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Background:Glycogen storage disease (GSDs) is characterized by abnormally

inherited glycogen metabolism. GSD IXd, which is caused by mutations in the

PHKA1 gene, is an X-linked rare disease with mild myopathic symptoms. To

date, only 13 patients with GSD IXd have been reported. In this study, we

aimed to expand the clinicopathological-genetic spectrum of GSD IXd at a

neuromuscular center in China.

Methods: Data on patients diagnosed with GSD IXd at our neuromuscular

center were collected retrospectively. Clinical features, electrophysiology,

muscle pathology, and genetic information were analyzed.

Results: Between 2015 and 2021, three patients were diagnosed with

GSD IXd based on clinical manifestations, pathological findings, and

genetic testing. One patient presented with mitochondrial myopathy. All

patients exhibited muscle weakness and elevated levels of creatine kinase.

Electromyography-detected myopathic changes were found in two patients,

whereas one patient refused to undergo this examination. Pathological

examinations in all patients revealed subsarcolemmal accumulation of

glycogen under PAS staining. All patients had mutations in the PHKA1 gene

and the patient with mitochondrial myopathy also had a mutation in the

MT-TL1 gene.

Conclusion: Our study expands the clinicogenotype and phenotype of

GSD IXd in a Chinese population. Our study also expands the known

mutation spectrum for GSD IXd, contributing to a better characterization and

understanding of this ultrarare neuromuscular disorder.
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Introduction

Glycogen storage diseases (GSDs) are characterized by

abnormally inherited glycogen metabolism in the liver, muscles,

and brain. GSDs are divided into different types, from 0

to X. GSD IX is a rare disease of variable clinical severity,

primarily affecting the liver or skeletal muscles. GSD IX is

caused by deficient phosphorylase kinase (PhK) (1). PhK

is a hexadecameric complex, (αβγδ)4, whose subunits have

several isoforms, each encoded by a different gene, generating

distinct tissue-specific mRNA splice variants (2). The enzyme

subunits of PhK are encoded by various genes: α (PHKA1,

PHKA2), β (PHKB), γ (PHKG1, PHKG2), and δ (CALM1,

CALM2, CALM3) (Table 1). GSD IX is classified into a, b,

c, d four subtypes. GSD IXa, GSD IXb and GSD IXc are

caused by mutations in PHKA2 (3), PHKB (4), and PHKG2

(5), respectively. GSD IXd is caused by mutations in PHKA1 or

PHKG1 (6, 7).

PhK deficiency underlies a wide spectrum of glycogenoses.

Liver PhK deficiency alone accounts for approximately 25% of all

GSD cases (8). Muscle PhK deficiency appears to be ultrarare but

could be underdiagnosed due to the milder and more variable

muscle symptoms. These entities are differentiated depending

on their inheritance patterns and affected tissues. PhK plays

a key role in glycogen metabolism because it catalyzes the

phosphorylation of a serine residue on glycogen phosphorylase

(9). PhKs consist of regulatory subunits α and β, catalytic subunit

γ, and a calcium sensitivity subunit with calmodulin δ. The

α-subunit consists of two isoforms: the muscle-specific variant

(αM), which is the product of the PHKA1 gene on chromosome

Xq13.1, and the liver isoform (αL), encoded by PHKA2 on

chromosome Xp22.13 (10, 11).

Mutations in PHKA1 have been reported to cause GSD IXd,

an X-linked ultra-rare disease with mild myopathic symptoms,

including exercise intolerance, cramps, myalgia, weakness,

and myoglobulinuria (6). To the best of our knowledge,

only 13 patients with GSD IXd have been reported to have

mutations in the PHKA1 gene (12, 13). In this article, we

TABLE 1 Phosphorylase kinase (PhK) subunit genes.

Gene PhK subunit Location Inheritance Tissue involved

PHKA1 α Xq13.1 XL* Muscle

PHKA2 α Xp22.13 XL Liver

PHKB β 16q12.1 AR* Liver

PHKG2 γ 16q11.2 AR Liver

PHKG1 γ 7p11.2 AR Muscle

CALM1 δ 14q32.11 AD*/AR Ubiquitously expressed

CALM2 δ 2p21 AD/AR Ubiquitously expressed

CALM3 δ 19q13.32 AD/AR Ubiquitously expressed

*XL, X-linked; AR, autosomal recessive; AD, autosomal dominant.

describe three patients from unrelated families with GSD IXd,

with manifestations of exercise intolerance. PHKA1 mutations

were confirmed in these three patients. Muscle biopsies were

conducted and muscle pathology was analyzed. Specifically,

one patient with GSD IXd had mitochondrial myopathy with

mtDNA mutation (m.3243A>G). Our research expands the

spectrum of GSD IXd due to PHKA1 mutations in a Chinese

neuromuscular center.

Materials and methods

Ethics approval

Ethical approval was granted by the Ethics Committee of

Xiangya Hospital, Central South University. Informed consent

for participation in our study was obtained from all patients, as

previously reported by our center (14).

Patients and clinical evaluation

Between 2015 and 2021, three patients were diagnosed

with GSD IXd based on clinical manifestations, pathological

findings, and genetic testing at the neuromuscular center

of Xiangya Hospital, Central South University. Clinical

assessments of the patients consisted of physical examinations

and laboratory investigations, such as serum creatine kinase

(CK), electromyography, muscle biopsy, and genetic testing, as

previously used in our center (15, 16).

Pathological examination of biopsy
specimens

Open muscle biopsy specimens were obtained from the

left gastrocnemius or biceps brachii. Muscle samples were

immediately frozen in isopentane, cooled with liquid nitrogen,

and stored at −80◦C. Immunohistochemical staining was

performed as described previously with minor modifications

(17–20). Briefly, histological and immunohistochemical analyses

were performed on 8 µm-thick frozen sections prepared

using a cryostat. For muscle sections, routine histological

examinations included staining with hematoxylin and eosin

(HE), modified Gömöri trichrome, periodic acid-Schiff (PAS),

oil red O, acid phosphatase, NADH-tetrazolium reductase,

ATPase (pH 4.3, 4.6, and 11.0), and succinic dehydrogenase.

Immunohistochemistry was performed using antibodies against

dystrophin and dysferlin.
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Genetic testing

Genomic DNA was extracted using DNeasy Blood and

Tissue Kits (Qiagen, Venlo, Netherlands) according to the

manufacturer’s instructions, and the samples were sent to

Guangzhou Jiajian Medical Testing Co., Ltd. (Guangzhou,

China) or Beijing MyGenostics Co. Ltd. (Beijing, China). Next-

generation sequencing analysis, which targeted the exons and

exon–intron junctions of genes known to be associated with

hereditary neuropathies and myopathies, was performed. The

samples were pooled and sequenced on aHiSeq X Ten (Illumina,

San Diego, CA, USA) using 2 × 150 paired-end sequencing.

Sequences were aligned to the human genome reference (hg19)

sequence using the Burrows–Wheeler Alignment tool (BWA

0.7.12) with default parameters. Detected sequence variants,

if present in the dbSNP, HapMap, 1000 Genome, ESP6500,

ExAC, or in-house Chinese Exome Database (1500 Chinese Han

individuals), were removed. Sanger sequencing was performed

to confirm PHKA1 mutations. The possible impact of nonsense

mutations was predicted using MutationTaster (https://www.

mutationtaster.org) and splicingmutations were predicted using

NNSplice (http://www.fruitfly.org/seq_tools/splice.html).

Results

Clinical features

Patient 1

Patient 1 was a 41-year-old man who was born to non-

consanguineous parents. The patient had no family history

of muscle disease. One year earlier, he had experienced chest

distress and presented to the cardiology department. His CK

level was 8,028 U/L (normal range 50–310 U/L), and troponin

levels and electrocardiogram result were normal. The patient

refused any medications. One month prior, the patient had

experienced gradual muscle weakness and myalgia of all four

limbs. The patient had lost 10 kg of weight during this year.

Physical examination revealed a positive Gower’s sign. Tendon

reflexes were decreased in the upper limbs and had disappeared

in the lower limbs. The Hoffmann, Babinski, and Chaddock

signs were bilaterally negative. Muscle strength testing revealed

weakness of the iliopsoas (3/3 on the MRC scale [left/right]),

proximal and distal upper limbs (4/4) and proximal and distal

lower limbs (4/4). Retesting of serum CK levels showed a

high increase (17060 U/L). Electromyography (EMG) revealed

myopathic changes.

Patient 2

Patient 2 was a 31-year-old man born to non-

consanguineous parents. The patient denied any family

history of muscle disease. Six months prior, he had muscle

weakness of the lower limbs and gradually lost the ability to

climb stairs. Tendon reflexes were normal. The Hoffmann,

Babinski, and Chaddock’s signs were negative. Muscle strength

testing revealed weakness of the cervical muscles (3/3), proximal

upper limbs (4/4), and proximal lower limbs (4/4). The serum

CK level was highly elevated (9,200 U/L). EMG revealed

myopathic changes.

Patient 3

Patient 3 was a 13-year-old boy born to non-consanguineous

parents. The patient had no family history of muscle disease.

The patient was undersized after birth and his muscle strength

was less than that of his classmates during childhood. Two

months prior, he had swelling of the lower limbs associated

with muscle weakness of the lower limbs. The Gowers’ sign

was positive. Tendon reflexes were normal. The Hoffmann,

Babinski, and Chaddock signs were bilaterally negative. Muscle

strength testing revealed weakness of the cervical muscles (4/4),

iliopsoas (3/3), proximal upper limbs (4/4), and proximal and

distal lower limbs (4/4). The serum CK level was moderately

increased (621 U/L). Plasma lactate was elevated at rest (2.06

mmol/L, normal range 1.42–1.90 mmol/L). The patient refused

to undergo EMG.

Muscle pathology

Muscle biopsies from all three patients were

examined. Pathology revealed GSD changes in all three

patients with different features (Figure 1). In addition,

changes in mitochondrial myopathy, such as ragged-red

fibers, were observed in Patient 3 (Figure 1). Common

myopathological changes in these three patients included

increased fiber size variation, scattered regenerative

myofibers, and subsarcolemmal accumulation of glycogen

(PAS staining). Other myopathological changes, such

as type I myofiber predominance, were observed in

Patient 2, and ragged-red fibers, ragged-blue fibers, and

myofibrillar network disarray were detected in Patient

3. Further details of muscle biopsies are presented in

Table 2. Immunohistochemical analysis of dystrophin-R,

dystrophin-C, dystrophin-N, sarcoglycan-α, sarcoglycan-

β, sarcoglycan-γ, sarcoglycan-δ, and dysferlin showed

no abnormalities.

Genetic testing and mutations

Mutation analysis of genes known to be associated with

hereditary neuropathies and myopathies was performed.

All patients were confirmed to have mutations in PHKA1

(NM_002637 for all patients) (Table 2). Patient 1 had

a nonsense mutation of c.1533T>A (p.Y511∗), causing
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FIGURE 1

Myopathological changes in the patients with GSD IXd. (A) Hematoxylin-Eosin (HE) staining shows increased fiber size variation, slight

hyperplasia of connective tissue, and vacuoles. (B) Periodic acid-Schi� (PAS) staining shows subsarcolemmal accumulations of glycogen. (C)

NADH staining shows slight myofibrillar network disarray and increased subsarcolemmal mitochondria in a subset of myofibers. (D) HE staining

shows increased fiber size variation, scattered angular fibers (black arrows), and regenerative fibers (white arrows). (E) PAS staining shows

subsarcolemmal accumulations of glycogen. (F) ATPase staining (pH 4.2) shows type I myofiber predominance. (G) HE staining shows increased

fiber size variation, slight hyperplasia of connective tissue and vacuoles. (H) PAS staining shows subsarcolemmal accumulations of glycogen. (I)

Modified Gömöri staining shows red-ragged fibers. Scale bar = 50µm.

TABLE 2 Summary of patients’ examinations.

Patient CK (U/L) EMG Genotype Muscle biopsy

1 17060 Myopathic changes PHKA1: c.1533T>A (p.Y511*) IFSV, scattered necrotic fibers, regeneration, slight

hyperplasia of connective tissue, vacuoles (HE staining),

subsarcolemmal accumulations of glycogen (PAS staining)

2 9200 Myopathic changes PHKA1: c.3297+ 5G>A IFSV, scattered angular fibers, regenerative fibers, type I

myofiber predominance, subsarcolemmal accumulations of

glycogen (PAS staining)

3 621 NA MT-TL1: m.3243A>G PHKA1:

c.3670_3924del255(skips exon 29

and 30)

IFSV, scattered atrophic fibers, slight hyperplasia of

connective tissue, vacuoles (HE staining), myofibrillar

network disarray, RRF (modified Gömöri staining), RBF

(SDH staining), subsarcolemmal accumulations of glycogen

(PAS staining)

CK, the latest creatine kinase before muscle biopsy; normal range: 50–310 U/L; EMG, electromyography; IFSV, increased fiber size variation; NA, not available, RRF, ragged-red fiber; RBF,

ragged-blue fiber.

the deletion of functional domains, including the two

calmodulin-binding domains. MutationTaster predicted

the c.1533T>A (p. Y511∗) mutation to be disease-causing

(score:6.0). Patient 2 had a splicing mutation c.3297 +

5G>A. Patient 3 had a deletion mutation of c.3670_3924del

in PHKA1, which caused the deletion of exons 29 and

30. In addition, whole-mitochondrial genome analysis

of patient 3 identified a mutation in m.3243A>G in the

MT-TL1 gene with a heteroplasmy of 87.1%. The mother

of patient 3 exhibited a mutation in m.3243A>G, with a

Frontiers inNeurology 04 frontiersin.org

https://doi.org/10.3389/fneur.2022.945280
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Huang et al. 10.3389/fneur.2022.945280

TABLE 3 Patients with GSD IXd harboring mutations in the PHKA1 gene.

Case Sex/

Age(year)

Age at onset

(year)

Chief

complaint

CK EMG Mutation Muscle biopsy Reference

1 M/64 46 gait disturbance 2N* Myopathic changes c.3334G>T (p.E1112*) subsarcolemmal

accumulations of glycogen

(24)

2 M/18 6 exercise intolerance 6N Myopathic changes c.896A>T (p.D299V) subsarcolemmal

accumulations of glycogen

(25)

3 M/28 15 exercise intolerance 3N Mild myopathic

changes

c.3498+ 1G>C

(p.M1100_Q1166del)

subsarcolemmal

accumulations of glycogen

(26)

4 M/56 0.5 myalgia 10N Normal c.695delC (p.A232fs) subsarcolemmal

accumulations of glycogen

(27)

5 M/50 Childhood exercise intolerance 2N NA c.831>A (p.G223R) NA (28)

6 M/17 17 hyperCKemia 5N Mild myopathic

changes

c.1394delT (p.T464fs) subsarcolemmal

accumulations of glycogen

(23)

7 M/39 32 myalgia 1.7N Myopathic changes c.1293delT (p.F430fs) subsarcolemmal

accumulations of glycogen

(29)

8 M/69 64 hyperCKemia 5N Normal c.695delC (p.A232fs) subsarcolemmal

accumulations of glycogen

(29)

9 M/33 NA myalgia, fatigue Elevated NA c.586G>A (p.E196K) subsarcolemmal

accumulations of glycogen

(30)

10 M/25 15 muscle weakness Elevated Normal c.3246T>A (p.C1082*) subsarcolemmal

accumulations of glycogen

(7)

11 M/55 40 exercise intolerance,

myalgia

20N Normal c.2594delA

(p.K865Rfs*15)

subsarcolemmal

accumulations of glycogen

(12)

12 F/73 72 camptocormia 2N Normal c.2594delA

(p.K865Rfs*15)

NA (12)

13 M/16 15 myalgia Elevated NA c.3579_3580insT

(p.S1194*)

subsarcolemmal

accumulations of glycogen

(13)

*2N: two-fold of normal range.

heteroplasmy of 1.2%. All the mutations of PHKA1 in our

study were classified as “likely pathogenic” according to the

American College of Medical Genetics and Genomics standard

guidelines (21).

Discussion

The PHKA1 gene encodes the muscle isoform of the

α subunit (αM) of phosphorylase b kinase (22). GSD IXd,

caused by mutations in the PHKA1 gene, is an ultra-rare

type of mild myopathy with exercise intolerance. To date,

only 13 patients with GSD IXd have been reported, most

of whom presented with exercise intolerance and mild-to-

moderate myopathy (Table 3). Since the number of reported

patients is too small, it is difficult to perform further phenotypic

analyses. There is no consistent genotype-phenotype correlation

for pathogenic variants of PHKA1. The age of onset ranged

across all ages. The symptoms are varied, from muscle weakness

with only proximal limb or distal limb involvement to only

cognitive impairment or an isolated increase in CK level without

overt symptoms of myopathy (23). In the current study, we

identified three GSD IXd patients with PHKA1 mutations from

three unrelated Chinese families and analyzed their clinical

features, muscle pathology, and genetic variants in detail.

Specifically, one patient with GSD IXd had mitochondrial

myopathy, which has never been reported in a patient with

GSD IXd.

Although the symptoms of GSD IXd vary, elevated CK

levels may be one of the first and most consistent findings

in patients with GSD IXd. All previously reported patients

with GSD IXd, as well as patients in our study, displayed

slightly to highly elevated CK levels. One reported patient

with GSD IXd, who had only cognitive impairment without

overt myopathy, presented with five-fold increased CK levels

(23). In our study, Patient 1 first experienced chest distress

and had a highly increased CK level (8,028 U/L) without

any overt myopathy symptoms, such as muscle weakness

or myalgia. As the disease progressed, the patient gradually

developed muscle weakness and myalgia. The medical history
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of patient 1 indicated that elevated CK levels may be the

primary symptom of GSD IXd prior to other symptoms, such

as muscle weakness.

As most activities in daily life do not require intense

exercise, myophosphorylase is not fully activated in patients

with GSD IXd (29). The muscle PhK deficiency and insufficient

glycogenolysis in GSD IXd patients do not translate into

symptoms at low intensities of daily life, but it likely explains

the mild glycogen accumulation observed in patients with

GSD IXd. Elevated CK levels may be caused by minimal

membrane damage as a result of intermittent energy shortage

in myofibers (31).

Currently, little is known about the precise

pathophysiological mechanism of PHKA1 mutations in

GSD IXd. In vivo, the phka1-deficient I-strain mouse exhibited

almost no expression of Phka1, resulting in loss of the

ability to associate with the other Phk subunits to form

the holoenzyme complex (32). Another phka1-deficient

I/LnJ mouse exhibited half-decreased running time and

distance compared to wild-type mice (33). However, the

transcriptional expression of key enzymes necessary for

glucose transport and glycolytic flux was not significantly

different between phka1-deficient I/LnJ mice and wild-

type mice, suggesting that non-glycolytic mechanisms

work to maintain muscle function in phka1-deficient I/LnJ

mice (33).

There have been no reports of the co-occurrence

of mitochondrial myopathy and GSD. One of our

patients (patient 3) had an unusual case of GSD IXd

accompanied by mitochondrial myopathy. Compared

to the other two patients (patients 1 and 2), patient 3

showed an earlier onset in childhood, suggesting that the

symptoms of GSD IXd accompanied by mitochondrial

myopathy were more severe than those of patients with

GSD IXd only. Although rare, co-occurrence of GSD

IXd with other neuromuscular disorders may cause

phenotypic alterations.

Currently, little is known about the phenotypic features

of GSD IXd patients with PHKA1 mutations. This condition

may progress gradually and become evident later in life. Our

study expands the clinicogenotype and phenotype of GSD

IXd in the Chinese population. Our study also expands the

known mutation spectrum of GSD IXd, contributing to a

better characterization and understanding of this ultrarare

muscular disorder.

Data availability statement

The original contributions presented in the study are

included in the article/supplementary files, further inquiries can

be directed to the corresponding author/s.

Ethics statement

Ethics approval was granted by the Ethics Committee

of Xiangya Hospital, Central South University. The

patients/participants provided their written informed consent

to participate in this study.

Author contributions

KH and HY conceived the project. KH, H-QD, and Q-XL

acquired and analyzed the data with the help of Y-BL, F-FB,

and HY. KH wrote the manuscript. HY critically revised

the manuscript for valuable intellectual content. All authors

approved the final manuscript.

Funding

This work was supported by the Science and Technology

Innovation Program of Hunan Province, China (Grant No.

2021RC2023, KH), and the China Postdoctoral Science

Foundation (Grant No. 2021M703638, KH).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

1. Kishnani PS, Goldstein J, Austin SL, Arn P, Bachrach B, Bali DS, et al.
Management of Glycogen Storage Diseases Type. VI, and Ix Diagnosis
and management of glycogen storage diseases type VI and IX: a clinical
practice resource of the American College of Medical Genetics and
Genomics (ACMG). Genet Med. (2019) 21:772–89. doi: 10.1038/s41436-018-
0364-2

2. Brushia RJ, Walsh DA. Phosphorylase kinase: the complexity of its regulation
is reflected in the complexity of its structure. Front Biosci. (1999) 4:D618–
641. doi: 10.2741/Brushia

3. Fu J, Wang T, Xiao X. A novel PHKA2 mutation in a Chinese
child with glycogen storage disease type IXa: a case report and literature

Frontiers inNeurology 06 frontiersin.org

https://doi.org/10.3389/fneur.2022.945280
https://doi.org/10.1038/s41436-018-0364-2
https://doi.org/10.2741/Brushia
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Huang et al. 10.3389/fneur.2022.945280

review. BMC Med Genet. (2019) 20:56. doi: 10.1186/s12881-019-
0789-8

4. Beyzaei Z, Ezgu F, Geramizadeh B, Alborzi A, Shojazadeh A. Novel mutations
in the PHKB gene in an iranian girl with severe liver involvement and glycogen
storage disease type IX: a case report and review of literature. BMC Pediatr. (2021)
21:175. doi: 10.1186/s12887-021-02648-6

5. Kido J, Mitsubuchi H, Watanabe T, Sugawara K, Sasai H, Fukao T, et al. A
female patient with GSD IXc developing multiple and recurrent hepatocellular
carcinoma: a case report and literature review. Hum Genome Var. (2021)
8:45. doi: 10.1038/s41439-021-00172-8

6. Burwinkel B, Hu B, Schroers A, Clemens PR, Moses SW, Shin YS, et al. Muscle
glycogenosis with low phosphorylase kinase activity: mutations in PHKA1, PHKG1
or six other candidate genes explain only a minority of cases. Eur J Hum Genet.
(2003) 11:516–26. doi: 10.1038/sj.ejhg.5200996

7. Li H, Xue Y, Yu J, Guo S, Liu C. An unusual case of recurrent episodes ofmuscle
weakness: Co-occurrence of Andersen-Tawil syndrome and glycogen storage
disease type IXd. Neuromuscul Disord. (2020) 30:562–5. doi: 10.1016/j.nmd.2020.
06.006

8. Maichele AJ, Burwinkel B, Maire I, Sovik O, Kilimann MW.
Mutations in the testis/liver isoform of the phosphorylase kinase
gamma subunit (PHKG2) cause autosomal liver glycogenosis in the gsd
rat and in humans. Nat Genet. (1996) 14:337–40. doi: 10.1038/ng11
96-337

9. Venien-Bryan C, Lowe EM, Boisset N, Traxler KW, Johnson
LN, Carlson GM, et al. Three-dimensional structure of phosphorylase
kinase at 22A resolution and its complex with glycogen phosphorylase
b. Structure. (2002) 10:33–41. doi: 10.1016/S0969-2126(01)
00691-8

10. Francke U, Darras BT, Zander NF, Kilimann MW. Assignment of human
genes for phosphorylase kinase subunits alpha (PHKA) to Xq12-q13 and beta
(PHKB) to 16q12-q13. Am J Hum Genet. (1989) 45:276–82.

11. Davidson JJ, Ozcelik T, Hamacher C, Willems PJ, Francke U, Kilimann
MW, et al. cDNA cloning of a liver isoform of the phosphorylase kinase
alpha subunit and mapping of the gene to Xp22.2-p22.1. the region of
human X-linked liver glycogenosis. Proc Natl Acad Sci USA. (1992) 89:2096–
100. doi: 10.1073/pnas.89.6.2096

12. Bisciglia M, Froissart R, Bedat-Millet AL, Romero NB, Pettazzoni M,
Hogrel JY, et al. A novel PHKA1 mutation associating myopathy and cognitive
impairment: expanding the spectrum of phosphorylase kinase b (PhK) deficiency.
J Neurol Sci. (2021) 424:117391. doi: 10.1016/j.jns.2021.117391

13. Munekane A, Ohsawa Y, Fukuda T, Nishimura H, Nishimatsu SI, Sugie
H, et al. Maximal Multistage Shuttle Run Test-induced Myalgia in a Patient
with Muscle Phosphorylase B Kinase Deficiency. Intern Med. (2022) 61:1241–
5.doi: 10.2169/internalmedicine.8137-21

14. Zhang KY, Duan HQ, Li QX, Luo YB, Bi FF, Huang K,
et al. Expanding the clinicopathological-genetic spectrum of GNE
myopathy by a Chinese neuromuscular centre. J Cell Mol Med. (2021)
25:10494–503. doi: 10.1111/jcmm.16978

15. Huang K, Duan HQ, Li QX, Luo YB, Yang H. Investigation of adult-
onset multiple Acyl-CoA dehydrogenase deficiency associated with peripheral
neuropathy. Neuropathology. (2020). doi: 10.1111/neup.12667

16. Huang K, Li QX, Duan HQ, Luo YB, Bi FF, Yang H, et al.
Findings of limb-girdle muscular dystrophy R7 telethonin-related
patients from a Chinese neuromuscular center. Neurogenetics. (2022)
23:37–44. doi: 10.1007/s10048-021-00681-2

17. Huang K, Li QX, Bi FF, Duan HQ, Mastaglia F, Luo YB, et al. Comparative
immunoprofiling of polymyositis and dermatomyositis muscles. Int J Clin Exp
Pathol. (2018) 11:3984–93.

18. Huang K, Li J, Ito M, Takeda JI, Ohkawara B, Ogi T, et al. Gene expression
profile at the motor endplate of the neuromuscular junction of fast-twitch muscle.
Front Mol Neurosci. (2020) 13:154. doi: 10.3389/fnmol.2020.00154

19. Huang K, Duan HQ, Li QX, Luo YB, Bi FF, Yang H, et al. Clinicopathological
features of titinopathy from a Chinese neuromuscular center. Neuropathology.
(2021). doi: 10.1111/neup.12761

20. Huang K, Duan HQ, Li QX, Luo YB, Bi FF, Yang H, et al.
Clinicopathological-genetic features of congenital myasthenic syndrome from a
Chinese neuromuscular centre. J Cell Mol Med. (2022). doi: 10.1111/jcmm.17417

21. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al.
Standards and guidelines for the interpretation of sequence variants: a joint
consensus recommendation of the American College of Medical Genetics and
Genomics and the Association forMolecular Pathology.GenetMed. (2015) 17:405–
24. doi: 10.1038/gim.2015.30

22. Gossen M, Wullrich A, Kilimann MW. Dinucleotide repeat
polymorphism within the PHKA1 gene at Xq12-q13. Hum Genet. (1995)
95:469–70. doi: 10.1007/BF00208982

23. Echaniz-Laguna A, Akman HO, Mohr M, Tranchant C, Talmant-Verbist
V, Rolland MO, et al. Muscle phosphorylase b kinase deficiency revisited.
Neuromuscul Disord. (2010) 20:125–7. doi: 10.1016/j.nmd.2009.11.004

24. Wehner M, Clemens PR, Engel AG, Kilimann MW. Human muscle
glycogenosis due to phosphorylase kinase deficiency associated with a nonsense
mutation in the muscle isoform of the alpha subunit. Hum Mol Genet. (1994)
3:1983–7. doi: 10.1093/hmg/3.11.1983

25. Burwinkel B, Amat L, Gray RG, Matsuo N, Muroya K, Narisawa K, et al.
Variability of biochemical and clinical phenotype in X-linked liver glycogenosis
with mutations in the phosphorylase kinase PHKA2 gene. Hum Genet. (1998)
102:423–9. doi: 10.1007/s004390050715

26. Bruno C, Manfredi G, Andreu AL, Shanske S, Krishna S, Ilse WK,
et al. A splice junction mutation in the alpha(M) gene of phosphorylase kinase
in a patient with myopathy. Biochem Biophys Res Commun. (1998) 249:648–
51. doi: 10.1006/bbrc.1998.9211

27. Wuyts W, Reyniers E, Ceuterick C, Storm K, De Barsy T, Martin JJ, et al.
Myopathy and phosphorylase kinase deficiency caused by a mutation in the
PHKA1 gene. Am J Med Genet A 133A. (2005) 82–4. doi: 10.1002/ajmg.a.30517

28. Orngreen MC, Schelhaas HJ, Jeppesen TD, Akman HO,
Wevers RA, Andersen ST, et al. Is muscle glycogenolysis impaired
in X-linked phosphorylase b kinase deficiency? Neurology. (2008)
70:1876–82. doi: 10.1212/01.wnl.0000289190.66955.67

29. Preisler N, Orngreen MC, Echaniz-Laguna A, Laforet P,
Lonsdorfer-Wolf E, Doutreleau S, et al. Muscle phosphorylase kinase
deficiency: a neutral metabolic variant or a disease? Neurology. (2012)
78:265–8. doi: 10.1212/WNL.0b013e31824365f9

30. Andersen AG, Orngreen MC, Raaschou-Pedersen DET, Borch JS, Lokken
N, Krag TO, et al. No effect of oral sucrose or IV glucose during exercise
in phosphorylase b kinase deficiency. Neuromuscul Disord. (2020) 30:340–
5. doi: 10.1016/j.nmd.2020.02.008

31. Watchko JF, Daood MJ, Labella JJ. Creatine kinase activity in rat skeletal
muscle relates to myosin phenotype during development. Pediatr Res. (1996)
40:53–8. doi: 10.1203/00006450-199607000-00010

32. Schneider A, Davidson JJ, Wullrich A, Kilimann MW. Phosphorylase kinase
deficiency in I-strain mice is associated with a frameshift mutation in the alpha
subunit muscle isoform. Nat Genet. (1993) 5:381–5. doi: 10.1038/ng1293-381

33. Mefford AM, Ayers CC, Rowland NS, Rice NA. The phka1 deficient
I/LnJ mouse exhibits endurance exercise deficiency with no compensatory
changes in glycolytic gene expression. Open J Mol Integr Physiol. (2013) 3:87–
94. doi: 10.4236/ojmip.2013.32014

Frontiers inNeurology 07 frontiersin.org

https://doi.org/10.3389/fneur.2022.945280
https://doi.org/10.1186/s12881-019-0789-8
https://doi.org/10.1186/s12887-021-02648-6
https://doi.org/10.1038/s41439-021-00172-8
https://doi.org/10.1038/sj.ejhg.5200996
https://doi.org/10.1016/j.nmd.2020.06.006
https://doi.org/10.1038/ng1196-337
https://doi.org/10.1016/S0969-2126(01)00691-8
https://doi.org/10.1073/pnas.89.6.2096
https://doi.org/10.1016/j.jns.2021.117391
https://doi.org/10.2169/internalmedicine.8137-21
https://doi.org/10.1111/jcmm.16978
https://doi.org/10.1111/neup.12667
https://doi.org/10.1007/s10048-021-00681-2
https://doi.org/10.3389/fnmol.2020.00154
https://doi.org/10.1111/neup.12761
https://doi.org/10.1111/jcmm.17417
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1007/BF00208982
https://doi.org/10.1016/j.nmd.2009.11.004
https://doi.org/10.1093/hmg/3.11.1983
https://doi.org/10.1007/s004390050715
https://doi.org/10.1006/bbrc.1998.9211
https://doi.org/10.1002/ajmg.a.30517
https://doi.org/10.1212/01.wnl.0000289190.66955.67
https://doi.org/10.1212/WNL.0b013e31824365f9
https://doi.org/10.1016/j.nmd.2020.02.008
https://doi.org/10.1203/00006450-199607000-00010
https://doi.org/10.1038/ng1293-381
https://doi.org/10.4236/ojmip.2013.32014
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Expanding the clinicopathological-genetic spectrum of glycogen storage disease type IXd by a Chinese neuromuscular center
	Introduction
	Materials and methods
	Ethics approval
	Patients and clinical evaluation
	Pathological examination of biopsy specimens
	Genetic testing

	Results
	Clinical features
	Patient 1
	Patient 2
	Patient 3

	Muscle pathology
	Genetic testing and mutations

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


