USA). Three technical 
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replicates were used for each sample. Approximately 10 micrograms of whole cell lysates or 5 

micrograms of nuclear and cytosolic fractions were run onto SDS-PAGE gels (Bio-Rad, Hercules, 

California, USA) and transferred onto 0.45 µm polyvinylidene difluoride (PVDF) membranes 

(Cytiva, Marlborough, USA) at 100 V for 2 hours. Membranes were then blocked using a 5% non-

fat milk solution in TBS-Tween-20 for 1 hour at room temperature. Incubation with primary 

antibodies was done overnight at 4 °C. The primary antibodies used are summarized in Table 2. 

Proteins of interest were detected using horseradish peroxidase (HRP)-conjugated goat anti-mouse 

or donkey anti- rabbit IgG antibody (GE Healthcare, dilution 1/3000). Peroxidase substrate was 

provided by LiteAblot PLUS (EuroClone, Pero, Italy). Western blot bands were quantified using 

ImageJ software (Fiji2). 

 

Immunofluorescence on isolated nuclei 

For isolation of intact nuclei, subcellular fractionation was performed as described above. Pellets 

containing nuclei were resuspended in 4% PFA, instead of nuclear lysis buffer, and they were not 

sonicated. Immunofluorescence staining was performed on intact nuclei placed on glass coverslips. 

Prior to permeabilization, negative control slides were treated with 0.5% alpha-amylase in PBS 

for 20 minutes to digest glycogen. Samples were then permeabilized for 20 min in PBS containing 

Antigen Species Source and catalogue number Dilution 

PYGL Rabbit Proteintech, Cat#15851-1-AP 1/1,000 

Histone H3 Rabbit Abcam, Cat# ab201456 1/3,000 

GAPDH Mouse Santa Cruz Biotechnology, Cat#sc-32233 1/3,000 

H3K9Ac Rabbit Abcam, Cat# ab4441 1/1,000 

H4K5Ac Rabbit Santa Cruz Biotechnology, Cat#sc-34264 1/1,000 

H4K12Ac Rabbit Santa Cruz Biotechnology, Cat#sc-34266 1/1,000 

β-actin Mouse Novus Biologicals, Cat# NB600-501 1/3,000 

p-GYS2 (S641) Rabbit Cell Signaling Technology, Cat#3891 1/1,000 

GYS2 Rabbit Cell Signaling Technology, Cat#3886 1/1,000 

ASL Rabbit Abcam, Cat# ab201026 1/1,000 

Vinculin Mouse Santa Cruz Biotechnology, Cat#sc-73614 1/3,000 

Table 2: List of commercial antibodies used for Western blotting in this study. For each, species, 
catalogue number and dilution used are indicated. 
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0.2% Triton® X‐100. Blocking solution containing 5% donkey serum was applied for 1 h. Primary 

antibodies were diluted in blocking solution and incubated overnight at 4°C. Anti‐Lamin A 

(Abcam, Cat#26300) was used at 1:1,000 dilution and anti‐glycogen (kind gift from O. Baba) 

(Baba, 1993) was used at 1:50 dilution. Next, slides were washed three times in PBS for 5 min 

each and then incubated with fluorescently labeled secondary antibodies. The secondary antibody 

Anti‐chicken Fluor® 488, and anti‐rabbit Alexa Fluor® 594 were used at 1:400 dilutions. Sections 

were washed three times in PBS for 5 min each and mounted on glass slides with Vectashield 

(Vector Laboratories, Burlingame, CA) mounting reagent. Images were obtained using ZEISS 

LSM 700 confocal microscope (Zeiss, Oberkochen, Germany).  

 

Nuclear metabolite measurements 

Metabolites were assessed in nuclear enriched fractions obtained as described above. Acetyl CoA 

concentrations were determined by using a fluorometric assay kit (Abcam; Cat#ab87546) 

according to the manufacturer's instructions. Glucose-6P and dihydroxyacetone-P/glyceraldehyde-

3P (DHAP/GAP) concentrations were obtained by liquid chromatography coupled to tandem mass 

spectrometry using an API-3500 triple quadrupole mass spectrometer (AB Sciex, Framingham, 

MA, USA) coupled with an ExionLC™ AC System (AB Sciex, Framingham, MA, USA) as 

previously reported (Audano et al., 2021). 

 

Pathology 

Fresh liver samples from AslNeo/Neo mice were fixed in 4% paraformaldehyde for 12 hours, washed 

twice with 1X PBS and stored at 4 °C in 70% ethanol. Fixed samples were dehydrated by passaging 

in 95% ethanol over-day and 100% ethanol overnight at 4 °C. Dehydrated samples were then 

embedded into liquid paraffin. For hematoxylin-eosin (H&E) staining, 5 µm sections were treated 

following standard protocols. Briefly, sections were dewaxed and rehydrated through graded 

alcohol solutions to water. Samples were then stained with Harris hematoxylin for 30 seconds, 

washed for 10 minutes in running tap water and then counterstained with aqueous eosin (1% 

solution) for 30 seconds. Stained sections were dehydrated with ethanol, cleared in xylene and 

mounted. Glycogenated nuclei were quantified from H&E sections. A minimum amount of 1,000 

nuclei were used for quantification. 
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Enzyme activity assays 

GYS2 activity was determined using a commercially available colorimetric assay (Cohesion 

Biosciences, London, UK, Cat#CAK1168) on nuclear purified fractions according to the 

manufacturer’s instructions and normalized for protein concentrations in nuclear extracts. Results 

were expressed as units per milligram (U/mg). Histone acetyltransferase (HAT) activity was 

determined using a commercially available assay (Sigma-Aldrich, St. Louis, MO, USA, 

Cat#EPI001-1KT) on nuclear purified fractions according to the manufacturer’s instructions and 

normalized for protein concentrations. Histone deacetylase (HDAC) activity was determined using 

a commercially available fluorometric assay (Sigma-Aldrich, St. Louis, MO, USA, Cat#CS1010-

1KT) on nuclear purified fractions according to the manufacturer’s instructions and normalized 

for protein concentrations. 

 

Glycogen determination 

Liver glycogen storage was assessed using commercially available glycogen assay kit (Sigma-

Aldrich, St. Louis, MO, USA, Cat#MAK016-1KT). Briefly, 10 mg of liver tissue were 

homogenized on ice in 200 µl of water and boiled for 10 minutes to inactivate enzymes. Samples 

were subsequently centrifuged at 18,000 x g for 10 minutes. The glycogen containing supernatant 

was used for the assay. Glycogen was quantified measuring the absorbance at 570 nm. A curve 

made with known concentrations of glycogen was used as a standard. Hepatic glycogen levels 

were normalized for protein concentrations determined by Bradford reagent (Bio-Rad, Hercules, 

California, USA). 

 

Biotin-switch assay for S-nitrosylated protein detection 

The biotin-switch assay was performed using a commercially available S-nitrosylated protein 

detection assay kit (Abcam, Cat#236207) according to the manufacturer’s instructions. Briefly, 30 

mg of liver tissue were lysed in S-nitrosylation wash buffer supplemented with protease and 

phosphatase inhibitor cocktails (Complete and PhosSTOP Roche, Roche Diagnostics, Basel, 

Switzerland) and homogenized as described for whole cell lysates. After lysis, free thiol (-SH) 

groups in lysates were first blocked, then any nitrosylated sulphurs (S-NO) were cleaved, reduced 

to -SH and finally biotinylated. Samples treated with no reducing buffer and thus non biotinylated 

were used as negative controls. For PYGL immunoprecipitation, 500 micrograms of whole liver 
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lysates were incubated with 5 micrograms of anti-PYGL antibody (Table 2) over-night. Lysates 

were then incubated with 30 µl of DynaBeads Protein G (ThermoFisher, Waltham, MA, USA; 

Cat# 10004D) for two hours at 4°C, washed three times with 0.02% Tween-20 in PBS and loaded 

onto SDS-PAGE gels as described above. S-nitrosylated cysteine was detected using an anti-biotin 

HRP conjugated antibody (Cell Signaling Technology, Cat#7075). 

 

RNA extraction, reverse transcription and qPCR 

Total RNA from livers was extracted using RNeasy mini kit (Qiagen). One microgram of RNA 

was retro-transcribed using High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems). The qPCR reactions were set up using SYBR Green Master Mix and run in triplicate 

on a Light Cycler 480 System (Roche). The primer sequences for mouse Pygl were: forward, 5′-

ggcagaagtggtgaacaatgacc-3′; and reverse, 5′-tccgataggtctgtggctggaa -3′. The primer sequences for 

mouse Cd36 were: forward, 5’-atgggctgtgatcggaactg-3’; and reverse, 5’-tttgccacgtcatctgggttt-3’. 

The primer sequences for mouse Pparg were: forward, 5’-gtactgtcggtttcagaagtgcc-3’; and reverse, 

5’-atctccgccaacagcttctcct-3’. The primer sequences for mouse Beta actin were: forward, 5’-

ggctgtattcccctccatcg-3’; and reverse, 5’-ccagttggtaacaatgccatgt-3’. The primer sequences for 

mouse Beta 2 microglobulin were: forward, 5’-tggtgcttgtctcactgacc-3’; and reverse, 5ì-

gtatgttcggcttcccattc-3’. Running program was as follows: pre-heating, 5 min at 95 °C; 40 cycles 

of 15 s at 95 °C, 15 s at 60 °C, and 25 s at 72 °C. Beta actin was used as housekeeping gene in the 

qPCR for Pygl. Beta 2 microglobulin was used as housekeeping gene in the qPCRs for Pparg and 

Cd36. Data were analyzed by LightCycler 480 software version 1.5 (Roche). 

 

Quant-Seq analysis 

Gene expression analysis was performed on WT and AslNeo/Neo mice (n = 5 per group). Total RNA 

from frozen livers was extracted according to the manufacturer's instructions (RNeasy Mini Kit, 

Cat No./ID: 74106 (250), Qiagen). Total RNA was quantified using the Qubit 4.0 fluorimetric 

Assay (Thermo Fisher Scientific). Libraries were prepared from 125 ng of total RNA using the 

NEGEDIA Digital mRNA-seq research grade sequencing service (Next Generation Diagnostic srl) 

(Xiong et al., 2017) which included library preparation, quality assessment and sequencing on a 

NovaSeq 6000 sequencing system using a single-end, 100 cycle strategy (Illumina Inc.). Illumina 

NovaSeq 6000 base call files were converted into fastq file through bcl2fastq; Trimming and 



23 
 

cleaning with bbduk; Alignment was performed with STAR 2.6.0a. The expression levels of genes 

were determined with HTseq-counts 0.9.1. The reference genomes were Hg38 and rn6. The raw 

data were analyzed by Next Generation Diagnostic srl proprietary NEGEDIA Digital mRNA-seq 

pipeline (v2.0) which involves a cleaning step by quality filtering and trimming, alignment to the 

reference genome and counting by gene (Anders et al., 2015). The raw expression data were 

normalized, analyzed, and visualized by Rosalind HyperScale architecture OnRamp 

BioInformatics, Inc. In this statistical analysis the threshold for statistical significance chosen was 

a false discovery rate of ≤0.05. For differential expression analysis, an additional threshold was 

used: logFC ≥2 for upregulated genes and logFC ≤−2 for downregulated genes. 

 

Functional analysis of transcriptomic data 

The list of 1145 deregulated genes considering the logFC≥2 was crossed with the list of peaks 

obtained by the Experiment ENCSR000CEQ publicly available in the Encyclopedia of DNA 

Elements (ENCODE) project (ENCODE project consortium, 2012. The list of peaks was cut to 

restrict the promoter region to a 3kb region which includes the peaks located 2.5 kb upstream and 

0.5 kb downstream the transcription start site (TSS). The overlap with the list of deregulated genes 

was high: 86% (989/1145) of the induced genes presents at least one acetylated lysine 9 of histone 

3 (H3K9Ac) positive peak in the mouse liver. Data from RNA sequencing were analyzed by using 

the DAVID online tool (DAVID Bioinformatics Resources 6.8), for the “Kyoto Encyclopedia of 

Genes and Genomes” (KEGG Pathway) analyses. The analysis was performed on induced and 

inhibited genes, separately. The threshold for statistical significance for the KEGG Pathway 

analysis was FDR≤10%. Venn diagram was generated using custom annotation script. 

 

Statistical analyses 

Data were analyzed using GraphPad Prism 5.0 software (San Diego, CA, USA). Comparisons of 

continuous variables between two and more experimental groups were performed using the two‐

tailed unpaired Student’s t‐test or one‐way ANOVA with Tukey’s post hoc tests, respectively. 

Kaplan–Meier survival curves were compared using the log‐rank test. No statistical methods were 

used to predetermine the sample size. No formal randomization procedure was used but 

assignment of mice to treatment groups was based on mouse identification numbers, and the 

investigators were not blinded. The number of replicates is reported in the Figure legends. Data 
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are expressed as means ± SEM. P-values < 0.05 were considered statistically significant. 
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RESULTS 

Nuclear glycogen accumulation in the liver is a feature of argininosuccinic aciduria. 

Glycogen storage in the liver has been previously reported in ASA (Bigot et al., 2017; Burrage et 

al., 2020; Yaplito-Lee et al., 2013). Previous work from our group showed that glycogen 

deposition does not only occur in the cytoplasm, but also in the nucleus (Soria et al., 2021). This 

finding was confirmed by electron microscopy of the liver of AslNeo/Neo mice, a murine model of 

ASA (Erez et al., 2011). By hematoxylin-eosin staining of livers of AslNeo/Neo mice about 10% of 

glycogenated nuclei were observed, a percentage significantly higher than WT controls (Figure 

Fig. 9: (A) Immunofluorescence on isolated nuclei from wild type (WT), or AslNeo/Neo mouse livers. 
Nuclear content is stained by DAPI (blue); nuclear membrane is shown in green (Lamin A); glycogen 
is shown in red. (B) Loss of glycogen staining in nuclei isolated from the livers of AslNeo/Neo mice after 
treatment with the glycogen-catabolizing enzyme alpha-amylase. 

A B C 

Fig. 8: (A) Hematoxylin and eosin staining of livers of AslNeo/Neo mice. Red arrows point to glycogenated 
nuclei, visible as white nuclear pseudo-inclusions. (B) Higher magnification showing glycogenated 
nuclei (red arrows). (C) Quantification of glycogenated nuclei in AslNeo/Neo (red) or WT (black) mice. 
Quantification was performed on >1000 nuclei (n=3/mice per group). Student’s t-test was used for P-
value calculation. 
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8). Immunofluorescence with an antibody that specifically recognizes glycogen (Baba, 1993) on 

isolated nuclei confirmed increased glycogen in livers of AslNeo/Neo mice compared to WT controls 

(Figure 9A). The fluorescence signal disappeared upon treatment with alpha-amylase, an enzyme 

that can digest glycogen, confirming that the fluorescent signal was indeed glycogen (Figure 9B). 

Electron microscopy analysis on liver biopsies from two patients with ASA confirmed the nuclear 

glycogen storage is also present in humans (Figure 10). 

 

Impaired glycogenolysis drives metabolic and epigenetic changes. 

Glycogen is synthesized de novo and degraded in the nucleus, without direct exchange of glycogen 

between this compartment and the cytoplasm (Sun et al., 2019). Western blotting on nuclear 

fractions isolated from the livers of AslNeo/Neo mice and WT controls showed a significant reduction 

in the relative abundance of PYGL, the first and rate-limiting enzyme of the glycogenolytic 

pathway (Figure 11A-B). Consistent with previous studies (Burrage et al., 2020), we found 

reduced abundance of PYGL protein and mRNA (Figure 11C). Conversely, relative abundance 

Fig. 10: Electron microscopy showed nuclear glycogen in the livers of two patients (ASA #1 and ASA 
#2) with ASA but not in the controls; the zones in the red boxes are shown at higher magnifications in 
the right panels. Red arrows indicate glycogen.  
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of GYS2, the rate-limiting enzyme for glycogen synthesis, were unaffected in both whole cell 

lysates and nuclear extracts (Figure 11D-G). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: (A) Western blotting on nuclear extracts from livers of WT or AslNeo/Neo mice for PYGL. Histone H3 
was used as a loading control. GAPDH was used as control of the purity of the nuclear extracts. One 
cytosolic fraction sample (Cyto) is shown as control. (B) Quantification of relative abundance of PYGL in 
nuclear fractions. (C) qPCR analysis of Pygl in livers of AslNeo/Neo mice compared to WT controls (n = 4-5 
mice/group). (D) Western blotting on whole cell lysates from livers of WT or AslNeo/Neo mice for GYS2. 
Vinculin was used as loading control. (E) Quantification of GYS2 bands in whole cell lysates. (F) Western 
blotting on nuclear extracts from livers of WT or AslNeo/Neo mice for GYS2. Histone H3 was used as a loading 
control. GAPDH was used as a control for nuclear extracts purity. One cytosolic fraction sample (Cyto) is 
shown as control. (G) Quantification of GYS2 bands in nuclear fractions. Student’s t-test was used for P-
value calculation. 
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Glycogenolysis started by PYGL 

generates glucose which is converted 

into acetyl-CoA. The nuclear and 

cytoplasmic pools of acetyl-CoA are 

separated because acetyl-CoA cannot 

cross the nuclear membrane and has to 

be synthesized in the nucleus (Bulusu et 

al., 2017). In the nuclei of ASA mice, 

we found reduced glycolysis 

intermediates, such as glucose-6-

phosphate (Glucose-6P) and 

dihydroxyacetone-

phosphate/glyceraldehyde-3-phosphate (DHAP/GAP), and acetyl-CoA (Figure 12).   

Acetyl-CoA is a donor of acetyl groups for histone acetyltransferases (HAT) (Shvedunova and 

Akhtar, 2022) and reduced nuclear acetyl-CoA results in decreased histone acetylation (Sun et al., 

2019). Western blotting with antibodies recognizing various histone acetylation marks showed a 

significant reduction of histone acetylation in AslNeo/Neo mice (Figure 13). The activities of the 

HATs was unaffected and the activity of histone deacetylases (HDACs), that remove acetyl group 

from histones, was not increased in AslNeo/Neo mice (Figure 14), thus excluding changes in the 

activities of these two enzymes. 

 
 
 

 
 
Fig. 13: Western blotting on nuclear extracts of livers of WT or AslNeo/Neo mice for H3K9Ac, histone H4, 
lysine 5 (H4K5Ac) and histone H4, lysine 12 (H4K12Ac). Histone H3 was used as a loading control. 
Quantification of acetylated histone acetylation bands is shown on the right (n=4/mice per group). Student’s 
t-test was used for p-value calculation.  
 

In contrast to livers, Western blotting on nuclear fractions of brain and muscle showed no changes 
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Fig. 12: Quantification of metabolites in liver nuclear 
extracts of WT (black) and AslNeo/Neo (red) mice (n=5-
6/mice per group). Student’s t-test was used for p-value 
calculation. 
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in histone acetylation 

alterations in AslNeo/Neo 

mice (Figure 15). 

 

 

 

 

 

 

 

 

 

 

Nuclear glycogen is not detected in other UCDs or other GSDs. 

To investigate whether nuclear glycogen was also present in other UCDs, we evaluated livers of 

ornithine transcarbamylase deficient mice (Spf-ash mouse, Soria et al., 2021), and 

argininosuccinate synthetase 1 deficient mice (Ass1Fold, ASS1 LiKO; Lisjak et al., 2023; Keshet 

et al., 2020) by electron microscopy that did not detected any nuclear glycogen (Figure 16) and 

by western blotting that revealed no changes in histone acetylation compared to controls (Figure 

17). 
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Fig. 14: Activity of histone acetyltransferases (HAT) and histone 
deacetylases (HDAC) in nuclear extracts of WT and AslNeo/Neo mouse livers 
(n=4/mice per group). Student’s t-test was used for p-value calculation. ns: 
not statistically significant. 

Fig. 15: Western blotting on nuclear extracts from muscle or brain of WT or AslNeo/Neo mice for 
H3K9Ac. Histone H3 was used as a loading control. Quantification of Western blot bands is shown 
on the right panel. Student’s t-test was used for p-value calculation (n=4/mice per group). ns: not 
statistically significant. 
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Next, we evaluated livers of several GSD mouse models (Gümüş and Özen, 2023), including a 

liver-specific glucose-6-phosphatase alpha deficiency (L-G6pc-/-, Mutel et al., 2011), acid maltase 

deficiency (Gaa-/-, Tarallo et al., 2021) and glycogen debranching enzyme deficiency (Agl-/-, Vidal 

et al., 2018). Although livers of these mice all showed abundant glycogen storage in the cytoplasm 

or lysosome, nuclear deposition of glycogen was not detected by electron microscopy, in contrast 

Fig. 17: Western blotting on nuclear extracts of livers of WT or various mouse models of 
UCDs for H3K9Ac. Histone H3 was used as loading control. Quantification of western blot 
bands is shown on the right. Student’s t-test was used for p-value calculation (n=4-5/mice 
per group). ns: not statistically significant.  Spf-ash, ornithine transcarbamylase-deficient 
mice; Ass1Fold, hypomorphic model of argininosuccinate synthetase 1 deficiency; ASS1 
LiKO, liver-specific knockout of argininosuccinate synthetase 1. 

Fig. 16: Electron microscopy of livers from three mouse models of UCDs show no 

glycogen in the nuclei. Spf-ash, ornithine transcarbamylase-deficient mice; Ass1
Fold

, 
argininosuccinate synthetase 1 deficiency; ASS1 LiKO, liver-specific knockout of 
argininosuccinate synthetase 1. 
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to AslNeo/Neo mouse livers (Figure 18). Consistently, histone acetylation was unaffected (Figure 

19). 
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Fig. 18: (A) Electron microscopy of the liver of an 
AslNeo/Neo mouse. The light blue arrow indicates 
glycogen deposits, visible as black dots, in the 
cytoplasm; black arrows indicate glycogen 
storage in the nucleus. (B) Electron microscopy 
of the liver of a mouse model of liver-specific 
G6pc deficiency (GSD Ia). (C) Electron 
microscopy of the liver of a murine model of 
Pompe disease (GSD II). (D) Electron 
microscopy of the liver of a murine model of Agl 
deficiency (GSD III).  
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Fig. 19: Western blotting on nuclear extracts of livers of WT or various GSD mouse models for H3K9Ac. 
Histone H3 was used as loading control. Quantification of Western blot bands is shown on the right. 
Student’s t-test was used for p-value calculation (n=3-6/mice per group). ns: not statistically significant.  
 

Despite the massive cytosolic deposition, nuclear glycogen was also not detected in a mouse model 

of Hers disease (GSD VI) with complete deficiency of PYGL (Wilson et al., 2019) (Figure 20A). 

Consistently, Western blotting on nuclear extracts showed unaffected histone acetylation (Figure 

20B-C).  

 
Fig. 20: (A) Electron microscopy of the liver of a mouse model of PYGL deficiency (GSD VI). The light blue 
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arrow points to glycogen accumulation, visible as black dots, in the cytoplasm. (B) Western blotting for 
PYGL of whole cell lysates from the livers of WT or PYGL-deficient mice. β-actin was used as loading 
control. (C) Western blotting of nuclear extracts for H3K9Ac on livers of WT or PYGL-deficient mice . 
Histone H3 was used as loading control. 
 

To explain this relevant difference between AslNeo/Neo and Pygl-/- mice, we investigated nuclear 

glycogenesis by monitoring the levels of GYS2. However, although the protein amount was 

unaffected, GYS2 was hyperphosphorylated on Serine 641 and the enzyme activity was reduced 

in Pygl-/- mice (Figure 21A-B). The increased phosphorylation of GYS2 that inhibits the catalytic 

activity of the enzyme, that is the rate limiting step on glycogen synthesis (Wilson et al., 2005) 

might be responsible for the lack of nuclear glycogen storage in Pygl-/- mice.  

 

 
Fig. 21: (A) Western blotting on nuclear fractions on livers of WT (n=3) or Pygl-/- (n=5) for GYS2 
phosphorylated on Serine 641 (S641), and total GYS2. Cytosolic fraction (Cyto) from one of the samples is 
shown as control. Histone H3 was used as a loading control and GAPDH to evaluate the purity of nuclear 
fractions. Quantifications of Western blot bands are shown. (B) Enzymatic activity of GYS2 in nuclear 
fractions of livers of WT (n=3) or Pygl-/- (n=12) mice. Student’s t-test was used for p-value calculation. ns: 
not statistically significant. 
 

Epigenetic changes and changes in liver homeostasis in AslNeo/Neo mice. 

Histone acetylation is a key regulator of gene expression (Verdone et al., 2005) and to investigate 

the changes induced by histone hypoacetylation in livers of AslNeo/Neo mice, we performed RNA-

sequencing that detected 1,145 differentially expressed genes (DEGs), with 45% of them 

upregulated and 55% down-regulated (Figure 22). 

A B 
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Fig. 22: Volcano plot showing differentially expressed genes (DEGs) between WT and AslNeo/Neo mouse 
livers. (B) Pie chart with percentages of upregulated and downregulated genes in AslNeo/Neo mouse livers. 
 

The striking majority of DEGs in AslNeo/Neo mice overlapped with an independent dataset of genes 

of the ENCODE project consortium (ENCODE Project Consortium, 2012) that included genes 

regulated in livers of WT mice by acetylation of lysine 9 of histone H3 (Figure 23). This data 

supports the hypothesis that liver transcriptomic changes in AslNeo/Neo mice are largely driven by 

histone hypoacetylation. 
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Fig. 23: DEGs in livers of AslNeo/Neo mice regulated by H3K9Ac. 
 

Hepatic delivery of PYGL and treatment with HDACi in AslNeo/Neo mice  

To correct histone hypoacetylation in AslNeo/Neo mice, we investigated two independent 

approaches: AAV-mediated delivery of PYGL (AAV-PYGL) or treatment with SAHA, a HDACi 

(Figure 24). 

 

 

 

 

 

 

  

 

 

Fig. 24: Schematic depiction of the working model for the two therapeutic strategies investigated in this 
work to counteract the effect of histone hypoacetylation induced by increased nuclear glycogen storage: 
AAV-mediated delivery of PYGL to hepatocytes and HDACi treatment by SAHA. 
 

Before testing in the AslNeo/Neo mice, the AAV-PYGL was first injected at a dose of 1x1013 GC/kg 

in WT mice and Western blotting on liver lysates confirmed overexpression of PYGL in both 

cytosolic and nuclear fractions of livers (Figure 25A) and a reduction in liver glycogen content 

86% 
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was also observed (Figure 25B). 

 
Fig. 25: (A) Western blotting for PYGL on nuclear and cytosolic extracts of livers of WT mice injected with 
either an AAV vector expressing the human PYGL (AAV-PYGL) or saline. Histone H3 and GAPDH were 
used as loading and fraction purity controls. (B) Liver glycogen content in livers of WT mice injected with 
either AAV-PYGL or saline solution. Student’s t-test was used for p-value calculation (n=3-5 mice/group). 
 

Next, AslNeo/Neo mice were either injected intravenously with AAV-PYGL or received SAHA by 

i.p. injections, in addition to a standard therapy (ST), consisting of daily i.p. injections of arginine 

and sodium benzoate starting from 10 days of life. Control AslNeo/Neo mice receiving only ST. 

Notably, both treatments significantly improved survival of AslNeo/Neo mice and increased histone 

acetylation in liver compared to mice receiving ST alone without changes in ASL expression 

(Figures 26 and 27).  
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37 
 

 
Fig. 26: (A) Scheme of the experimental plan: AslNeo/Neo mice received daily i.p. administration of arginine 
(0.5 mg/kg/die) and sodium benzoate (0.5 mg/kg/die) starting from 10 days of age (standard therapy, ST), 
and were then treated with either a single i.v. injection of AAV-PYGL (1x1013 gc/kg) at the age of 7 days, or 
i.p. injections of SAHA every other day starting from 10 days of age (SAHA, 50 mg/kg). Mice treated with 
ST alone were used as a control group. (B) Kaplan-Meier survival curve comparing the three experimental 
groups. Log-rank (Mantel-Cox) test was used for p-value calculation. 
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Fig. 27: (A) Western blot for H3K9Ac on nuclear fractions of livers of AslNeo/Neo mice treated with arginine 
and sodium benzoate (ST), ST and overexpression of PYGL (ST + AAV-PYGL), and ST + vorinostat (ST + 
SAHA), using an antibody against. Histone H3 was used as loading control. (B) Western blot for PYGL and 
ASL on whole liver lysates of AslNeo/Neo mice treated with ST, ST + SAHA, and ST + AAV-PYGL. Vinculin 
was used as loading control. Western blot band quantifications are shown. Student’s t-test was used for p-
value calculations (n=3-4 mice/group). ns: not statistically significant. 
 

Nuclear glycogen storage affects lipid metabolism. 

Among DEGs in AslNeo/Neo mouse livers a significant up-regulation of genes involved in 

NAFLD, that has been recently renamed as Metabolic dysfunction-associated fatty liver disease 

(MAFLD) was detected (Figure 28). This finding was particularly interesting given that 

steatohepatitis is among the few conditions in which glycogenated nuclei have been reported 

(Takahashi and Fukusato, 2014). Among the up-regulated genes of AslNeo/Neo mouse livers, there 

were Pparg and Cd36, encoding the master regulator of lipogenesis and a major receptor for uptake 

A 

B 
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of free fatty acids, respectively. Quantitative RT-PCR confirmed up-regulation of Pparg and Cd36 

in the liver of AslNeo/Neo mice and AAV-mediated delivery of PYGL that rescued histone 

hypoacetylation associated with nuclear glycogen storage significantly reduced the expression of 

Pparg and Cd36 (Figure 29) 

 

 

 

 

 

 

 

 

 

 
Figure 28: Top 5 over-expressed (in red) and downregulated (in green) of Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathways. 
 

 

Fig, 29: Real time PCR for Pparg and Cd36 genes on the livers of WT, AslNeo/Neo + ST, and AslNeo/Neo + ST 
+ AAV-PYGL mice. Tukey’s One way ANOVA was used for P-value calculations (n=5-3 mice/group). 
 

These findings in a rare genetic disorder raised the hypothesis of a more general involvement of 

nuclear glycogen storage in more common conditions, such as MAFLD. To investigate this 

Pparg Cd36 
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hypothesis, we selected an animal model of early MAFLD, consisting of rats fed with a HFC diet 

for 2 weeks (De Chiara et al., 2020). Electron microscopy showed nuclear glycogen in the 

hepatocytes of rats fed with the HFC diet, but not the standard chow (Figure 30). 

 

 
Fig, 30: Electron microscopy of liver samples from a WT rat fed with standard chow (Control) and a WT rat 
fed for two weeks with high fat, high cholesterol diet (HFC 2W). Red arrows indicate glycogen. 
 

Moreover, consistent with the data in AslNeo/Neo mice, rats fed with HFC showed reduced abundance 

of PYGL protein in nuclear fractions (Figure 31A) and decreased histone acetylation compared to 

controls (Figure 31B). 
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Fig, 31: (A) Western blotting for PYGL on nuclear fractions extracted of livers of WT rats fed with either 
standard chow (Control) or HFC diet for 2 weeks. A cytosolic fraction (Cyto) is shown as control. Histone 
H3 was used as loading control and GAPDH as control of the purity of nuclear fractions. Quantification of 
Western blot bands is shown. (B) Western blotting for H3K9Ac on nuclear fractions from livers of control 
and rats receiving HFC. Histone H3 was used as loading control. Quantification of Western blot bands is 
shown. Student’s t-test was used for p-value calculation (n=4-6 mice/group). 
 

Nitric oxide increases PYGL nuclear translocation 

Reduced synthesis of NO is a hallmark of ASA (Nagamani et al., 2012) and it has been previously 

shown that NO regulates translocation of proteins from the cytosol to the nucleus (Malik et al., 

2010). Therefore, we investigated whether supplementation with sodium nitrite, an NO donor, can 

correct the deficiency of nuclaar PYGL in AslNeo/Neo mice. Sodium nitrite was indeed found to 

increase PYGL in nuclear fractions (Figure 32) without affecting the total abundance of PYGL 

(Figure 33), supporting a specific role of NO on the nuclear import of the enzyme.  

 

 

 

A 
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Fig, 32: Western blotting for PYGL on nuclear fractions of livers of WT or AslNeo/Neo mice treated with 
arginine and sodium benzoate (AslNeo/Neo) or with arginine, sodium benzoate and sodium nitrite (AslNeo/Neo 
+ NO); a cytosolic fractions of WT liver is shown. Histone H3 was used as loading control and GAPDH as 
control of the purity of the nuclear fractions. Western blot quantifications are shown. Tukey’s One way 
ANOVA was used for P-value calculations (n=3-5 mice/group). ns: not statistically significant. 
 

Fig. 33: Western blotting for PYGL on whole liver lysates of WT or AslNeo/Neo mice treated with arginine and 
sodium benzoate (AslNeo/Neo) or with arginine, sodium benzoate and sodium nitrite (AslNeo/Neo + NO). Vinculin 
was used as loading control. Western blot bands quantifications are shown. Tukey’s One way ANOVA was 
used for p-value calculations (n=4-5 mice/group). ns: not statistically significant. 
 

Consistent with this role, PYGL was previously found to be S-nitrosylated by untargeted mass 

spectrometry screening (Doulias et al., 2010; Gould et al., 2015) and we confirmed S-nitrosylation 

of PYGL by the S-nitrosyl biotin switch assay on livers of WT mice (Figure 34). 

 

 
 
 
Fig. 34: Immunoblots of liver lysates of WT 
or Pygl-/- mice after immunoprecipitation 
with anti-PYGL antibody. Biotin-switch 
assay was performed to convert S-
nitrosylation into biotinylation. As negative 
control, samples were incubated in buffer 
without reducing reagent. SNO-PYGL, S-
nitrosylated PYGL. 
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DISCUSSSION 

ASA is a rare inherited metabolic disorder due to impaired ammonia detoxification (Baruteau et 

al., 2019). In the livers of both ASA mice and patients glycogen storage has been detected in both 

cytosol and nucleus (Burrage et al., 2020; Soria et al., 2021). Although nuclear glycogen storage 

was described in hepatocytes several decades ago, little is still known about its role in physiology 

and disease states. Nevertheless, recent evidence found that nuclear glycogen storage and reduced 

glycogenolysis fuel the progression of lung cancer driving epigenetic changes induced by reduced 

histone acetylation (Sun et al., 2019). In this thesis work, I found that consistent with a previous 

study (Sun et al., 2019), increased nuclear glycogen results in nuclear metabolic changes including 

reduced acetyl-CoA and histone acetylation.  

Acetyl-CoA is an essential metabolite required for cell survival and homeostasis and also 

serves as acyl donor for protein acetylation, thus directly affecting gene expression (Pietrocola et 

al., 2015). Bulk histone acetylation is highly sensitive to nuclear acetyl-CoA abundance, and the 

supply of this metabolite for histone acetylation (Sivanand et al., 2018) relies on nuclear synthesis 

because acetyl-CoA is an unstable metabolite (Bulusu et al., 2017) and has to be produced near to 

the site of its use. Accordingly, nuclear glycogen catabolism contributes to a compartmentalized 

pyruvate-derived acetyl-CoA pool (Sun et al., 2019). Beside glycogenolysis, nuclear synthesis of 

acetyl-CoA is also dependent of other substrates such as citrate and acetate (Sivanand et al., 2018). 

Consistently, we found a mild reduction of nuclear acetyl-CoA concentration in the livers of 

AslNeo/Neo mice. Nuclear glycogen storage is specific for ASA, as it was not observed in other mouse 

models of UCDs. Moreover, nuclear glycogen was not detected in several mouse models of GSDs, 

suggesting that nuclear glycogen accumulation is specific for ASA.  

Epigenetic alterations play a role in the severity of disease in the liver (Garrido et al., 2022; 

Wu et al., 2022). In this work, using two independent approaches both resulting in increased 

histone acetylation, confirmed that epigenetic modifications not involving ASL expression affect 

the severity of AslNeo/Neo mice improving their survival. Among the most dysregulated pathways, 

we found genes involved in lipid metabolism and MAFLD, including the master regulator of lipid 

metabolism Pparg, and the free fatty acid receptor Cd36. Delivery of PYGL to the liver of 

AslNeo/Neo mice reduced Pparg and Cd36, supporting the hypothesis changes in Pparg and altered 

lipid homeostasis are dependent on impaired hepatic glycogenolysis. Consistent with the mouse 

data, alterations of lipid metabolism have been reported also in patients with ASA (Brambilla et 
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al., 2019).  

In the last decades rare genetic diseases have been repeatedly instrumental in providing 

insights and understanding physiology and pathogenic mechanisms of non-genetic disorders with 

higher prevalence (Hertz et al., 2024). NAFLD, recently renamed as MAFLD, is a frequent liver 

disorder, with an estimated prevalence of 25% worldwide (Cotter and Rinella, 2020) and has multi-

factorial pathogenesis that has not been fully elucidated (Diehl and Day, 2017). Nuclear glycogen 

storage has been reported in MAFLD patients (Takahashi and Fukusato, 2014) and we confirmed 

nuclear glycogen accumulation and reduced glycogenolysis and histone acetylation in a diet-

induced rat model of MAFLD. Nuclear glycogen storage, appearing as glycogenated nuclei, has 

been reported in several other liver diseases, including Wilson disease, diabetes, and porphyria 

cutanea tarda (Fitzpatrick et al., 2014; Lefkowitch and Grossman, 1983; Pronicki, 2017). All these 

diseases share an increased risk of developing hepatocellular carcinoma, the most common 

malignant neoplasm of the liver (Campbell et al., 2016; Chen et al., 2012; Ramai et al., 2022). 

Importantly, hepatocellular carcinoma has been reported in patients with ASA (Baruteau et al., 

2017). Impaired nuclear glycogen metabolism and reduced histone acetylation drive progression 

of lung adenocarcinoma (Sun et al., 2019). For this reason, the role of nuclear glycogen 

accumulation might be a potential driver for hepatocellular carcinoma. However, further studies 

are needed to confirm this hypothesis. 

Reduced PYGL appears to play an important role in nuclear glycogen storage of ASA mice. 

Far from being “only” a mediator of vascular smooth muscle relaxation, NO is a key regulator of 

several processes in the cell. Impaired NO synthesis is a hallmark of ASA (Nagamani et al., 2012). 

Interestingly, reduced NO synthesis has been found as an early event in the pathogenesis of 

MAFLD (Nozaki et al., 2015) and mice deficient for NO synthase have glycogen accumulation in 

the liver (Hocher et al., 2022; Schild et al., 2008). In AslNeo/Neo mice, I found that increased NO 

availability increases nuclear PYGL without affecting global protein amount of the enzyme. PYGL 

undergoes several post-translational modifications regulating its function, including 

phosphorylation, acetylation and O-GlcNAcylation (Chen et al., 2022; Sprang et al., 1988; Zhang 

et al., 2012). NO is involved in regulation of protein nuclear translocation through direct S-

nitrosylation of cysteine residues (Malik et al., 2010) and PYGL has been reported to be S-

nitrosylated (Doulias et al., 2010; Gould et al., 2015). Consistently, we have confirmed S-

nitrosylation of PYGL in the liver and we are currently validating this finding by mutagenesis of 
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the cysteine residues of PYGL. Therefore, the mechanism underlying increased nuclear 

translocation of PYGL still needs to be clarified. NO-mediated effects on nuclear PYGL might 

indeed be induced by indirect mechanisms, such as nitrosylation of PYGL interactor partner 

regulating its nuclear entry. In line with this, previous studies on lung carcinoma cell lines showed 

that reduced nuclear translocation of PYGB isoform is regulated by protein ubiquitination in the 

cytoplasm by E3-ubiquitin ligase malin (Sun et al., 2019).  

In conclusion, this thesis work provided a working model to explain the role of hepatic 

nuclear glycogen storage in ASA (Figure 35). Our data suggest that reduced NO synthesis, a 

hallmark of ASL deficiency, is responsible for impaired nuclear translocation of PYGL, resulting 

in reduced nuclear glycogenolysis and glycogen accumulation. Reduced glycogenolysis is in turn 

responsible for depletion of nuclear acetyl-CoA and reduced histone acetylation. Global histone 

hypo-acetylation results in transcriptomic changes that are relevant for the disease severity. These 

transcriptomic changes 

include especially genes 

involved in lipid metabolism 

and related to pathogenesis of 

MAFLD. Interestingly, 

reduced NO synthesis is an 

important event in the 

pathogenesis of MAFLD 

(Fang et al., 2022; Matsumoto 

et al., 2018). These findings 

may have implications for 

development of improved 

therapies for liver disease in 

ASA and potentially, other liver 

disorders with aberrant nuclear 

glycogen storage.  

 

 

 

Fig. 35: Proposed working model for the role of nuclear glycogen 
in the pathogenesis of ASA. 
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