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Policy Forum

Analysis of marketed orphan drugs in China

Wei Zhi, Meilin Liu, Dan Yang, Shanshan Zhang, Yanqin Lu®, Jinxiang Han*

Key Laboratory for Biotech Drugs of the National Health Commission, Key Laboratory for Rare & Uncommon Diseases of Shandong Province,
Biomedical Sciences College & Shandong Medicinal Biotechnology Centre, Shandong First Medical University & Shandong Academy of
Medical Sciences, Ji'nan, Shandong, China.

SUMMARY In recent years, China has increased attention on the issue of rare diseases, and the government has
promulgated rare disease—related policies to gradually improve rare disease diagnosis, treatment,
drug marketing, and patient burden. Orphan drugs were added to the medical insurance directory in
7 batches, of which 22 drugs were first included in the 2004 medical insurance directory and 8, 16,
12, 7, 8, and 7 were included in the 2009, 2017, 2019, 2020, 2021, and 2022 versions, respectively.
Currently, 106 orphan drugs are marketed in China, which are suitable for treating 53 rare diseases
such as hematologic diseases, congenital metabolism disorders, neuropathies, and digestive system
diseases and for other treatment fields. The drugs are mainly manufactured in 15 countries such as
China, Switzerland, and the USA, of which 10 drugs can be used to treat different rare diseases.
At the same time, there are multiple treatments available for 25 rare diseases. In this paper, we
examined the manufacturers, marketing status, indications, and inclusion of orphan drugs in the
National Basic Medical Insurance Directory to describe and analyze the current status of 106 orphan
drugs that are currently marketed in China to provide a reference for rare disease policy formulation
and drug development.

Keywords marketed orphan drugs, rare diseases, medical insurance, indications for medication

1. Introduction

Rare diseases refer to rarely encountered diseases
with low prevalence and are also known as orphan
diseases. The World Health Organization defines rare
diseases as diseases with an incidence of 0.65%o0—1%o
(7). Currently, 6,000—8,000 unique rare diseases have
been identified, of which 80% are genetic in origin
and 50% occur in children (2). Rare diseases are often
chronic and progressive diseases that have significant
incidence and mortality rates (3). The issue of orphan
drugs was first mentioned by rare disease groups in
the USA. In other countries, rare disease security
policies mainly include formulating marketing laws
for orphan drug marketing, encouraging the research
and development of orphan drugs, and accelerating the
marketing review and approval of orphan drugs, such
as the Orphan Drug Act passed in the USA in 1983
(4) and the Orphan Drug Regulation promulgated and
implemented in the European Union in which orphan
drugs recognized in the European Union can enjoy
scientific recommendations, expedited review and
approval, and 10-year postmarketing market monopoly
by the European Medicines Agency (9).

In recent years, China has focused increasing
attention on rare disease medical insurance, and rare
disease medical insurance policies in China have been
formulated from scratch. On the one hand, the Chinese
government has promulgated a series of policies to
encourage the development and marketing of orphan
drugs, which has achieved some progress in increasing
the number of orphan drugs. These policies include
supporting companies in research and development of
orphan drugs and encouraging the exploration of new
rare disease indications for marketed drugs in the area
of encouraging the development of orphan drugs (6)
and providing expedited review and approval for orphan
drugs in the area of priority review and approval (7)
and corresponding policies for clinical trial exemption
and tax reduction. On the other hand, as rare diseases
are prone to misdiagnosis and missed diagnosis, a
national diagnosis and treatment cooperative network
was established by China's healthcare system to
construct a rare disease case information registration
and management system. In October 2019, the National
Health Commission promulgated the China Rare
Disease Diagnosis and Treatment Service Information
System Working Management Protocol requiring
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member hospitals in the cooperative network to perform
diagnosis and treatment information registration for
rare disease cases and set up an information system to
collect relevant data (8). In addition, local governments
have actively explored rare disecase administration
security mechanisms. After many years of practice,
local rare disease administration security mechanisms
have gradually become the "project fund" model
represented by Zhejiang and Jiangsu (9), the "major
disease insurance" model represented by Shandong
and Chengdu (/0), and "medical relief" represented
by Foshan (/7). Overall, the rare disease security
attempts and practices of some provinces and cities
resulted in the "expansion from a point" development
of rare disease policies and healthcare security and
accumulated practice experience for rare disease
security policies at the national level.

The Notice on First Batch of Rare Disease
Directory released in May 2018 included a total of 121
rare diseases (/2). The 2020 Opinions on Deepening
the Reform of the Medical Security System by the State
Council of the People's Republic of China explored
rare disease administration security mechanisms,
strengthening basic medical insurance, major disease
insurance, and medical relief security systems, and
encouraged the development of commercial health
insurance and social charity relief (/3). In June 2022,
the National Healthcare Security Administration
released the 2022 National Basic Medical Insurance,
Work-Related Injury Insurance, and Maternity
Insurance Drug Directory Adjustment Working Plan.
The plan clearly stated prioritizing rare disease patients,
removed application time limits for orphan drugs,
and supported inclusion into the national generic
drug directory at the same time (/4). On January 18,
2023, the National Healthcare Security Administration
printed the National Basic Medical Insurance, Work-
Related Injury Insurance, and Maternity Insurance
Drug Directory (2022) notice and encouraged active
exploration of using "dual-channel" to improve the
supply and security levels of orphan drugs (75).

2. Existing orphan drugs and drug manufacturers

In recent years, the National Healthcare Security
Administration has exerted efforts in improving the
affordability of orphan drugs. Since 2017, when the
National Health Insurance Directory was routinely
adjusted and examined, the National Healthcare
Security Administration has appropriately aimed at
orphan drug declaration and attention. After enquiring
the National Healthcare Security Administration and
searching the Wuwang Database and Yaozhi Database,
the number of approved drugs for treating rare diseases
in China (Table 1) was calculated. It was found that 106
drugs could be used to treat 53 rare diseases, such as
hematologic diseases, congenital metabolism disorders,

neuropathies, and digestive system diseases. From
Table 1, it can be observed that 83 orphan drugs were
included in the National Health Insurance Directory as
of March 2023, of which 22 drugs were first included
in the 2004 medical insurance directory and 8, 16, 12, 7,
8, and 7 were included in the 2009, 2017, 2019, 2020,
2021, and 2022 versions, respectively. These 80 drugs
cover a total of 40 rare diseases, of which 13 are under
class A reimbursement in the National Health Insurance
Directory and used to treat 10 rare disease indications
without requiring patient self-pay and 67 drugs are
under class B reimbursement, which requires patients to
pay a specific proportion of the drug fees on the basis
of the provincial medical insurance policy and in which
part of the cost is reimbursed. The reimbursement ratio
differs according to local policies and drugs.

There are 106 orphan drugs, and all are Western
medicines. From Figure 1, it can be observed that
manufacturers are located in 15 countries, of which
26 drugs were developed by 23 Chinese companies
such as Zhaoke Pharmaceutical Co. Ltd. and Shandong
Taibang Biological Products Co. Ltd. The remaining
67 drugs are manufactured in 14 other countries,
mainly Switzerland, the USA, and Germany. From the
statistical analysis in Table 1, it can be observed that
Novartis AG from Switzerland developed 11 drugs,
which are used to treat six rare diseases. Among them,
four are used to treat multiple sclerosis. Furthermore,
Actelion from Switzerland developed three drugs for
idiopathic pulmonary hypertension. In the USA, the
main pharmaceutical companies that developed drugs
for rare diseases are Merck Sharp & Dohme, Biogen,
and Pfizer. There are 11 drugs that were developed
in Germany, of which six were developed by Bayer.
Sanofi in France developed seven drugs, Takeda in
Japan developed five drugs, and AstraZeneca and GSK
in the UK developed six drugs.

3. Current status of marketed orphan drugs in
China

After searching the Orphanet database, it was found that
73.5% of these 53 rare diseases are inherited, such as
idiopathic pulmonary hypertension and spinal muscular
atrophy. These rare diseases include immune disorders,
hematologic diseases, tumors, congenital metabolic
disorders, nervous system diseases, respiratory diseases,
and endocrine disorders. At present, 42.5% of the drugs
can be used to treat 21 different neurological disorders
such as Parkinson's disease (young-onset, early onset)
and multiple sclerosis, and 24% of the drugs can be
used to treat 19 congenital metabolic disorders such
as primary carnitine deficiency and Fabry disease
(Supplementary Table 1).

From Table 2, it can be observed that there are
many drugs for 25 rare diseases and that some drugs
have the same mechanisms of action for treating
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Table 1. The list of 106 marketed drugs approved in China for the treatment of rare diseases (continued)

(insurance period)

(China)

Time to market Time to market Medical insurance type
(abroad)

R&D Manufacturer

R&D Country

Drug

Rare Disease

Class-B (2017)

2003

1998

Novartis Pharma Schweiz AG

Switzerland

Octreotide Acetate Microspheres for

Injection

Class-B (2020)

2019

1995

Ipsen Pharma Biotech

Lanreotide Acetate Sustained-release France

Injection

Class-B (2017)
Class-B (2017)
Class-B (2004)
Class-B (2017)

2005

2003
2005

Janssen-Cilag International NV.

Celgene Corporation

America

America

Bortezomib for Injection

Lenalidomide
Thalidomide

Multiplemyeloma

2013

2008

1957
2015

Novartis Pharma Schweiz AG

Switzerland

Japan

2018

Takeda Pharmaceutical Company Limited

Ixazomib Citrate Capsules

N.A." : Not available; -": none medical insurance drugs.

the same disease. For example, the greatest number
of drugs (/0) are available for treating Parkinson's
disease (young-onset, early onset), of which ropinirole
hydrochloride tablets and pramipexole hydrochloride
tablets are dopamine agonists of the non-ergoline class,
and rasagiline and selegiline hydrochloride tablets are
monoamine oxidase B inhibitors. This is followed by
nine drugs for treating multiple sclerosis, of which
fingolimod hydrochloride capsules and siponimod
tablets are both sphingosine-1-phosphate receptor
modulators. There are eight drugs for treating idiopathic
pulmonary hypertension, which are endothelin
receptor antagonists such as ambrisentan, bosentan,
and macitentan. The drugs used to treat thalassemia
are deferoxamine and deferasirox dispersible tablets,
and both drugs are oral iron chelators. A total of 11
orphan drugs such as droxidopa capsules, ezetimibe
tablets, and hydrocortisone can be used to treat two rare
diseases and that there are many drugs for treating four
rare diseases, such as 21-hydroxylase deficiency and
idiopathic hypogonadotropic hypogonadism (Table 3).

4. Outlook

Currently, the orphan drug landscape in China can be
summarized as follows: drugs not available in China
but available overseas, drugs available in China but
not included in medical insurance, and drugs included
in medical insurance but not available in hospitals.
Although major progress has been achieved in the
rare disease medical insurance system in China, it is
mainly based on basic medical insurance, and charity
and other security systems do not play a supplementary
role. In addition, there are still a large number of
orphan drugs that have not been included in the basic
medical insurance directory, placing immense burdens
on patients. Because of this, we formulated national
rare disease security policies and directed the process
of rare disease legislation. Systematic special laws
should be passed for orphan drug development, review
and approval, security, and services. In addition,
modifications to the rare disease directory should be
accelerated by refining the dynamic updating of the rare
disease directory on the basis of disease prevalence,
medical technology level, disease burden, and security
level of China. Furthermore, we recommend the
improvement of the multilayered healthcare security
system for rare diseases on the basis of basic medical
insurance supplemented by commercial health
insurance, charity donations, and patient self-pay and
the identification of the limits and responsibilities
of various security entities. The government should
guide social forces to set up a rare disecase—related
fund, lead in establishing a negotiating platform for
pharmaceutical companies and commercial insurance,
promote the creation of a discussion platform for
inclusive commercial insurance, and include more
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Figure 1. Distribution of R&D manufacturers for marketed 106 orphan drugs.

Table 2. The list of 106 marketed drugs approved in China for the treatment of rare diseases

Rare disease Number of drug Marketed drug

Parkinson Disease (Young-onset , Early-onset) 10 Entacapone,Levodopa and Carbidopa Tablets, Rasagiline, Carbidopa and
levodopa Tablets, Droxidopa Capsules, Amantadine Hydrochloride Tablets,
Ropinirole Hydrochloride Tablets, Pramipexole Dihydrochloride Tablets,
Selegiline Hydrochloride Tablets, Levodopa Tablets, Rotigotine Patches

Multiple Sclerosis 9 Fampridine, Fingolimod Hydrochloride Capsules, Siponimod Tablets,
Teriflunomide Tablets, Baclofen Tablets, Dimethyl Fumarate Enteric
Capsules, Ofatumumab Injection, Interferon beta-1b, Recombinant human
interferon beta-1b for injection

Hemophilia 9 Human Coagulation Factor IX, Desmopressin Acetate, Human Prothrombin
Complex, Human Coagulation Factor VIII, Recombinant Human
Coagulation Factor VIII, Recombinant Human Coagulation factor IX,
Recombinant Human Coagulation Factor VIla, Eftrenonacog alfa for
Injection, Emicizumab Injection

Idiopathic Pulmonary Arterial Hypertension 8 Treprostinil Injection, Ambrisentan tablets, Bosentan Tablets, Riociguat
Tablets, Macitentan Tablets, Selexipag Tablets, Sildenafil Citrate Tablets,
Tloprost

Hepatolenticular Degeneration 4 Penicillamine Tablets, Sodium Dimercaptosuccinate, Dimercaptosuccinic
Acid, Zinc Sulfate

Multiplemyeloma 4 Bortezomib for Injection, Lenalidomide, Thalidomide, Ixazomib Citrate
Capsules

Hereditary Angioedema 3 Danazol Capsules, Icatibant Acetate Injection, Lanadelumab Injection

Idiopathic Hypogonadotropic Hypogonadism 3 Gonadorelin for Injection, Menotrophins for Injection, Chorionic
Gonadotrophin for Injection

Kallmann Syndrome 3 Gonadorelin for Injection, Menotrophins for Injection, Chorionic
Gonadotrophin for Injection

Amyotrophic Lateral Sclerosis 3 Riluzole Oral Suspension, Edaravone Injection, Riluzole Tablets

Homozygous Hypercholesterolemia 3 Evolocumab Injection, Rosuvastatin Calcium Tablets, Ezetimibe Tablets

Acromegaly 3 Bromocriptine Mesilate Tablets, Octreotide Acetate Microspheres for
Injection, Lanreotide Acetate Sustained-release Injection (a pre-filled
syringe)

Mucopolysaccharidosis 3 Laronidase concentrated solution for infusion, Elosulfase alfa injection,
Idursulfase beta Injection

Neonatal Diabetes Mellitus 2 Insulin Detemir Injection, Glibenclamide Tablets

Idiopathic Pulmonary Fibrosis 2 Nintedanib esilate soft capsules, Pirfenidone Capsules

Mediterranean Anemia 2 Desferrioxamine Mesylate for Injection, Deferasirox Dispersible Tablets

Myelodysplastic syndrome 2 Decitabine for Injection, Azacitidine for Injection

Spinal Muscular Atrophy 2 Nusinersen Sodium Injection, Risdiplam Powder for Oral Solution

Severe Congenital Neutropenia 2 Mecapegfilgrastim Injection, Lenograstim

Huntington Disease 2 Deutetrabenazine Tablets, Tetrabenazine

Hereditary Hypomagnesemia 2 Magnesium Gluconate, Potassium Aspartate and Magnesium Aspartate

Gaucher's Disease 2 Velaglucerase Alfa for Injection, Imiglucerase for Injection

Fabry Disease 2 Agalsidase Alfa Concentrated Solution for Infusion, Agalsidase Beta for
Injection

21-Hydroxylase Deficiency 2 Hydrocortisone, Hydrocortisone Acetate

Congenital Adrenal Hypoplasia 2 Hydrocortisone, Hydrocortisone Acetate
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Table 3. Marketed drugs for treatment of multiple rare diseases

Marketed drug

Rare disease

Droxidopa Capsules

Ezetimibe Tablets

Sapropterin Dihydrochloride Tablets

Human Immunolobulin (pH4) for Intravenous Injection
Eculizumab Injection

Levocarnitine

Hydrocortisone, Hydrocortisone Acetate

Parkinson Disease (Young-onset , Early-onset), Multiple System Atrophy
Homozygous Hypercholesterolemia, Sitosterolemia

Hyperphenylalaninemia, Tetrahydrobiopterin Deficiency

X-linked Agammaglobulinemia, Primary Combined Immune Deficiency
Atypical Hemolytic Uremic Syndrome, Paroxysmal Nocturnal Hemoglobinuria
Carnitine Deficiency, Beta-ketothiolase Deficiency

22-Hydroxylase Deficiency, Congenital Adrenal Hypoplasia

Gonadorelin for Injection, Menotrophins for Injection, Idiopathic Hypogonadotropic Hypogonadism, Kallmann Syndrome

Chorionic Gonadotrophin for Injection

orphan drugs in the commercial insurance directory.
At the same time, secondary reimbursement can be
carried out through major disease insurance or medical
insurance reimbursement to further decrease the
medication burden on patients.
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SUMMARY

Ortner's syndrome (OS), also called cardiovocal syndrome, is a rare condition hallmarked by
left recurrent laryngeal nerve palsy due to underlying cardiopulmonary disease. The purpose of
this review is to systemically analyze the existing literature for cases of OS to outline typical
presentation, methods of diagnosis, and management of these patients. Case reports, case series,
and cohort studies describing OS between 1955 and 2021 were identified. Individual manuscripts
were reviewed for clinical features, presentation, and management. A total of 117 patient cases were
gathered from 92 published articles. Common symptoms included hoarseness, dyspnea, cough,
and dysphagia. The most common associated comorbidity was aortic aneurysm (41%), followed
by pulmonary hypertension (35%), mitral stenosis (17%), and hypertension (12%). Among those
who were managed via surgical intervention, 85.4% reported improvement in their hoarseness.
While historically OS was associated with mitral stenosis, in recent decades, aortic aneurysms and
dilation of the pulmonary artery from pulmonary hypertension have emerged as primary etiologies
of OS. Therefore, OS should be considered in any patient presenting with hoarseness and history of
cardiopulmonary disease. Surgical intervention in appropriate candidates resolves OS in most cases.

Keywords

1. Introduction

Vocal cord paralysis presenting as hoarseness due to an
underlying cardiovascular pathology is a rare clinical
entity known as Ortner's syndrome (OS) or cardiovocal
syndrome. The syndrome was first described by Norbert
Ortner in 1897 in a review of three patients with severe
mitral stenosis (/). It was postulated that left atrial
enlargement in these patients was responsible for left
vocal cord paralysis and subsequent dysphonia.

The pathophysiology of OS is related to the anatomy
of the recurrent laryngeal nerve (RLN). The RLN is
a branch of the vagus nerve (cranial nerve X) that
innervates all the intrinsic muscles of larynx except for
the cricothyroid muscle. These muscles act to open,
close, and adjust tension on the vocal cords bilaterally.
The RLN is also responsible for the sensory supply to
the larynx below the vocal cords and the upper part of
the trachea. The pathways for the RLN on both sides of
the neck are asymmetrical. The right recurrent laryngeal

Ortner's syndrome, cardiovocal syndrome, hoarseness

nerve branches off the right vagus nerve, loops around
right subclavian artery and tracks superiorly between
the trachea and esophagus. On the other hand, the left
recurrent laryngeal nerve branches off the left vagus
nerve, loops around the ligamentum arteriosum and
tracks superiorly between the trachea and the esophagus
(Figure 1). In general, injury to left recurrent laryngeal
nerve (i.e. impingement, stretching, or compression) is
more common than injury to the right recurrent laryngeal
nerve, likely due to its proximity to the aortopulmonary
window and other intrathoracic structures (2).

OS is specific for left recurrent laryngeal nerve
injury due to underlying cardiac disease. Although it
is commonly associated with severe mitral stenosis (as
initially described by Ortner), there are many causes of
OS including compression from other vascular (i.e. aortic
aneurysms, aortic dissections, pulmonary hypertension)
or mediastinal (i.e. neoplasms) structures (3-5). Similarly,
although the classic symptom associated with OS is
dysphonia/hoarseness, there have been several other
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Figure 1. Anatomic pathway of the left recurrent laryngeal nerve.

manifestations of the syndrome described in the literature
including aspiration, dysphagia, and shortness of breath
(6).

As OS is a rare clinical entity, there is a paucity of
literature comprehensively describing the spectrum
of clinical manifestations as well as etiologies of the
syndrome. As such, the purpose of this manuscript is
to systemically review the existing literature for cases
of OS to outline the syndrome's various etiologies,
symptomatology, methods of diagnosis, and management
strategies.

2. Systematic review

This systematic review was conducted in line with the
PRISMA 2020 guidelines. As this is a review of existing
literature, institutional ethics approval was not required
by our institutional review board. A PubMed search
was performed by two authors (SV, SK) to find articles
published between 1955 and 2021 using the keywords
"Ortner's syndrome" or "cardiovocal syndrome". Case
reports, case series, and cohort studies were included.
The references lists of articles were also reviewed to find
additional relevant literature. Only English language
literature was included in the analysis. Manuscripts
were excluded if they described right recurrent laryngeal
nerve palsy or if they described idiopathic left recurrent
laryngeal nerve palsy. Full text review was subsequently
conducted of all remaining studies for completeness of
information. Any disagreements were resolved by a third
reviewer (AT). Literature that met inclusion criteria was

reviewed for patient clinicodemographic data, disease
presentation, diagnosis, and management.

3. Main findings

Figure 2 is a PRISMA diagram depicting the literature
search process. After omitting duplicate literature, a total
of 188 records were included in our initial search. Of
these publications, only 92 ultimately fulfilled inclusion
criteria (Supplemental Table 1, Attp://www.irdrjournal.
com/action/getSupplementalData.php?ID=166),
encompassing a total of 117 patient cases (/,3,6-95).
Most patients were older than 50 years of age (n = 67,
57%) (Table 1). The mean age was 53.3 years = 34.6
years, with a range of 1.4 years to 89 years of age. Of
note, the age of one patient was not presented and two
patients were described as toddlers (without a specific
age). There were 66 males (56%) and 50 females (44%),
with one patient of unknown sex.

3.1. Clinical presentation

The most common clinical presentation in OS was
hoarseness of voice, which was found in 101 patients
(86.3%). Hoarseness varied in severity, with the onset
described as either gradual or sudden. Other common
symptoms on initial presentation were dyspnea (n = 47,
40.1%), cough (n = 15, 12.8%), and dysphagia (n = 15,
28.8%). Less common presenting symptoms are further
described in Table 2. On examination, 40 patients (34.2%)
had audible murmurs. The most common comorbidity
described was aortic aneurysm (n = 48, 41%), followed
by pulmonary hypertension (n = 41, 35%), mitral
stenosis (n = 20, 17%), and hypertension (n = 14, 12%).
Less common comorbidities are tabulated in Table 3.

3.2. Diagnostic workup

There were several modalities reported in the workup of
OS. The most common modality was laryngoscopy to
visualize vocal cord dysfunction (n = 90, 77%). In other
patients, cardiovascular and mediastinal abnormalities
were noted on CT scan (n = 72, 62%), chest x-ray (n =
63, 59%), and echocardiography (n = 39, 33%). Among
all patients, the most common mediastinal abnormalities
were thoracic aortic aneurysm (n = 48, 41%), pulmonary
artery dilatation (n = 36, 31%), cardiomegaly (n = 31,
26%) and left atrial enlargement (n = 30, 27%) (Table 4).
Interestingly, 38 patients (32.4%) had abnormal EKGs
on initial evaluation.

3.3. Management

In total, 41 patients (35.0%) received some form of
surgical intervention. Another 44 patients (37.6%)
received conservative treatment, including non-surgical
therapies. It was unknown whether the final 32 patients
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Figure 2. PRISMA flow diagram for article selection.

Table 1. Demographic characteristics of included patients

A4

(n=19)

- Not enough Information (n
=41)

- No case presentation (n =
18)

- Redacted (n=1)

Table 3. Past medical history of included patients

Characteristic Number of patients  Percentage of patients

Sex”
Male 66 56.90%
Female 50 43.10%

Age (years)
<10 2 1.75%
11-19 7 6.14%
20-29 13 11.40%
30-39 15 13.16%
40-49 10 8.77%
50-59 13 11.40%
60-69 18 15.79%
70-79 21 18.42%
80-89 15 13.16%

* the sex of one patient was not reported; *: the ages of three patients
were not reported.

Table 2. Clinical findings for patients with Ortner's
syndrome

Clinical symptom Number of patients ~ Percentage of patients

Hoarseness of voice 101 86.32%
Dyspnea 46 39.32%
Murmur 40 34.19%
Cough 15 12.82%
Dysphagia 14 11.97%
Edema 11 9.40%
Dysphonia 10 8.55%
Chest Pain 6 5.13%
Hemoptysis 6 5.13%

L Number of Percentage of
Comorbidities patients patients
Pulmonary hypertension 41 35.04%
Mitral stenosis 20 17.09%
Hypertension 14 11.97%
Congenital heart disease 13 11.11%
Connective tissue disease 5 4.27%
COPD 5 4.27%

Table 4. Radiologic findings of included patients

Finding Number of patients ~ Percentage of patients
Aortic aneurysm 48 41.03%
Cardiomegaly 31 26.50%
PA dilation 36 30.77%
LA enlargement 30 25.64%
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(27.4%) received surgical treatment or not. The type of
surgical intervention was wide-ranging and considered
based on the underlying comorbidity. In cases where
an aneurysm was determined to be a cause of OS, open
aortic repair or thoracic endovascular aortic repair
(TEVAR) were the most common treatment options
considered. In patients with congenital heart disease,
such as atrial septal defect (ASD) or ventricular septal
defect (VSD), surgical closure of these aberrations was
performed. Some other procedures were reported as
well such as medialization of vocal cords, thyroplasty
and angioplasty. Ultimately, 35 patients out of the 41
who were operated on reported improvement in their
hoarseness after surgical treatment (85.4%).

4. Discussion and evaluation

Left recurrent laryngeal nerve injury can lead to
unilateral vocal cord paralysis and hoarseness of voice.
The differential diagnosis of this condition is far and
wide. When this occurs due to underlying cardiovascular
pathology, it is known as Ortner's syndrome or
cardiovocal syndrome. Though first described in 1897
by Nobert Ortner, only a handful of cases have been
reported on in the literature over the last half-century. The
present analysis is a conglomeration of the reported cases
in the literature and elucidates several key characteristics
surrounding the diagnosis and management of Ortner's
syndrome.

Most saliently, this review shows that OS can occur
in patients of all ages and in patients with many different
cardiovascular pathologies. Early on, mitral stenosis
was thought to be the primary cause of OS (7). In fact,
our analysis found that the most common cause of OS
in the literature between 1955 and 1990 was mitral
stenosis. However, from the 1990s onwards, vascular
lesions (particularly thoracic aortic aneurysms) were the
most common cause of OS among the cases included
in this analysis. This epidemiological shift may be due
to improved early detection and treatment of mitral
stenosis.

Taking all patients into consideration, we found that
the most common etiology of OS in the literature is
thoracic aortic aneurysm (41%) as opposed to left atrial
enlargement (26%). This is in line with Yuan SM's work
which reported that left atrial enlargement accounts for
approximately 8% of all reported cases of OS (96). In
general aortic aneurysm related to any etiology (traumatic
(97), mycotic (98), dissecting aneurysm (99), infection
(100) have all been related with this condition. Thus, it is
important for senior surgeons to suspect aortic aneurysm
in cases of de novo hoarseness.

Interestingly, cardiovascular pathologies affecting the
great vessels aside from the left heart and aorta can also
lead to OS. For example, the present review includes
several cases of OS in patients with pulmonary artery
dilation, in the setting of either primary pulmonary

hypertension (54) or secondary pulmonary hypertension
associated with chronic thromboembolism (58,7101).
In these patients, OS manifests when the dilated
pulmonary artery compresses the recurrent laryngeal
nerve against the aorta. We also found 13 cases of OS
that were associated with congenital heart disease. These
conditions included ASD, VSD, Ebstein's anomaly,
patent ductus arteriosus with or without associated
aneurysm (25), and double outlet right ventricle
associated with aortopulmonary window. It is possible
that these patients developed Eisenmenger syndrome
resulting in compression of the left recurrent laryngeal
nerve against the aorta.

Given the rarity of OS, it is generally not part of
the initial differential diagnosis of hoarseness of voice.
Therefore, to confirm a diagnosis of OS, one must
have a high index of suspicion, and, at times, multiple
diagnostic imaging modalities are required. In patients
presenting with hoarseness, a chest x-ray is usually the
primary imaging study ordered which can emphasize
any underlying condition such as a lung mass or
cardiomegaly. Besides an x-ray, symptoms of hoarseness
should also propagate a referral to specialist for
laryngoscopy, which most of the patients in our analysis
received. Laryngoscopy confirms the presence of vocal
cord dysfunction although VC palsy can also be seen on
the CT of the neck (/02). Echocardiography is one of the
most routine procedures done in to evaluate structural
integrity of cardiovascular system, and is an important
consideration given that cardiovascular abnormalities
seem to be the most common etiology of OS. Regardless,
a prompt diagnosis is critical because the underlying
condition can be a risk factor for other complications
such as dysphagia and/or airway obstruction.

Treatment of OS entails direct management of the
underlying condition. Since hoarseness is the main
presenting symptom, the prospect of recovery from
hoarseness is dependent on its duration and severity (45).
The decision to intervene is also dependent on other
factors such co-morbidities, surgical risk, and patient's
readiness. Indeed, 27% of our patients opted for non-
surgical management, indicating how important it is for
providers to assess each patient's case. In this group,
patients were managed with conservative management
or no treatment at all. Still, among the patients who
pursued treatment, 35 (85%) had improvement in
symptomatology, indicating that OS is a potentially
reversible syndrome.

In conclusion, OS is a rare condition and can remain
undiagnosed for a long period of time. Hoarseness is
its landmark presenting symptom. It can present in any
age group, but suspicion should be high if a patient has
history of pulmonary hypertension or cardiac pathology.
From a historical perspective, mitral stenosis was
considered a primary cause of the syndrome. However, in
the last two decades, aortic arch aneurysms and dilation
of the pulmonary artery from pulmonary hypertension
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have emerged as a primary etiology. In either case, heart
murmur is the most common physical exam sign and
the decision to intervene depends on many factors, such
as age, comorbidity, and patient willingness. Notably,
surgical intervention resolves OS in most cases.
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SUMMARY Rare diseases are diseases that occur at low prevalence, and most of them are chronic and serious
diseases that are often life-threatening. Currently, there is no unified definition for rare diseases.
The diagnosis, treatment, and research of rare diseases have become the focus of medicine and
biopharmacology, as well as the breakthrough point of clinical and basic research. Birth defects are
the hard-hit area of rare diseases and the frontiers of its research. Since most of these defects have a
genetic basis, early screening and diagnosis have important scientific value and social significance for
the prevention and control of such diseases. At present, there is no effective treatment for most rare
diseases, but progress in prenatal diagnosis and screening can prevent the occurrence of diseases and
help prevent and treat rare diseases. This article discusses the progress in genetic-related birth defects

and rare diseases.

Keywords

1. Introduction

Rare disease is defined as a disease with a prevalence
of less than 1/2,000 with a total number of patients
less than 200,000 by The European Organization for
Rare Diseases (EURORDIS) and the United States,
respectively. The World Health Organization (WHO)
defines a rare disease as one affecting between 0.065%
and 0.1% of the population. It is estimated that there
are 300 million rare disease patients worldwide,
and more than 7,000 rare diseases account for 10%
of all human diseases. Of these, 80% are inherited,
and approximately 50% develop at birth or during
childhood. Rare diseases often progress rapidly and
have a high mortality rate; and less than 1% of rare
diseases have specific drugs for treatment (/). An
epidemiological survey in Ireland in 2020 showed that
rare diseases were the main cause of death in children,
accounting for 58.6% of the deaths in children aged 14
years and younger (2).

The medical and social needs of individuals with rare
diseases are not met despite the large number of patients
and families affected by them internationally. A general
lack of public awareness and limitations in expertise
have left rare disease patient populations overlooked
and marginalized in healthcare systems and policies.
EURORDIS, the International Society for Rare Diseases,

rare diseases, birth defects, diagnosis, treatment, prevention and control

and the NGO Committee for Rare Disease called for a
UN resolution on Rare Diseases in 2019 and urged the
193 Member States of the UN General Assembly to adopt
a resolution on December 16, 2021 (3). R&D in rare
diseases is necessary to advance the UN commitment
to achieve the 2030 Sustainable Development Goals of
"leaving no one behind".

In recent years, many countries have carried out
research on registering rare diseases as single or multiple
diseases; 13,703 articles on this topic existed until April
2, 2023. The Orphan Drug Act of the United States in
1983 established the criteria for rare diseases, with other
countries introducing similar criteria. On June 25, 2018,
the First List of Rare Diseases was issued jointly by
five institutions in China, including 121 common rare
diseases that have become the standard for defining rare
diseases in China (4).

Worldwide, serious birth defects occur in 3—-6% of
newborns, and on average, a child with a birth defect is
born every 4.5 minutes. Due to the large population, rare
diseases are not uncommon in China, and it is estimated
that approximately 20 million people are affected.
Genetic defects account for 71.9% of these rare diseases
(5).According to WHO estimates, about a quarter of
birth defects in the world are related to genetic factors. In
the "First List of rare Diseases", a considerable number
of metabolic and genetic diseases were included. The
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research scope of rare diseases is also increasing, from
neural tube malformation to congenital heart disease.

With the development of maternal-fetal medicine,
fetal surgery, non-invasive prenatal testing, including
cell-free fetal DNA, and next-generation sequencing
technology (NGS), prenatal diagnosis and screening of
these diseases are progressing, which provides help for
the prevention and treatment of rare diseases.

2. Importance of rare diseases associated with birth
defects

Birth defects and rare diseases, including structural
abnormalities, functional abnormalities, and metabolic
abnormalities, have become public health problems that
affect life quality and community health. The related
incidence are shown in Table 1.

2.1. Genetic factors associated with birth defects

According to the WHO, about a quarter of birth defects
in the world are due to genetic factors. The "First
List of Rare Diseases", published in 2018, includes a
considerable number of metabolic and genetic diseases.
Genetic etiology research is the basis for the prevention
and treatment of birth defects. Genetic factors
include mostly gene mutations and a small number of
chromosomal abnormalities (6).

2.1.1. Monogenic genetic diseases and treatment
strategies

Rare genetic diseases are usually monogenic (7), and
include more than 6,000 types with complex clinical
and genetic heterogeneity. Gene mutations include point

mutation and dynamic mutation, as well as deletion or
repetition of fragments and genes, which increase the
difficulty in diagnosing such diseases (8). Currently,
many monogenic diseases. Currently, many monogenic
diseases such as cystic fibrosis, spinal muscular atrophy,
thalassemia, Duchenne muscular dystrophy, hemophilia,
osteogenesis imperfecta, and phenylketonuria are
included on the list of rare diseases.

As far as diagnosis is concerned, monogenic genetic
diseases involve many disciplines, and the clinical
symptoms are complex. Because of the diversity of gene
mutations, each mutation may lead to different clinical
symptoms, and the clinical significance of mutations
is quite complex, with high genetic heterogeneity and
clinical heterogeneity, so clinical diagnosis is difficult.
Nowadays, with the sharp drop in the cost of gene
sequencing, the emergence of gene big data is followed.
In this situation, it is an easy and effective way to
establish an auxiliary diagnosis system and clinical
knowledge base based on the relationship between
genotype and phenotype.

Currently, there is a lack of effective treatments for
most monogenic diseases. Mutated alleles revealed
by sequencing with aneuploidy and linkage analyses
(MARSALA) strategy for the combined diagnosis of
monogenic and chromosomal diseases, along with
preimplantation genetic testing (PGT) and NGS, play an
important role in reducing the occurrence of birth defects
and rare genetic diseases (9).

2.1.2. Polygenic genetic disease
Polygenic diseases have genetic heterogeneity but

the same clinical phenotype, and there are several
pathogenic genes. For example, deafness is associated

Table 1. Newborn incidence, incidence, and prevalence of rare diseases associated with birth defects

. . Newborn incidence / Incidence/ Prevalence/
Diseases No. Disease 100,000 persons 100,000 persons 100,000 persons
Rare birth defects associated 1 Osteogenesis imperfecta (4) 7.14 / 0.089
with structural abnormalities 2 Crouzon syndrome (28) 16.5 / /

3 Saethre-Chotzen syndrome (25) 1 / /
4 Goldenhar syndrome (20) / 3.79-17.86 /
5 Beckwith-Wiedemann syndrome (/7) 7.29-10 / /
Rare birth defects associated 6  non-syndromic hearing loss (30) 186 / /
with abnormal function 7  Retinoblastoma (39) 5-6.67 / 1-9
8  Progressive muscular dystrophy (4) 16.67-27.78 25.30 /
9 Leber hereditary optic neuropathy (4) / / 1.092
10 Mitochondrial encephalomyopathy / / /
11 Parkinson's disease (4) / / 7.39
12 Branchio-oto-renal syndrome (35) 2.5 / /
Metabolic abnormalities associated 13 Phenylketonuria (4) / 8.48 1.17
with rare birth defects
Others 14 Ocular albinism (4) / 5.56 /
15  Epidermolysis bullosa (54) / / 0.30
16 Hemophilia (4) / / 2.73
2.7
17 Stickler syndrome (68) / 11.11-13.33
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with as many as 400 genetic syndromes, corresponding
to at least 140 gene loci (8). Most birth defects are the
result of multifactorial gene-environment interactions.
Robert et al. discussed the various models, with
their strengths and weaknesses, on the etiology of
multifactorial birth defects and compared them with
other diseases caused by gene-environment interactions,
including primary immunodeficiency and cancer (/0).
They proposed that multi-factor gene-environment
interactions will be an important research direction in
the future.

The combination of fifth-generation mobile networks
(5G) and blockchain technology has provided a new
direction for PGT to accurately control rare genetic
diseases. Hefeng Huang's team (//) revealed for the first
time the precise mechanism of epigenetic methylation in
intergenerational transmission of exogenous diabetes. by
analyzing the lack of insulin secretion in the offspring
of individuals with TET3 deficiency. This provides new
scientific perspective for understanding and preventing
chronic diseases such as diabetes from childhood.
The world's first Preimplantation Genetic Testing for
Polygenic Disease (PGT-P) optimized low-risk diabetic
test-tube baby was born in Shanghai on August 2, 2022.
The construction idea of building a genetic diagnosis
cloud service platform based on 5G+ blockchain, a
remote collaborative diagnosis platform, and a China
population genome mutation database based on the
current development status of PGT in China allowed
prevention and control of rare genetic diseases in China
at the international frontier level.

The Chinese human phenotype ontology (CHPO)
database launched in 2016 aims to establish standard
Chinese clinical phenotype terminology to better guide
clinicians and research on genetic diseases. The fifth
update was completed on May 8, 2023 (https://www.
chinahpo.net/), corresponding to HPO version V2022-
10-05, with 16,691 entries after this update.

2.2. Rare birth defects associated with structural
abnormalities

Structural abnormalities are usually manifested as
changes in physical structure, such as osteogenesis
imperfecta (OI), congenital achondroplasia, polycystic
kidney disease, and congenital heart disease.

2.2.1. Osteogenesis imperfecta

Ol, also known as fragile bone disease, is a monogenic
hereditary bone disease with a prevalence of 1/15,000 to
1/20,000 (12). Based on phenotypic classification, Ol can
be classified into 18 subtypes (/3). Clinically, autosomal
recessive inheritance is rare, whereas autosomal
dominant inheritance is most common. OI type I, caused
by mutations in the COLIA1/2 gene encoding collagen
type I, accounts for 85-90% of the cases.

Currently, there is no standardized treatment for
OL. In clinical practice, bisphosphonates are used to
treat OI. Teriparatide and transforming growth factor-f§
monoclonal antibodies are expected to increase bone
density (/4). To date, only two haploinsufficient (HI)
mouse models of mild OI, Collal +/Mov13 (Movl13)
and Collal +/-365, have been established. To facilitate
OI research and the testing of new therapies, Claeys
et al. found that the expression of collagen and bone
metabolism markers was significantly increased in
Mov13 mice compared with WT, although there was no
significant change in Collal expression, bone structure,
or strength (/5). However, in adult Mov13 mice, bone
phenotype variability and severe lymphoma appear.
Therefore, new HI OI mouse models and long-term drug
studies are required. In addition, a recent case report
of an 11-year-old patient with OI showed that physical
therapy rehabilitation plays an important role in the
management of Ol and in improving life quality (/6).

2.2.2. Beckwith—Wiedemann syndrome (BWS)

BWS is a rare disease associated with the aberrant
expression of an imprinted gene cluster located on
chromosome 11, region 15.5. The incidence of live
births is approximately 1/10,000—1/13,700. There was
no ethnic specificity, and the male-to-female ratio
was approximately 1:1 (/7). Without intervention,
children may die of difficulty breathing and eating,
as well as hypoglycemia, electrolyte disturbances, or
tumors. Therefore, early diagnosis and treatment are
important for children with BWS. In 2018, the European
Congenital Imprinting Disease Network formulated an
expert consensus on the diagnosis and scoring of BWS
(18). BWS is usually diagnosed after birth, specifically
during the neonatal period; however, prenatal screening
is recommended for those with a positive family history
or BWS suggested on prenatal ultrasound. The prenatal
ultrasound detection rate for BWS is 64.1%, and one-
year survival rates were over 90% (/9). Clinicians
should strengthen their understanding of BWS and make
timely diagnoses. BWS should be highly suspected in
infants with special manifestations such as omphalocele,
hypoglycemia, macroglossia, and excessive weight
gain after birth. Genetic testing should be performed
early to assist in diagnosis and identifying the molecular
subtypes, which can help with subsequent treatment and
prognosis.

2.2.3. Goldenhar syndrome (GS)

GS is a rare congenital malformation that manifests as
abnormal organ system development originating from
the first and second branchial arches. The prevalence
of GS is approximately 1/5,600—1/26,370 (20), and
is more common in males than in females. Due to the
lack of clear diagnostic criteria and large-scale clinical
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research, it is difficult to accurately calculate the
prevalence of GS. The etiology of GS is complex and
diverse, involving genetic and environmental factors,
and research on the pathogenesis of GS is still in its
infancy. GS is usually sporadic, although familial cases
have occasionally been reported. In addition, mutations
in chromosomes 1,4, 5,7, 6,9, 10, 12, 14-18, 22, and X
have been reported (27). Lopez et al. proved that MYT]
is a candidate gene locus for GS by performing whole-
exome sequencing and single nucleotide polymorphism
sequence analysis (22). Tingaud-Sequeira et a/l. found a
nonsense mutation in ZYG/1B in a patient with GS after
whole-exome sequencing and confirmed the role of this
gene in craniofacial cartilage structure and notochord
development in cell and animal models (23). They
demonstrated the involvement of the £YA43 gene in the
occurrence of GS at the cellular and animal levels (24).
In many cases, no significant chromosomal or genetic
abnormalities have been identified. Most of candidate
pathogenic genes are involved in the migration and
differentiation of neural crest cells. EPAS! is closely
related to the formation of blood vessels, providing
the basis for the neural crest cell hypothesis. However,
the specific mechanism must be verified with further
studies.

Even though familial GS cases are rare, genetic
counseling is important. With the improvement in
prenatal diagnostic technologies, the severity of GS has
decreased in recent years. The ocular manifestations
of GS are diverse and require individualized treatment
plans. Surgery is the primary treatment for ocular
abnormalities. Considering the impact on visual
development and mental health, intervention at a young
age is recommended.

2.2.4. Saethre—Chotzen syndrome (SCS)

Craniosynostosis is a disease characterized by the
premature closure of one or more cranial sutures,
resulting in skull deformity and brain dysfunction.
It occurs in one in 100,000 live births (25).
Craniosynostosis can be divided into comprehensive
and non-syndromic craniosynostosis-based anomalies
in other organs such as the heart, limbs, and respiratory
system. Non-syndromic craniosynostosis accounts
for approximately 85% of all craniosynostoses and is
sporadically present in approximately 92% of patients.
Syndromic craniosynostosis accounts for approximately
15% of the total incidence of craniosynostosis, and the
most common genetic causes are mutations in FGFR2,
FGFR3, and TWISTI (26). Heterozygous TWISTI
mutations cause Sacthreo-Chotzen syndrome, which is
characterized by hypertelorism, microtia, low-set ears,
and a low hairline. The cranial and facial deformities
vary, and require personalized treatment strategies (27).
Current research mainly focuses on craniofacial plastic
surgery and ophthalmic correction.

2.2.5. Crouzon syndrome (CS)

CS is a rare autosomal dominant genetic disorder
characterized by craniosynostosis resulting in skull
deformity, facial dysmorphism, the incidence in live
births is about 1.65/100,000. CS is associated with
various mutations in fibroblast growth factor receptor 2
(FGFR2). FGFR?2 and FGFR3-related craniosynostosis
shows obvious mandibular morphological changes in
the early stages, which confirms the hypothesis of a
genotype-phenotype correlation related to mandibular
morphology (28). CS is usually diagnosed prenatally or
during delivery through clinical and physical evaluations,
as well as various targeted laboratory tests. The diagnosis
of craniostenosis craniostosis requires amniocentesis,
chorionic villus sampling, or preimplantation diagnostic
studies of FGFRI, FGFR2, and FGFR3 mutations.
Children with CS require multidisciplinary cooperation
and long-term management from various specialties. The
appearance of children with CS can significantly improve
after a series of surgical and orthodontic procedures.
Many studies on drug therapy for pathogenic genes,
such as the role of tyrosine kinase inhibitors in mutated
FGFR-related craniostenosis, exist; however, use of these
in a clinical setting requires time (29).

2.3. Rare birth defects associated with abnormal function
2.3.1. Hearing impairment related diseases

Non-syndromic hearing loss (NSHL): Deafness is the
most common sensory disorder, with an incidence of
1.86% in newborns worldwide. Currently, more than
60% of deafness cases are caused by genetic factors,
of which approximately 70% are NSHL. Its clinical
manifestation is auditory dysfunction without other organ
or system abnormalities (30). Wang et al. studied the
effectiveness of combined methods to screen newborns
for hearing impairment, and the results showed that
compared with physical screening, genetic testing
could identify an additional 13% of missed patients and
0.23% of newborns carrying drug-induced deafness
susceptibility gene variants (317).

Currently, 124 genes for hereditary non-
syndromic hearing loss have been reported (https.://
hereditaryhearingloss.org/), among which GJB2,
mitochondrial 12 s rRNA, SLC26A44 deaf, and GJB3
were reported in the Chinese population. In addition,
3299C>A (p.Ser1100Tyr) and 5185-2A>G were found in
a family with non-syndromic hearing loss. Among these,
5185-2A>G is a newly discovered intronic variant of
the TRIOBP gene and expands the spectrum of TRIOBP
deaf-causing variants. In NSHL, race seems to play a
role in determining the genetic burden of LOXHDI,
NSHL is mainly diagnosed through tertiary prevention,
neonatal hearing, and deafness gene screening. Most
patients with NSHL present with congenital or delayed
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sensorineural hearing loss. The treatment of NSHL
mainly focuses on avoiding predisposing factors and
cochlear implants. Several studies have demonstrated
successful gene therapy in mouse models (32,33).
Patient-derived induced pluripotent stem cells are also
being investigated because of the unique properties of
stem cells that are pluripotent and self-regenerating
(34). Therefore, determining the etiology of NSHL will
improve management and treatment strategies. Genetic
variation data from different populations worldwide
are expected to be available for genetic counseling and
prenatal diagnosis.

Branchio-oto-renal syndrome (BOR): BOR is a rare
autosomal dominant genetic disease with a neonatal
incidence of 1/40,000, accounting for 2% of severely
deaf children (35). Previous studies have shown that
88% of patients with BOR have hearing impairments;
73% have preauricular fistulas; 60% have branchial
cleft cysts or fistulas and sinus tracts; and 10% have
hypoplastic renal function (36). The EYAI (8q13.3)
gene abnormality is the most common cause of BOR,
with approximately 40% of patients carrying this gene
mutation. Approximately 10% of the patients have SZX7/
(14923.1) and SIX5 (19q13.32) gene mutations (37).
There are few reports on BOR in China. Approximately
50% of patients with BOR do not have pathogenic
variants of EYA1, SIX1, or SIX5, which may be related to
the existence of other unexplored regions and novel gene
variants.

The low incidence and diverse clinical manifestations
of BOR have brought great difficulties and challenges to
its clinical diagnosis and treatment, especially prenatal
diagnosis, which can easily lead to missed diagnoses. A
case of BOR diagnosed prenatally due to renal dysplasia
was detected by ultrasound at 33 weeks of gestation, at
which point the pregnant woman finally chose induced
labor (38). The BOR phenotype is highly heterogeneous
and can cause severe deafness and a complete loss of
renal function. Prenatal diagnosis can help families
understand the fetal prognosis and make prudent
pregnancy decisions.

2.3.2. Neonatal eye disease

Retinoblastoma (RB) is the most common primary
intraocular malignant tumor in infants and young
children and originates from primitive retinal stem cells
or cone precursor cells. The incidence in newborns is
5-5.57/100,000, with 85% of cases occurring before the
age of 3, and the prevalence rate is 1-9/100,000. With
approximately 9,000 new cases worldwide each year,
retinoblastoma is considered a curable cancer in high-
income countries, with a disease-free survival rate of
approximately 100% (39). However, the prognosis
tends to be poorer in low- and middle-income countries,
where more than 80% of global cases occur (40). RB
can be classified into genetic and nongenetic types.

Gene therapy has become a new therapeutic approach in
recent years. Molecular and genetic studies have shown
that species-specific intrinsic genetic redundancy and
compensation among RB family members can prevent
retinoblastoma in mice (4/). Genetically engineered
mouse models have provided important insights into RB
biology, but there are differences between species, with
the human tumor epigenome localized at a later stage of
development than mouse tumors (42). Based on this, a
human cancer model derived from induced pluripotent
stem cells provides valuable insights into tumor cell
origin and tumorigenesis following RB/ inactivation
(43). Individual differences exist in the diagnosis and
treatment of RB.

2.3.3. Neuromuscular-related diseases

Progressive muscular dystrophy (PMD): PMD includes
Duchenne and Becker muscular dystrophy (DMD/
BMD). It is a common form of muscular dystrophy
in childhood, and DMD is the most common disease
with a poor prognosis. DMD/BMD is an X-linked,
recessive, degenerative muscular disease. The incidence
of DMD/BMD does not differ significantly between
countries, regions, or races. The incidence of DMD/
BMD is about 1/3,853 in China, and it is estimated that
there are approximately 70,000 patients nationwide.
PMD is caused by a dystrophin deficiency. The gene
encoding dystrophin is located at Xp21.2 and contains
79 exons. Mutations in the dystrophin gene lead to the
loss or disruption of its expression product, dystrophin
(44). In addition to basic clinical manifestations and
electromyography, the detection of DMD gene deletions
or duplications has become an important diagnostic
method. To date, there is no radical cure for DMD, and
glucocorticoids remain the first choice of treatment. With
a deeper understanding of DMD gene mutations, targeted
therapy and targeted therapy for certain mutation sites
are new directions for DMD treatment in the future.
Leber hereditary optic neuropathy (LHON): LHON
is a maternally inherited optic nerve disease caused by
mitochondrial DNA (mtDNA) mutations and is one
of the most common blinding diseases in adolescents
worldwide (45). The incidence of the disease is between
1/31,000 and 1/526,000, with racial differences. It
generally manifests as painless vision loss in both
eyes, successively or simultaneously, and the best-
corrected visual acuity (BCVA) is usually below 0.1.
The prognosis for visual acuity is poor, and a few
patients show mild spontaneous visual improvement.
At present, the treatment of this disease is limited, and
early symptomatic, supportive, and drug treatment
may improve the vision of patients (46). China's first
ophthalmic gene therapy drug, NR082, has been
officially approved by the State Medical Products
Administration for clinical research on LHON treatment.
Idebenone, a short-chain coenzyme Q10 analog, was
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approved by the European Medicines Agency for the
treatment of LHON in 2015. Several studies have shown
that oral idebenone (900 mg/day) is helpful for the
improvement of vision in LHON patients, especially in
patients with the m.11778G>A mutation (47). Challenges
such as drug dose, side effects, and the high price of
gene therapy remain. Currently, gene therapy for LHON
is only available for patients with the m.11778G>A
mutation. Using the same principle, rAAV2-ND1 and
rAAV2-ND6 can also be used to treat the other two
primary mutations; however, their specific feasibility
needs to be verified.

2.3.4. Mitochondria-related diseases

Mitochondrial encephalomyopathy (MELAS): MELA is
a multisystem metabolic disease caused by mutations in
mitochondrial DNA or nuclear DNA (48). It is usually
caused by abnormal oxidative phosphorylation of the
electron respiratory chain. MELAS is a hereditary
disease, including maternal inheritance, autosomal
inheritance, and X chromosome concomitant inheritance.
In 2016, a cohort study of North-East England MELAS
says the prevalence of the disease is 2.9/100,000
(nDNA), 9.6/100,000 (mtDNA). A total of 10.8/100,000
individuals carrying pathogenic mutations develop
clinical symptoms. The prevalence of onset in children
(<16 years of age) is 5-15/100,000 (49). Many types
of MELAS exist, with diverse clinical manifestations,
difficult diagnoses, high misdiagnosis rates, and second-
generation sequencing. Currently, there is no specific
treatment method, and the characteristics of multisystem
damage make it difficult to implement gene or stem cell
therapy. Clinical trials of empirical drug therapy should
be combined with specific clinical manifestations and
possible pathogeneses in patients.

Parkinson's disease (PD): Parkinson's disease (PD) is
a complex neurodegenerative disorder. The onset age of
<50 years is defined as early onset parkinsonism (EOPD).
The prevalence of young-onset Parkinson's disease
(YOPD) between 21 and 50 years of age and juvenile
Parkinsonism (JP) before 21 years of age is 7.39/100,000.
EOPD is less common, accounting for 5-10% of all
cases, approximately 5% in European and American
countries, and 10% in Japan, and its incidence increases
with age. Genetics may soon provide personalized
predictions of heterogeneous characteristics that affect
disease-related disabilities, such as dementia risk and
PD subtypes. In addition to conventional physical and
drug therapies, achievements have been made in the
development of remission therapies and biomarker
treatment strategies for PD. The most common and
advanced genetically linked targets are a-synuclein
(SNCA), leucine-rich repeat kinase 2 (LRRK?2), and
glucoseencephalosidase (GBA1) (50). The convergence
of proteins at the lysosomal degradation system
level provides further targets for new therapeutic

candidates as well as for biomarker development, a key
component of drug discovery efforts. PD is a complex,
multifactorial disease for which precision medicine,
personalized diagnosis, and targeted therapy are
particularly suitable. Genetic testing should be combined
with other biomarkers such as sleep or smell testing
and neuroimaging to obtain useful predictive and/or
diagnostic capabilities.

2.4. Metabolic abnormalities associated with rare birth
defects

Rare birth defects related to metabolic disorders include
phenylketonuria, congenital hypothyroidism, congenital
adrenal hyperplasia, glucose-6-phosphate dehydrogenase
deficiency, etc.; however, phenylketonuria (PKU), one of
the most well-known diseases, is rare.

PKU is most commonly caused by an autosomal
recessive defect in the phenylalanine hydroxylase
(PAH) gene (OMIM 612,349), resulting in an elevated
blood phenylalanine concentration. PKU is equally
prevalent among men and women. The prevalence of
PKU varies in different races and regions, and varies by
race and geographic region. Approximately 1/24,000
people worldwide are affected by PKU. Its prevalence
in China is 1/15,924, which is relatively high in Asia
(51). Prenatal diagnosis of BH4 deficiency can also be
made by evaluating the concentrations of biopterin and
neopterin in the amniotic fluid.

In 2020, the Food and Drug Administration (FDA)
granted an orphan drug designation to a candidate for
the treatment of PKU, APR-ODO031, a slow-release
amino acid mixture edited with proprietary drug-
delivery technology, to ensure physiological absorption
of the delivered amino acids. In addition, gene therapy
with daily subcutaneous injections of PEGylated Phe
ammonialase is expected in recent clinical trials, and
mRNA approaches are under investigation (52).

2.5. Other rare birth defects
2.5.1. Hereditary skin diseases

Ocular albinism (OA): The overall incidence of albinism
worldwide is approximately 1/20,000, and the incidence
in some African countries can be as high as 1 <B->5,000
(53). The overall incidence of albinism in the Chinese
population is 1/18,000. OA is diagnosed based on clinical
manifestations and routine auxiliary examinations, and
genetic diagnosis is crucial for the treatment of patients
with albinism.

Albinism has a high degree of genetic heterogeneity,
and 20 genes have been found to be related to different
clinical manifestations of albinism, such as GPR143,
AROA, the pathogenic genes of ocular albinism in non-
comprehensive albinism; The main pathogenic genes
of oculocutaneous albinism (OCA) are TYR, P gene,
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TYRPI1, SLC45A2, OCAS, SLC24A5, and C100RF11.
LYST is the only pathogenic gene in the CHS of albinism
syndrome, whereas there are up to 10 pathogenic genes
in HPS, including HPS1, AP3B1, HPS3, HPS4, HPSS,
HPS6, DTNBPI1, BLOCI1S3, BLOC1S6, and AP3D1.
Albinism is a single-gene genetic disease caused mainly
by point mutations, and there is currently no effective
treatment. Surgery or drug treatment can be used to
optimize vision, and regular preventive examinations
or symptomatic treatments can be performed to detect
skin tumors. For many people with albinism, social and
psychological burdens, such as low self-esteem and
relatively poor social life abilities, may be greater than
medical problems and deserve more attention.

Epidermolysis bullosa (EB): EB is a group of
genetic disorders leading to recurrent skin blistering,
the most common cause of which is infection. The
overall incidence and prevalence of EBV in the United
States are approximately 20 cases per million live
births and 11 cases per million people, respectively
(54). Epidermolysis bullosa simplex (EBS) is the
most common type of EB, and its specific mode of
inheritance depends on the pathogenic variant. The
EXPHS5 or TGMS5 mutation is an autosomal recessive
inheritance, whereas the dominant negative missense
mutation of the KRTS or KRT14 gene is an autosomal
dominant inheritance (55). EB is a skin disease, and
most complications are skin-related. The most life-
threatening complication is an infection. To date, there
is no cure for EB, and optimal management must be
multidisciplinary, involving wound care, pain control,
infection control, nutritional support, and the prevention
and treatment of complications. There are many new
treatment methods for EB, such as gene editing, gene
replacement (56), reverse mutation therapy (57), exon
skipping (58), protein supplementation (59), read-
through therapy (60,67) and some small-molecule drugs
(62), etc. All the countries are actively exploring and
conducting various preclinical and clinical tests. This
provides new hope for better patient care.

2.5.2. Inherited blood diseases

Hemophilia is an X-chromosome-linked recessive
hemorrhagic disease, mainly divided into hemophilia
A and B, of which hemophilia A (HA) accounts for
80—-85%. Hemophilia B (HB) accounts for 15-20%.
The pathogenic genes F8 and F9 are located on Xq28
and Xq27.1, respectively. Based on the large number
of mutations detected in thousands of hemophilia
patients worldwide, the molecular basis of mutations
in hemophilia is extremely diverse. The main mutation
types of hemophilia A are inversion/recombination,
point mutation, and insertion/deletion (63,64), and
the main mutation types of hemophilia B are slight
mutation, deletion/insertion (65,66). Hemophilia
treatment is primarily based on replacement therapy,

including on-demand and preventive treatments.
Recently, gene therapy has achieved breakthroughs
in both animal and clinical trials. A new generation of
lentiviral vectors designed for the efficient delivery of
transgenes to the liver offers the possibility of curing
patients with hemophilia (67). PGT is an effective
reproductive option for preventing the birth of children
with hemophilia.

2.5.3 Stickler syndrome (SS)

Stickler syndrome is a rare inherited collagenous
connective tissue disease mainly associated with
mutations in the gene encoding collagen. The incidence
rate is between 1/9,000 and 1/7,500 (68). The disease
primarily involves ocular, joint, maxillofacial, and
auditory abnormalities. Stickler syndrome can be
divided into six types based on the presence of ocular
abnormalities, vitreous phenotypes, and molecular
genetic characteristics. Among them, type 1 is
autosomal dominant inheritance, type 2 is autosomal
recessive inheritance, and type 3 is autosomal recessive
inheritance. They are caused by mutations in COL2A1,
COLI11A1, COL11A2, COL9A1, COL9A2, and
COL9A3, respectively. Whole-exome sequencing
(WES) detection covers the coding regions and exon-
intron boundaries of approximately 20,000 genes and is
of great value for the diagnosis of families with genetic
diseases (69).

Genetic testing can improve the diagnostic rate of a
disease and facilitate accurate typing. Prenatal diagnosis
is the best strategy for avoiding birth. CMA, gene panel,
or exome/genome sequencing can all be used for the
genetic evaluation of Stickler syndrome, and genetic
test results can be used to help guide treatment and
management, help detect other high-risk individuals, and
provide the risk of recurrence for the patient's offspring.
Currently, there are few reports on the treatment of this
disease, and variable case selection, lack of molecular
genetic subtypes, and inconsistent treatment strategies
have led to historical uncertainty regarding the safety and
efficacy of preventive treatment.

3. Related technologies for diagnosis of rare diseases

With the progress of molecular genetics, molecular
diagnosis technology, gene sequencing technology and
genomics technology, the diagnosis of rare diseases has
made great progress. For the diagnosis of rare diseases,
although the traditional enzymatic detection technology
still occupies an important position, it can no longer
meet the demand. The rise of protein's genomics and
metabonomics makes it possible to accurately diagnose
a variety of rare diseases. At the same time, combining
molecular imaging technology and bioinformatics
technology, computer-aided diagnosis also shows a wide
application prospect.
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3.1. Classical gene detection methods

Classical genetic testing methods, such as karyotype
analysis, fluorescence in situ hybridization (FISH), array
comparative genomic hybridization (aCGH), multiplex
ligation-dependent probe amplification (MLPA), etc.,
are considered to be effective in detecting copy number
variations of fragments > 400bp, which play an important
role in the genetic diagnosis of rare diseases, but cannot
detect a smaller range of gene mutations, and cannot
detect pathogenic variations with constant copy number,
such as balanced translocation or inversion.

3.2. Next-generation sequencing technology

The diagnostic test of NGS is not affected by genetic
mode, and the sequencing results can not only provide
us with the location information of pathogenic genes,
but also provide important information such as the
type of pathogenic mutations. In recent years, next-
generation sequencing technology has rapidly risen with
its accurate and efficient characteristics, and has become
one of the important methods for auxiliary diagnosis of
rare diseases. Next-generation sequencing technology
can be divided into genome sequencing, transcriptome
sequencing and chromatin immunoprecipitation-
sequencing (ChIP-seq). Genome sequencing includes
whole genome sequencing (WGS), WES, single-cell
genome sequencing, amplicon sequencing, efc.

3.3. Genome Sequencing

The application of next-generation sequencing
technology in the diagnosis of rare diseases can be
divided into WGS, WES and targeted gene sequencing.
Although exons only account for 1% of the whole
genome, it is inferred that about 85% of pathogenic
mutations occur in this region. WES obtains DNA
sequence information of the whole genome exon region
through next-generation sequencing technology, and
combined with clinical phenotype and bioinformatics
analysis, it can infer possible pathogenic genes.
Compared with WGS, WES eliminates non-coding
sequences in genes, requires relatively small sample size,
and is more economical. Compared with targeted gene
sequencing, WES does not need to predict pathogenic
genes in advance, and is more suitable for patients with
rare diseases that have difficulty in diagnosis, so it is
favored by many clinicians.

In 2020, the American College of Medical Genetics
and Genomics (ACMG) published guidelines for the
application of fetal exome sequencing technology in
prenatal diagnosis. It is pointed out that fetal exome
sequencing technology is suitable for cases with
abnormal ultrasound findings but negative karyotype
and chromosomal microarray results (70). WES can
effectively improve the detection rate and accuracy of

prenatal diagnosis, and pathogenic genetic variations can
be detected in approximately 10% of cases with negative
gene chip results.

WGS uses NGS technology to obtain the sequence
information of the whole genome, which is more
effective than other gene sequencing technologies in
identifying single base mutation, cleavage site mutation,
intron mutation and multiple copy number mutation.
Compared with WES, WGS has better consistency and
less bias in measurement results; however, due to its high
price, its clinical application is not as wide as WES.

Targeted target gene sequencing is a method
of sequencing a specific target gene, which is an
economically feasible method for the detection of
single gene genetic diseases with known pathogenic
genes. For example, Usher syndrome is a group of
autosomal recessive single gene diseases. Despite the
genetic heterogeneity, the method of targeted target gene
sequencing can detect pathogenic mutations caused by
different mutation modes such as single base or sequence
rearrangement at a time, improving the diagnostic
efficiency (71).

3.4. RNA sequencing

RNA sequencing can not only be used to diagnose some
rare diseases involving specific RNA pathogenesis, but
also to identify rare diseases caused by abnormal protein
transcriptional levels caused by splice site variations.
Abnormalities regulated by miRNA may be one look
at the pathogenesis of rare diseases, and detection of
the variation types of miRNA may provide a reliable
basis for clinical diagnosis. The use of RNA sequencing
to diagnose rare muscle diseases from a genetic
perspective, and the detection of skeletal muscle sample
RNA, indicates that RNA sequencing can effectively
identify harmful splicing sites located in exon or deep
intron regions, and the overall diagnostic rate can
reach 35% (72). The application of RNA sequencing
in peripheral blood RNA analysis can improve the
clinical diagnostic rate, and reduce the interference of
mutations of unknown significance in the diagnosis of
rare diseases. Splice analysis combined with prediction
software such as SpliceAl can determine the important
splicing abnormalities at the diagnostic level, and clarify
the functional effects of some mutations of unknown
significance (73). In addition, by detecting disease-
related miRNAs and tracing them to find the mRNAs
and coding genes regulated by them, it is also helpful to
study rare diseases with unknown pathogenic genes.

3.5. Third-generation sequencing technology (TGS)

TGS, namely single molecule sequencing, abandons
the sample amplification step that is prone to error,
realizes the sequencing of a single DNA molecule, and
the measurement results can be exported immediately,
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further shortening the sequencing time from several
days to several hours or even several minutes, which is a
faster and more efficient sequencing method than second
generation sequencing. Merker et al. (74) used TGS to
detect structural variation of the PRKARIA gene, and
thus diagnosed a case of Carney syndrome. Despite
many advantages, TGS has a high error rate, SMRT can
reach 15% (75). Although it is a random error that can
be overcome by sequencing multiple times, it also faces
problems in information storage and result interpretation
and ethical issues related to genetic information.

3.6. Proteinomics

At present, the detection technology of proteinomics
is mainly based on mass spectrometry and affinity-
based protein analysis, which has shown outstanding
advantages in the diagnosis of some rare diseases. For
example, GM2 ganglioside deposition in neural stem
cells of Tay-Sachs patients was successfully detected
by liquid chromatography-tandem mass spectrometry
(76). Guo et al. (77) established a method based on two-
dimensional nanometer ultra-high performance liquid
chromatography and mass spectrometry analysis, which
can detect the down-regulation of frataxin protein level
from platelets of Friedrich's ataxia patients, and this
method can be used for auxiliary diagnosis of diseases or
judgment of intervention effect. Protein level detection
is an important part of the diagnosis of rare diseases,
and the results of proteinomics analysis may be directly
related to disease phenotype.

3.7. Metabonomics

Metabonomics is a method to systematically study the
metabolites of small molecules (< 1,500 Da) produced
by biochemical reactions, which can monitor cell
pathways in real time and reflect the metabolic state of
cells, tissues and even organs. The study of metabolites
can also reveal the hidden biochemical mechanism of
diseases and provide new ideas for the diagnosis of
some rare genetic metabolic diseases. Graham et al.
(78) evaluated and integrated WGS data and liquid
chromatography-mass spectrometry non-targeted
metabolomics data, and determined the variation and
priority of congenital metabolic diseases, suggesting
that metabolomics detection is of great significance for
the screening and diagnosis of rare diseases, especially
hereditary metabolic diseases.

3.8. Other auxiliary diagnosis methods

It is necessary to attach importance to the application of
information technology in the diagnosis of rare diseases
while developing various biological technologies for
diagnosing rare diseases. Creutzfeldt-Jacob disease is
characterized by high signal intensity in brain gyrus and

striatum on FLAIR sequence on MRI, which has high
diagnostic value and is listed as one of the diagnostic
criteria of CJD. Serum ceruloplasmin < 80 mg/L is strong
evidence for the diagnosis of Wilson's disease. SpliceAl
software developed by Illumina Company in the United
States can predict the location of genome splicing sites,
and analyze high-throughput sequencing technical data
to effectively identify non-coding gene mutations that
can cause abnormal splicing events (79). Face2Gene
system developed by American digital medical company
can identify facial features related to diseases through
photos, thus assisting in identifying rare diseases (80).

4. Prevention and control of birth defects and rare
diseases in the era of genomic medicine

As mentioned above, in recent years, with the rapid
development of genomic detection technologies such as
high-throughput sequencing, the level of screening and
diagnosis of hereditary birth defects and rare diseases has
greatly improved, and genomics plays an important role.

4.1. PGT and preconception carrier screening to prevent
birth defects: primary prevention and control

PGT can be used for molecular genetic screening
and diagnosis of embryos or gametes, which involve
fluorescence in situ hybridization, microarray analysis,
and second-generation sequencing.

Indications for PGT-M include monogenic
genetic diseases with clear pathogenic genes, such as
achondroplasia, osteogenesis imperfecta, thalassemia,
hemophilia, Duchenne muscular dystrophy, and
hereditary polycystic kidneys. Continuous breakthroughs
in new detection technologies have also opened new
prospects for the prevention and control of rare genetic
diseases. For example, single-cell whole-genome
sequencing, including single sperm/egg whole-genome
and transcriptome sequencing, can detect chromosomal
abnormalities and base mutations in a single cell. Owing
to its technical advantages of high accuracy and high
genome coverage, it has been gradually applied in the
field of reproductive medicine (87). The combination of
single-cell genome amplification technology and deep
sequencing will not only elucidate the pathogenesis of
more genetic diseases but also facilitate high-throughput
screening and diagnosis of birth defects and rare diseases.

4.2. Prenatal screening and diagnosis to reduce the birth
of severe defects: secondary prevention and control

Noninvasive prenatal testing (NIPT) sequencing of
fetal DNA in maternal blood has better sensitivity and
specificity while avoiding unnecessary invasive prenatal
examinations and has become an important means of
screening for fetal aneuploidy diseases. The detection
range of NIPT ranges from the early stage, which
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mainly involves trisomy 21,18,13 to the screening of
chromosomal microdeletion, microduplication, and
other syndrome diseases (§2). With the continuous
development and application of sequencing methods
and trophoblastic separation of fetal-derived cells,
the sensitivity of NIPT in the detection of fetal sex
chromosome abnormalities, microdeletions, and
microduplications has greatly improved, and the
detection time window has advanced, allowing sufficient
time for clinical diagnosis and decision-making.

Genomic abnormalities, including chromosome
numerical abnormalities, large duplications, and
pathogenic copy number variations (pCNVs), are
important causes of birth defects. Compared to other
techniques such as karyotype analysis and chromosomal
microarray analysis, CNV-seq has the advantages of a
wide detection range, high throughput, simple operation,
good compatibility, and low DNA sample volume. CNV-
seq technology has been gradually applied in clinical
practice as a first-line prenatal diagnostic tool.

4.3. Postpartum newborn screening to reduce the risk of
disability: Three-level prevention and control

Neonatal disease screening refers to the mass screening
of diseases with serious consequences in the neonatal
period; early diagnosis and treatment can avoid or reduce
harm to the greatest extent. Currently, newborn heel
blood screening, tandem mass spectrometry screening,
and newborn hearing screening are routinely performed.
With the rapid development of gene sequencing
technology, the prospects of using WES and WGS as
new auxiliary methods have attracted considerable
attention (83).

5. Conclusions

Prenatal diagnosis and maternal-fetal medicine, as
"pioneers" in the diagnosis and treatment of rare
diseases, play an extremely important role in the
clinical and scientific research systems of rare diseases.
Prenatal screening and diagnosis and their corresponding
management, promotion, and establishment of norms
have become "urgent matters". However, implementation
and achievement of precision, safety, economy, and
ethics are the difficulties that need to be overcome.

The development of genomic technology has
advanced the diagnosis, prevention, and control of
hereditary birth defects and rare diseases to new heights.
The United Nations launched the 100,000 Genomes
Project in 2013, which achieved great success and
provided the basis for the National Health Service
genomic medicine service, becoming the first national
healthcare system to provide genomic medicine services
at the WGS. To fully realize the great potential of
genomics in scientific research and clinical practice,
it is necessary to continuously update and improve

interdisciplinary collaboration, cross-population,
policies, and regulations to ensure a more comprehensive
understanding of the pathogenesis of diseases and the
correlation between phenotypes and genotypes, which
will help improve the equity of global access and the
return to genomics. To promote the establishment of
new, more standardized, and individualized prevention
and treatment strategies to block the occurrence of the
disease from the root to the greatest extent and benefit
more patients.
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SUMMARY

Keywords

Effective control of rare diseases requires health programs based on principles of protection
and prevention. Carrier screening programs serve as preventive measures by identifying at-
risk groups. This review examines the impact, implementation, advantages, and disadvantages
of carrier screening, incorporating examples from ten countries: the United States, Canada, the
United Kingdom, Israel, China, Australia, Italy, Germany, the Netherlands, and Turkey. Data on
carrier screening and related policies were collected from July to November 2022 and presented
in a tabular format using a coding system devised by the authors. Variability was observed in the
diseases/disorders and populations screened, screening expenses, and government provision across
the countries. The number of diseases/disorders examined, ranging from 3 to 47, was determined by
committee guidelines, government resources, pilot studies, and national institute resources. Notably,
carrier screening programs exhibited greater worldwide inconsistency compared to newborn
screening programs. The comparative analysis of developed countries serves to guide emerging
nations. To address inequalities at both local and global levels, there is a need to enhance the
establishment, development, and implementation of carrier screening programs. Furthermore, cost
analyses of screening should be conducted, and adequate funding should be allocated to countries. In
conclusion, this review highlights the preventive potential of carrier screening for rare diseases and
emphasizes the importance of improving carrier screening programs globally to achieve equitable
healthcare outcomes.

rare disease prevention, carrier screening, preconception carrier screening, premarital screening,
early diagnosis screening

1. Introduction

A rare disease is defined by the fact that it affects a
small percentage of the population. However, there is
no internationally recognized definition of rare diseases
(1,2). In the European Union, rare diseases are classified
as life-threatening or chronically debilitating diseases
that affect fewer than 5 in 10,000 people. In the United
States, rare diseases are recognized as diseases that
affect fewer than 200,000 people, or 1 in 1500, and in
Japan, fewer than 50,000 people, or 1 in 2,500 (7-3).
The diagnosis and treatment of rare diseases, which
are regarded as significant global health issues, are
challenging and expensive (2,4,5).

2. The significance of health screenings in rare
diseases

As with all diseases, in order to be successful in
controlling rare diseases, the health program to be
implemented must be based on the public health
principles of protection and prevention. Preventive
health services are classified into five groups/classes.
These groups are named primordial, primary, secondary,
tertiary, and quaternary prevention. In this context,
the use of screening tests in a comprehensive rare
disease control program is the most important tool or
intervention. The primary goals of screening programs
are as follows: 7) Identifying at-risk individuals or
carriers for screening, protecting them from the risk,
and preventing disease onset (primary prevention); ir)
Detecting and efficiently treating affected individuals
at an carly stage (at the asymptomatic/preclinical stage)
(secondary prevention) (2).

The application of screenings in rare disease control
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programs at this point has two purposes: i) identification
of individuals who are carriers (autosomal recessive (AR)
or heterozygous for a pathogenic or possible pathogenic
variant in an X-linked disease; in other words, those
who are at risk of having an affected offspring (primary
prevention); and ii) ensuring that affected individuals
are diagnosed at an early stage and receive the most
appropriate and effective treatment (secondary
prevention) (2,6) (Figure 1).

3. Who should be screened?

Over 40 years ago, Wilson and Jungner, on behalf of
the World Health Organization (WHO), developed a
gold standard criterion for the evaluation of population-
based screening. The Wilson and Jungner principles
are a guide for how governments make decisions about
screening, but how they are put into practice varies
around the world to fit the needs of local circumstances
(2,7). The American College of Obstetricians and
Gynecologists (ACOG) issued a committee opinion in
2017, with an expanded panel recommending screening
for conditions with a carrier frequency above 1%. Guo
et al. also found that screening only for conditions with
carrier frequencies above 1%, corresponding to variants
in just 40 genes in their study, would identify 76-97%
of carrier pairs. Chokoshvili et al. compared 16

different suppliers of expanded carrier screening panels,
and they discovered that only three diseases (Cystic
Fibrosis (CF), Maple Syrup Urine Disease 1B and
Niemann-Pick Disease) were found to be screened in
common (2,8). Concerning the current status of carrier
screening, the American College of Medical Genetics
and Genomics (ACMG) published a practice resource
in 2021 and proposed the establishment of a tier-based
carrier screening system. This system is divided into
four tiers, with Tier 1 screening focusing on screening
for CF and Spinal Muscular Atrophy (SMA) regardless
of ethnicity or population. Tier 2 and tier 3 screenings
propose using carrier frequency as a way of selecting
what to include in carrier screening in the general
population. Tier 4, on the other hand, doesn't have a
minimum frequency requirement, and the number of
conditions that can be screened can be substantially
expanded. The practice resource recommends Tier
3 carrier screening be offered to all patients who are
pregnant or planning pregnancies, and Tier 4 screening
be used when a family or personal medical history
necessitates the test and when the pregnancy is the
result of a known or potential consanguineous marriage

(2,06) (Figure 2).

4. An approach to the current status of carrier
screening policies in the selected countries

Diagram: COMPREHENSIVE CONTROL PROGRAM FOR. RARE DISEASES

(DISEASES ONCET AND PROGNOSIS)

and raising the
literacy level of the
public

personnel

PRECLINIC PHASE CLINIC PHASE
PRIMORDIAL PRIMARY SECONDARY TERTIARY
PREVENTION PREVENTION PREVENTION PREVENTION
Evaluation of the Determinations of | Early diagnosis Monitoring of
social determinants | the risk groups patient and ongoing

care
Legal regulations | Elimination of risk | Suitable treatments | Rehabilitation
factors interventions
Making the Premarital genetic | Easy access to Independency of
infrastructure for screenings health services the people and
health services adequate income
Public education Prevent risk factors | Education of health | Social participation

Raising the welfare
level of the public

Prevent exposures

[P

Easy-to-use
healthcare facilities

"

\/

QUARTERNARY PREVENTION
Prevention the overmedicalization

Patient safety/Health services safety

Careful prescription/Attentive medical intervention/avoiding side effect

Avoiding fragmented and extreme specialization

Combination of palliative care and monitoring

Figure 1. Diagram illustrating comprehensive control program for rare diseases. This diagram is developed by Dr. Akdur (2).
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Tier 4:
<1/200 carrier frequency (includes Tier 3)
Genes/ condition will vary by lab

Tier 3:
>1/200 carrier frequency (includes Tier 2)
includes X-linked conditions

Tier 2:
>1/100 carrier frequency
(includes Tier 1)

Tier 1:
CF+SMA+Risk Based Screening

Figure 2. Diagram illustrating the tier based approach proposed
by ACMG. This figure is based on the Tier Based Approach Proposed
by ACMG (6).

In this review, databases, websites and organizations
were examined with the purpose of examining the current
literature on carrier screening. Additionally, the number
of diseases/disorders screened by carrier screening in
the United States, Canada, the United Kingdom, Israel,
China, Australia, Italy, Germany, the Netherlands,
and Turkey, the specific conditions under which these
diseases/disorders are screened, and the official policies
of these countries on carrier screening, including
guidelines published by interested associations and
organizations, were investigated. The official websites
of the national health institutes and health ministries of
these countries were analyzed.

4.1. The process of study selection and the strategy
applied to obtain data

Databases such as PubMed, ResearchGate, and Google
Scholar were searched with "((carrier screening
[Title/Abstract]) or (carrier screening program [Title/
Summary])) or ((preconception carrier screening
[Title/Summary]) or (premarital screening [Title/
Summary])" strategy with an emphasis on open access
articles. "(("Country" carrier screening) or ("Country"
carrier screening program))" search methods were
adopted whilst websites, organizations and Google
Search database, as well as the PubMed database,
were studied. A total of 1,071 journal articles, books,
and reports were scanned in the databases in addition
to records from websites and organizations. Records
published between 1972 and 2022 were examined, with
an emphasis on the ones published in 2017 and later.
The research began in October 2021 and was mainly
conducted from July 2022 to November 2022. The
study mostly utilized English-language sources, but
it also examined documents in the national languages
of Turkey, Italy and the Netherlands. The evaluation
of the literature, data extraction and assessments were
conducted collectively by the authors. The review was
formatted based on the PRISMA guidelines (9).

4.2. Eligibility criteria and the assessment of risk of bias

The authors benefited from elimination criteria such
as i) subject and terminology cooperation among
obstetrics and gynecology and public health disciplines;
ii) construction to the extent that it may benefit multiple
specialties; iii) emphasis on reports written in English;
and 7v) attainment of coherence when the reports were
analyzed for inclusion and exclusion. The risk of bias
assessment was conducted with the ROBIS tool by the
authors (/0). Eligibility criteria, synthesis process, and
findings were addressed. Additionally, the criteria for
identifying and collecting the studies to be included in
the paper were investigated.

5. Current status of carrier screening policies in
selected countries based on the number of diseases/
conditions screened and the spesific circumstances
the diseases/conditions screened

A total of 32,662 records from 4 databases, 516 records
from websites, and 464 records from organizations were
identified with search engines. Subsequent to retrievals
and assessments, 41 reports were included in the review
(Figure 3)

In this review, the diseases/disorders screened for
or recommended to be screened by the official carrier
screening programs of the ten countries were described.
The conditions under which these diseases were screened
were included by searching publicly available sources
on the internet, including databases, websites, and
organizations. However, different types of resources have
been publicly accessible for each country. Since there
haven't been routinely created resources for rare diseases,
the most recent and available materials were utilized in
order to emphasize rare diseases. To address the issue,
the documents were classified and prioritized according
to this classification. The following documents were
prioritized by the authors: government data, committee
guideline data, pilot study data, and national institution
data, respectively. The data obtained is presented as
a table consisting of 73 diseases/disorders. A coding
system was generated by the authors to demonstrate the
data since the carrier screening plans of each country
vary significantly. The coding system, consisting of
numerals and letters, was explained in detail below the
table. The codes "A, Al,A2, B, C, Cl1,C2,C3,C4,D, E"
symbolize the conditions for which diseases are screened.
The codes "cg, gd, ps, ni" are the abbreviations of the
following document types: committee guideline data,
government data, pilot study data, and national institution
data, respectively. The codes "cgl, cg2, gd1, gd2, gd3,
gd4, ps, nil, ni2, x1" categorize and represent the data
resources of each country (Table 1, Online Data, http://
www.irdrjournal.com/action/getSupplementalData.
php?ID=16)5).

The availability of different types of data
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i
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Figure 3. Diagram illustrating the identification of records. This diagram is developed based on PRISMA 2020 (9). The criterion of the two
disciplines were formulated on obstetrics and gynecology and public health disciplines.

demonstrates the significance and implementation
of carrier screening programs in various countries.
However, a homogeneous comparison cannot be made
between the carrier screening programs of the countries
due to different data. In terms of application, government
data and committee guideline data take precedence;
however, it is not possible to rank the other forms of
data.

The number of diseases/disorders screened by
the ten countries ranged from 3 to hundreds. It is
recommended to screen for 18 diseases/disorders in
the USA (/7) and 16 diseases/disorders in Canada
(12) according to committee guidelines. 4 diseases/
disorders in the UK (8), 30 diseases/disorders in Israel
(13,14), and 3 discases/disorders in Turkey (/5-17) are
screened for based on government resources. In Italy, 3
diseases/disorders are recommended to be screened by
molecular genetic testing by the government resources
(18,19). In the Netherlands, 47 diseases/disorders
may be screened in a national health institute (20). In
Australia, it is recommended to screen the general public
for 3 diseases/disorders even though it is possible to
screen for hundreds of diseases/disorders in a national
health institute (2/-23). 11 diseases were screened in
a pilot study in China in 2019 (24). Although there
are laboratories in Germany that are able to screen for
numerous conditions, social screening is not currently
available (25). Carrier screening programs were provided
free of charge or for a fee by the government in some
countries and for a fee by private health institutions in
others. The carrier screening test is not covered by the
government in the USA (26), Australia (22), Germany

(25), or the Netherlands (27); however, private health
insurance is accessible. Under specific conditions,
such as being referred by a hospital specialist, having
designated ethnic origins, and marriage, screening is
covered by health insurance in the UK (26), Israel (/3),
and Turkey (15,16), respectively. While screening tests
for some diseases/disorders were conducted nationwide,
tests for other diseases/disorders were administered to
at-risk groups identified by different countries based
on their own populations (8,11-18,20-24). Compared to
newborn screening (NBS), carrier screening programs
revealed a higher degree of heterogeneity in terms of the
diseases/disorders screened for, the number of diseases/
disorders screened for, and the groups screened for, and
the tests were generally not covered by the state or only a
small number of diseases/disorders were covered by the
state (29).

6. Carrier screening in Turkey

The carrier screening program in Turkey is available as
the Premarital Screening Program, which consists of the
Premarital Hemoglobinapathy Screening Program and
the Premarital Carrier Screening Program for SMA.

6.1. Premarital screening program in Turkey

Anamnesis, physical examinations, and blood sampling
for laboratory tests are administered to couples who
are getting married. The program includes tests for
hemoglobinopathy screening, blood group determination,
SMA screening, and infectious disease screening (/6,30).
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6.2. Premarital hemoglobinopathy screening program in
Turkey

The prevalence of beta-thalassemia carriers in the
Turkish population is 2.1%, with regional variations
ranging from 0.6% to 13%. In the absence of any
intervention program, it is estimated that 400 new
cases arise each year (/7). Studies also revealed that
Turkey has an alpha-thalassemia prevalence of 0.25%,
with regional variations (3/). Although the Law on
Combating Inherited Blood Diseases was published in
1993 and the Regulation on Hemoglobinopathy Control
Program and Diagnosis and Treatment Centers was
published in 2002, thalassemia has not been eradicated
in Turkey in 25 years. Thalassemia is still considered to
be a condition that has a severe burden on the Turkish
economy (30). The program aims to extend the life
expectancy of existing hemoglobinopathy patients,
increase their quality of life, and prevent abnormal
hemoglobin diseases (/5). The operation of Premarital
Hemoglobinopathy Screening Program in Turkey was
reported in Figure 4.

6.3. Premarital carrier screening program for SMA

Due to Turkey's significantly high carrier rates, the SMA
carrier screening program began to be implemented in 81
provinces as of the end of December 2021. This initiative
aims to identify couples who are both SMA carriers,
give genetic counseling to families, inform and guide
individuals about prenatal or pre-implantation diagnostic
test choices, and reduce the long-term morbidity and
mortality associated with SMA disease. SMA carrier
screening is administered to spouses who apply for a
premarital health evaluation and to married couples (/6).

7. Importance of screening in consanguineous
marriages

In clinical genetics, consanguineous marriages are
defined as marriages between second cousins (fifth
degree relatives) or more closely related family members
(32). A study published in 1972 reported that the rate
of consanguineous marriages in Turkey was 29.2%,
and 80% of these marriages were between children

Premarital Hemoglobinopathy Screening Program
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FMU/CHCMHLC
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counseling to the individual who applies to
the family physician for a marriage certificate.

The family physician will have the prospective
male partner sign the Commitment and Informed
Consent Form (1) and collects a blood sample.

L 4

Provincial Directorate of

Health sends

blood samples to laboratories

designated/authorized by the Department of Consumer Safety and Public Health.
It is analyzed in the laboratory, and the biochemistry specialists evaluate the

results.

v
[ If the result is "NORMAL", no

carrier status has been detected.

B

[ Follow-up is discontinued. ]

PDH: Provincial Directorate of Health
FMU: Family Medicine Unit

CHC: Community Health Center
HLC: Healthy Life Center

L 2

If a carrier status is DETECTED/SUSPECTED, the
FMU asks the female partner to sign an informed
consent form and collects a blood sample.

¥

The PDH sends the blood sample to the
laboratory

The laboratory analysis is followed by an
evaluation of the results.

¥

If both partners are CARRIERS or have )
SUSPICIOUS results, they are referred

by the FMU to a hematologist/ internal
medicine specialist (if there is no
hematologist in the province)

L

The FMU where the woman is reuislered\
notifies the provincial authorities when
a pregnancy is planned or confirmed,

4

the Informed Consent Form (2) is signed,
and the woman is then referred to the
Genetic Diseases Diagnosis and
Treatment Centers. The FMU continues to
monitor her througheut her pregnancy.

=
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Genetic Diseases Diagnosis T:i’;m” -

and Treatment Centers, and The FMU notifies the
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Figure 4. Diagram illustrating the operation of the Turkish premarital hemoglobinopathy screening program. This diagram is based on the
Premarital Hemoglobinopathy Screening Program of the Republic of Turkey, Ministry of Health (/7).
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of siblings (33). Moreover, according to data from
the Turkish Statistical Institute (TUIK), 8.3% of the
population were married to their first cousins in 2021
(34). The reproductive risk that sets consanguineous
couples apart from other couples in the general
population is reportedly related with AR diseases/
disorders, according to a 2021 study looking into the
impacts of consanguineous marriages. A protocol based
on whole exome analysis (WES) was developed, where
the exomes of 39 consanguineous couples were studied,
by the researchers in response to this statement. It was
reported that eight couples shared heterozygosity for
at least two pathogenic mutations, whereas 53.8% of
couples shared heterozygosity for at least one variant
that was thought to be pathogenic or possibly pathogenic
for an AR disease. It was recommended that carrier
screening with WES should be incorporated into
genetic counseling for all consanguineous couples and
since consanguineous couples occasionally have more
than one shared pathogenic gene, even couples whose
children have already been diagnosed with AR disease
should undergo carrier screening with WES (35). In a
different study, preconception carrier screening (PCS)
was carried out on a population of Dutch women of
Turkish and Moroccan descent in 2018, where the rate of
consanguineous marriages in these groups was reported
to be around 20-25%. Although already known to have a
high incidence of AR diseases in their families, after the
screening results were disclosed, they did not accept the
reproductive options of prenatal genetic diagnosis (PND),
pregnancy termination (TOP), in vitro fertilization (IVF)
with donor oocytes, artificial insemination with sperm
donation (AID), or adoption. IVF with preimplantation
genetic diagnosis (PGD) was, on the other hand, widely
accepted. The study also noted that women were vocal
about avoiding getting married or even divorcing
when both partners were carriers and favored PCS for
premarital screening. In order to provide successful
health care, it was claimed that bringing attention to
consanguineous marriages and their effects, as well as
being sensitive when giving information, screening, and
counseling services to these families, were essential (32).

8. Advantages and disadvantages of carrier screening

The advantages of universal screening include the
elimination of ethnic or racial factors, the reduction
of stigma, and the removal of the burden on patients
or physicians to recognize risk (2,8). For a screening
program to remain as a beneficial source, however, long-
term assessments must be made, and its application to
the current context and conditions, its technological
applicability, and the efficacy of the treatment that
follows must also be taken into account. For instance,
the impact of a nationwide CF carrier screening program
in Israel reduced the number of infants born with CF
who have a relatively severe phenotype. As a result, the

program's organizers chose to remove CF from the NBS
panel. When offered during the preconception period,
carrier screening allows couples to make informed
reproductive decisions, such as not having children,
adopting, using PGD or IVF to avoid having an affected
child, or having a child naturally while being aware of the
risks. By providing prospective parents with a diagnosis
before the baby is born, pre-conception screening can
prevent the birth of an affected child. Attempting to
prevent the decision to terminate an affected pregnancy
makes it more favorable in this regard than prenatal
screening (2,7).

Universal screening is expected to increase costs and
complicate genetic variant analysis across laboratories.
There will be a need to ensure that carrier screening
tests have adequate accuracy and sensitivity across the
population (2,8). The expansion of carrier screening
panels, in contrast to NBS public health programs, is
currently primarily driven by commercial interests, is not
founded on professional guidelines or defined criteria,
and leads to a wide selection of tests covering hundreds
of conditions. It may appear appealing to use a single
test for multiple diseases/disorders at nearly the same
cost. However, Next Generation Sequencing (NGS)
may inadvertently begin to include diseases/disorders
that are mostly symptomatic in adults, less pathogenic
DNA variants or variants of unknown significance.
Also, not all prospective parents choose to participate
in carrier screening tests or act on screening results
because screening tests are not always able to detect all
carriers. ACOG has stated that NBS remains significant
as a screening method and cannot be substituted for this
reason (2,36).

9. Public perspectives

In recent years, numerous studies have been conducted
on diverse populations throughout the world with the
objective of assessing public readiness and perspective
on the subject of carrier screening, with a focus on
issues including test providers, availability, suitable
planning, and disclosure of the results, follow-up care,
the hesitations and willingness of the people, and in what
forms they should be expected to comply with these
programs.

In 2018, Mathijssen et al. examined 182 participants'
pre- and post-carrier screening experiences with the
PCS offer for 4 AR illnesses in the Netherlands. It
was mentioned that genetic conditions were publicly
acknowledged among the participants, and they had been
told about the screening via their families and coworkers.
It was stated that 63% of participants reported feeling
apprehensive while awaiting their screening results, but
their anxiety levels subsided subsequently, and only a
small percentage of carriers reported feeling less healthy.
It was also notified that 97% of those tested reported no
regrets regarding the test, and 97% would suggest it to
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others. Additionally, the readers were informed that 94%
of respondents agreed that couples should always seek
pre-test counseling, and 83% stated they should seek it
from a genetic counselor rather than their physician (37).

In a 2021 study by Bonneau et al. in France, it was
shown that 91% of 1,568 participants had a favorable
opinion of PCS, and 57% would be open to screening if
it were available. A family doctor's or a gynecologist's
medical prescription and social security insurance
coverage for the test were reported to be the best ways
to recommend testing, according to the majority of
responders. Because of their ethical or moral convictions
and concern that the results would cast doubt on the
pregnancy, 19% of respondents claimed they were
unwilling to be tested in the study. Despite the possibility
that the results could medicalize the pregnancy, the
majority of respondents viewed the test as a medical
advancement. According to the findings, 65% of French
physicians were not aware of this kind of test, and there
was no discernible knowledge gap between them and the
other respondents (38).

In a 2020 study conducted in the UK by
Boardman et al., the experiences and perspectives of
a group of 20 thalassemia patients, those who have
family members with thalassemia, and thalassemia
carriers about preconception, prenatal, and neonatal
thalassemia screening were examined. All prospective
screening modalities were reported to receive a lot of
encouragement because the majority of participants
described thalassemia as a burdensome condition with
a variety of adverse effects. However, particularly in
religious communities, it was discovered that cultural,
social, and, to a smaller degree, religious factors
devalued the advantages of early screening, as stated by
the study (39).

In 2021, Rabkina et al. surveyed 260 women who
were nulliparous. 43.5% of respondents indicated that
they were aware of carrier screening prior to the poll,
and 77.8% indicated that they were interested in it.
Reassurance and the desire to have information while
making decisions about future pregnancies were listed as
the key drivers of interest. A healthcare professional's in-
person consultation was preferred (40).

Participants in a 2017 study by Chokoshvili et al.
in Belgium were reported to show strong interest in
reproductive genetic testing, such as prenatal testing
and carrier screening for AR diseases/disorders, but low
interest in genetic testing of newborns for susceptibility
to adult-onset diseases/disorders. In addition, it was
mentioned that there was a greater desire to undergo a
predictive genetic test on oneself when the genetic testing
is limited to ailments that are treatable or avoidable.
According to the study, the vast majority of respondents
stated that commercial offers of genetic testing through
pharmacies or the internet were inappropriate and that
genetic tests should instead be carried out in hospitals
with a doctor's approval (41).

Carrier screening programs for rare diseases, like
other diseases, are the result of a collaborative effort
between multiple medical disciplines. In the existing
literature, however, there are few studies that incorporate
the views of many fields. There is also limited literature
on carrier screening programs for rare diseases, as
well as access to a representative sample of relevant
government papers. It may be advantageous to identify
the most effective carrier screening techniques for the
needs of the countries, because the diseases expected to
be seen may differ accordingly. These screenings should
be in accordance with their national health policies and
implemented as routine programs by conducting cost
analyses along with the potential screening outcomes. All
countries' genetic infrastructures should be thoroughly
studied, and appropriate planning should be made by
health professionals for diseases/disorders that can be
detected through carrier screening, which can cause
workforce loss, disease disability, and death, which may
influence future generations in terms of public health,
or whose disease outcomes might be disastrous and
economically destructive and should be implemented as
routine programs. Therefore, it is expected that carrier
screening programs, similar to newborn blood spot
screening, will become more widespread and that the
examples of many countries will serve as a model for
other countries in these efforts to protect public health
(29).

10. Conclusion

In conclusion, this study has shed light on the disparities
in carrier screening programs across countries,
emphasizing the significant policy differences that exist.
These variations, ranging from the involvement of health
ministries to committee guidelines, university-level
research, pilot studies, and individual scientists' research,
underscore the low global priority and insufficient
attention given to rare diseases.

Moving forward, further research should focus on
establishing the necessary scientific infrastructure to
develop and implement universal carrier screening
programs. This effort is crucial for addressing
inequalities in both local and global contexts, as health
is a fundamental human right that should be ensured
from birth. While common causes of mortality and
morbidity such as chronic diseases and accidents receive
considerable attention, rare diseases have a profound
impact on individuals and society. They cause illness,
disability, and death, leading to the loss of productivity,
economic burdens, and psychological issues.

Rare diseases contribute significantly to the disease
burden in terms of years lost due to premature death
(YLL) and years lost due to disability (YLD). Neglecting
rare diseases can result in severe healthcare challenges,
especially in small-local communities. Therefore,
it is imperative to define diagnosis, treatment, and
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rehabilitation services for these diseases and address the
social, psychological, and economic burden on caregivers
in countries without carrier screening programs.
For countries with existing programs, conducting
a comparative cost analysis is necessary to allocate
financial resources for individuals with the disease who
were not screened and may have children.

Considering the high costs associated with
diagnosing and treating rare diseases, it is crucial for
international organizations to provide financial support
to countries lacking sufficient economic infrastructure.
By establishing and implementing carrier screening
programs, the occurrence of diseases can be prevented,
leading to improved health and overall societal well-
being in future generations.

While this study serves as a guide for developing
countries, it is essential to acknowledge that rare diseases
pose a more severe challenge in underdeveloped regions
where health problems often go undetected and health
records are inadequate. However, rare diseases will not
be noticeable until common mortality causes such as
hunger, poverty, and acute infections are eliminated.
Despite this study and other studies, rare diseases will
continue to be the invisible face of the iceberg due to the
nature of development differences between countries.
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SUMMARY

VEXAS syndrome, is a hemato-inflammatory chronic disease characterized with predominantly
rheumatic and hematologic systemic involvement. It was first described in 2020 by a group of
researchers in the United States. VEXAS syndrome is a rare condition that primarily affects adult
males and is caused by a mutation in the UBA1 gene located on the X chromosome. Its pathogenesis
is related to the somatic mutation affecting methionine-41 (p.Met41) in UBA1, the major E1 enzyme
that initiates ubiquitylation. Mutant gene lead to decreased ubiquitination and activated innate immune
pathways and systemic inflammation occur. The specific mechanism by which the UBA1 mutation
leads to the clinical features of VEXAS syndrome is not yet fully understood. VEXAS is a newly
define adult-onset inflammatory syndrome manifested with treatment-refractory fevers, arthritis,
chondritis, vasculitis, cytopenias, typical vacuoles in hematopetic precursor cells, neutrophilic
cutaneous and pulmonary inflammation. Diagnosing VEXAS syndrome can be challenging due to its
rarity and the overlap of symptoms with other inflammatory conditions. Genetic testing to identify
the UBA1 gene mutation is essential for definitive diagnosis. Currently, there is no known cure for
VEXAS syndrome, and treatment mainly focuses on managing the symptoms. This may involve the
use of anti-inflammatory medications, immunosuppressive drugs, and supportive therapies tailored
to the individual patient's needs. Due to the recent discovery of VEXAS syndrome, ongoing research
is being conducted to better understand its pathogenesis, clinical features, and potential treatment
options. In this review article, the clinical, diagnostic and treatment approaches of VEXAS syndrome

were evaluated in the light of the latest literature data.

Keywords

1. Introduction

In December 2020, a revolutionary study was shared
with scientific community, which sheds light on the
pathogenesis of some diseases and has strong evidence
of gene-disease relationship (/). Using a genotype-
driven approach, the authors identified a disorder that
connects seemingly unrelated adult-onset inflammatory
syndromes, named the VEXAS (vacuoles, E1 enzyme,
X-linked, autoinflammatory, somatic) syndrome. The
recurrent and acquired somatic mutations were found in
UBAL, a gene encoding the ubiquitin-activating enzyme
1, which is necessary for the initiation of ubiquitylation
(2). UBAL is expressed as two isoforms (nuclear and
cytoplasmic) differing in translation start site; nuclear
UBAIla initiated at p.Metl and cytoplasmic UBA1b
initiated at p.Met41 (3). Ubiquitylation is a type of post-
translational modification of proteins that is regulate the
intracellular signaling and protein degradation through

VEXAS syndrome, clinical, diagnositc, treatment, approaches

the proteasome or the autophagy-lysosome system (4).
Loss of cytoplasmic UBAI function and disruption of
ubiquitylation process involving also myeloid lineage
cells leading to uncontrolled inflammation resulting in a
late-onset, treatment refractory inflammatory syndrome
with associated hematologic abnormalities (5).

The possible role of various genes in the pathogenesis
of rheumatological diseases has been investigated (6). As
a result of genetic studies, monogenic (autoinflammatory)
and/or polygenic (autoimmune) rheumatological
diseases have been defined (7). Autoimmunity and
autoinflammation were considered as "double-edged
knife"; an one end of the "knife" are the various
autoantibodies produced by B-cells and the other end are
monogenic autoinflammatory diseases (§). Connective
tissue disecases (ex. SLE) are the representative
autoimmune diseases that depends on acquired
immunity, whereas FMF are the representative of the
autoinflammatory diseases in which the innate immunity
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have important role (9). While the "borders" are so
clearly have been drawn in rheumatology, some diseases
have features belonging to both disease groups (/0). With
the definition of VEXAS syndrome, some "boundaries"
in theumatology knowledge have been crossed and the
"walls" have been broken. This syndrome involving the
clinical pictures of autoimmune and autoinflammatory
diseases both opened new era in our knowledge.

Herein we review the genetic, immunological,
clinical and treatment aspects of a newly defined VEXAS
syndrome.

2. Focus on somatic mutations in rheumatology
practice

It is well known that different genes play an important
role in the pathogenesis of rheumatic diseases.
Increased expression and/or gene polymorphisms of
some genes have been shown to determine disease
susceptibility, clinical course, and sometimes prognosis
of the diseases (//). Rheumatological diseases can
be polygenic and/or monogenic, and sometimes they
can carry the characteristics of both groups (/2). In
general, the "borders are well drawn" in rheumatology
and the diseases are well defined in terms of genetics.
Autoimmune diseases are characterized by the synthesis
of different B-lymphocyte-derived autoantibodies as
a result of autoreactive T-cell activation triggered by
an unknown antigen. It has been reported that many
genes may be responsible for the pathogenesis of these
diseases, not a single gene (/3). It is well established that
autoimmune diseases have common mechanisms and are

Table 1. Somatic mutations in rheumatic diseases

caused by both genetic and non-genetic risk factors. One
novel risk factor that can contribute to autoimmunity
is somatic mutations, in a role parallel to their role in
cancer (/4). On the other hand, the development of
autoinflammatory diseases has been described as a result
of mutations in a single gene, the most striking example
of which is FMF (15). Genetic mutations in the germline
define an increasing list of heritable, monogenic
autoinflammatory diseases that typically manifest early
in life. In contrast to germline mutation, changes in
DNA that occur after the first zygotic division are called
somatic mutations (16).

Unlike germinal mutations, somatic mutations are
genomic alterations that are not transmitted to offspring.
Its may occur during life, from early embryogenesis
through adulthood (/7). Somatic mutations are usually
restricted to specific tissue types, and may play a causal
and important role in non-heritable rheumatological
diseases, especially conditions that start in advanced
stage of life (/8). Using sequencing technology it is
possible to detect somatic mutations in various tissue
types, especially blood (/9). While somatic mutations
are well defined in malignant hematological diseases, its
role in rheumatological diseases is not clearly yet (20).
Although rare, some autoimune and autoinflammatory
rheumatic diseases associated with somatic mutation
have been described (Table 1).

Schnitzler syndrome is a rare adult-onset
autoinflammatory disease characterized with chronic
urticarial rash, recurrent fever, arthralgia or arthritis,
monoclonal gammopathy of undetermined significance
(MGUS), and marked systemic inflammation (27). The

Disease Gene Chromosome Mechanism Clinical findings Treatment
VEXAS syndrome UBALI Chr. X LOF recurrent fever, polychondritis, vasculitis, CSs
arthritis, macrocytic anemia Tocilizumab
JAKi
Azacytidine
ASCT
MDS/BD NR Crh.8 trisomy  oral/genital ulcers, rash, fever and intestinal DMARDs
involvement chemoterapeutic drugs
ECD MAPK/BRAF Crh.7 GOF central diabetes insipidus, restrictive pericarditis, BRAF inhibitors
perinephric fibrosis, and sclerotic bone lesions
TRAPS TNFRSF1A Chr.12 GOF recurrent fever; abdominal, chest, and muscle IL-1 blockers (ANK, CKM)
pain; red and swollen eyes; and a typical rash TNFA inh.(ETN)
lasting for more than one week. IL-6 inh (TCZ)
NLRP3-AID NLRP3 Chr. 1 GOF fever, urticaria,arthritis sensorineural hearing IL-1 blockers
loss, central nervous system involvement (ANK, CKM)
ALPS FAS Chr. 10 LOF lymphadenopathy and splenomegaly, CSs
hypergammaglobulinemia, haemolytic anaemia, IS drugs
idiopathic thrombocytopenia and neutropenia splenectomy
Felty s/m STAT 3 Chr .7 GOF splenomegaly, anemia, neutropenia, DMARD:s, splenectomy
thrombositopenia IL-1 blockers
Schnitzler syndrome MYD88 Chr.1 GOF chronic urticarial rash, recurrent fever, (ANK, CKM)

arthralgia or arthritis, monoclonal gammopathy
of undetermined significance (MGUS)

AID: NLRP3-associated inflammatory disease; ALPS: autoimmune lymphoproliferative syndrome; ANK:anakinra; ASCT: allogeneic hematopoietic
stem cell transplantation; CKM:canakinumab; CSs:corticosteroids; DMARDs:disease modifying anti-rheumatic drugs; ECD: Erdheim-Chester
disease; ETN:etanercept; GOF: gain-of-function; IL-1:interleukine-1; JAKi: janus kinase inhibitors; LOF: loss-of-function; MAPK: mitogen
activated protein kinase; MDS: myelodysplastic syndrome; NLRP3- TRAPS: tumour necrosis factor receptor-associated periodic syndrome; TCZ:
tocilizumab; TNFA: tumor necrosis factor alpha; VEXAS: vacuoles, Elenzyme, X-linked, autoinflammatory, somatic.
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inflammasome related IL-1 overproduction is a result of
a somatic mosaic gain of function mutation of NLRP3
(nucleotide-binding oligomerization domain [NOD]-
like receptor [NLR] family pyrin domain containing
3) gene. Somatic NLRP3 mosaicism was found also in
patients with Schnitzler-like syndromes. Patients with
IgGxk variant Schnitzler syndrome and severe clinical
phenotype showed myeloid lineage restrict somatic
NLRP3 mosaicism. Mutated NLRP3 gene (c.1906C
>G p.Q636E) resulted in cell death in a monocyte cell
line, and adaptor molecule apoptosis-associated speck-
like protein containing a CARD (ASC)-dependent
activation of nuclear factor (NF)-xB (22). This resulted
in inflammasome activation and overproduction of
predominantly IL-1 cytokine. There are report that some
patients with Schnitzler syndrome have MYD88 gene
somatic mutations, which is considered an independent
risk factor for Waldenstrom's macroglobulinemia
(WM) (23). That data may be useful to guide clinical
monitoring since a significant proportion of patients with
Schnitzler syndrome might develop lymphoproliferative
malignancy.

The autoimmune lymphoproliferative syndrome
(ALPS), which is the first identified non-malignant
autoimmune disease caused by a somatic mutation, is
characterized with persistent lymphadenopathy and
splenomegaly, hypergammaglobulinemia, haemolytic
anaemia, idiopathic thrombocytopenia and neutropenia
(24). The cause of ALPS was found to be somatic
FAS mutations in hematopoietic precursor stem
cells, an accumulation of double-negative T cells,
and hypergammaglobulinemia. Savola et al. reported
somatic mutations in immune- related genes in mature
expanded CD8+ T-cell populations in RA patients (25).
They conclude that this mutations were associated with
autoimmunity or cell survival. The same authors showed
the somatic STAT3 mutations in Felty's syndrome shares
molecular markers with large granular lymphocyte
(LGL). The authors conclude that this findings provided
molecular evidence for the hypothesis that Felty's
syndrome and LGL leukemia are actually the same
disease (26). Monogenic autoinflammatory diseases
are group of familial and sporadic autosomal dominant
diseases characterized by gain-of-function mutations in
NLRP3, leading to increased inflammasome activity (27).
Some NLRP3 mutations are closely related to disease
severity, while other are associated with heterogeneous
clinical presentations, due to various genetic or
environmental factors. Sporadic NLRP3-AID may be
due to de novo germline or acquired somatic mutations
(28). While NLRP3 somatic mutations have mostly been
described in childhood patients these mutations may also
cause adult-onset disease. Using conventional Sanger
sequencing, a large international study investigators
identified that 30% of neconatal-onset multisystem
inflammatory disorder (NOMID) cases are due to
mosaicism (29). Sporadic NOMID clinical features is

shown to be more aggressive and severe than familial
form.

Erdheim-Chester disease (ECD) is a rare histiocytosis
characterized with systemic inflammatory features
involving skin, lung, aorta, bone, central nervous system
and the retroperitoneum (30). Typical findings of ECD
include central diabetes insipidus, restrictive pericarditis,
perinephric fibrosis, and sclerotic bone lesions. Somatic
mutations activating the MAPK pathway are found
in more than 80% of patients with ECD, mainly the
BRAF activating mutation, followed by MAP2K1 (31).
Multisystem or refractory ECD patents have benefitted
from highly effective therapy with BRAF and MEK
inhibitors.

Recently the trisomy 8 mosaicism (T8m) was
reported in patients with Behget disease (BD). T8m has a
highly variable phenotype, and it may also be associated
with haematological disorders, such as MDS. It was
reported that Behget-T8m patients have mostly oral/
genital ulcers, rash, fever and intestinal involvement (32).
In recent years our knowledges about somatic mutations
associated with various rheumatological diseases are
increased. Somatic mutations seen in autoimmune and
autoinflammatory diseases may also act as a "bridge"
in terms of inflammation and malignancy development.
The newly described VEXAS syndrome is not only a
disease that culminates this relationship, but also a new
beginning in this regard.

3. Genetic and immunological aspect of VEXAS
syndrome

VEXAS syndrome is adult onset hematoinflammatory
disease caused by somatic mutations in the gene UBAI,
the major E1 enzyme that initiates ubiquitylation.
Ubiquitylation is a post-translational modification that
triggers proteasomal degradation (33). It is essential
for various cellular processes such as cell cycle
progression, DNA damage response, and inflammatory
signaling pathways (34). Dysregulation of the ubiquitin-
proteasome system results in susceptibility to infection,
lymphoproliferative disorders, autoinflammatory
diseases and malignancy (35). Ubiquitylation is initiated
by the attachment of a single ubiquitin molecule to a
target protein through a three-step process performed by
the concerted actions of ubiquitin activating enzymes
(E1), ubiquitin-conjugating enzymes (E2), and substrate
specific ligases (E3). Ubiquitin-like modifier-activating
enzyme 1 (UBAL), the major E1 enzyme, has two
isoforms: UBAla and UBA1b (36). UBAla is the long
isoform and is localized in the nucleus, whereas UBA1b
is the short isoform and is localized in the cytoplasm
without a nuclear localization signal.

The major cause of the VEXAS syndrome is
a depletion of cytoplasmic UBA1 which resultant
decreased ubiquitylation activates the unfolded protein
response and type I interferon production (37). Increase
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inflammation in the VEXAS syndrome is driven by
mutant myeloid cells which can survive with this
somatic mutation. Patients with VEXAS syndrome
have highly activated inflammatory pathways including
tumor necrosis factor, interleukin-6, and interferon-y,
which a finding that is consistent with severe myeloid
inflammation (38). Activation of multiple cytokines
cascades result in the clevated acute phase reactants
(C-reactive protein and erythrocyte sedimentation rate)
levels in the sera which is the characteristic laboratory
findings in VEXAS patients (39). The changes were also
seen in B-lymphocytes repertoar, atypical differentiation
of B-cells with loss of immature B cells and increase of
monocyte populations (40). This increase inflammatory
responses in VEXAS syndrome may also aggravated
by activation of neutrophils with preserved phagocytic
activity and formation of neutrophil extracellular traps
(NETs) (41).

4. Clinical features of VEXAS

VEXAS syndrome is an adult-onset inflammatory
syndromes often manifest with overlapping
rheumatologic and hematologic clinical features.
Typically, this condition predominantly affects middle-
aged and older men, occurring in the fifth and seventh
decade of their lives. The exact prevalence of the
syndrome in the population is still unknown. Initially,
it was thought to be exclusive to males due to the
involvement of the X chromosome (UBAI1 gene).
However, female cases with inherited or acquired
monosomy of the X chromosome have also been
reported (42,43).

VEXAS is a heterogeneous syndrome that can
manifest with various hematological and rheumatic
manifestations (44). The hematological features often
include progressive abnormalities like macrocytic
anemia, thrombocytopenia, myeloid dysplasia, and
bone marrow vacuolization affecting myeloid and
erythroid precursor cells (45). The most common clinical
features comprise recurrent fever, arthralgia/arthritis,
pulmonary involvement, skin lesions, various types of
vasculitis, and/or thromboembolic events (46). From
a rheumatologist's perspective, VEXAS syndrome can
mimic known rheumatologic diseases or coexist with
them (47,48) (Table 2). Since the recognition of this
syndrome, many rheumatologists have reviewed their
previous diagnoses. VEXAS can present with clinical
findings seen in various rheumatological diseases,
leading to misdiagnoses before its definition. Notably,
patients previously diagnosed with vasculitis, connective
tissue disease, and/or autoinflammatory disease were
later identified to have VEXAS syndrome based on
recent data (49). Interestingly, VEXAS patients may also
partially meet established diagnostic or classification
criteria for several known clinical conditions (50).

Given its heterogeneity, VEXAS syndrome

Table 2. Rheumatic manifestations of VEXAS syndrome

Clinical Manifestations Associated Conditions

Coexistance with:
- Systemic lupus erythematosus
- Still disease

Recurrent fever
Relapsing polychondritis
Polyarteritis nodosa
Giant cell arteritis - Vasculitides

Arthralgia - Relapsing polychondritis
Inflammatory asymetric mono/ - Macrophage activation
oligoarthritis syndrome

Neutrophilic alveolitis - Spondylarthritis

Venous thrombosis - Hematological malignancy
Lymphadenopathy

Scleritis/episcleritis/uveitis/retinal

vasculitis

Sweet syndrome

AA amyloidosis

exhibits a wide range of clinical findings. Numerous
rheumatology centers have reported their cases since
the disease's recognition (Table 3). In the first original
VEXAS study by Beck et al. among 25 patients 18
(72%) had pulmonary involvement, 16 (64%) had
ear and nose chondritis, four patients had vasculitis
(3PAN, 1GCA) (1). Subgroups of participants met or
partially met established diagnostic or classification
criteria for a number of clinical conditions (ex. PAN,
GCA, relapsing polychondritis). Coster et al. reported
the clinical features and outcomes of 9 patients with
VEXAS syndrome followed at Mayo Hospital (57).
Vasculitis was observed in 4 patients (cutaneous, renal
peritubular capillaritis, cryoglobulinemia and large
vessel vasculitis involving abdominal aorta). Reccurent
ear and nose chondritis was present in 5 of 9 patients;
ocular inflammation was observed in 4 patients (2 with
uveitis and 2 with episcleritis). All patients with ear and
nose chondritis, ocular inflammation, and vasculitis
had the p.Met41Thrn mutation. Ciferska et al. reported
3patients newly diagnosed as VEXAS syndrome in their
rheumatology center (52). All 3 patients are elderly man,
the median age of the patients are 72.6 years old. The
patients have been diagnosed with a different rheumatic
disease (1 seronegative RA, 1 relapsing polychondritis,
1 paraneoplastic s/m) before VEXAS diagnosis. All 3
patients expressed multiple inflammatory manifestations
exceeding the typical clinical phenotypes associated with
the referred rheumatic diagnoses, and all had additional
haematological abnormalities. Khitri ef al. compared the
clinical characteristics, the laboratory features and the
outcomes between idiopathic-relapsing polychondritis
(I-RP) and VEXAS-relapsing polychondritis (VEXAS-
RP) (53). They found that VEXAS-RP characterized by
high prevalence of male sex, fever, skin lesion, ocular
involvement, pulmonary infiltration, heart involvement,
older age and hematological abnormality. Staels et al.
reported two VEXAS patients; one characterized by
recurrent rash and symmetric polyarthritis, and another
who was initially diagnosed with idiopathic multicentric
Castleman disease and developed macrophage activation
syndrome as a complication of the VEXAS syndrome
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Table 3. Published studies in the literature showed the main characteristics of patients with VEXAS syndrome

Tsuchida et al. Bourbon et al. Ciferska et al. Koster et al.

Ferrada et al.

Khitri et al.

van der Made et al. Muratore et al.

Beck et al.

Features

Ref (51)

9 (100%)

Ref (59) Ref (58) Ref (52)

Ref (60)

13 (100%)
62 (48-71)

Ref (53)

Ref (57)

7 (100%)
64 (46-76)
7 (100%)

NR

Ref(56)

Ref (1)

25 (100%)
64 (45-80)
23 (92%)

NR

3 (100%)
74 (68-76)
1 (33%)
1 (33%)

11 (100%)

66 (47-83)

8 (100%)
72 (66-81)
6 (75%)
2 (25%)

53 (96%)
66 (61-72)
33 (60%)
36 (67%)
3 (6%)

12 (100%)
67 (55-79)
11 (92%)
4 (33%)

2 (16%)

Gender (M/F), n (%)

70 (65-72.5)
8 (88%)
5 (55%)
4 (44%)
4 (44%)

NR

Median age at onset, years

Fever, n (%)

10 (91%)

13 (100%)
6 (46%)

NR

11 (100%)

7 (64%)
5 (46%)

Artralgia/Arthritis, n (%)
Vasculitis, 7 (%)

3 (100%)
2 (67%)

7 (100%)

NR

4 (16%)

NR

3 (38%)
7 (88%)

NR

NR

30 (57%)
44 (82%)

5 (42%)

Eyes involvement, n (%)
Skin involvement, n (%)
Pulmonary, n (%)
Chondritis, 7 (%)

3 (100%)
1 (33%)

11 (100%)

5 (46%)
5 (46%)

11 (85%)
10 (77%)

5(71%)
6 (85%)
1 (14%)

10 (83%)
8 (67%)
6 (50%)

22 (88%)

13 (46%)
52 (98%)

18 (72%)
16 (64%)

5 (55%)

3 (100%)

8 (100%)

13 (100%)

macrocytic anaemia Macrocytic anemia Macrocytic anemia MDS 41 (75%) MDS 3 (23%)

9 (100%)
MM 1 (%)

MDS 1 (33%)

2 (67%)

macrocytic anaemia 7 macrocytic anaemia macrocytic anaemia macrocytic anemia
MDS 6 (54%)

(88%), MDS 4 (50%) 7 (64%),

MGUS 1 (8%)
MM 1 (8%)

6 (%)

(24%), MM or MGUS MDS 6 (%)

24 (96%), MDS 6 11 (%)
5 (20%)

Hematologic, 7 (%)

MDS 1 (%)

p-Met41Thr 8 (62%) p.Met41Thr 3 (37.5%) p.Met41Thr 5 (46%) p.Met41Thr 2 (67%) p.Met4d1Thr

p.Metd1Val 2 (15%) p.Met41Val 2 (25%)

NR

p-Met41Thr

p-Met41Thr 15 (60%) p.(Met41Thr),

p.Met41Val 5 (20%)

UBA mutation, 7 (%)

p-Metd1Val 3 (27%) p.Metd1Leu I (33%) 9 (100%)

12 (%)

p-Met41Leu 3 (23%) p.Metd1Leu 3 (37.5%) p.Metd1Leu 1 (9%)

p-Met41Leu 5 (20%)

73 (18-128)

NR

73 (63-89)

NR 114 (16.7-205)
NR NR

17.7 (9.6-99.5)
66.5 (42-110)

69 (30-107)

NR

152 (41-250)

185 (61-407)
111 (71-130)

CRP (median) (mg/L)
ESR (median) mm/h

NR

NR

94 (50-137)

97 (64-124)

CRP:C-reactive protein; ESR: erythrocyte sedimentation rate; MDS: myelodysplastic syndrome; MGUS: monoclonal gammopathy of undetermined significance: UBA: ubiquitin-associated domain; NR:not reported.

(54). The latter patients was treated with anti-IL6
therapy (siltuximab) leading to a regression of systemic
symptoms. Oganesyan et al. described the 76 years old
male patients with recurrent fevers, joint inflammation,
elevated levels of acute-phase reactants, macrocytic
anaemia and skin lesions, who was diagnosed with
VEXAS syndrome (55). The patient have been treated
with anakinra (anti-IL1R antagonist) first, but did not
result in any clinical or biological response. Prednisolone
(1 mg/kg per day) was started and rapidly both clinical
and biological complete remission within the week was
done. Van der Made et al. reported 12 patients with
VEXAS syndrome who had previously been registered
as having unclassified autoinflammation (56). All
patients were male and the median age were 67 years
old (range 47-79 years). The patients presented with
systemic symptoms, elevated inflammatory parameters,
and multiorgan involvement. The newly reported features
of VEXAS from this study included interstitial nephritis,
cardiac involvement, stroke, and intestinal perforation
related to treatment with tocilizumab. Despite different
types of treatment were initiated, most patients became
treatment-refractory, with a high mortality rate of 50%.
Sharma et al. reported the coexistence of VEXAS
syndrome and SLE in 70 years-old male (47). He was
initiated on monthly intravenous immunoglobulin
and clinical and laboratory regression was achieved.
Recently Muratore et al. retrospectively evaluated
the clinical records of 147 consecutive male patients
followed up in their vasculitis clinic from 2013-2022.
The authors identified seven patients (one with AAV)
with vasculitis and concomitant features of VEXAS
syndrome (57). Bourbon ef al. identified 19 male patients
with myeloid dysplasia and autoinflammatory disease
such as relapsing polychondritis or Sweet syndrome.
Among these 19 patients, 11 (57.9%) had a mutation
of UBAI1 gene (58). The median age at disease onset
was 66 years (range, 47—-83 years). As expected, most
patients had fever (91%), skin involvement (100%),
and arthritis or arthralgia (100%). All patients had an
elevated serum concentrations of C-reactive protein, and
most of them (64%) had macrocytic anemia. Tsuchida
et al. reported the association of VEXAS syndrome and
relapsing polychondritis (RP) in Japanese patients (59).
UBAL1 was examined in 13 of the 14 patients; 73% (8/11)
of the male patients had somatic UBA1 variants. The
authors concluded that genetic screening for pathogenic
UBAI1 variants should be considered in patients with RP,
especially male patients with skin lesions. Ferrada et al.
reported the prevalence of somatic mutations in UBA1
in patients cohort with RP (60). Seven of 92 patients
with RP (7.6%) had UBA1 mutations (VEXAS-RP).
Patients with VEXAS-RP were all male, were on average
> 45 years of age at disease onset, and commonly
had fever, ear chondritis, skin involvement, deep
vein thrombosis, and pulmonary infiltrates. Mortality
was greater in VEXAS-RP than in RP (23% vs. 4%).
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Table 4. Proposed algorithm to identify patients with VEXAS syndrome

Demographic Clinical

Coexistence with

Laboratory Findings Genetic Findings

Age: Unexplained recurrent fever
older age group

Relapsing polychondritis Increase serum cytokines UBAI mutation
resistant to treatment and/or with (IL-1, IL-6, IL-17, TNF-
a different clinical course

alpha)

Treatment-resistant vasculitis, Unexplained very high
which is beyond the classical CRP/ESR

knowledge

Gender: Recurrent polychondritis (ear-nose)
predominantly male

Population:

Caucasian large joints of the lower extremities

Inflammatory arthritis: usually involving Spondylarthritis or connective Macrocytic anemia
tissue diseases

(ex. SLE)

Vasculitis: in the presence of simultaneous Hematological malignancy Presence of typical
involvement of vessels of different (MDS) with signs of autoimmune vacuoles in bone marrow

diameters

Eye involvement: treatment-resistant
scleritis/episcleritis/retinal vasculitis

Severe, treatment-resistant skin lesions(inc.
leucocytoclastic vasculitis and Sweet s/m)

Lung involvement, neutrophilic alveolitis

Kidney involvement, interstitial nephritis

disease

biopsy

CRP:C-reactive protein; ESR:erythrocyte sedimentation rate; IL-1:interleukine-1; IL-6:interleukine-6; IL-17:interleukine-17; MDS: myelodisplastic
syndrome; SLE:systemic lupus erythematosus; TNF-alpha:tumor necrosis factor-alpha; UBA1: Ubiquitin-like modifier-activating enzyme 1.

Georgin-Lavialle ez al. reported the characteristics of one
hundred and sixteen patients with VEXAS syndrome
from a French multicentre registry between November
2020 and May 2021 (61). The main clinical features of
VEXAS syndrome were found to be skin lesions (83%),
noninfectious fever (64%), weight loss (62%), lung
involvement (50%), ocular symptoms (39%), relapsing
chondritis (36%), venous thrombosis (35%), lymph
nodes (34%) and arthralgia (27%). The studies report that
VEXAS syndrome may mimicking and/or coexist with
any type of vasculitis (62,63). Watanabe et al. reviewed
the literature data to delineate the clinical characteristics
of vasculitis associated with VEXAS syndrome (64).
The authors reported 23 patients with VEXAS-vasculitis.
Among 23 patients, 2 (9%) had LVV, 9 (39%) had
medium vessel vasculitis, and 12 (52%) had small vessel
vasculitis. The median age of the patients were 66.4
years old (range 50-87). The Autolnflammatory Disease
Alliance (AIDA) international Registry for VEXAS
syndrome included 113 Centers from 23 Countries
in 4 continents, is designed for the retrospective and
prospective collection of real-life data (65). The aim
of this registry is to collect the demographic, genetic,
clinical, laboratory and treatment data starting since the
disease. The rheumatology community awaits the results
of this registry with impatience, curiosity and excitement.

In conclusion, rheumatologists should consider
the possibility of VEXAS syndrome in the following
situations: i) elderly men, particularly those in their
fifth decade of life or older; ii) patients presenting
with clinical features of adult-onset autoinflammation
accompanied by multiorgan involvement including
recurrent fever, skin inflammation, asymmetrical mono/
oligoarthritis, relapsing polychondritis with pulmonary

involvement, any type of vasculitis, and MDS-like
features observed in peripheral blood (Table 4).

Moreover, it is essential to be aware that VEXAS
patients often prove to be treatment-refractory, despite
attempts with multiple drugs. Given the overlapping
clinical features with other rheumatologic diseases,
keeping VEXAS syndrome in mind will facilitate
accurate diagnosis and appropriate management for these
patients. Early recognition of VEXAS can help improve
patient outcomes and quality of life by tailoring treatment
strategies to address the unique challenges posed by this
heterogeneous syndrome.

5. VEXAS syndrome: more questions than answers

VEXAS syndrome is a recently defined disease with
several uncertainties and unknown aspects, making each
new case report invaluable and significant in shaping
future research. As more cases are reported, we gain
insights into the heterogeneous and complex nature of
VEXAS syndrome (66). Despite its seemingly benign
appearance, VEXAS is a condition associated with
high morbidity and mortality due to its involvement
across multiple body systems (67). It serves as a
"bridge" between autoimmunity, autoinflammation, and
carcinogenesis, with the prognosis heavily influenced
by hematological involvement and/or the development
of malignancy. From a rheumatological standpoint,
it is essential to re-evaluate older age patients for the
possibility of VEXAS, even if they were previously
diagnosed with vasculitis, autoinflammatory diseases,
or recurrent polychondritis according to the ACR/
EULAR classification criteria (68). Another unresolved
area pertains to identifying risk factors that influence
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the disease's course, prognosis, and the development of
malignancy in VEXAS syndrome. It can manifest with
mild symptoms or life-threatening clinical presentations.
To pave the way for future randomized prospective
studies on VEXAS, it is crucial to establish clear and
defined diagnosis/classification criteria for the disease.
This will enable the recognition of distinct disease
phenotypes and, more importantly, the determination of
treatment options and protocols. The advancement of new
genetic methods, including next-generation sequencing,
will not only aid in diagnosing VEXAS but also uncover
numerous other rheumatological diseases associated with
somatic mutations. This promising avenue of research
holds the potential to revolutionize our understanding
and management of various rheumatologic conditions.

6. Treatment

Currently, there are no established treatment protocols for
this newly defined disease in the medical literature. As
randomized controlled trials have not yet been conducted,
the treatment of VEXAS syndrome is primarily based
on the collective clinical experience gained from treating
autoinflammatory diseases and the information available
from recently reported VEXAS case series (69, 70).

As mentioned earlier, VEXAS syndrome has shown
resistance to multiple therapeutic agents, resulting in
high mortality rates. The disease's complexity, involving
multiple mechanisms, may contribute to its relative
resistance to various target-specific anti-rheumatic
agents, with the exception of systemic glucocorticoids
(71). The one approach that has been considered based
on the increased serum IL-6 levels and significantly
elevated CRP levels observed in VEXAS patients is the
use of tocilizumab. Tocilizumab may be considered as a
drug of choice for some manifestations of the syndrome;
however, it does not appear to alter the disease's
progression (72). There are various report of tocilizumab
use in patients with VEXAS syndrome. Goyal et al.
reported the efficacy of tocilizumab for treatment of
cutancous and systemic manifestations of VEXAS
syndrome (73). Despite treatment with methotrexate
and mycophenolate mofetil, the patient remained
dependent on high doses of systemic corticosteroids.
Weekly injections of tocilizumab were initiated and
daily oral prednisone was continued. At 6.month of
tocilizumab treatment the patient complaints disappear
almost totally. Kunishita et al. reported the efficacy and
safety of tocilizumab (TCZ) and CSs in 3patients with
VEXAS syndrome (74). One-years follow-up showed
that the combination of TCZ and glucocorticoids allowed
the patients to continue treatment for at least one year
without significant disease progression. Glucocorticoids
were able to be reduced from the start of TCZ. Indeed,
Janus kinase inhibitors (JAKi) have shown promise
as potential treatment options for VEXAS syndrome.
JAK inhibitors work by blocking intracellular signaling

pathways activated by cytokine receptors, leading to
decreased gene activation and subsequent immune
responses. Several studies and case reports have
suggested that JAK inhibitors could be clinically
effective in managing VEXAS (75-78). Heiblig et al.
reported the efficacy of JAKi in 30 patients with VEXAS
syndrome (79). The authors describe more significant
treatment efficacy with the JAK1/2 inhibitor ruxolitinib
compare with other JAKi. Rates of clinical remission
favored ruxolitinib over other JAK inhibitors at 67% vs.
38% at month 1, 83% vs. 18% at month 3, and 87% vs.
11% at month 6. There was also a marked steroid dose
reduction of 83.6% with ruxolitinib and 75% with other
JAK inhibitors.

Indeed, in some patients with VEXAS syndrome,
benefits from intravenous immunoglobulin (IVIG)
administration have been reported. IVIG is a treatment
approach that involves infusing a solution containing
pooled immunoglobulins obtained from the plasma of
healthy donors. It is known for its immunomodulatory
and anti-inflammatory effects. Magnol et al. reported
a case previously diagnosed with spondyloarthritis
and VEXAS syndrome (80). Despite treatment with
cDMARDS and bDMARDs(anti-TNF-inhibitor) and
tDMARDS (baricitinib), the patients symptoms have
been continued. Intravenous immunoglobuline and IL-17
inhibitor have been started and the patients complaints
disappear. The treatment of VEXAS syndrome can
be particularly challenging due to the varying clinical
presentations and the limited response of certain
manifestations to targeted therapies like biologic disease-
modifying antirheumatic drugs (b/tDMARDs). While b/
tDMARDs may show some efficacy in managing milder
skin or rheumatic manifestations of the disease, they
may not be as effective in addressing the hematological
features associated with VEXAS. One such approach
that has shown promise in some cases is the use of
azacytidine, a hypomethylating agent. Azacytidine is
commonly used in the treatment of myelodysplastic
syndromes (MDS) and acute myeloid leukemia (AML)
and has demonstrated potential in managing VEXAS-
related hematological abnormalities (8/-83). Based
on a French nationwide registry of 116 patients with
VEXAS, Comont et al. report the efficacy and safety
of azacitidine in 11 patients with VEXAS concomitant
with MDS (84). Clinical response of VEXAS to
azacitidine was achieved in five patients (46%),
suggesting that azacitidine can be effective in selected
patients with VEXAS and associated MDS. For severe
cases of VEXAS syndrome with widespread multi-
systemic involvement, including severe hematological
abnormalities, bone marrow transplantation may be
considered as a curative therapeutic option (85). Diarra
et al. reported successful allogeneic hematopoietic
stem cell transplantation(ASCT) in 4patients with
VEXAS syndrome (86). Three patients are in durable
complete remission after ASCT. One unfortunately
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died post-ASCT. The authors suggest that ASCT
could be a curative option in patients with VEXAS
syndrome and severe manifestations. Given the lack of
established treatment guidelines, managing VEXAS
syndrome remains a significant challenge for healthcare
professionals. Continued research, case reports,
and clinical experience will be critical in shaping
the development of effective treatment strategies to
improve the prognosis and quality of life for individuals
affected by this complex and potentially life-threatening
condition.

7. Conclusions

It is clear that somatic mutations in rheumatic diseases
are more likely to have more severe functional effects
than germinal mutations, since they do not undergo
purifying selection of the whole organism.

VEXAS syndrome, which is caused by myeloid-
restricted somatic missense mutations in UBA1, may
cause severe inflammatory conditions that manifest in
adulthood. The presence of recurrent fever, relapsing
polychondritis, arthritis, vasculitis, macrocytic anemia,
elderly male, and symptoms refractory to traditional
steroid-sparing agents should prompt rheumatologists to
consider VEXAS as a possible diagnosis. The treatment
of VEXAS syndrome is not known yet, the beneficial
role of corticosteroids, b/tDMARDs (tocilizumab,
JAK1)), various chemotherapeutics (azacytidine)
and bone marrow transplantion has been reported.
More genetic studies and close collaboration between
hematologists and rheumatologists are needed to identify
and characterize the clinical phenotypes and treatment
approaches of VEXAS syndrome.
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SUMMARY

Interferon-induced transmembrane proteins (IFITMs 1, 2, and 3) play a critical role in preventing
pathogen infection in vertebrates. They are also involved in the occurrence and prognosis of cancer.
Myogenesis is a complex process regulated by several factors. This study disclosed that Ifitm1-3
were upregulated in the process of myogenic differentiation of C2C12 myoblasts on days 3, 5,
and 7. This positively correlated with the expression of differentiation factors MyoD, myogenin,
Mrf5, and desmin. Furthermore, knockdown of Ifitm1-3 by their individual siRNAs inhibited
myogenesis of C2C12 myoblasts, with relative downregulation of MyoD, myogenin, Mrf5, and
desmin. Subsequently, myotube formation and fusion percentage decreased. Co-immunoprecipitation
combined with LC-MS/MS analysis uncovered the interaction proteins of IFITM1 and IFITM3
in C2C12 myoblasts. A total of 84 overlapped interaction proteins of IFITM1 and IFITM3 were
identified, and one of the clusters was engaged in cytoskeletal and sarcomere proteins, including
desmin, myosin, actin, vimentin, nestin, ankycorbin, and nucleolin. Hence, we hypothesize that these
interacting proteins may function as scaffolds for IFITM1-3, possibly through the interaction protein
desmin to initiate further interaction with other proteins to participate in myogenesis; however,
the molecular mechanisms remain unclear. Our study may contribute to the development of novel

therapeutics for myopathic diseases.

Keywords

1. Introduction

The interferon-inducible transmembrane proteins
(IFITMs) belong to the small interferon-stimulated
family with molecular mass ranging from 10 to 20
kDa (/). The members of this family include IFITM1,
IFITM2, IFITM3, IFITMS, and IFITM10 in Homo
sapiens, and IFITM1, IFITM2, IFITM3, IFITMS5,
IFITM6, and IFITM10 in mice (/,2). IFITM expression
can be regulated dependently or independently of
interferon signaling (3-5).

IFITM1-3 play a synergistic role in antiviral defense,
and they are key participants in antiviral immunity (6-9).
Their expression is upregulated by interferons and other
cytokines. When expressed on the cell membrane, they
can limit virus—cell membrane fusion, thereby preventing
virus entry into the cytoplasm (/0). IFITM1-3 also
suppress viral protein synthesis or viral replication,
leading to the reduced production of infectious virions

IFITM1, IFITM3, myogenesis, desmin, sarcomere

or the lower infectivity of offspring virions (/,7/-13).
IFITM1-3 are also responsible for germ cell homing
and maturation during embryonic development (/4,15).
They inhibit placental syncytiotrophoblast fusion (/6-
18). The expression of IFITM5 gradually increases with
the differentiation of osteoblasts, and it is an important
positive regulator in osteogenic differentiation (79,20).
IFITM5 gene mutations lead to type V osteogenesis
imperfecta (27,22). Low expression of IFITM10 has been
reported in re-set positive patients with SARS-CoV-2
infection, and IFITM10 expression level positively
correlates with the expression levels of CD69, CD44,
NKp30, and granzyme B (23). Recently, IFITMs have
been implicated in cancer cell progression via different
pathways (24-32).

The process of myogenic differentiation includes
the activation, proliferation, and differentiation of
resting satellite cells into myoblasts, which fuse to form
myotubes, and ultimately mature into muscle fibers that
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contain cytoskeletal proteins actin, myosin, desmin, and
vimentin, and differentiation factors MyoD, mrf5, MRF4,
and myogenin (33-36). In this study, we explored the
expression of IFITM1-3 in the process of myogenesis
and their interaction proteins in myoblasts.

2. Materials and Methods
2.1. Cell culture and myogenic differentiation of C2C12

C2C12 (ATCC) cells were cultured in high-glucose
Dulbecco's modified Eagle medium (DMEM) (Lonza,
Switzerland) supplemented with 10% (v/v) fetal bovine
serum (Gibco, America), 2 mM glutamine (Gibco, USA),
100 U/mL penicillin, and 100 pg/mL streptomycin
(Gibco, USA) (growth medium). Cells were maintained
at 37°C in a humidified atmosphere containing 5% CO,
and 95% air. To induce myogenic differentiation, C2C12
cells were grown to 70-80% confluence, with 5x10*
cells seeded in six-well plates, and then the media were
switched to low serum differentiation media (Gibco,
USA) (DMEM supplemented with 5% (v/v) horse serum
(Gibco, USA) and penicillin/ streptomycin). Fresh
differentiation media were changed every 24 h until the
end of the assay.

2.2. siRNA targeting Ifitm -3

Small-interfering RNA directed against the mice Ifitm -3
was designed by siDirect (http://sidirect2.rnai.jp/) and
was synthesized by GenePharma (Shanghai, China).
ExFect transfection reagent (Vazyme, Nanjing, China),
siRNAs, and negative controls (si-NC) were used to
transfect C2C12 cells for 6 h. The cells were transfected
using ExFect transfection reagent (Vazyme, Nanjing,
China) following the manufacturer's instructions. Cells
transfected with transfection reagent only were used as
the mock control. Then, the supernatant was replaced
by myogenic differentiation media as described above.
The designed sense strand of siRNA was as follows: sil-
Ifitm1: 5'-GCAGCAAGAGGUGGUUGUATT-3'; si2-
IfitmI: 5'-CAAGCUAUGAGACAAUCAATT-3; sil-
Ifitm2: S'-GACAAUCAAAGAGGAGUATT-3’; si2-
Ifitm2: 5'-GGGUCACCCCACAUCUCAATT-3; sil-
Ifitm3: 5'-CGAAAGAAUCAAGGAAGAATT-3'; si2-
Ifitm3: GUUGUUAUCACCAUUGUUATT-3".

2.3. RNA extraction and RT-qPCR

Total RNA from C2C12 cultured in differentiation
and un-differentiation medium was isolated using
FastGene RNA Basic Kit (Takara, Japan) in accordance
with the manufacturer's instructions. RNA purity and
integrity were evaluated using a NanoDrop-2000
spectrophotometer. After DNase 1 (Takara, Japan)
digestion, total RNAs were reverse-transcribed to cDNA
using ReverTra Ace qPCR RT Kit (Takara, Japan).

Table 1. Primer sequences for RT-qPCR

Primer Primer sequence (5'-3")
Mus-Ifitm1 F: GCTCCTCGACCACACCTCT
R: TGGAGATCTCAGGCATGTTG
Mus-Ifitm2 F: TGGGCTTCGTTGCCTATGC
R: AGAATGGGGTGTTCTTTGTGC
Mus-Ifitm3 F: CCCCCAAACTACGAAAGAATCA
R: ACCATCTTCCGATCCCTAGAC
Mus-desmin F: GTGAAGATGGCCTTGGATGT
R: AAGGTCTGGATCGGAAGGTT
Mus-MyoD F: AGCACTACAGTGGCGACTCA
R: GGCCGCTGTAATCCATCAT
Mus-Myf5 F: CTGCTCTGAGCCCACCAG

R: GACAGGGCTGTTACATTCAGG
F: GAGACATCCCCCTATTTCTACCA
R: GCTCAGTCCGCTCATAGCC

F: CATCCCAGAGCTGAACG

R: CTGGTCCTCAGTGTAGCC

Mus-myogenin

Mus-Gapdh

qPCR was performed using 2x SYBR Green qPCR Mix
(SparkJade, Bio, China) with a Lightcycler 480. The
PCR program was as follows: initial 5 min denaturation
at 95°C, followed by 45 cycles of amplification at 95°C
for 10 s, 60°C for 10 s, and 72°C for 15 s. To quantify the
expression of each candidate gene, the mRNA expression
levels were normalized to the level of glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA. Relative
gene expression was calculated with the 27**“ method.
Each sample was performed in triplicate. Sequences of
the forward and reverse primers for RT-qPCR are shown
in Table 1.

2.4. Western blotting

C2C12 cells in the six-well plate were washed with
precooled phosphate buffer solution (PBS) and lysed
with 200 uL of protein RIPA lysis buffer supplemented
with 1% PMSF (CWBIO, China) per well for 1 h on
ice. Then, the extracted precipitate was quantified using
the BCA protein concentration assay kit (Biosharp,
China). The processed protein samples (20 pg/line)
were resolved using 12% SDS-PAGE at 60V in the
stacking gel and at 120 V in the separating gel. Proteins
in the gels were transferred to polyvinylidene fluoride
membranes (0.45 pm, Biosharp, China). The membranes
were blocked with 5% skim milk in Tris-buffered saline
containing 0.1% Tween 20 (TBST) for 2 h at room
temperature, and then the membranes were incubated
with primary antibodies, namely, rabbit anti-desmin
(ab32362, Abcam, USA), rabbit anti-MyoD (ab203383,
Abcam, USA), rabbit anti-MYF5 (ab125301, Abcam,
USA), rabbit anti-IFITM1 (bs-1031R, Bioss, China),
rabbit anti-IFITM2 (bs-15517R, Bioss, China), mouse
anti-IFITM3 (bsm-51629M, Bioss, China), and rabbit
anti-GAPDH (ab8245, Abcam, USA), at 4°C overnight.
Then, the membranes were incubated in PBS-Tween
containing anti-rabbit-horseradish peroxidase—conjugated
secondary antibodies (SA00001, Proteintech, USA) for
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1 h at 37°C. The membranes were washed in PBST,
and signals of the protein blots were acquired using
an ECL Chemiluminescence Substrate Kit (Biosharp,
China) and visualized by exposing the membranes in a
Chemiluminescence Gel Imaging System (18200880,
Alliance, UK). The level of expression of each protein
was normalized to that of GAPDH. The results were
quantified using ImageJ-win64 software (Rawak
Software Inc., Stuttgart, Germany).

2.5. Giemsa staining

C2C12 cells were gently washed with PBS three times
and fixed with anhydrous methanol for 15 min. The
Giemsa staining solutions were diluted with PBS. C2C12
cells were then incubated with the diluted staining
solution for 15 min at 37°C and washed with PBS twice.
Morphological observation was conducted using an
inverted microscope. Images were taken randomly of
three different sections per dish. The number of nuclei in
myotubes and the total number of nuclei in the cells were
counted in each field. Fusion indexes were calculated
by expressing the number of nuclei in the myotubes as
percentages of the total number of nuclei.

2.6. Immunoprecipitation

Co-immunoprecipitation was performed using
the Pierce™ Classic Magnetic IP/Complex
Immunoprecipitation (Co-IP) Kit (88804, Thermo,
USA) in accordance with the manufacturer's protocol.
Briefly, C2C12 cells were lysed with RIPA lysis buffer
supplemented with 1% PMSF as described above.
Then, 200 pL of the cell lysate was incubated with a
mixture of 20 pL of protein A/G beads and 5 pL of
conjugated antibody to IFITM1 or IFITM3 overnight
with rotation at 4°C. The beads were then washed with
IP (Immunoprecipitation) lysis/wash buffer and PBS.
An aliquot of 200 pL of elution buffer was added to the
beads, which were incubated at room temperature and
mixed for 5-10 min. The supernatant was transferred
to a new tube. Finally, the samples were loaded onto
SDS-PAGE gel for LC-MS/MS analysis or western blot
analysis.

2.7. LC-MS/MS analysis

Proteins in gel pieces were destained in 50 mM
NH,HCO; in 50% acetonitrile (v/v) until clear. Gel
pieces were dehydrated with 100 puL of 100% acetonitrile
for 5 min; the liquid was removed; and the gel pieces
were rehydrated in 10 mM dithiothreitol and incubated at
56°C for 60 min. The gel pieces were again dehydrated
in 100% acetonitrile; the liquid was removed; and the
gel pieces were rehydrated with 55 mM iodoacetamide.
The samples were incubated at room temperature for
45 min in the dark. The gel pieces were washed with 50

mM NH,HCO; and dehydrated with 100% acetonitrile.
They were rehydrated with 10 ng/uL trypsin resuspended
in 50 mM NH,HCO,; on ice for 1 h. Excess liquid
was removed, and the gel pieces were digested with
trypsin at 37°C overnight. Peptides were extracted with
50% acetonitrile/5% formic acid, followed by 100%
acetonitrile. Peptides were dried to completion and
resuspended in 2% acetonitrile/0.1% formic acid.

The tryptic peptides were dissolved in 0.1% formic
acid (solvent A) and directly loaded onto a home-made
reversed-phase analytical column (15-cm length, 75 pm
i.d.). The gradient comprised an increase from 6% to
23% solvent B (0.1% formic acid in 98% acetonitrile)
over 16 min, a rise from 23% to 35% in 8 min, and
climbing to 80% in 3 min, followed by holding at 80%
for the last 3 min, all at a constant flow rate of 400 nL/
min on an EASY-nLC 1000 UPLC system.

The peptides were subjected to NSI source
followed by tandem mass spectrometry (MS/MS) in
Q ExactiveTM Plus (Thermo) coupled online to the
UPLC. The electrospray voltage applied was 2.0 kV.
The m/z scan range was 350 to 1,800 for full scan,
and intact peptides were detected in the Orbitrap at a
resolution of 70,000. Peptides were then selected for
MS/MS using NCE setting as 28 and the fragments
were detected in the Orbitrap at a resolution of 17,500.
A data-dependent procedure alternated between one MS
scan followed by 20 MS/MS scans with 15.0 s dynamic
exclusion. Automatic gain control (AGC) was set at
5E4.

The peptides were detected, isolated, and fragmented
to produce a tandem mass spectrum of specific fragment
ions for each peptide. The resulting MS/MS data were
processed using Proteome Discoverer 1.3 and Uniprot
database (https://www.uniprot.org).

2.8. Protein—protein interaction, KEGG, and GO
enrichment analysis

A Venn diagram was drawn (http://bioinformatics.psb.
ugent.be/webtools/Venn) to conduct an intersection
analysis to compare binding proteins of IFITM1 and
IFTM3. Protein—protein interaction was conducted by
online String analysis (https://string-db.org/). A high
confidence of 0.700 was set as the required score,
and stringency was set as high (1%). Protein—protein
interaction was clustered by kmeans. In addition, we
performed Gene Ontology (GO) analysis. First, the data
of function annotation diagram were obtained using the
DAVID website (https.//david.ncifcrf.gov), and the data
with P < 0.05 were selected; the enriched paths were
displayed using "tidyr" and "ggplot2" R packages. R
package "cluster profiler" was used for GO enrichment
analysis. Using the cnetplot function (circular = F, color
edge = T, node tag = T), the data of GO analysis can be
visualized as cnetplot. Data processing and mapping
were performed using R-project (v4.0.5) and Rstudio
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software (v1.3.1093).
2.9. Statistical analysis

The results are presented as the mean + standard error
of the mean (SEM). Statistical comparisons were made
based on one-way ANOVA and Tukey's multiple-
comparison test using GraphPad Prism software, version
7.0 (GraphPad Software Inc., San Diego, CA, USA), to
)identify significant differences. P values < 0.05 were
considered statistically significant (* represents P < 0.05,
** represents P < 0.01, *** represents P < 0.001). All
experiments were performed at least three times.

3. Results

3.1. The increased expression of IFITMs in myogenic
differentiation of C2C12 cells

The essential step in myogenesis is cell fusion and the
formation of myotubes, whereby mononuclear myocytes
fuse to form multinucleated myotubes. As expected, the
number of fusing myocytes and myotubes increased
on the subsequent induction day (Figure 1A and 1B).
Gene and protein expression levels of desmin, Myf5,
myogein, and MyoD on days 3, 5, and 7 after myogenic
differentiation induction were consistent and significantly
increased (Figure 1C-E).

The results of RT-PCR analysis indicated that the
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expression levels of [fitm[-3 increased during the
differentiation of C2C12 cells. The differentiation
medium stimulated the expression of [fitm -3, with the
higher levels observed on the third day and thereafter
(Figure 2A). Overall trends showed an increase in the
expression of IFITM1-3 proteins in the differentiation
process of C2C12 cells, with the higher values on days
3 and 7 compared with that on day 0 before myogenic
induction. For IFITM1, decreased expression was
observed on day 5, compared with day 3, and then
climbed to the highest value on day 7. Protein level of
IFITM2 was higher on days 3, 5, and 7 than on day
0 in the process of myogenic differentiation. IFITM3
expression was not significantly increased on day
5 compared with day 3, but there was an obvious
increasing trend on day 7 (Figure 2B—C).

3.2. si-RNA knocks down the expression of [fitm /-3 in
myogenic differentiation of C2C12 cells

Theoretically, the upregulated Ifitm -3 during the process
of myogenic induction could be blocked by targeting
Ifitms with small-interfering RNA (siRNA). Hence,
we initially screened the siRNAs with high inhibition
efficiency for targeting IfitmI—3. The interference
efficiency of siRNAs was determined to be over 70% as
identified by RT-qPCR (Supplementary Figure S1, http.//
www.irdrjournal.com/action/getSupplementalData.
php?ID=152). Myotube formation was also evaluated
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Figure 1. Myogenic differentiation of C2C12 myoblasts on days 0, 3, 5, and 7. (A) Microscopic images of C2C12 cells (stained by Giemsa
staining prior to induction) and myoblasts. Magnification: 100x. (B) Relative expression of myogenin, myogenic differentiation factor D (MyoD),
Myf5, and desmin mRNA as measured by qRT-PCR. (C) Representative bands for myogenin, MyoD, Myf5, desmin, and GAPDH are shown. (D)
Quantification of band intensity as described above is shown. The level of proteins was normalized to that of GAPDH. Statistical significance: *P

<0.05; ¥**P <0.01; ***P <0.001; NS, not significant.

www.irdrjournal.com


http://www.irdrjournal.com/action/getSupplementalData.php?ID=152

Intractable & Rare Diseases Research. 2023; 12(3):180-190.

184

A Ifitm1 Ifitm2
2.5 20
= * ok
S 20 * = %
% 2 15
s g
5 1o
210 ©
3 g
; 0.5 E 0.5
0.0 0.0
0 3 5 7 (day) 0 3 5 7 (day)
B _ C IFITMI
TFITM1 [ U s | 12 kDo 25
g
IFIITM3 15kDa &9 ok
]
£10
TFIITMS | g “ ™ | 14100 £
& o5
0 3 5 7 ) 0 3 5 7 (day)

Myogeneic induction (day)

Ifitm3

il

IFITM2

e

Relative expression
s

7 (day)

IFITM3

w
*
¥
*
i

ok sk

N

0.5]

Relative expression
Relative expression

:h

<
<

0.
0 3 5 7 (day) 0 3 5 7 (day)

Figure 2. Increased expression of IFITM1-3 during myogenic differentiation of C2C12 myoblasts. (A) Relative expression of [fitm1-3
during the myogenic differentiation process. (B) Western blot evaluating the protein levels of IFITM1-3. (C) Quantification of band intensity as
described above is shown. The level of proteins was normalized to that of GAPDH. Statistical significance: *P < 0.05; **P <0.01; ***P <0.001;

NS, not significant.

as the fusion index. By the transfection of specific
siRNA1 and siRNA2 targeting [fitm -3 respectively,
the percentage of fusion index decreased significantly
in the interference groups of IfitmI-3, compared with
Mock group (Figure 3A-B). Especially in the si2-Ifitm1
group, the percentage of fusion index decreased to
14.82% (P < 0.01%) (Figure 3B). Consistent with that,
the expression of MyoD, myogenin, MYF5, and desmin
was significantly repressed with differentiation in the
Ifitm -3 knockdown groups as shown by western blot
(Figure 3C-D).

3.3. Interacting proteins of IFITMs and GO enrichment
analysis

In order to determine the interaction proteins of
IFITM1-3, we performed immunoprecipitation—mass
spectrometry (IP-MS) assays using [FITM1 and IFITM3
antibodies. Specific bands identified exclusively in
the pull-down products of antibodies were excised for
protein identification using MS (Figure 4A). A total of
84 proteins, including myosin, actin, vimentin, desmin,
myosin regulatory light chain 12B, tropomyosin, and
nucleolin (Table 2), were repeatedly identified in all
three biological replicates. String analysis revealed 82
nodes, with an average node degree of 13.1. Clustering
analysis identified three distinctive groups as follows:
the cluster with green color included proteins involved
in the process of muscle filament sliding and constituent
proteins of sarcomere; the cluster with red color included
ribosomal proteins; and the cluster in blue color included
the heterogeneous nuclear ribonucleoprotein, histones,
and proteins that regulate mRNA metabolic process
(Figure 4B). We further validated and confirmed that

desmin identified through IP-MS was indeed a bona fide
interacting partner of IFITM1 and IFITM3 (Figure 4C).

The KEGG pathway analysis showed that the genes
were mainly enriched in hypertrophic cardiomyopathy,
dilated cardiomyopathy, cardiac muscle contraction,
adrenergic signaling in cardiomyocytes, mRNA
surveillance pathway, and RNA transport pathways
(Figure 5A). The GO enrichment analyses revealed
329 biological process (BP) entries, involving
ribonucleoprotein complex biogenesis, non-membrane-
bounded organelle assembly, ribosome biogenesis,
actin filament organization, muscle contraction, ncRNA
processing, RNA splicing, and muscle system process
(Figure 5B); 124 cell component (CC) entries, involving
ribosomal subunit, ribosome, cell leading edge, large
and small ribosomal subunit, postsynaptic density,
asymmetric synapse, postsynaptic specialization,
neuron to neuron synapse, contractile fiber, myofibril,
myosin complex, stress fiber, contractile actin filament
bundle, actin filament bundle actomyosin, and myosin II
complex (Figure 5C); and 71 molecular function (MF)
entries, involving structural constituent of ribosome,
actin binding, actin filament binding, mRNA binding,
rRNA binding, structural constituent of cytoskeleton, and
cytoskeletal motor activity (Figure 5D).

4. Discussion

The functions of IFITMs are not sufficiently understood.
[FITM1-3 inhibit viral fusion and cell entry with a broad
virus spectrum. Our study identified that IFITM1-3 were
involved in myogenesis and that they were upregulated
in this process. The high expression of /fitm /-3 has also
been reported in the differentiation of H92C cells, a rat
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Figure 3. Knockdown of Ifitm1, 2, and 3 by siRNAs blocks myogenic differentiation in C2C12 cells. (A) Microscopic images of Giemsa staining
for C2C12 myoblasts on day 3 of myogenic differentiation after transfection with siRNAs targeting /firm/—3. Two different siRNAs were used for
each targeting gene. Transfection without siRNAs, but with transfection reagent was set as mock. Magnification: 100x. (B) Percentage fusion on
day 3 of myogenic induction and transfection with siRNAs as described above, calculated by dividing the number of nuclei within multinucleated
myofibers by the total number of nuclei. NC represents the group without siRNAs and transfection reagents. (C) Downregulated protein expression
of myogenin, MyoD, Myf5, and desmin after interference by siRNAs targeting Ifitm/—3. (D) Quantification of band intensity as described above is
shown. The level of proteins was normalized to that of GAPDH. Statistical significance: *P<0.05; **P <0.01; ***P <0.001; NS, not significant.

myoblast cell line (37).

IFITMs belong to the CD225 family of proteins.
They consist of a conserved intracellular loop between
the intramembrane domain and the transmembrane helix
(38,39). Interaction proteins of IFITMs in different cell
lines have been reported, including BRI3, SERINCS,
and CAV-1 (40-42). All these molecules are related to
antiviral effects. In this study, we uncovered that the
interacting proteins of IFITM1 and IFITM3 clustered
into cytoskeleton proteins ankycorbin, nestin, vimentin,
actin, myosin, and desmin.

The sarcomere is the smallest functional unit of
muscle fibers in the skeletal muscle, which is arranged
between two Z-lines. The constituent proteins of the
sarcomere include contractile proteins actin and myosin,
structural proteins titin and nebulin, and intermediate
filaments (43). Notably, we found that IFITM1 and

IFITM3 interact with all these cytoskeleton proteins.
Desmin encodes a muscle-specific class III intermediate
filament and plays an essential role in muscular structure
and function. Homopolymers of the protein form
a stable intracytoplasmic filamentous network that
connects myofibrils to each other and to the plasma
membrane (44). As one of the earliest markers of an
initial step in myogenic differentiation, the expression
of desmin precedes the expression of all other muscle-
specific structural genes and myogenic helix-loop-helix
transcription factors MyoD, myogenin, and Mrf4 (45).
In desmin-null mutant embryonic stem cell-derived
embryoid bodies, skeletal and smooth muscle myogenesis
were completely inhibited, displaying the absence of
myotube formation, contractility, and expression of
MyoD, myogenin, Myf5, and myosin heavy chain (46).
In desmin-knockout mice, the loss of sarcomere integrity
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and the increased number of mitochondria in myofibers
were obvious. A reduced gain of muscle performance
was observed in mechanical-overload mice that lacked
desmin (47). Desmin is the pathogenic gene for dilated
cardiomyopathy-11I, myofibrillar myopathy-1, and
neurogenic scapuloperoneal syndrome (48-50). Desmin-
null mice demonstrate a multisystem disorder that
involves cardiac, skeletal, and smooth muscles at the
early stage of their postnatal life (5/). During murine
feto-embryonic development, there is coexpression
of desmin and a-actin in skeletal muscle cells, while
the expression of desmin precedes that of a-actin in
myoblasts of somites (52).

Vimentin and nestin also belong to intermediate
filaments that participate in the formation of cytoskeleton
and maintenance of cell morphology. Vimentin is
poorly expressed during myogenic differentiation as it
is replaced by the tissue-specific intermediate filament
protein, desmin (53). Nestin regulates the differentiation
of myogenic precursor cells by Cdk5 and it is
downregulated in myoblasts (54,55). Nestin-knockout

Figure 4. Identification and validation
of IFITM1,3-interacting proteins. (A)
Principle of co-immunoprecipitation and liquid
chromatography combined with tandem mass
spectrometry (LC-MS/MS). (B) The protein—
protein interaction network if IFITM1,3
(overlapped) revealed by STRING analysis. A
total of 84 unique homologous proteins are shown
in the network. Three clusters are indicated in
different colors. Cluster 1: muscle filament sliding
(green color); Cluster 2: ribosome series proteins
(red color); Cluster 3: regulation of mRNA
metabolic process (blue color). Associations are
represented by the lines. Thicker lines represent
stronger associations. (C) Co-IP assays show the
interaction between desmin and IFITM1, 3.

mice have a spontaneous regenerative phenotype
in skeletal muscle, which is related to a disturbed
proliferation cycle under the uncontrolled Cdk5 kinase
activity (54). Sliding movement between myosin and
actin is the molecular basis of muscle contraction. These
two proteins are also involved in cytokinesis, locomotion,
cell motility, and maintenance of cell shape (56,57).

The functions of IFITMs in oncogenesis have been
explored in recent years. IFITM3 binds to PIP3 to
amplify PIP3 signaling and Src-kinase signaling in B
cells by interacting with activated B-cell receptor (BCR)
complex. Phosphorylation of Ifitm3-Y20 transfers
the location of endosome to the cell surface, thereby
initiating the amplification loop of oncogenic signaling
(58). IFITM3 is involved in gastric cancer, hepatocellular
carcinoma, and prostate cancer through the MET/AKT/
FOXO03/c-MYC axis, p38/MAPK signaling, and TGF-
signaling pathway, respectively (30,59,60).

Our study showed the interaction proteins of IFITMs
and their involvement in the myogenic differentiation.
Although further studies need to explore the molecular
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Table 2. Overlapped interacted proteins for IFITM1 and IFITM3

Accession Protein names Gene names MW [kDa]
1 Q8VDD5 Myosin-9 Myh9 226.23
2 Q61879 Myosin-10 Myhl0 228.85
3 P60710 Actin, cytoplasmic 1 Actb 41.71
4 P62737 Actin, aortic smooth muscle Acta2 41.98
5 P20152 Vimentin Vim 53.66
6 P31001 Desmin Des 53.47
7 Q3THE2 Myosin regulatory light chain 12B Myll2b 19.77
8 Q60605 Myosin light polypeptide 6 Myl6 16.92
9 P58774 Tropomyosin beta chain Tpm2 32.82
10 Q6URW6 Myosin-14 Myhl4 228.45
11 P58771 Tropomyosin alpha-1 chain Tpml 32.66
12 P09405 Nucleolin Ncl 76.68
13 P21107 Tropomyosin alpha-3 chain Tpm3 32.97
14 Q61937 Nucleophosmin Npml 32.54
15 P05977 Myosin light chain 1/3, skeletal muscle isoform Myll 20.58
16 PODP26 Calmodulin-1 Calml 16.83
17 Q9ERGO LIM domain and actin-binding protein 1 Limal 84.01
18 Q6IRU2 Tropomyosin alpha-4 chain Tpm4 28.45
19 QIWTI7 Unconventional myosin-Ic Myolc 121.87
20 P47757 F-actin-capping protein subunit beta Capzb 31.33
21 P07724 Albumin Alb 68.65
22 QYEP71 Ankycorbin Rail4 108.79
23 P49312 Heterogeneous nuclear ribonucleoprotein Al Hnrnpal 34.18
24 QO6PSH2 Nestin Nes 207.00
25 P10126 Elongation factor 1-alpha 1 Eeflal 50.08
26 Q61696 Heat shock 70 kDa protein 1A Hspala 70.04
27 Q9CZX8 408 ribosomal protein S19 Rps19 16.08
28 P67984 60S ribosomal protein L22 Rpl22 14.75
29 P01942 Hemoglobin subunit alpha Hba 15.08
30 P62908 408 ribosomal protein S3 Rps3 26.66
31 P62852 40S ribosomal protein S25 Rps25 13.73
32 Q60598 Src substrate cortactin Cttn 61.21
33 P62960 Y-box-binding protein 1 Ybx1 35.71
34 Q9JHJO Tropomodulin-3 Tmod3 39.48
35 P35979 60S ribosomal protein L12 Rpli2 17.79
36 Q91WKO Leucine-rich repeat flightless-interacting protein 2 Lrrfip2 47.12
37 P20029 Endoplasmic reticulum chaperone BiP Hspa5 72.38
38 P15864 Histone H1.2 HIi-2 21.25
39 P62862 408 ribosomal protein S30 Fau 6.64
40 QICRS7 60S ribosomal protein L14 Rpl14 23.55
41 P29341 Polyadenylate-binding protein 1 Pabpcl 70.63
42 P62270 40S ribosomal protein S18 Rps18 17.71
43 Q8CI43 Myosin light chain 6B Myl6b 22.73
44 Q8VI1I6 Splicing factor, proline- and glutamine-rich Sfpq 75.39
45 P62264 40S ribosomal protein S14 Rps14 16.26
46 P62301 40S ribosomal protein S13 Rpsi3 17.21
47 088569 Heterogeneous nuclear ribonucleoproteins A2/B1 Hnrnpa2bl 37.38
48 P63101 14-3-3 protein zeta/delta Ywhaz 27.75
49 P62806 Histone H4 H4cl 11.36
50 QY9DSE6 60S ribosomal protein L4 Rpl4 47.12
51 P11499 Heat shock protein HSP 90-beta Hsp90ab1 83.23
52 P61161 Actin-related protein 2 Actr2 44.73
53 P09541 Myosin light chain 4 Myl4 21.15
54 P84089 Enhancer of rudimentary homolog Erh 12.25
55 P47754 F-actin-capping protein subunit alpha-2 Capza2 3295
56 P61358 60S ribosomal protein L27 Rpl27 15.79
57 P62751 60S ribosomal protein L23a Rpl23a 17.68
58 P19253 60S ribosomal protein L13a Rpl13a 23.45
59 008583 THO complex subunit 4 Alyref 26.92
60 P60867 408 ribosomal protein S20 Rps20 13.36
61 P53026 60S ribosomal protein L10a Rpl10a 24.90
62 P62274 40S ribosomal protein S29 Rps29 6.67
63 P62245 408 ribosomal protein S15a Rpsl5a 14.83
64 P02088 Hemoglobin subunit beta-1 Hbb-b1 15.83
65 QICXW4 60S ribosomal protein L11 Rpll] 20.24
66 P46735 Unconventional myosin-Ib Myolb 128.48
67 Q8BGOS5 Heterogeneous nuclear ribonucleoprotein A3 Hnrnpa3 39.63
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Table 2. Overlapped interacted proteins for IFITM1 and IFITM3 (continued)

Accession Protein names Gene names MW [kDa]
68 Q7TPW1 Nexilin Nexn 72.06
69 055142 60S ribosomal protein L35a Rpl35a 12.55
70 P14131 40S ribosomal protein S16 Rpsl16 16.44
71 P14869 608 acidic ribosomal protein PO Rplp0 34.19
72 P61514 60S ribosomal protein L37a Rpl37a 10.27
73 Q61495 Desmoglein-1-alpha Dsgla 114.52
74 QIWV32 Actin-related protein 2/3 complex subunit 1B Arpelb 41.04
75 QI9CVB6 Actin-related protein 2/3 complex subunit 2 Arpc2 34.34
76 Q8VEK3 Heterogeneous nuclear ribonucleoprotein U Hnrnpu 87.86
77 QI9QXAS U6 snRNA-associated Sm-like protein LSm4 Lsm4 15.07
78 P27048 Small nuclear ribonucleoprotein-associated protein B Snrpb 23.64
79 P61255 60S ribosomal protein L26 Rpl26 17.25
80 P47911 60S ribosomal protein L6 Rpl6 33.49
81 P38647 Stress-70 protein, mitochondrial Hspa9 73.42
82 E9Q3s4 Mitogen-activated protein kinase kinase kinase 19 Map3kl9 146.32
83 P62281 40S ribosomal protein S11 Rpsil 18.42
84 088477 Insulin-like growth factor 2 mRNA-binding protein 1 Igf2bp1 63.41
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Figure 5. GO and KEGG pathway enrichment analysis of 84 proteins that interact with IFITM1, 3 (overlapped). (A) KEGG classification
map of differentially expressed genes. The y-axis shows the metabolic pathway. (B) Biological process (BP). (C) Cellular component (CC). (D)
Molecular function (MF). The x-axis represents gene ratio = count/set size. Dot size represents the number of genes, and the color bar represents the

P,g-value.

mechanisms of IFITMs, we hypothesize that cytoskeletal
proteins desmin, actin, myosin, vimentin, and nestin
may function as scaffolds to enroll IFITMs, thereby
interacting with IFITM1 and IFITM3. Desmin regulates
myoblast differentiation through its downstream
myogenic determination factors MyoD, Mrf4, and
myogenin, which serve as differentiation factors. Our
results provide insight into the molecular mechanisms
of Ifitm-mediated myogenic differentiation and may
facilitate the development of future treatments for
myotrophic diseases.
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SUMMARY

Gonadal and extragonadal pediatric germ cell tumors (GCTs) are rare neoplasms with different
clinical behavior. Although surgery and cisplatin-based chemotherapy are resolutive in most
cases, some patients do not respond to chemotherapy and have a worse outcome. Microsatellite
instability (MSI) was correlated to resistance to chemotherapy and sensitivity to immunotherapy
in different neoplasms. A series of 21 pediatric GCTs were tested by immuno-histochemistry and
PCR to evaluate MSI status. Next generation sequencing was applied to further evaluate cases with
discordant results between immunohistochemistry and PCR. Twenty-one cases of pediatric GCT
were included in the series. The mean age ranged between 1 and 10 years. Nine cases were gonadal
GCTs and the remaining 12 were extra-gonadal GCTs. By immunohistochemistry, one case showed
a deficit of Mismatch repair (MMR) proteins. This case was a 1-year-old children affected by
gonadal yolk sac tumor. However, all cases resulted microsatellite stable (MSS) by PCR and NGS.
MSI was not detected in our series of pediatric GCTs, as well as the data present in literature about
adult patients with GCTs. Molecular techniques could have a role to confirm the MSI status in case

of dAMMR by immunohistochemistry.

Keywords

1. Introduction

Germ cell tumors (GCTs) are a heterogeneous group of
neoplasms with different clinical behavior, occurring
in gonads (gonadal germ cell tumors, GGCT) or
extra-gonadal sites (extragonadal germ cell tumors,
EGCT), mainly including the sacrococcygeal area, the
mediastinum, and the brain (/,2). GCTs occurring in
pediatric patients (aged 0—18 years) have some clinical
and biological peculiarities, differently from the adult
counter-part. Pediatric GCTs account for 3% of all
malignancies and most commonly arise in children
younger than 15 years, with a slight female predominance
(male: female ratio: 0.8:1) (3). Extragonadal GCTs are
relatively more frequent in pediatric patients rather than
in adults. Indeed, EGCTs account for about 50% of GCTs
in children and 10% of GCTs in adults. GCTs originate

germ cell tumor, extragonadal germ cell tumor, MSI, pediatric tumors

from the primordial multipotential germ cells that migrate
along the body midline to the gonadal sites during
embryogenesis. EGCTs are supposed as originating from
primordial germ cells that failed to migrate to the gonads
(2,4,5). Histologically, GCTs include undifferentiated
forms (seminoma/dysgerminoma), embryonal-like
differentiated forms (embryonal carcinoma and teratoma)
and extra embryonal-like forms (choriocarcinoma and
yolk sac tumor) (6).

Pediatric GCTs are an heterogenous group of
neoplasms with different clinical behavior. Pure yolk sac
tumor, seminoma, or mixture of the two are largely the
most common histotypes in children less than 4 years of
age, while tumors occurring in patients around the time
of puberty up through young adulthood includes the
full range of possible histotypes (7). Histology-specific
analyses among white persons revealed that EGCTs
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of the brain, pineal gland and pituitary gland were
predominantly seminomas/dysgerminomas (67%, 74%,
78%, respectively). In contrast, EGCTs of the pelvis were
predominately non-seminomas/non-dysgerminomas
(96%) (2). Although the rate of malignant GCTs differs
by age and location, generally about 20% of them are
malignant (7).

Therapy of GCTs includes surgery, radiation therapy
and chemotherapy. Although surgery and radiation
therapy are sufficient in benign and early-stage malignant
cases, cisplatin-based chemotherapy is generally applied
to patients with advanced GCTs and targeted therapy
currently has a limited role (8). Since introduction of
platinum-based chemotherapy in the 1980s, survival
of GCTs has dramatically improved so that the five-
year survival is over than 80% (8). In addition, better
survival has been observed for gonadal in comparison
with extra gonadal tumors (7). Although the combination
of surgery and cisplatin-based chemotherapy is
resolutive in more than 90% of cases, some patients
do not longer respond to chemotherapy or have a late
relapse (8). Thus, the recognition of cases that will not
benefit from conventional chemotherapy, and the use of
alternative therapies, are currently needed, mainly for
cisplatin-based chemotherapy-resistant patients. In this
setting, microsatellite instability (MSI) may represent
a promising biomarker, as it was established that
different tumors carrying the deficit of Mismatch repair
(MMR) proteins may present resistance to conventional
chemotherapy and sensitivity to immunotherapy (9-13).
MSI largely depends on the integrity of MMR complex,
which is composed of 4 proteins (MLH1, MSH2, MSH6,
and PMS2) that cooperatively detect and cut base-pair
mismatches to allow correct re-synthetizations of the
DNA strand (/4). Mismatch repair (MMR) proteins are
involved in DNA replication to repair errors, such as
point mutations. MLH-1, PMS-2, MSH-2 and MSH-6 are
the most relevant MMR proteins involved implicated in
cancer development (/4). Microsatellites are non-coding
DNA regions of the hu-man genome that, like coding
regions, can accumulate mutations in case of deficient
MMR (dMMR). In clinical practice, the status of IMMR
is detected by immunohistochemistry (IHC) to test the
loss of MMR proteins, while MSI status may be directly
indagated by sequencing-based methods, including
PCR and next generation sequencing (NGS) (/4,15).
Particularly, the loss of one or more MMR proteins could
trigger a MSI status. A proficient MMR system corrects
the eventual presence of accumulated mutations, while
a defective MMR system leads to global instability of
both repetitive sequences and coding regions. MSI can
be molecularly categorised into two distinct phenotypes:
MSI-high (MSI-H) and MSI-low (MSI-L) (/4). The
former is defined as instability in two or more of the
five markers in the Bethesda reference panel (BAT-25,
BAT-26, D2S123, D5S346 and D17S250) is detected,
while the latter is characterized by instability in only one

marker (/6). Recently, FDA approved the application
of immunotherapy to any cancer with a defective MMR
system and/or MSI-high genotype. The detection of MSI
status has become mandatory in clinical practice for
some neoplasms like colon cancer, as a strong predictor
of efficacy for immunotherapy (/4). In recent years,
the role of MSI to predict the resistance to systemic
chemotherapy in adult patients affected by advanced
GCTs has been evaluated in some studies. Although
controversial results have been reported, data seem
to suggest a positive correlation between MSI and
chemotherapy-resistance, and immunotherapy-sensitivity
in GCTs (14,17,18). On the other hand, the role of MSI
in pediatric GCTs is largely unknown.

In this study, we aim to assess the frequency of MSI
in pediatric patients with gonadal and extragonadal
GCTs, in order to identify additional molecular targets to
exploit chemoresistant neoplasms or further therapeutic
improvement.

2. Materials and Methods
2.1. Specimens

A series of 21 tissue samples from gonadic and
extragonadal GCTs diagnosed between 2019 and 2021
at the University of Campania "L. Vanvitelli" and the
"AORN Santobono-Pausilipon" Hospital were collected.
Inclusion criteria were: i) histological diagnosis of GCT
(both GGCT and EGCT) was performed; ii) biological
material was sufficient to perform IHC and molecular
tests; iif) age of the patient was less than 19 years at the
time of the diagnosis. All 21 cases were reviewed by
two experienced pathologists according to the current
histological WHO classification (6). We retrospectively
recorded clinical and pathological findings, including age
of the patient at initial diagnosis, gender, tumor site and
histological type.

2.2. Immunohistochemistry

Immunohistochemistry was performed on 4 um thick
whole sections for each case, using four antibodies
directed against MLH1 (M1 Ventana clone ready for use
and Optiview kit revelation, Tucson, AZ, USA), MSH2
(clone G219-1129 Ventana ready to use; Optiview
kit revelation), MSH6 (clone SP93 Ventana ready to
use; Optiview kit revelation), and PMS2 (clone A16-4
Ventana ready to use; Optiview kit revelation) proteins on
the BenchMark XT device (Ventana Medical Systems).
Adjacent normal tissue from each sample served as
positive controls (/9, 20). MMR protein loss was defined
by the absence of IHC staining in the nucleus of tumor
cells. Results were evaluated as follows: 7) proficient
MMR (pMMR), cases showing positive staining of all
four MMR; ii) defective ex-pression of mismatch repair
proteins (AIMMR), cases carrying the loss of one of
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two heterodimers, including MLH1/PMS2 or MSH2/
MSH6 loss. We further considered another subset; iii)
cases harboring the loss of one MMR and/or the patchy
expression of one or more MMR (lopaMMR). Two
independent and blinded observers carried out immuno-
histochemical analysis.

2.3.PCR

Serial sections of 6 um in thickness from formalin-
fixed paraffin-embedded matched normal and tumor
tissues were routinely stained, and representative
normal and tumor regions were identified by
microscopic examination. Genomic DNA was isolated
from the paraffin-embedded tissues using the QIAamp
DNA mini kit (Qiagen, Valencia, CA, USA) following
separation of tumor and normal tissue by manual
microdissection (2/). MSI was determined on tumor
DNA using the EasyPGX" readyMSI, including the
following mononucleotide repeats: BAT25, BAT26,
NR21, NR22, NR24, NR27, CAT25 and MONO27.
The test was performed according to the manufacturer's
instructions. PCR results were evaluated as follows:
i) microsatellite stable (MSS), cases with none of the
markers unstable; ii) microsatellite instability-high
(MSI-H), tumor with 2 or more unstable markers; iir)
microsatellite instability-low (MSI-L), cases with only
one marker unstable (in these cases new testing was
carried out on non-tumor tissue, if available, to define
a germinal mutation).

2.4.NGS

Tumor DNA from selected tumors was sequenced
using [llumina TruSightTM Oncology 500 (TSO500)
for MSI status determination. The library was prepared
according to the manufacturer's protocol using a
hybrid capture based TruSight Oncology 500 DNA/
RNA NextSeq Kit (Illumina, San Diego, CA, USA).
During library preparation, enrichment chemistry was
optimized to capture nucleic acid targets from FFPE
tissues. In the TSO 500 analysis, unique molecular
identifiers were used to determine the unique coverage
at each position and to reduce the background noise
caused by sequencing and deamination artifacts in the
FFPE samples. The MSI score was calculated using 130
homopolymer microsatellite loci targeted by the TSO500
panel according to the manufacturer's instructions. The
proportion of unstable MSI sites to total assessed MSI
sites was re-ported as a sample-level microsatellite score,
in which at least 40 sites were required to determine
an MSI score. The MSI status was calculated from
microsatellite sites for evidence of instability relative
to a set of baseline normal samples that are based on
information entropy metrics.

2.5. Institutional review board statement

The study was conducted in accordance with the
Declaration of Helsinki, and approved by the Institutional
Review Board (or Ethics Committee) of University of
Campania "L.Vanvitelli" (protocol code 0007953/1, date
04/06/2020).

2.6. Informed consent statement

Our study was done retrospectively conducted on
archival bio-logical samples; formal consent was not
required.

3. Results and Discussion

The series analysed in our study included 21 cases
of pediatric GCT. Nine out of 21 (42.9%) cases were
GGCTs, and the remaining 12 (57.1%) were EGCTs. The
mean age of patients was 3.6 years (range: 1-10 years).
In our series, 9 out of 21 (43%) patients were male and
12 (57%) were female. Particularly, 5 out of 9 (66%)
GGCTs were in testis and 4 (44%) cases in ovary. Among
the 12 EGCTs, 9 cases (75%) were sacral, 2 cases
(17%) were mediastinal and 1 case (8%) was coccygeal.
Concerning the histology, the series included 5 Yolk sac
tumor (23.8%), 11 terato-mas (52.4%) (9 mature and 2
immature), and 5 mixed GCTs (23.8%), particularly 4
yolk sac tumor and teratoma (80%) and 1 seminoma and
teratoma (20%). Clinical and pathological features of the
patients are summarized in Table 1.

All 21 cases were tested by IHC. Twenty cases
(95%) resulted proficient MMR, while the remaining
1 case resulted dAMMR (5%). The latter was a 1-year-
old children affected by pure testicular yolk sac tumor.
In detail, the IMMR case showed loss of expression of
MLHI1/PMS2 and MSH6, and low/patchy expression of
MSH?2, as showed in Figure 1. Clinical and pathological
features and MMR status of the GCTs are detailed in
Table 2. All GCT cases were adequate for PCR analysis.
All 21 cases (100%) were MSS, MSS representative
results of the analysis is shown in Figure 2. The
NGS analysis was performed on 17 out of 21 cases,
unfortunately, 4 cases of our series have not been tested
since the quantity and the quality of the DNA were not
adequate for this assay. All 17 cases analyzed were MSS
by NGS, confirming the PCR results.

As well defined in literature, pediatric GCTs are
a heterogeneous group of neoplasms, including both
gonadal and extragonadal forms. Incidence of GCTs
depends on the age and the sex, as these neoplasms
are more frequent in adolescents and young adults
(aged 15-19 years) rather than young children (age
0—4 years). In the United States the incidence rate of
GCTs in children is 0.4 per 100,000 in boys and 0.6 per
100,000 in girls, while the incidence rate in adolescents
and young adults is 11.4 per 100,000 in males but only
one per 100,000 in females . Histologically, teratoma is
largely the most common histotype in young children,
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Table 1. Clinical and pathological features of the patients

Patient Age (Year) Sex Site of Tumor Histology

1 1 M Testis (R) Yolk Sac Tumor

2 1 M Testis (R) Yolk Sac Tumor

3 1 M Mediastinum Teratoma

4 1 M Sacrum Yolk Sac Tumor

5 1 F Sacrum Yolk Sac Tumor and Teratoma (Mature)
6 <1 F Sacrum Teratoma (Mature)

7 2 F Sacrum Yolk Sac Tumor + Teratoma (Mature)
8 1 F Coccyx Teratoma (Mature)

9 1 F Sacrum Yolk Sac Tumor

10 2 F Sacrum Teratoma (Mature)

11 10 F Ovary (R) Yolk Sac Tumor + Teratoma (Immature)
12 9 M Testis (L) Seminoma + Teratoma

13 <1 M Sacrum Teratoma

14 1 M Testis (R) Teratoma

15 6 F Ovary (L) Teratoma (Mature)

16 <1 M Sacrum Teratoma

17 1 M Testis (L) Yolk Sac Tumor

18 7 F Ovary (R) Teratoma (Immature)

19 8 F Ovary (L) Yolk Sac Tumor + Teratoma (Mature)
20 8 F Mediastinum Teratoma (Mature)

21 <1 F Sacrum Teratoma (Immature)
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Figure 1. Immunohistochemical evaluation of MSI. (A) Loss of expression of MLH1, PMS2 and MSH6 in tumor cells with positive internal
control (DAB coloration, original magnification 40x, scale bar 50um); heterogeneous expression of MSH2 in tumor cells (DAB coloration,
original magnification 40x, scale bar 50pm); (B) Representative case with intact expression of MLH1, PMS2, MSH2 and MSH6 (DAB

coloration, original magnification 40x, scale bar 50um).

followed by pure yolk sac tumors. In these patients, loss
of chromosomes 1p, 4, 6q and gain of chromosome 1q
are the most frequent cytogenetic alterations at this age,
and the sacrococcygeal is the most frequent extragonadal
location (22). In adolescents and young adults, the
most common histotypes include teratoma, seminoma/
dysgerminoma and mixed GCTs with a higher proportion
of embryonal carcinoma and choriocarcinoma (22). In
these patients, the most common extragonadal location
is represented by the mediastinum, and isochromosome
12p (il12p) is the most common cytogenetic alteration
(22). The clinical behavior of pediatric GCTs is variable
and largely depends on histology, and sex and age of the
patients. Male adolescents affected by GGCTs showed
significantly worse event-free survival (EFS) than
children or adults (60% vs. 87% and 80%, respectively)
in a single-institution study (23). Overall, patients with
advanced disease achieve a 5-year-overall survival of
more than 70%, while patients with non-seminoma

histology have a poorer prognosis and 5-year-overall
survival of 50% (24). Fifteen percent of all patients will
develop refractory disease, representing a challenge in
the clinical management (25).

Although surgery may be curative in benign and
early-stage malignant GCTs, advanced-stage GCTs
need systemic therapy, which is mainly constituted by
cisplatin-based regimens. Moreover, despite the chemo-
sensitivity of GCTs, about 10-15% of cases show a
resistant phenotype, responsible of tumor relapses and
poor prognosis (26). The identification of a biomarker
able to predict the chemoresistant phenotype should be
important to choose the most correct therapy. In this
setting, MSI could represent a promising biomarker, as
it has been related to platinum-based therapy resistance
and immunotherapy sensitivity in other malignant
neoplasms (/4). Two mechanisms could explain the
correlation between MSI and treatment resistance. First,
MSI may render cells prone to secondary mutations,
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Table 2. Clinical and pathological features and MMR status of the GCTs

PATIENT MLH1 PMS2 MSH2 MSH6 RESULTS
1 Negative Negative Patchy Negative MSI
2 Positive Positive Positive Positive MSS
3 Positive Positive Positive Positive MSS
4 Positive Positive Positive Positive MSS
5 Positive Positive Positive Positive MSS
6 Positive Positive Positive Positive MSS
7 Positive Positive Positive Positive MSS
8 Positive Positive Positive Positive MSS
9 Positive Positive Positive Positive MSS
10 Positive Positive Positive Positive MSS
11 Positive Positive Positive Positive MSS
12 Positive Positive Positive Positive MSS
13 Positive Positive Positive Positive MSS
14 Positive Positive Positive Positive MSS
15 Positive Positive Positive Positive MSS
16 Positive Positive Positive Positive MSS
17 Positive Positive Positive Positive MSS
18 Positive Positive Positive Positive MSS
19 Positive Positive Positive Positive MSS
20 Positive Positive Positive Positive MSS
21 Positive Positive Positive Positive MSS

BaT26

NR21 NR22

Figure 2. MSS-PCR results. Stability of BAT25, BAT26, NR21, NR22, NR24, NR27, CAT25 and MONO27 (red lines indicate samples while

blue lines indicate MSS controls).

leading to resistance. Alternatively, MMR may induce
S-phase cell cycle arrest and induction of apoptosis (27).
Moreover, germ cells and GCTs are characterized by
low constitutive activation of the DNA damage response
machinery and respond to DNA damage with apoptosis
rather than cell cycle arrest (28).

We performed literature research using the most
diffuse database of scientific report and, to the best
of our knowledge, this is the first study indagating
MSI status in pediatric GCTs. MSI was indagated by
immunohistochemistry, PCR and NGS, in 21 cases
of pediatric (less than 10 years old patients) GCTs,
including 5 Yolk sac tumor (23.8%) 11 teratomas (52.4%)
and 5 mixed GCTs (23.8%). One case resulted dAMMR
by immunohistochemistry, showing loss of expression
of MLH1/PMS2 and MSH6, and low/patchy expression
of MSH2. This case was a pure yolk sac tumor occurring
in the testis of a 1-year-old children. However, the MSI
status was not confirmed by molecular studies, including
both PCR and NGS. All cases resulted MSS by PCR.
Interestingly, our series confirmed the leading role of
molecular studies to define MSI status, suggesting a
false-positive result of IHC (15).

The potential role of MSI in GCTs is largely

unknow, as it was indagated in few studies, limited to
adult GCTs. Devouassoux-Shisheboran et al. indagated
the immunohistochemical expression of hMLHI1 and
hMSH2, showing intact nuclear staining in a series
of 19 GCTs, suggesting that MMR genes may not
play a significant role in early phases and progression
of TGCT (29). In addition, previous studies showed
significantly higher incidence of MSI compared with
the unselected series (45 vs. 6%) in resistant tumours,
both chemo-naive and pre-treated cases, demonstrating
that lacking expression of hMLH1 or MSH6 were
significantly more frequent in resistant GCTs (/4).
Velasco et al. investigated the expression of the two
most mutated MMR genes, MSH2 and MLH]1, in
sporadic testicular GCTs, founding that 25% of GCTs
exhibited increased frequency of MSI. They also
investigated MMR gene expression in testicular cancer
as a molecular marker for clinical outcome (recurrence,
response to chemotherapy and death) using protein
expression and specific genetic alterations in 162
patients with testicular GCTs of different histological
types (/7). They found that tumors with altered
MMR expression respond differentially to treatment,
suggesting that standard platinum-based chemotherapy
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does not appear to be very effective in tumors with
MMR deficiency as measured by a high frequency
of MSI and decreased immunostaining of MSH2
and MLH1(/7). Al-Obaidy et al. analysed a series of
TGCT patients including 13 patients with a subsequent
contralateral TGCT. Thus, they found MLH1, PMS2,
MSH2, and MSH6 retained staining in all cases of
bilateral tumors (30).

4. Conclusion

Although further investigations on large series will be
necessary to obtain more significant data, our results
suggest that does not seem to be any substantial
differences between adult and pediatric GCTs regarding
the expression of MMRs.
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SUMMARY

Keywords

Hereditary motor and sensory neuropathy with proximal dominant involvement (HMSN-P) is an
intractable neurological disease with autosomal dominant inheritance, four-limb weakness, sensory
impairment, and a slowly progressive course. HMSN-P patients develop four-limb paralysis at the
advanced-stage, as in amyotrophic lateral sclerosis (ALS). There is a natural 20- to 30-year course
from initial painful muscle cramps and four-limb paralysis to respiratory dysfunction. A delay in the
diagnosis of HMSN-P occurs due to the 20- to 30-year span from the initial symptom(s) to typical
quadriplegia. Its early diagnosis is important, but the involvement of painful muscle cramps as an
early symptom has not been clear. Following our earlier survey, we conducted a re-survey focusing
on painful muscle cramps, assistive-device use, and hope for specific therapies in 16 Japanese
patients with advanced-stage HMSN-P. Fifteen patients presented painful muscle cramps as the initial
symptom, and muscle cramps in the lower abdomen including the flank were described by 10 of the
patients. The presence of painful muscle cramps including those in the abdominal region may be
a clue for the early diagnosis of HMSN-P. Painful abdominal cramps have not described in related
diseases, e.g., ALS, spinal muscular atrophy, and Charcot-Marie-Tooth disease. Recent patient-welfare
improvements and advances in assistive devices including robot-suit assistive limbs are delaying the
terminal state of HMSN-P. Regarding specific therapies for HMSN-P, many patients choose both
nucleic acid medicine and the application of induced pluripotent stem cells as a specific therapy for
HMSN-P.

painful muscle cramp, abdominal cramp, hereditary motor sensory neuropathy with proximal
dominant involvement, HMSN-P, nucleic acid medicine, induced pluripotent stem cell

1. Introduction

Okinawa-type neurogenic muscular atrophy, i.e.,
hereditary motor and sensory neuropathy with proximal
dominant involvement (HMSN-P) is an intractable
neurological disease that shows autosomal dominant
inheritance and proximal muscle dominant-limb
paralysis, and it is slowly progressive over a period
of approx. 30 years (/-3). Advanced-stage HMSN-P
results in severe amyotrophic lateral sclerosis (ALS)-
like quadriplegia. HMSN-P has recently spread not only
in Japan's Okinawa and Shiga prefectures but around
the world, including sporadic cases in India (4-6). In
2017, Fujisaki et al. analysed the natural history of
97 patients with HMSN-P in Okinawa whose cases
had been documented since 1980, and they reported a

natural course of 20 to 30 years from the initial painful
muscle cramps and four-limb paralysis to respiratory
dysfunction (3).

In 2020, we used a survey to investigate whether
there is a difference in the disease name notification
and acceptance of HMSN-P compared to ALS (7). The
early diagnosis of HMSN-P is important, but details
such as the site and the triggers of painful muscle
cramps, which is an early symptom, have not been
fully analysed. Following our earlier survey (7), we
provided the present study's re-survey to 16 patients
with advanced-stage HMSN-P regarding mainly the
presence of painful muscle cramps, the patients' use of
assistive devices including a robot-suit hybrid assistive
limb (HAL), and their hope for specific therapy for
their HMSN-P.
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2. Patients and Methods

In April 2022-March 2023, 16 patients with advanced-
stage HMSN-P in their 50-70s in Okinawa, Japan were
enrolled in this study with the cooperation of the local
Patient Association (Nozomi no Kai). The re-survey's 10
items included the patient's age at the onset of HMSN-P,
painful muscle cramps, current major symptoms,
assistive-device use, and hope for specific therapy. The
re-survey (see the Supplementary Materials, http://
www.irdrjournal.com/action/getSupplementalData.
php?ID=153) was approved by our Hospital's Ethics
Committee (Gaku 22-1015).

The 16 patients' conditions corresponded to the
advanced-stage of HMSN-P before the appearance of
respiratory dysfunction described in the natural history
of HMSN-P by Fujisaki et al. (3). The pairs of Patients
1 and 2, Patients 3 and 5, Patients 4 and 6, and Patients
7 and 8, and Patient 10 and 12 respectively had the same
pedigree in which one parent had HMSN-P, and the
remaining Patients 9, 14, and 15 each had one parent
with HMSN-P. The result of genetic testing for TRK-
fused gene (TFG) mutation (&) was positive in all 16
patients. The disease-onset age was defined as the
patient's age at the onset of limb muscle weakness, and
the onset age of muscle cramps similarly defined.

An upper-limb single-joint robot suit HAL had been

used by six of the patients for ~3 years since 2017.
As part of the regimen for the patient's familiarization
with the HAL, both elbows were alternately flexed
and extended for 5 min, and after a break, two
similar sessions were performed as one set on 3 days;
improvements were observed in the patients' hand-grip
strength and finger-pinch forces (9).

The re-survey was sent to the Patient Association
in Okinawa, which delivered the re-survey to the 16
patients for completion; the completed re-surveys were
collected by the Patient Association. Ambiguous points
in the patients' responses to the re-survey were resolved
by a telephone inquiry, with some exceptions.

3. Results and Discussion

The results of the re-survey are summarized in Table
1. The average age of the 16 patients (9 males and 7
females) was 62.2+5.7 (SD) years. All of the patients
reported experiencing painful muscle cramps; the clinical
characteristics are described in Table 2. The muscle
cramps began at the average age 34 years in lower
legs, often ascending to the thigh and abdomen, and
recurring intermittently for 10-20 years. In 10 patients,
painful muscle cramps preceded limb weakness, and
five patients had painful muscle cramps simultaneously
with the onset of weakness of limbs. Conversely, Patient

Table 1. Re-survey of 16 Japanese patients with advanced-stage hereditary motor and sensory neuropathy with proximal

dominant involvement (April 2022-March 2023)

Patient Age/Sex  Genetic testing Onset age of

Current major symptoms, use

Hoped for therapy 1: Nucleic

No. Educ. onset age+ painful muscle cramps of aids, HAL use Job, yrs acid Medicine 2: iPS
1 66/m Univ. 35 20, lower-leg, thigh, Prox. dominant quadriplegia* 40 continuing 1,2
abdomen dyspnea, elec. wheelchair
2 72/m HS 40 20, calf cramps, Prox. dominant quadriplegia* 25 1,2 HAL no response
ascending abdomen elec. wheelchair
3 66/f HS 50 45, calf cramps, thigh,  Prox. dominant quadriplegia* 20 Early development 1,2
abdomen dysphagia, elec. wheelchair
4 67/f HS 30 28, lower-leg, ascending Muscle cramps, quadriplegia* 20 Specific therapy 1,2
abdomen elec. wheelchair
5 73/m HS 65 15, lower-leg, thigh, Quadriplegia*, cane, walker 35 Unknown
abdomen
6 64/f HS 43 40, calf cramps Quadriplegia*, cane, 10 2
wheelchair, walker
7 66/m HS 50 10, lower-leg, Quadriplegia, dysphagia, elec. 40 continuing 1,2 HAL no response
abdomen(flank) wheelchair
8 72/f HS 50 40, calf cramps, Dysphagia, quadriplegia 10 Not clear
abdomen wheelchair, death at 72 yrs
9 53/m HS 35 30, lower-leg, ascending Upper-limb paralysis, — 30 continuing 2 HAL no response
abdomen lower-limb paralysis
10 60/f HS 43 43, calf cramps, finger =~ Muscle cramps, quadriplegia, 20 Early development 1,2
cane, wheelchair
11 57/fHS 40 40, calf cramps, Muscle cramps, quadriplegia, 20 Specific therapy 1,2
abdomen, neck cane, wheelchair
12 50/m HS 38 38, calf cramps Dyspnea, quadriplegia, cane, 24 1
elec. wheelchair
13 53/m HS 30 30, calf cramps Lower-limb paralysis 20 continuing Not clear
14 57/fHS 40 40, lower-leg Quadriplegia, cane, wheelchair 14 Specific therapy 2
15 60/m HS 40 50,lower-leg Quadriplegia, cane, — 25 Specific therapy 2
wheelchair
16 59/m Univ. 38 34, calf cramps, Quadriplegia, cane, — 30 Early development 2
abdomen wheelchair

+: The genetic testing and onset age are stated in the text. Educ.: education, elec: electric, f: female, HS: high school graduate, HAL: hybrid
assistive limb, *: HAL use, iPS: induced pluripotent stem cell, m: male, Univ.: university graduate.
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Table 2. Clinical characteristics of the HMNS-P patients
with painful muscle cramps (n=16)

62.2+ 5.7 yrs

Age, yrs; mean + SD, gender 9 males, 7 females

Onset age of limb weakness, yrs;

mean + SD (range)

Onset age of painful muscle cramps, yrs;
mean + SD (range)

Sites:

417+ 6.1 (30-65)

32.7+ 8.9 (10-50)

Lower-leg, i.e., calf cramps 5(31.3%)

Lower-leg, thigh, ascending to painful 9 (56.3%)
abdominal cramps

Calf cramp, abdomen with neck 1 (6.3%)

Calf cramps, finger 1(6.3%)
Triggers:

Falling asleep, sleeping 5(31.3%)

Changes in position 5(31.3%)

Fatigue 1(6.3%)

Sneezing 1 (6.3%)

Unknown 4 (25%)

15's painful muscle cramps started after weakness of the
extremities.

Two patients described neck or finger cramps
together with lower-leg or abdominal cramps. The
triggers included fatigue, falling asleep during the day or
at night, changes in posture, and sneezing. These were
relieved by stretching the lower legs, lightly tapping
the abdomen, or standing up. In a few patients in their
50-60s, occasional muscle cramps still occur. Regarding
medications for HMSN-P, some of the patients had
received clonazepam or taurine (data not shown).

Fifteen patients described painful muscle cramps
as the initial symptom, and muscle cramps in the lower
abdomen, including the flank were described by 10 of
the patients. Notably, painful abdominal cramps seemed
to be specific to HMSN-P. Painful abdominal cramps
have not described in related diseases, e.g., ALS, spinal
bulbar muscular atrophy (SBMA), or Charcot-Marie-
Tooth (CMT) disease (/0—13). Fasciculation in the face
during tongue thrust has been observed in ALS and
SBMA patients but not HMSN-P, and CMT disease
shows findings of lower-extremity predominance.

Takashima et al. reported that muscle cramps
occurred intermittently in the extremities and abdominal
regions of their series of 23 patients with HMSN-P,
and there was an interval ranging from 0 to 22 years
between the muscle cramps and four-limb weakness (7).
In our series of 16 patients, the corresponding interval
ranged from 0 to 50 years; 10 patients had prodromal
signs 3—-50 years before limb weakness, and five
patients had coexisting limb weakness with the onset of
muscle weakness. In both types of patients, the presence
of painful abdominal cramps in the present history may
be a clue for the early diagnosis of HMSN-P.

Regarding the pathology of HMSN-P, Suehara
described the loss of anterior horn cells throughout
the spinal cord, marked atrophy of the dorsal column,
and a loss of nerve fibers (2). The pathophysiology of
abdominal muscle cramps appears to originate in the

lumbar spinal anterior horn. On the other hand, muscle
weakness in the upper extremities is always observed
in HMSN-P, and it is presumed that muscle cramps
frequently occur in the upper extremities of HMSN-P
patients; however, only two patients in our present
series described experiencing muscle cramps in the
neck or fingers.

In six of our patients in their 60s, their current main
symptoms were proximal dominant quadriplegia, and
they needed an electric wheelchair and full assistance.
However, they had maintained their cognitive ability,
speech, and swallowing, and the painful muscle cramps
were reduced in three of the six patients. They had
an average of 24 years of work experience, and their
jobs varied from company representative, nurse, sales
worker, US military base driver, and clerical workers.
Almost all of the patients had been obliged to stop
working due to progressive limb weakness, but Patients
1, 7,9, and 13 had maintained sufficient hand muscle
strength to continue clerical work.

Compared to the responses to the same survey
completed by the patients 2 years earlier, Patient 1 had
developed dyspnea, Patient 3 had mild dysphagia, and
Patient 6 was hospitalized for a hip fracture. Patient §
had died of aspiration pneumonia. Patient 12's condition
had progressed to quadriplegia, and he needed an
electric wheelchair.

The present study's re-survey revealed that an
upper-limb single-joint robot suit HAL was used
intermittently by six patients for 3 years; Patient 1
experienced an immediate effect for 2-3 weeks in the
evaluation items of hand-grip and finger-pinch forces at
distal upper-limb muscles (9). Regarding the re-survey
questions about the usefulness of an upper-limb single-
joint robot suit HAL, two patients with mild disability
and one patient with severe disability described the
HAL as helpful; two patients with severe disability
chose to maintain the HAL, and one patient with severe
disability answered 'no' to the question about the HAL's
helpfulness.

Comparing the patient group of 65-70 years old
reported by Fujisaki et al. (3) with the seven present
patients of the same age, we observed that > 50% of the
patients in the Fujisaki series were using a respirator
or had died, but six of our patients in that age group
remained without respirator use, which shifted the
terminal stage by several years. The improvement in
the patients' welfare and the progress that has been
made in the design of assistive devices are considered
to have greatly contributed to a delay in the onset of
terminal-stage HMSN-P. The hoped-for therapy in
the survey we provided 2 years ago (7) resulted in the
same number of specific therapies desired, i.e., nucleic
acid medicine and induced pluripotent stem cell (iPS)
application. In the present study's re-survey, one patient
chose nucleic acid medicine, and five patients selected
iPS application. Seven patients chose both options, and
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three patients' responses were unclear or not given.

A limitation of this study is that it enrolled only
patients with advanced-stage HMSN-P who belonged
to the Okinawa Patient Association. In addition, all of
the patients are Japanese, and our findings may not be
applicable to patients with other backgrounds. A wide
range of investigations, including patients from outside
Okinawa prefecture, are awaited.

In conclusion, we conducted a re-survey for 16
Japanese patients with advanced-stage HMSN-P
concerning mainly painful muscle cramps as an early
symptom of this disease. Of particular note, the presence
of painful muscle cramps including the abdominal
region may be a clue for the early diagnosis of HMSN-P.
Recent improvements in patients' welfare and advances
in assistive devices including robot-suit assistive HALs
have postponed the terminal state of HMSN-P by several
years. Many of our patients chose both nucleic acid
medicine and iPS application as their hoped-for HMSN-P
therapy.
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SUMMARY

We performed a study to present a phenotypic and genotypic characterization of a patient clinically

diagnosed with carbonic anhydrase Il (CAII) deficiency syndrome. Medical records were reviewed,
and oral examination was performed. Sanger sequencing was undertaken for molecular diagnosis.
The patient presented with osteopetrosis, renal tubular acidosis, cerebral calcification, blindness,
deafness, and development delay. The oral manifestations included anterior open bite, posterior
crossbite, tooth eruption impairment, and hypoplastic amelogenesis imperfecta (Al). Molecular
analysis revealed a CA2 homozygous deletion (c.753delG, p.Asn252Thrfs*14) and confirmed the
clinical diagnosis. This study suggests that Al can be another feature of CAII deficiency syndrome.
For the first time, a CA2 disease-causing variant is reported to be associated with syndromic Al.

Keywords

Carbonic anhydrase II (CAII) deficiency syndrome
(#OMIM 259730), also known as marble brain
disease or Guibaud-Vainsel syndrome, is an autosomal
recessive disease characterized by an increased bone
density and metabolic acidosis that cause osteopetrosis,
renal tubular acidosis and cerebral calcification (/).
Affected individuals usually present with cranial nerve
compression causing intellectual disability, blindness and
deafness, recurrent bone fractures, and nephrocalcinosis.
CAIl is a cytoplasmic enzyme encoded by the CA2 gene,
mainly expressed in bone, brain, distal renal tubules, and
erythrocytes, regulating intracellular pH by catalyzing
the conversion of carbonic acid (H,CO,) to bicarbonate
(HCOs-) and hydrogen ion (H"). CAII is involved in
osteoclast differentiation, bone resorption, and in the
acid-base physiology of the kidneys (2).

In recent years, experimental studies in mice have
also demonstrated that ameloblasts express CAII
during amelogenesis, especially in the transition and
maturation stage (3-5). In mice, this protein plays a role
in intracellular pH control, which is essential for normal
enamel development. However, the enamel phenotype
description has not been the focus of the clinical reports.
Tooth eruption disturbances, severe dental caries,

amelogenesis imperfecta, osteopetrosis, renal tubular acidosis, carbonic anhydrase I1

crowded teeth, and dental malocclusion are the most
common oral manifestations reported (6-8).

Amelogenesis imperfecta (Al) comprises a
heterogeneous group of inherited development defects
of enamel (DDE) (9). Al can be an isolated or syndromic
trait that affects all or almost all teeth in both dentitions.
The mode of inheritance can be autosomal recessive,
autosomal dominant, or X-linked. In hypoplastic Al, the
enamel thickness or shape is altered; in hypomaturation
and hypocalcified Al, the enamel matrix mineralization
is incomplete, and enamel hardness is reduced.

The present study aimed to perform a phenotypic
and genotypic characterization in a current 26-year-old
female Brazilian patient (III:1) clinically diagnosed with
CAII deficiency at age nine years old.

The study was approved by the Research Ethics
Committee, Faculty of Health Sciences, University
of Brasilia (certificate of presentation for ethical
appreciation number 43064320.3.0000.0030) in
accordance with the Declaration of Helsinki. Informed
consent was obtained from the participants.

The proband was the only affected member in the
family (Figure 1, A). Parents reported no consanguinity,
but both were born in a small village in the State of
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Figure 1. Genetic, clinical, and radiographic findings of this study. (A) Pedigree illustrates the absence of other affected members in the family
or parental consanguinity. (B) Chromatograms show mother heterozygosity and proband homozygosity for the CA2 variant. (C) Physical extraoral
examination detected slender fingers and bilateral 5th finger clinodactyly in upper limbs. (D) It was also observed hammertoe bilaterally (1st toes),
sandal gap, and short 3rd/4th toes in lower limbs. (E) Radiography of knee and leg showing tibial and fibular fractures. (F) Intraoral examination
at age 17: anterior open bite, posterior crossbite with crowded teeth, and ectopic eruption (*). (G) The occlusal view shows a high-arched palate
with maxillary atresia. (H) Crowded teeth in the mandible and primary second molars retention. (I) Ectopic eruption of maxillary first premolar
with hypoplastic pitting enamel (*). (J) Approximate view of a lower permanent first molar with hypoplastic pitting enamel. (K) Dental panoramic
radiography at age 26 revealed retention of primary molars, eruption failure of upper permanent molars (white triangles), and abnormal enamel

thickness in primary and permanent molars (white arrows).

Maranhio, Brazil. She was an only child, delivered
from an uncomplicated pregnancy. She presented with
osteopetrosis, microcephaly, cerebral calcifications,
developmental delay, short stature, limb malformations,
and recurrent fractures of the femur, tibia, and fibula
(Figure 1, C-E). Furthermore, she presented right optic
nerve atrophy with visual impairment, strabismus,
horizontal nystagmus, and conductive hearing loss. At
age nine years old, she presented with low values of
venous blood pH (7.21), low HCO, (16.7 mEq/L) and
low base excess (-10.5 mmol/L); high urinary pH (6.0);
high urinary excretion of calcium (5.4 mg/kg/24 h),
and low excretion of citrate (0.32 mmol/24 h). She was
diagnosed with distal renal tubular acidosis, metabolic
acidosis, hypercalciuria, and hypocitraturia.

At age 9, she was referred to the Oral Care Center
for Inherited Diseases, University Hospital of Brasilia,
University of Brasilia, and a complete oral examination
was performed. She presented mixed dentition with
generalized enamel hypoplasia, high-arched and ogival
palate, anterior open bite, posterior crossbite, crowded
teeth, ectopic eruption, and altered tooth shape. Later, at
age 17, she presented with retained primary and impacted
permanent teeth. All primary and permanent teeth
presented with hypoplastic pits and grooves resembling
hypoplastic Al (Figure 1, F-J). She also presented with
gingival inflammation in areas of crowded teeth due

to difficult access for oral hygiene. Dental panoramic
radiography showed tooth eruption impairment and
impacted teeth (Figure 1, K).

Venous blood was collected from the proband and the
mother for DNA isolation. CA2 gene was amplified using
specific pairs of primers (available upon request), and
PCR products were sequenced. Sanger sequencing results
were compared with CA2 reference sequences (http://
www.ensembl.org) and revealed that the proband was
homozygous and the mother (II:3) was heterozygous for a
single base pair deletion resulting in a frameshift mutation
in exon 7 (CA2: ¢.753delG, p.Asn252Thrfs*14) (Figure
1, B). The variant was predicted to be likely pathogenic
(PM2, PVSI, PP4) according to the American College of
Medical Genetics and Genomics (ACMG) criteria (/0).
The father (I1:2) was not available for the genetic exam.
The variant nomenclature was checked on the Mutalyzer
Website (https.://mutalyzernl) and registered in the Leiden
Open Variation Database (LOVD).

In this study, the patient presented with the classic
features of CAII deficiency syndrome, except for
the absence of nephrocalcinosis, and the presence
of hypoplastic Al, which had never been previously
reported in this syndrome. The same variant detected in
our patient had already been reported in two Mexican
siblings (/7), but the orodental features were not
described.
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CAII deficiency cases present a particular geographic
distribution and have been mostly reported in the
Mediterranean region and the Middle East (6,12),
i.e. patients of Arab descent, probably due to the
high occurrence of consanguineous marriages in this
population. In the present family, no consanguinity
was reported, but once the parents are natives from a
small village with a reduced population, the possibility
of familial genetic similarities between them may be
considered to explain the homozygosity detected in the
proband.

We performed a literature search in 3 databases
(Medline, PubMed, and Web of Science) until July
2023, covering the topics: "CAII deficiency OR
carbonic anhydrase 2" AND "oral manifestations OR
enamel". After the removal of duplicates and reports in
foreign languages, a total of 309 studies were retrieved.
Abstracts were screened, and 60 records were eligible for
the next phase. After reading the complete studies, we
identified only four case reports (/3-16) and one series
case report (6) that observed enamel hypoplasia in some
patients. Among them, only one case report confirmed
the molecular etiology and described the presence of
enamel hypoplasia in three patients from two unrelated
families (/3). None of them mentioned generalized DDE
resembling Al.

The renal phenotype of Car2(-/-) mice are similar
to the observed in CAII deficiency patients (/7), i.e.,
metabolic acidosis and impaired urine acidification,
but there is no transgenic Ca2 animal models study
with an orodental approach in the literature. Our patient
presented Al in both primary and permanent dentition.
As the enamel development of primary dentition occurs
during prenatal life, when the placenta provides the
fetal homeostasis for amelogenesis, it may be assumed
that DDE in primary teeth are unlikely to be caused by
systemic disturbances but by an inherited condition in
patients born from uncomplicated pregnancies (/8).
DDE may also be caused by other factors such as local
infections, dental trauma, environmental and systemic
disturbances. Thus, a secondary effect of the metabolic
acidosis found in our patient cannot be discharged once
the ameloblasts are sensitive to pH changes during
amelogenesis.

The CAII role during amelogenesis has only recently
been described (3-5), and it may explain why dental
enamel phenotype has not been carefully characterized
in previous studies. Furthermore, in the past, Al used to
be classified only as an isolated trait caused by variants
in genes that encoded for enamel matrix proteins or
proteases. Advances in molecular diagnosis techniques
have identified disease-causing variants in at least 26
different genes that cause 19 types of syndromic Al (9),
including five autosomal recessive renal diseases linked
to CLDNI16 (#OMIM 248250), CLDN19 (#OMIM
248190), FAM204 (#OMIM 204690), KCNJI (#OMIM
241200) and SLC4A4 genes (#HOMIM 604278). All these

genes are functionally expressed in both ameloblasts and
kidney cells.

In conclusion, the generalized enamel hypoplasia
observed in the primary and permanent teeth in
the present case suggests that Al can be part of the
phenotypic spectrum of CAII deficiency syndrome.
Additionally, we suggest that this syndrome should
be included in the hall of syndromic Al and, more
specifically, in the group of autosomal recessive
diseases with renal and dental enamel involvement.
These results reinforce the importance of referring
patients with autosomal recessive renal diseases for oral
examination. Likewise, Al patients should be referred for
nephrological evaluation.
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SUMMARY

Keywords

Oncogenic PIK3CA mutation activates phosphoinositide 3-kinase (PI3K) enzyme, and PI3K-AKT
signaling activation induces several growth-regulatory transcription factors. PIK3CA mutations
have attracted attention as biomarker in clinical trials of various inhibitors including PI3K inhibitors.
About 80% of PIK3CA mutations in human cancers are observed in 'hot spot' regions: exon 9 (E542K
and E545K) and exon 20 (H1047R). There were few reports about clinical significance of PIK3CA
mutations in cutaneous cell carcinoma (cSCC). Thus, we investigate the prevalence of three PIK3CA
hot spot mutations in 143 cases with cSCC and evaluate the correlation between the presence of these
mutations and clinical characteristics by using ddPCR. The frequency of each E542K, E545K and
H1047R PIK3CA mutations was 1.4% (2/143), 2.8% (4/143), and 0.7% (1/143) respectively. No
significant correlation was found between PIK3CA mutations and clinical characteristics. Although
additional basic researches and clinical trials are necessary, various inhibitors may be effective
therapeutics for PIK3CA mutation-positive ¢cSCC. Our study revealed the prevalence of PIK3CA
mutations in ¢cSCC.

cutaneous squamous cell carcinoma, PIK3CA mutations, Droplet digital polymerase chain reaction

(ddPCR), metastasis

PI3K (Phosphoinositide 3-kinase)-Akt pathway can
be activated by PIK3CA mutations and contributes to
cancer progression. PIK3CA mutations have been found
in various cancers, such as breast and colon cancer, and
approximately 80% of them are in "hot spot" regions
such as exon 9 (E542K and E545K) and exon 20
(H1047R) (I). To our knowledge, there are only two
reports of PIK3CA mutations in cutaneous squamous
cell carcinoma (cSCC). None of the PIK3CA hot spot
mutations were observed in 30 patients with ¢cSCC
(2). In addition, 40% (4/10) of cases with ¢SSC had
PIK3CA mutations in regions outside of hot spots, and
no PIK3CA hot spot mutations were identified in 10
patients with ¢cSCC (3). However, there have been no
reports of the PIK3CA mutations in a large number of
SCC cases. Therefore, we investigated the prevalence
and clinical significance of three PIK3CA hot spot
mutations (E542K, E545K, and H1047R) in 143 cases
with ¢SCC.

All experimental protocols were approved by the
Institutional Review Board and were carried out in
accordance with the Declaration of Helsinki. Written
informed consent was obtained from all patients.
Tissue samples were obtained from 143 patients

diagnosed at Kumamoto University Hospital between
July 2015 and August 2020. DNA was isolated from
formalin-fixed paraffin-embedded FFPE tissues using
the QIAmp DNA FFPE Tissue Kit (Qiagen, Hilden,
Germany). ddPCR was performed using a QX200
droplet digital PCR system (Bio-Rad, Berkeley, CA,
USA) as previously described4 using ddPCR probes
for three PIK3CA mutations (E542K, E545K, and
H1047R), which were also purchased from Bio-Rad.
The variant allele frequency (VAF) cutoff was 1% as in
our previous study (4).

The overall frequency of the PIK3CA hot spot
mutations in ¢cSCC was 4.9% (7/143), and the
frequencies of E542K, ES45K, and H1047R were 1.4%
(2/143), 2.8% (4/143), and 0.7% (1/143), respectively.
No case with multiple PIK3CA hot spot mutations
was observed. No significant correlations between the
PIK3CA mutations (total, E542K, E545K, and H1047R)
and clinical characteristics were found (Table 1).

Our study revealed that the overall prevalence of
PIK3CA hot spot mutations in cSCC was approximately
5%, which differed from past reports (2,3). This
discrepancy may be attributable to differences in
research method and patient cohorts. Recently, PIK3CA
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Table 1. Correlations between PIK3CA mutations and clinical characteristics in cutaneous squamous cell carcinomas

Total
-(n=136)

H1047R
S(n=142)

E545K

E542K

Clinical characteristics

P

t(n=7)

P

+(n=1)

P

~(n=139)

+(n=4)

P

-(n=141)

+(n=2)

0.785
>0.999

80.6+7.3

80.3+10.5

NA

69.0+0

83.0+5.0 0.875 80.3+10.5 823+64 0212 80.4+10.4

80.3+10.4

Age (yares : mean + SD)

Sex (male : female)

88:48
126:10
135:1

5:2

>0.999

92:50
132:10

141:1

1:0
0:1

0.612
>0.999
>0.999

91:48
128:11
138:1

2:2

0.542
>0.999
>0.999

91:50

130:11
140:1

0.436
>0.999

6:1

0.077
>0.999

4:0

2:0

Lymph node metastasis (- : +)

7:0

4:0

2:0

Distant organ metastasis (—: +)

NA: not assessed, SD: standard deviation.

mutations have attracted attention as biomarker in
clinical trials of various inhibitors including PI3K
inhibitor (5). Taken together, various inhibitors may be
effective therapeutics for PIK3CA mutation-positive
¢SCC, although additional basic researches and clinical
trials are necessary to confirm this.

This study has several limitations. First, PIK3CA
mutations other than hot spot mutations were not
investigated, and second, the number of cases with
lymph node metastasis and distant organ metastasis was
low.
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references.
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immediate importance to the fields of global health, medical practice,
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not exceed 1,000 words in length (excluding references) and should
be limited to a maximum of 10 references. Editorials may contain one
figure or table.

News articles should report the latest events in health sciences and
medical research from around the world. News should not exceed 500
words in length.
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published in /ntractable & Rare Diseases Research in the last 6 months
or issues of general interest. Summaries of research results and sharing
of experiences in clinical practice and basic research (findings based
on case reports, clinical pictures, efc.) can also be published as Letters.
Letters should not exceed 800 words in length and may contain a
maximum of 10 references. Letters may contain one figure or table.

3. Editorial Policies

For publishing and ethical standards, /ntractable & Rare Diseases
Research follows the Recommendations for the Conduct, Reporting,
Editing, and Publication of Scholarly Work in Medical Journals issued
by the International Committee of Medical Journal Editors (ICMJE,
https://icmje.org/recommendations), and the Principles of Transparency
and Best Practice in Scholarly Publishing jointly issued by the
Committee on Publication Ethics (COPE, https://publicationethics.org/
resources/guidelines-new/principles-transparency-and-best-practice-
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transparency-and-best-practice-in-scholarly-publishing-4), and the
World Association of Medical Editors (WAME, https://wame.org/
principles-of-transparency-and-best-practice-in-scholarly-publishing).

Intractable & Rare Diseases Research will perform an especially
prompt review to encourage innovative work. All original research will
be subjected to a rigorous standard of peer review and will be edited by
experienced copy editors to the highest standards.

Ethical Approval of Studies and Informed Consent: For all
manuscripts reporting data from studies involving human participants
or animals, formal review and approval, or formal review and waiver,
by an appropriate institutional review board or ethics committee
is required and should be described in the Methods section. When
your manuscript contains any case details, personal information
and/or images of patients or other individuals, authors must obtain
appropriate written consent, permission and release in order to
comply with all applicable laws and regulations concerning privacy
and/or security of personal information. The consent form needs
to comply with the relevant legal requirements of your particular
jurisdiction, and please do not send signed consent form to
Intractable & Rare Diseases Research to respect your patient's and
any other individual's privacy. Please instead describe the information
clearly in the Methods (patient consent) section of your manuscript
while retaining copies of the signed forms in the event they should
be needed. Authors should also state that the study conformed to the
provisions of the Declaration of Helsinki (as revised in 2013, https://
wma.net/what-we-do/medical-ethics/declaration-of-helsinki). When
reporting experiments on animals, authors should indicate whether
the institutional and national guide for the care and use of laboratory
animals was followed.
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recommendations/browse/publishing-and-editorial-issues/clinical-
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intervention, with or without concurrent comparison or control groups,
to study the relationship between a health-related intervention and a
health outcome. Registration of clinical trials in a public trial registry
at or before the time of first patient enrollment is a condition of
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and the trial registration number will be published at the end of the
Abstract. The registry must be independent of for-profit interest and
publicly accessible. Reports of trials must conform to CONSORT
2010 guidelines (https://consort-statement.org/consort-2010). Articles
reporting the results of randomized trials must include the CONSORT
flow diagram showing the progress of patients throughout the trial.

Conflict of Interest: All authors are required to disclose any actual or
potential conflict of interest including financial interests or relationships
with other people or organizations that might raise questions of bias
in the work reported. If no conflict of interest exists for each author,
please state "There is no conflict of interest to disclose".
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submission to Intractable & Rare Diseases Research, the authors
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not contain the same information in whole or in part as manuscripts
that have been published, accepted, or are under review elsewhere,
except in the form of an abstract, a letter to the editor, or part of a
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contributing authors have agreed to submit this manuscript.

Initial Editorial Check: Immediately after submission, the journal's
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suitable academic editor will be notified of the submission and invited
to check the manuscript and recommend reviewers. Academic editors
will check for plagiarism and duplicate publication at this stage. The
journal has a formal recusal process in place to help manage potential
conflicts of interest of editors. In the event that an editor has a conflict
of interest with a submitted manuscript or with the authors, the
manuscript, review, and editorial decisions are managed by another
designated editor without a conflict of interest related to the manuscript.
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anonymized review process, which means that reviewers know the
names of the authors, but the authors do not know who reviewed their
manuscript. All articles are evaluated objectively based on academic
content. External peer review of research articles is performed by at
least two reviewers, and sometimes the opinions of more reviewers
are sought. Peer reviewers are selected based on their expertise
and ability to provide quality, constructive, and fair reviews. For
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of a statistical reviewer. Every reviewer is expected to evaluate the
manuscript in a timely, transparent, and ethical manner, following the
COPE guidelines (https.//publicationethics.org/files/cope-ethical-
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appropriateness of its analysis.

Suggested Reviewers: A list of up to 3 reviewers who are qualified
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information including names, affiliations, addresses, and e-mail should

be provided at the same time the manuscript is submitted online. Please
do not suggest reviewers with known conflicts of interest, including
participants or anyone with a stake in the proposed research; anyone
from the same institution; former students, advisors, or research
collaborators (within the last three years); or close personal contacts.
Please note that the Editor-in-Chief may accept one or more of the
proposed reviewers or may request a review by other qualified persons.

Language Editing: Manuscripts prepared by authors whose native
language is not English should have their work proofread by a
native English speaker before submission. If not, this might delay
the publication of your manuscript in Intractable & Rare Diseases
Research.

The Editing Support Organization can provide English proofreading,
Japanese-English translation, and Chinese-English translation services
to authors who want to publish in Intractable & Rare Diseases
Research and need assistance before submitting a manuscript. Authors
can visit this organization directly at https://www.iacmhr.com/iac-
eso/support.php?lang=en. IAC-ESO was established to facilitate
manuscript preparation by researchers whose native language is not
English and to help edit works intended for international academic
journals.

Copyright and Reuse: Before a manuscript is accepted for publication
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sign a transfer of copyright agreement, which recognizes the common
interest that both the journal and author(s) have in the protection of
copyright. We accept that some authors (e.g., government employees
in some countries) are unable to transfer copyright. A JOURNAL
PUBLISHING AGREEMENT (JPA) form will be e-mailed to the
authors by the Editorial Office and must be returned by the authors
by mail, fax, or as a scan. Only forms with a hand-written signature
from the corresponding author are accepted. This copyright will ensure
the widest possible dissemination of information. Please note that the
manuscript will not proceed to the next step in publication until the JPA
Form is received. In addition, if excerpts from other copyrighted works
are included, the author(s) must obtain written permission from the
copyright owners and credit the source(s) in the article.

4. Cover Letter
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the corresponding author on behalf of all authors. The letter should
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should also include a statement affirming that all authors concur with
the submission and that the material submitted for publication has not
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5. Submission Checklist
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the "Recommendations for the Conduct, Reporting, Editing, and
Publication of Scholarly Work in Medical Journals", as presented at
https://www.ICMJE.org.

Manuscripts should be written in clear, grammatically correct English
and submitted as a Microsoft Word file in a single-column format.
Manuscripts must be paginated and typed in 12-point Times New
Roman font with 24-point line spacing. Please do not embed figures
in the text. Abbreviations should be used as little as possible and
should be explained at first mention unless the term is a well-known
abbreviation (e.g. DNA). Single words should not be abbreviated.

Title page: The title page must include 1) the title of the paper (Please
note the title should be short, informative, and contain the major key
words); 2) full name(s) and affiliation(s) of the author(s), 3) abbreviated
names of the author(s), 4) full name, mailing address, telephone/fax
numbers, and e-mail address of the corresponding author; 5) author
contribution statements to specify the individual contributions of all
authors to this manuscript, and 6) conflicts of interest (if you have an
actual or potential conflict of interest to disclose, it must be included as
a footnote on the title page of the manuscript; if no conflict of interest
exists for each author, please state "There is no conflict of interest to
disclose").

Abstract: The abstract should briefly state the purpose of the study,
methods, main findings, and conclusions. For articles that are Original
Articles, Brief Reports, Reviews, or Policy Forum articles, a one-
paragraph abstract consisting of no more than 250 words must be
included in the manuscript. For Communications, Editorials, News,
or Letters, a brief summary of main content in 150 words or fewer
should be included in the manuscript. For articles reporting clinical
trials, the trial registration number should be stated at the end of the
Abstract. Abbreviations must be kept to a minimum and non-standard
abbreviations explained in brackets at first mention. References should
be avoided in the abstract. Three to six key words or phrases that do not
occur in the title should be included in the Abstract page.

Introduction: The introduction should provide sufficient background
information to make the article intelligible to readers in other
disciplines and sufficient context clarifying the significance of the
experimental findings.

Materials/Patients and Methods: The description should be brief but
with sufficient detail to enable others to reproduce the experiments.
Procedures that have been published previously should not be
described in detail but appropriate references should simply be cited.
Only new and significant modifications of previously published
procedures require complete description. Names of products and
manufacturers with their locations (city and state/country) should be
given and sources of animals and cell lines should always be indicated.
All clinical investigations must have been conducted in accordance
with Declaration of Helsinki principles. All clinical investigations
must have been conducted in accordance with the Declaration of
Helsinki (as revised in 2013, https://wma.net/what-we-do/medical-
ethics/declaration-of-helsinki). All human and animal studies must
have been approved by the appropriate institutional review board(s)
and a specific declaration of approval must be made within this
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Results: The description of the experimental results should be succinct
but in sufficient detail to allow the experiments to be analyzed and
interpreted by an independent reader. If necessary, subheadings may
be used for an orderly presentation. All Figures and Tables should be
referred to in the text in order, including those in the Supplementary
Data.

Discussion: The data should be interpreted concisely without repeating
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permissible, but it must be well-founded, and discussion of the wider
implications of the findings is encouraged. Conclusions derived from
the study should be included in this section.
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the report; and in the decision to submit the paper for publication. If the
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In addition, people who contributed to the work but who do not meet
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References: References should be numbered in the order in which
they appear in the text. Citing of unpublished results, personal
communications, conference abstracts, and theses in the reference
list is not recommended but these sources may be mentioned in the
text. In the reference list, cite the names of all authors when there are
fifteen or fewer authors; if there are sixteen or more authors, list the
first three followed by et al. Names of journals should be abbreviated
in the style used in PubMed. Authors are responsible for the accuracy
of the references. The EndNote Style of Intractable & Rare Diseases
Research could be downloaded at EndNote (https.://www.irdrjournal.
com/examples/Intractable Rare Diseases Research.ens).
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Tables: All tables should be prepared in Microsoft Word or Excel and
should be arranged at the end of the manuscript after the References
section. Please note that tables should not in image format. All tables
should have a concise title and should be numbered consecutively with
Arabic numerals. If necessary, additional information should be given
below the table.

Figure Legend: The figure legend should be typed on a separate page
of the main manuscript and should include a short title and explanation.
The legend should be concise but comprehensive and should be
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understood without referring to the text. Symbols used in figures must
be explained. Any individually labeled figure parts or panels (A, B,
etc.) should be specifically described by part name within the legend.

Figure Preparation: All figures should be clear and cited in numerical
order in the text. Figures must fit a one- or two-column format on the
journal page: 8.3 cm (3.3 in.) wide for a single column, 17.3 cm (6.8
in.) wide for a double column; maximum height: 24.0 cm (9.5 in.).
Please make sure that the symbols and numbers appeared in the figures
should be clear. Please make sure that artwork files are in an acceptable
format (TIFF or JPEG) at minimum resolution (600 dpi for illustrations,
graphs, and annotated artwork, and 300 dpi for micrographs and
photographs). Please provide all figures as separate files. Please note
that low-resolution images are one of the leading causes of article
resubmission and schedule delays.

Units and Symbols: Units and symbols conforming to the International
System of Units (SI) should be used for physicochemical quantities.
Solidus notation (e.g. mg/kg, mg/mL, mol/mm’/min) should be used.
Please refer to the SI Guide www.bipm.org/en/si/ for standard units.

Supplemental data: Supplemental data might be useful for supporting
and enhancing your scientific research and Intractable & Rare
Diseases Research accepts the submission of these materials which
will be only published online alongside the electronic version of your
article. Supplemental files (figures, tables, and other text materials)
should be prepared according to the above guidelines, numbered in
Arabic numerals (e.g., Figure S1, Figure S2, and Table S1, Table S2)
and referred to in the text. All figures and tables should have titles and
legends. All figure legends, tables and supplemental text materials
should be placed at the end of the paper. Please note all of these
supplemental data should be provided at the time of initial submission
and note that the editors reserve the right to limit the size and length of
Supplemental Data.

7. Online Submission

Manuscripts should be submitted to /ntractable & Rare Diseases
Research online at https://www.irdrjournal.com. Receipt of your

manuscripts submitted online will be acknowledged by an e-mail from
Editorial Office containing a reference number, which should be used
in all future communications. If for any reason you are unable to submit
a file online, please contact the Editorial Office by e-mail at office@
irdrjournal.com

8. Accepted Manuscripts

Proofs: Galley proofs in PDF format will be sent to the corresponding
author via e-mail. Corrections must be returned to the editor (office@
irdrjournal.com) within 3 working days.

Offprints: Authors will be provided with electronic offprints of their
article. Paper offprints can be ordered at prices quoted on the order
form that accompanies the proofs.

Page Charge: No page charges will be levied to authors for the
publication of their article except for reprints.

Misconduct: /ntractable & Rare Diseases Research takes seriously all
allegations of potential misconduct and adhere to the ICMJE Guideline
(https://icmje.org/recommendations) and COPE Guideline (http://
publicationethics.org/files/Code_of conduct_for_journal_editors.pdf).
In cases of suspected research or publication misconduct, it may be
necessary for the Editor or Publisher to contact and share submission
details with third parties including authors' institutions and ethics
committees. The corrections, retractions, or editorial expressions of
concern will be performed in line with above guidelines.

(As of December 2022)

Intractable & Rare Diseases Research
Editorial and Head Office

Pearl City Koishikawa 603,

2-4-5 Kasuga, Bunkyo-ku,

Tokyo 112-0003, Japan.

E-mail: office@irdrjournal.com
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