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Abstract: Glycogen phosphorylase (PG) is a key enzyme taking part in the first step of glycogenolysis.
Muscle glycogen phosphorylase (PYGM) differs from other PG isoforms in expression pattern and
biochemical properties. The main role of PYGM is providing sufficient energy for muscle contraction.
However, it is expressed in tissues other than muscle, such as the brain, lymphoid tissues, and
blood. PYGM is important not only in glycogen metabolism, but also in such diverse processes as
the insulin and glucagon signaling pathway, insulin resistance, necroptosis, immune response, and
phototransduction. PYGM is implicated in several pathological states, such as muscle glycogen
phosphorylase deficiency (McArdle disease), schizophrenia, and cancer. Here we attempt to analyze
the available data regarding the protein partners of PYGM to shed light on its possible interactions
and functions. We also underline the potential for zebrafish to become a convenient and applicable
model to study PYGM functions, especially because of its unique features that can complement data
obtained from other approaches.

Keywords: PYGM; muscle glycogen phosphorylase; functional protein partners; glycogenolysis;
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1. Introduction

The main energy substrate in animal tissues is glucose, which is stored in the liver and
muscles in the form of glycogen, a polymer consisting of glucose molecules. The molecules
are connected via «-1,4-glycosidic and «-1,6-glycosidic bonds. Glycogen phosphorylase
(GP) breaks «-1,4-glycosidic bonds, and the glucose-1-phosphate (G1P) molecule is released
in the first step of glycogenolysis [1]. GP exists in three isoforms in the human body:
phosphorylase, glycogen, liver (PYGL, UniProtKB no. P06737); phosphorylase, glycogen,
brain (PYGB, no. P11216); and phosphorylase, glycogen, muscle (PYGM, no. P11217,
commonly known as a muscle glycogen phosphorylase or myophosphorylase). The three
isoforms differ in their physiological role and regulatory properties depending on the
tissue in which they occur [2]. The PYGL, PYGB, and PYGM isoforms encoded by three
distinct genes (on human chromosome 14q22, 20, and 11q13 respectively) share about 80%
sequence identity at the protein level, and are structurally similar [3,4]. GP is a highly
specialized enzyme, and its gene sequence is evolutionarily conserved. The comparative
sequence analysis of phosphorylases shows that mammalian muscle and brain isoforms
are more closely related to each other than to the liver form [5].

The metabolism, including glucose homeostasis, is linked to the circadian clock. The
glycogen synthase (GS), glycogen phosphorylase, and glycogen level itself undergo regular
changes in 24-h manner [6-8]. Despite that the GS and GP has an opposite functions,
namely synthesis and sequestering of glycogen, their mRNA level is rising simultaneously
at the morning phase in Neurospora crassa. The deletion of GP abolished the rhythmic
GS gene expression, and glycogen accumulation. Regulation of GS and GP activity relies
probably on allosteric changes and reversible phosphorylation. The GP is activated by
phosphorylation, whereas phosphorylated GS is inactivated. This may result in the “switch
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like” system, in which one enzyme is active while the second is inactive [8]. The crucial role
of clock-controlled glucose homeostasis and energy balance among mammals indicates
that this mechanism may be evolutionarily conserved [6,7,9].

Additionally to their primary role in the first step of glycogenolysis, the GP isoforms
also play a specific role in particular processes. The main function of PYGM and PYGB is
their participation in adenosine triphosphate (ATP) production, gained from the glycogen
deposits, to provide sufficient energy for biological processes in cells, such as contraction
in the case of muscle. PYGL produces glucose molecules to maintain the glucose level in
the bloodstream [5,10-12].

There are two mechanisms of GP activation: reversible phosphorylation and allosteric
regulation. Allosteric regulation is understood as the balance between the T (tense, in-
active) and R (relaxed, active) states, based on the conformational changes caused by
the binding of regulatory molecules. The activators include adenosine monophosphate
(AMP), inorganic phosphate (Pi), G1P, and glycogen, whereas inhibitors include ATP,
glucose-6-phosphate (G6P), glucose, and purine [13]. PYGB and PYGM can be regulated
by both serine phosphorylation and allosteric changes, but PYGL can only be regulated by
reversible phosphorylation at serine 15 [4]. The difference between the biological role of
PYGM and PYGB is based on their biochemical properties, particularly on the different
affinity to AMP and glucose. When the level of AMP in the cell is low, PYGB reduces its
enzymatic activity and does not respond to extracellular activation signals coming from
the phosphorylation cascade. Therefore PYGB, present in fetal, brain, and heart tissue, is
responsible for maintaining the optimal glycogen level for internal use. Indeed PYGB is
responsible for providing an emergency energy source during periods of hypoxia, hypo-
glycemia, and ischemia [14,15]. On the other hand, PYGM is very active and responds
to extracellular control via phosphorylation regardless of the cellular level of AMP. The
mechanism of action results from its physiological role, which is a muscle contraction in
response to neural and hormonal signals [16].

PYGM gains attention because of its crucial role in muscle functions and myopathies.
Moreover, PYGM was found to be involved not only in glycogenolysis, but is also important
in other physiological and pathological processes.

2. PYGM Expression in Different Tissues and Organs

PYGM mRNA expression analysis, based on transcriptomics datasets, shows that
besides human skeletal muscles, it is also present in other tissues and organs. PYGM mRNA
is present in organs containing skeletal muscle tissue, such as the tongue, glands, and
esophagus. However, it is also detected e.g., in different parts of the brain, lymphoid tissues
(tonsil), blood (granulocytes), salivary glands, male reproductive system, and adipose
tissue [17]. PYGM and PYGB were shown to be colocalized in cardiomyocytes. Moreover,
the heart-to-brain ratio of PYGM and PYGB protein and mRNA is similar, indicating that
coexistence of the isoforms in heart muscle cells must be important for cardiac functions [18].
The tissue data for RNA expression obtained within one of the approaches, FANTOMS,
reveal PYGM mRNA expression also in the eye (retina) [19].

The integrating quantitative transcriptomics performed on the human tissues, together
with microarray-based immunohistochemistry, show that PYGM protein is expressed in
the skeletal muscle tissue at a high level. At the same time, this analysis reveals that PYGM
is also detectable in the cerebellum [17]. The antibody staining data confirm this finding
and indicate that PYGM is present in the granular and white matter cells of the cerebellum,
although its level is assessed as low. Glycogen muscle phosphorylase is the main form of
GP expressed in glial cells in the human nervous system, specifically in astrocytes [20-22].
PYGM, identified by mass spectrometry, is also found in T lymphocytes, where it plays an
important role in their immunological functions [23-26]. PYGM was also detected in the
rat kidney homogenates, where it was localized in the interstitial cells of the cortex and
outer medulla [27]. Additionally, the research data confirm the FANTOMS results, showing
that PYGM is expressed in the retinal pigment epithelium and cone photoreceptors [28,29].
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The fact that PYGM is present not only in skeletal muscles, but also in several other
tissues and organs, is probably due to its specific functions in these locations, probably
connected with its biochemical properties.

3. The Biological Importance of PYGM
3.1. The Role of PYGM in Physiology

Muscle glycogen phosphorylase catalyzes the first step of glycogenolysis to meet the
energy requirements for muscle activity. At the resting state, the inactive enzyme can
be activated by AMP or inosine 5'-monophosphate (IMP), and is inhibited by ATP, G1P,
and other metabolites. The coenzymes important for PYGM enzymatic activity regulation
are pyridoxal phosphate (PLP, the active form of vitamin B6) [30], and Ras-related C3
botulinum toxin substrate 1 (Racl) [23].

The datasets provided by Kyoto Encyclopedia of Genes and Genomes (KEGG), the
biological pathways database, confirm that PYGM is involved mainly in the starch and
sucrose metabolism and metabolic pathways, but indicates its involvement also in the
insulin and glucagon signaling pathway, insulin resistance, and necroptosis [31].

The analysis of bioinformatics resources using the STRING tool shows additional
possible protein—protein interactions, which may be important for the PYGM functions
(Figure 1) [32]. The predicted physical network of functional protein partners with PYGM
includes proteins involved in glycogen metabolism, specifically in glycogen breakdown
(glycogenolysis), such as phosphorylase b kinase (PHK) catalytic subunit (PHKG1), and its
delta subunit—calmodulin (encoded by three genes, CALM1, CALM2, and CALM3). The
analysis additionally indicates the interaction with glycogen debranching enzyme (amylo-
alpha-1,6-glucosidase, AGL) via protein phosphatase 1 (PPP1). Some of the predicted
interactions have been experimentally verified. The two-hybrid experiment shows the in-
teraction between PYGM and PPP1R3B (protein phosphatase 1, regulatory subunit 3B) [33].

PYGM plays a role in insulin and glucagon signaling, and insulin resistance path-
ways involving regulation of the glycogen level. PYGM participates in these processes
through PHK and CALM in the signaling, and through PPP1 in the insulin resistance path-
ways [31,32]. The kinase PHK mediates the neural and hormonal regulation of glycogen
breakdown by phosphorylating and thereby activating muscle glycogen phosphorylase.
The phosphatase PP1 participates e.g., in the regulation of glycogen metabolism, muscle
contraction, and protein synthesis. AGL is a multifunctional enzyme acting as a glycosyl-
transferase and glucosidase in glycogen debranching. CALM1 mediates the control of a
large number of enzymes, ion channels, aquaporins, and other proteins through calcium
binding [34].

PYGM is also involved in the phototransduction pathway, the process in which the
photoreceptor cells generate electrical signals in response to captured photons. Probably
PYGM is involved in the inactivation, recovery, and/or regulation of the phototransduction
cascade through interaction with recoverin (RCVRN) and CALM1, both connected with
CaZ* cellular level regulation. The RCVRN, a low-molecular-weight, neuronal calcium
sensor, is involved in phototransduction cascade regulation and signal transmission in a
calcium-dependent manner [32,35]. So far, no experimental data explain the exact role of
PYGM in this process. However, it is known that retinopathy can be one of the symptoms
in muscle glycogen phosphorylase deficiency (McArdle disease) [29,36-38]. Analysis of
the PYGM expression pattern leads to the conclusion that impaired glycogen metabolism,
both in the retinal pigment epithelium and in cone photoreceptors, is involved in McArdle
disease-linked retinopathy [29].
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Figure 1. The human muscle glycogen phosphorylase (PYGM) protein—protein interaction network. The
prediction, based on text mining, experiments, and databases, of possible PYGM associations. The edges
indicate that the proteins are part of a physical complex. Four differently colored lines represent four
types of evidence. A pink line indicates the experimentally determined interactions; light blue—database
evidence; green—text mining evidence; dark blue—gene co-occurrence. ALDH18A1—aldehyde de-
hydrogenase 18 family member A1l; AGL—amylo-alpha-1,6-glucosidase, 4-alpha-glucanotransferase;
CALM]1, 2, 3—calmodulin 1, 2, 3; FLRT1—fibronectin leucine rich transmembrane protein 1, PHKG1—
phosphorylase kinase catalytic subunit gamma 1; PPP1IR3A—protein phosphatase 1 regulatory subunit
3A; RCVRN—recoverin; UGP2—UDP-glucose pyrophosphorylase 2. According to the Protein-Protein
Interaction Networks Functional Enrichment Analysis, STRING (accessed on 4 February 2021) [32].

The role of PYGM in necroptosis described in the KEGG database, a type of pro-
grammed cell death with necrotic morphology, is based on the interaction with receptor
interacting serine/threonine kinase (RIPK). RIPK3 activates glycogen phosphorylase and
therefore influences glycogenolysis [39,40].

PYGM was also shown to play an important role in regulating the immune function of
T cells. The stimulation of T cells with interleukin 2 (IL-2) leads to the activation of a small
GTPase of the RAS family, RAC1. In its active configuration, RAC1 binds to PYGM and
modulates PYGM enzymatic activity, leading to T-cell migration and proliferation [23,25,26].
Llavero et al. (2019) propose an additional possible mechanism of this signal cascade. Their
model assumes that the PYGM activation (through RAC1) may be controlled by the
epidermal growth factor receptor (EGFR) [41].

The PYGM protein—protein interaction network and its involvement in the biological
processes are probably much wider, i.e., the possibly conserved role of glycolysis in pro-
moting myoblast fusion-based muscle growth [37]. The formation of syncytial muscles is
probably founded on glycolysis-based high-rate biomass production. Indeed the attenua-
tion of one of the genes involved in glycolysis, phosphoglycerate mutase 2 (Pglym78/pgam?2),
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leads to the formation of thinner muscles in Drosophila melanogaster embryos [42]. The Pygm
protein level was shown to increase during zebrafish (Danio rerio) development, which
correlates with the decrease in glycogen level. At the same time, the Pygm distribution in
zebrafish muscles changed from dispersed to highly organized. These events correspond
to increased energy demand, due to the first movements of the developing embryo [43].

The assembly performed within the Biological General Repository for Interaction
Datasets (BioGRID) public database revealed almost 50 proteins involved in the biological
interactions with PYGM (see Table S1) [44]. Therefore, it is highly probable that PYGM is
an important factor involved not only in glycogenolysis but also in a diverse range of other
physiological and pathological biological processes.

3.2. The Role of PYGM in Pathological Processes
3.2.1. Muscle Glycogen Phosphorylase Deficiency (McArdle Disease)

Muscle glycogen phosphorylase deficiency (glycogen storage disorder type V called
also McArdle disease; # 232600 in the Online Mendelian Inheritance in Man, OMIM,
database) is the most common disorder of the skeletal muscle carbohydrate [45]. McArdle
disease is an autosomal recessive metabolic disorder, caused by a lack of muscle glycogen
phosphorylase. The most frequent mutations leading to McArdle disease are p.R50X,
p-G205S, and L542T. So far, 206 mutations in the PYGM gene leading to McArdle disease
development have been described. These mutations affect the processing of PYGM mRNA,
may cause the absence of enzymatic activity, disrupt the interaction between enzyme
dimers, or cause the lack of substrate binding [45-47]. The severity of the disease is most
probably connected with diverse mechanisms, including post-transcriptional events, epige-
netics factors, or modification of protein function [48]. The lack of active enzyme leads to
the inability to gain the energy from glycogen needed for skeletal muscle contraction. Pa-
tients suffer from the onset of exercise intolerance and muscle cramps. Myoglobinuria may
occur after physical effort, due to rhabdomyolysis. In some cases severe myoglobinuria
may lead to acute renal failure [4,45].

Several case reports and longitudinal case studies have confirmed that retinopathy is
an additional clinical phenotype feature associated with McArdle disease [29,36-38,49]. In
the case of McArdle patients, the lack of PYGM may impair the ability of retinal pigment
epithelium and cone photoreceptors to obtain sufficient energy, which may further lead to
pathological changes [29]. Human retinal pigment epithelium cells express both brain and
muscle forms of glycogen phosphorylase [28]. However, the presence of PYGB in epithelial
cells may not be sufficient for efficient energy metabolism.

3.2.2. PYGM in Schizophrenia

Disturbances in glutamate-mediated neurotransmission and alteration in energy
metabolism in the dorsolateral prefrontal cortex (DLPFC) are observed in schizophre-
nia [22,50,51]. The glycogenolysis in neurons provides lactate as a transient energy supply.
This source of energy is necessary for integrating the glutamatergic neurotransmission
and glucose utilization processes. This mechanism could be altered in the disease and
leads to an energy deficit. Pinacho et al. (2016) found that indeed the protein levels of
PYGM and RAC1, a kinase that regulates PYGM activity, are reduced in the astrocytes in
schizophrenia [22]. The interaction between PYGM and RAC1 in astrocytes may be similar
to that described in the T cells [23,25,26]. The metabolic pathway in astrocytes, involving
PYGM, could contribute to a transient local energy deficit in DLPFC in schizophrenia [22].

The equilibrium between brain and muscle isoform of glycogen phosphorylase in
astrocytes may be controlled in a sex-dependent manner. It is because of the distinct astro-
cyte receptor profiles in males and females. The noradrenergic control over the astrocyte
glycogen mobilization differs in the case of the adrenergic versus estrogen receptors. The
exact mechanism needs further investigation, however authors conclude that glycogen
turnover in the ventromedial hypothalamic nucleus, key structure responsible for the glu-
costatic control, is crucially important for maintaining brain functions. Therefore the future
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understanding of mechanism of noradrenergic control of glycogen level is an important
issue [52]. Disturbances in glutamate-mediated neurotransmission have been observed
not only in schizophrenia but also in various other neuropsychiatric disorders, including
substance abuse, mood disorders, autism-spectrum disorders, and Alzheimer’s disease [53].
Therefore the regulation of glycogenolysis may be an important factor in the treatment of
neuropsychiatric diseases. Especially in regards to identify the potential therapeutic targets
for neuro-protective stabilization of glycogen level in systemic glucose dysregulation states.

The relationship between McArdle disease and schizophrenia, if any, is so far elusive.
However, the recent data coming from the European registry for patients with McArdle
disease and other muscle glycogenoses (EUROMAC) report the mental disorders reaching
6.6% (16 in the cohort of 241 patients). One case of schizophrenia was indicated within this
category [54].

3.2.3. PYGM in Cancer

PYGM expression is down-regulated in cancer. According to the Gene Expression Pro-
filing Interactive Analysis (GEPIA) of the RNA sequencing data, PYGM expression is lower
in many types of cancer than in normal tissues (Figure 2). One of the largest differences
is observed in the case of sarcoma (SARC), where PYGM expression is almost 20 times
lower than in normal tissue. The analysis of data obtained from patients with SARC shows
a significant difference in the survival rate between patients with low and high PYGM
expression levels (Figure 3), indicating that PYGM may be a biomarker for SARC, and a
useful parameter for disease prognosis [55]. Another example is the bioinformatics-based
discovery indicating that PYGM and troponin C2, fast skeletal type (TNNC2), are signif-
icantly down-regulated in head and neck squamous cell carcinoma. The bioinformatics
analysis of RNA sequencing data, confirmed experimentally, shows that both PYGM and
TNNC2 could be potentially used as therapeutics or biomarkers for diagnosis and prognosis
in this type of cancer [56]. Interestingly, the expression of TNNC1 and TNNC2 genes was
also shown to be significantly down-regulated in the case of PYGM deficiency (McArdle)
disease [57].

Next-generation sequencing applied to three different subtypes of rare aggressive
breast cancers (metaplastic, micropapillary, and pleomorphic lobular breast cancer) showed
a 30% mutation rate in the PYGM gene. The missense mutation, similar in location to those
identified in McArdle disease, probably leads to a loss-of-function effect, which could be
one of the pathological mechanisms of cancer development. Immunohistochemical analysis
confirmed lower PYGM expression in the tumor area when compared to non-malignant
tissue surrounding tumor cells [58].

Multiple endocrine neoplasia type 1 (MENI) is a cancer syndrome, inherited as an
autosomal dominant trait with high penetrance. MENT1 patients suffer from the devel-
opment of a variety of tumors, such as parathyroids, endocrine pancreas, and anterior
pituitary [59,60]. Interestingly, the MEN1 gene was found to be tightly linked to PYGM on
the 11q13 chromosome. MENT1 is located less than 100 kb telomeric to PYGM [61]. The cor-
relation between MEN1 and PYGM is worth noting, because the losses of heterozygosity
regarding the 11q13 chromosome are often observed not only in MEN1 but also in the
case of sporadic carcinoid tumors of the lung and invasive breast cancers [62-66]. It is
also known that the 11q13 chromosome rearrangements play an important role in B-cell
non-Hodgkin’s lymphoma (B-NHL) [67].

On the other hand, Pastor et al. (2013) observed up-regulation of the PYGM protein
in samples obtained from patients with lung cancer. The results revealed that PYGM
protein and other proteins involved in the regulation of glycolysis, such as transketolase
(TKT), fructose-bisphosphatase 1 (FBP1), aldolase fructose-bisphosphate A (ALDOA), and
pyruvate kinase M1/2 (PKM2), were up-regulated in that set of experiments [68]. There
are several possible explanations why the results differ from those previously reported,
such as specificity of the patient group (15 males, mainly smokers), or a particular type of
cancer with a distinct molecular mechanism [68].



Cells 2021, 10, 883 7 of16

In summary, the RNA sequencing results from public databases as well as the exper-
imental data from different research indicates that PYGM could be an important factor
in cancer development and progression. In the group of 241 McArdle disease and other
muscle glycogenoses patients, the 4.6% cases of cancer were identified [54]. The glycogen
metabolism plays a key role in tumorigenesis. Not only PYGM, but also PYGB level is
up-regulated in different kinds of cancer such as colorectal cancer [69], hepatocellular
carcinoma [70], prostate cancer [71], non-small cell lung cancer (NSCLC) [72], and ovarian
cancer [73]. However, one should keep in mind that carcinogenesis is a complex process
in which many factors interact together [74]. Therefore, the exact role of PYGM and other
GPs in this process needs further study.
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Figure 2. The PYGM gene expression profile across tumor samples and corresponding normal tissues. The height of the bar
represents the median expression of a certain tumor type (blue) or normal tissue (red). ACC—adrenocortical carcinoma,
BLCA—bladder urothelial carcinoma, BRCA—breast invasive carcinoma, CESC—cervical squamous cell carcinoma and
endocervical adenocarcinoma, CHOL—cholangiocarcinoma, COAD—colon adenocarcinoma, DLBC—Ilymphoid neoplasm
diffuse large b-cell ymphoma, ESCA—esophageal carcinoma, GBM—glioblastoma multiforme, HNSC—head and neck
squamous cell carcinoma, KICH—kidney chromophobe, KIRC—kidney renal clear cell carcinoma, KIRP—kidney renal
papillary cell carcinoma, LAML—acute myeloid leukemia, LGG—brain lower grade glioma, LIHC—liver hepatocellular
carcinoma, LUAD—lung adenocarcinoma, LUSC—lung squamous cell carcinoma, MESO—mesothelioma, OV—ovarian
serous cystadenocarcinoma, PAAD—pancreatic adenocarcinoma, PCPG—pheochromocytoma and paraganglioma, PRAD—
prostate adenocarcinoma, READ—rectum adenocarcinoma, SARC—sarcoma, SKCM—skin cutaneous melanoma, STAD—
stomach adenocarcinoma, TGCT—testicular germ cell tumors, THCA—thyroid carcinoma, THYM—thymoma, UCEC—
uterine corpus endometrial carcinoma, UCS—uterine carcinosarcoma, UVM—uveal melanoma. According to the Gene
Expression Profiling Interactive Analysis, GEPIA, on-line tool www.gepia.cancer (accessed on 4 February 2021) [55].
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Figure 3. Overall survival rate of patients with sarcoma, depending on the PYGM gene expression
rate. Low (median) PYGM expression correlated with poorer survival. Normalized RNA-sequencing
data as transcripts per million (TPM). HR—hazard ratio calculated using Cox PH Model. The solid line
represents the survival curve and the dotted line represents the 95% confidence interval. According
to the Gene Expression Profiling Interactive Analysis, GEPIA, available online www.gepia.cancer
(accessed on 4 February 2021) [55].

4. Why Use Zebrafish to Study PYGM?

Due to the many difficulties in studying biological processes using invasive techniques
in humans, animal models have been utilized for decades for a better understanding of
the molecular pathways, thus contributing to the progress in biological and medical sci-
ences. Experiments performed with the use of animals also contributed significantly to
the fundamental understanding of processes underlying human diseases. Research on
animal models of human diseases has led to the development of effective therapies and
treatment in many cases. Animal models are also widely used to perform research on
glycogen storage diseases, a group of disorders connected with a defect in gene expres-
sion of specific enzymes involved in glycogen breakdown or synthesis, such as glycogen
phosphorylase [45,47].

The muscle isoform is evolving at the slowest rate, showing great evolutionary conser-
vation [5]. This phenomenon probably contributes to effective creation of animal research
models of the disease caused by PYGM deficiency, McArdle disease [45]. Mice with PYGM
deficiency were obtained by the introduction of nonsense p.R50X mutation into the Pygm
gene, resulting in premature termination of translation. The mice display similar symp-
toms to those observed in McArdle patients, such as glycogen accumulation in muscle
tissue, poor exercise performance, and a significantly elevated creatine kinase level in the
blood [47]. The data obtained using the mouse model provide valuable knowledge regard-
ing glycogen metabolism and McArdle disease. However, the generated mouse model
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has some disadvantages, such as much higher glycogen accumulation in muscles than
observed in patients, because of faster metabolic rates in mice. Additionally, the mouse
McArdle model shows a high level of perinatal and post-weaning mortality [75]. It was
also observed that the glucose metabolism pathways, which were activated to compensate
for the lack of PYGM, are different in the mouse model and humans affected by McArdle
disease [76,77].

The zebrafish also has a great potential to become a useful model in research regarding
PYGM functions in physiological and pathological biological processes. There are two
homologous genes encoding muscle glycogen phosphorylase: pygma and pygmb. However,
both zebrafish genes and proteins show great similarity to the human ones (85.0% amino
acid sequence identity and 76.1% nucleotide sequence identity). The research results show
that morpholino knockdown of pygma and pygmb in zebrafish leads to similar symptoms
to those observed in McArdle patients. The pygma and pygmb knockdown resulted in
a reduced Pygm level in zebrafish morphants, which exhibited changes in morphology,
such as altered, disintegrated muscle structure, and accumulation of glycogen granules in
the subsarcolemmal region [43]. The symptoms also include a reduction of mobility and
swimming speed (data not published).

The advantages of zebrafish include relatively low breeding costs, the production of a
large number (100-200 eggs per week) of ex utero developing embryos, and a short life
cycle (they reach maturity within 3 months). It should be underlined that the external devel-
opment of embryos in combination with the transparent body at the early developmental
stages is a unique and very useful feature allowing for in vivo microscopic observations of
e.g., developing muscles. Zebrafish tissues and organs share many features with humans
at the anatomical, physiological, and molecular level. Many biochemical pathways also
share high similarity, which facilitates the interpretation of test results from zebrafish. It is
also worth noting that zebrafish genes associated with human diseases share a high level
of conservation (84%) [78,79]. Therefore the zebrafish model has been used successfully in
the modeling of many human diseases, including genetic and metabolic disorders [80-82].
The zebrafish models are also effectively used in neurodegenerative diseases, such as
schizophrenia, because of e.g., similar brain architecture to humans and complexity of
psychological processes such as capability of cognitive processing and complex decision
making [83]. Moreover, zebrafish is a valuable, widely used model to study cancer. Its
benefits include high evolutionary conservation of cancer-related molecular pathways
compared to humans [84]. The research utilizing zebrafish allows for xenotransplantation
studies (introducing human cancer cells into zebrafish embryos, enabling direct evaluation
of patient-derived tumor specimens in vivo), evaluation of in vivo drug responses and
kinetics. Furthermore, the zebrafish has some distinctive advantages, such as ease of
testing and high-throughput screening of potentially therapeutic substances and drugs.
Drug testing in the zebrafish model of human disease is a cost- and time-saving process,
which can be used in the first phase of a clinical trial [85]. In summary, the use of zebrafish
models in biological research can contribute to increased reproducibility and reliability of
laboratory data.

The zebrafish’s potential to become a convenient and applicable model to study PYGM
functions is also supported by the fact that PYGM protein partners have their zebrafish
orthologs (Table 1). As mentioned above, the PYGM protein partners implicated in glyco-
gen metabolism in humans are PHK subunits (PHKG1 and CALM1-3), AGL, PPP1CA,
and PPP1R3B. The ortholog of human PHKGI is the gene phkg1b (phosphorylase kinase,
gamma 1b) located on chromosome 21 in zebrafish. Zebrafish Phkglb shows similar ser-
ine/threonine protein kinase activity to human PHKGI, and plays an analogical, important
biological role in glycogenolysis by phosphorylating and activating GP. A mutation in the
PHK gene leads e.g., to glycogen storage disease VI and IX in humans [86]. However, the
PHK subunit PhKG1 can also play an important role in other pathologies. The PhKG1
inhibitor shows anti-angiogenic properties in zebrafish and human endothelial cell in vitro
angiogenesis models. The PhKG1 level is also up-regulated in several human tumors [87].
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CALM1, CALM2, and CALMS3 consist of a delta subunit of PHK, acting as a regulatory
subunit. However, it is not known if this particular PHK subunit is associated with glyco-
gen storage disease IX [87]. Calmodulin also takes part in the control of a large number
of enzymes, ion channels, and other proteins by Ca?* binding. In the zebrafish, all three
human proteins have their orthologs, but they are encoded by two genes (Table 1) [88-90].

Table 1. Zebrafish (Danio rerio) orthologs of some human protein partners of muscle glycogen
phosphorylase (PYGM).

Zebrafish (Danio rerio) Orthologs
of Some Human (Homo sapiens) Protein Partners of Muscle Glycogen Phosphorylase

(PYGM)
Human Zebrafish
Protein Systematic Name Protein Systematic Name
AGL P35573 agla AOAOR4IA63
UGP2 Q16851 ugp2a and ugp2b B8JMZ1 and Q6NW]J8
PHK
(PHKG1) Q16816 phkglb Q503G9
PPP1R3A Q16821 ppplr3ab and ppplr3aa E7EZR5 and E7F487
PPP1R3B Q86X16 ppplr3b Q803MO0
ALDH18A1 P54886 aldh18al A41IGC8
FLRT1 QINZU1 flrtla A8BBF0
CALM1 PODP23 calmla and calmlb Q6PI52 and Q6PI152
CALM2 PODP24 calm2a and calm2b Q6PI52 and Q6PI52
CALM3 PODP25 calm3a and calm3b Q6PI52 and Q6PI52
RCVRN P35243 rcvrn2 Q6PC38
RIPK1 Q13546 ripk1l A8DZG7
RAC1 P63000 racla and raclb Q77579 and Q29RC5

One of the most important protein partners of human PYGM is AGL. The zebrafish or-
tholog of human AGL is agla (amylo-alpha-1,6-glucosidase, 4-alpha-glucanotransferase a).
Similar to the human protein, the zebrafish enzyme has 4-alpha-glucanotransferase and
amylo-alpha-1,6-glucosidase activity and plays the same glycogen debranching enzy-
matic role [90,91]. Mutations in this gene are associated with glycogen storage disease III
(IlTa/Cori, IIb, IlIc, I1Id), affecting the liver as well as skeletal and cardiac muscles [88,89,92]
(Table 1).

Zebrafish also has orthologs of human PPP1R3A and PPP1R3B, the catalytic and
regulatory subunits of PPP1 (Table 1). The prediction of zebrafish ppplr3aa and ppplr3ab
protein function shows glycogen- and PPP1-binding activity. The activities are similar
to human PPP1R3A, protein phosphatase 1 regulatory subunit, which binds to muscle
glycogen with high affinity and enhances dephosphorylation of phosphatase substrates.
Correspondingly, the zebrafish ortholog of human PPP1R3B, ppplr3b, plays a regulatory
role in the glycogen biosynthetic process.

Other protein partners of PYGM, important in other processes, e.g., RCVRN—a mem-
ber of the recoverin family of neuronal calcium sensors—are expressed in epiphysis, retina,
retinal outer nuclear layer, and the retinal photoreceptor layer in zebrafish (ZFIN, accessed
on 4 February 2021). Examples of zebrafish orthologs of human proteins are shown in
Table 1.

The zebrafish have some disadvantages, which have to be taken into consideration
during the experiment planning. The obvious one is the fact that zebrafish is not a mam-
mal. This may be relevant, especially in the modelling human diseases, and performing
clinical trials of potential drugs. The differences include also i.e., the development, which
is external in zebrafish, therefore the embryos does not have placenta. Instead, the embryos
are protected by chorion, acellular envelope surrounding mature eggs. Therefore the addi-
tional techniques to remove chorion, prior the toxicological tests, should be applied [93].
The additional challenges in drug testing include such limitations as poor water-solubility



Cells 2021, 10, 883

11 of 16

Muscle glycogen phosphorylase (PYGM)

of some chemicals. In such case they have to be injected into fish to gain sufficient expo-
sure. In the case of well water-soluble compounds, the yield used in the experiment is
usually high, due to the fact that embryos have to be literally immersed in the solution.
The direct and precise relations between doses used in toxicological test utilizing zebrafish,
to concentrations active in mammals are not possible yet. Especially because the small fish
size makes the methods for measuring plasma level of absorbed substances difficult [85,94].
Therefore some zebrafish features such as external development, and small size can be
advantage or disadvantage, depending of the experiment planned.

The animal models of human diseases very rarely, if ever, present all features of the
particular human disorder. However, the synthesis of research results obtained using
different animal models allows for more straightforward extrapolation of observations to
humans, especially as some features of zebrafish provide a powerful tool to complement
other approaches [95].

5. Summary and Perspectives

The analysis of available data indicates that PYGM is involved in several important
biological processes, especially those demanding rapid supply of energy. There is no
correlation between PYGM level in muscles and diet [96]. However, the PYGM enzyme is
effectively activated by phosphorylation in response to extracellular neural or hormonal
signals [16]. This unique feature PYGM may be the reason why this particular isoform
is involved not only in glycogen metabolism but also in insulin and glucagon signaling,
and the insulin resistance pathway. The PYGM mechanism of action, allowing for rapid
energy supply, seems to be relevant also in the brain astrocytes. The low level of PYGM and
RAC1 in the astrocytes of patients suffering from schizophrenia may lead to local energy
deficiency and contribute to disease pathophysiology [22].

Glycogen metabolism, and the subsequent cellular energy balance, is important for
all cells. It appears that this process also has a central role in cancer progression, since
the PYGM level is highly down-regulated in many kinds of cancer, and decreased PYGM
expression level correlates with patients’ poor survival rate. In contrast, glycogen synthase
kinase 3 beta (GSK3b) is up-regulated in cancer, and the appropriate management of glyco-
gen storage is important for cancer cell survival [58,97]. The proper amount of glycogen
is also relevant in myoblast fusion-based muscle growth, since lower expression of genes
connected with glycogenolysis, such as Pygm and Pglym78/pgam2, leads to thinner muscles
in D. melanogaster and zebrafish [42,43] (Figure 4).

localization and function Future research using

zebrafish

Expression in
different tissues

The role in
pathological processes

The role in

physiology Proved to be efficient e.g. in:

Mainly in skeletal
muscle, but also in:
brain, lymphoid
tissues, blood, salivary
glands, male
reproductive system,
adipose tissue, and
retina

modelling of human diseases,
including genetic and metabolic

Metabolic pathways Lower PYGM level disorders,
(glycogenolysis), observed in: and
insulin and glucagon McArdle disease, testing and high-throughput
signalling pathway, schizophrenia, screening of potentially
insulin resistance, and cancer therapeutic substances and

necroptosis drugs

Figure 4. Muscle glycogen phosphorylase (PYGM) localization and function. The summary of the topics discussed in the review.

The data from research on human McArdle disease indicate that lack of PYGM leads to
several genes’ down-regulation. That includes genes encoding acetyl-CoA carboxylase beta
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(ACACB), M-cadherin (CADH15), muscle creatine kinase (CKMM), calpain III (CAPN3),
glycogen synthase (GS), and sarcoplasmic reticulum calcium ATPase 1 (SERCA1). Specifi-
cally, the GS and SERCAL1 protein levels were reduced by 50% and 75%, respectively [57].
SERCA1 down-regulation may lead to impaired calcium transport in type II muscle fibers,
responsible for isometric and intense dynamic exercises [57]. Also retinopathy, one of the
symptoms of McArdle disease, is connected with Ca* level in the retinal pigment epithe-
lium and cone photoreceptors, although the exact mechanism is unknown [29]. Additional
experimental analysis is needed to gain knowledge regarding the potential role of PYGM
in maintenance and/or regulation of the cellular level of Ca®*.

The analysis of research data from databases and publications shows several inter-
esting connections between PYGM and other proteins, which need further investigation.
For example, PYGM and TNNC2 are down-regulated in head and neck squamous cell
carcinoma [56] and in McArdle patients [57].

Animals provide the possibility to perform research exploration. The comparison
and synthesis of already known facts with new insights, obtained for example through
zebrafish research, allows for the extrapolation of animal research data to humans. The
research outcomes will also become a platform to compare the evolutionary similarities
and/or differences between different species. The zebrafish is becoming a valid, useful
pre-clinical model of human diseases, especially since preclinical drug trials on zebrafish
are approved by the FDA (U.S. Food and Drug Administration).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10040883/s1, Table S1: Assembly of phosphorylase, glycogen, muscle (PYGM)
biological interactions.
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