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Editorial

ime flies and 2024 is here. I would like to thank all
Tour excellent collaborators in London and Berlin
and our colleagues for their great contributions to the
development of the journal over the past year.

In the first issue for this year, we have two Chinese
Stomatological Association (CSA) position statements.
One is entitled “Preserving natural teeth to maintain
oral health”, and the other is “Wearing sports mouth-
guards to prevent oral and maxillofacial trauma”. They
both respond to the theme of the 2023 CSA Academic
Annual Congress, calling to protect natural teeth and
promote oral health.

This is also a special issue on oral and maxillofacial
hereditary and rare diseases, with contributions from
the Hereditary and Rare Diseases Society of the CSA.
There are four reviews and six original articles, all
of which provide a comprehensive understanding of
many topics in this field.

The review entitled “The role of DSPP in dentine
formation and hereditary dentine defects” from Prof
Song’s team at Wuhan University focuses on recent
findings and viewpoints regarding the relationship
between dentine sialophosphoprotein (DSPP) and den-
tinogenesis as well as mineralisation from multiple
perspectives, which provide a complete illustration of
DSPP in dental research. “Review on the role of IRF6
in the pathogenesis of non-syndromic orofacial cleft
(NSOC)” by Prof Jia’s team at Sichuan University sum-
marises the progress of research into the mechanism
of IRF6 in NSOCs from both genetic and functional
aspects. “Characteristic and import mechanism of pro-
tein nuclear translocation” by Prof Fan’s team at Capital
Medical University provides an overview of the proteins
involved in nuclear transport and the mechanisms
underlying macromolecular protein transport as well
as their potential relation to novel therapeutic strat-
egies. “Distinctive craniofacial and oral anomalies in
MN1 C-terminal truncation syndrome” by Prof Zhao’s
team at China Medical University describes this rare
condition with their own cases and a detailed review of
the reported cases.

Chinese Journal of Dental Research

The six original articles examine different hereditary
and rare oral diseases using different methods of genet-
ic research. Prof Han'’s team from Peking University
investigated new FAMZ20A gene variants and histo-
logical features of amelogenesis imperfecta and further
explored the functional impact of these variants, and
Prof He’s team from Wuhan University found a novel
PTCHI mutation causing Gorlin-Goltz syndrome. Both
of these articles broaden the spectrum of variants and
offer new information on associated diseases. Prof
Pan’s team from Nanjing Medical University provide
novel insights into the aetiology of non-syndromic cleft
lip with or without cleft palate (NSCL/P) by integrating
multi-omics data and exploring susceptibility genes,
and their findings contribute to a better understand-
ing of the genetic factors involved in NSCL/P. Using a
bibliometric analysis, Prof Wang’s team from Nanjing
University offer a comprehensive overview of the cur-
rent knowledge structure of and research hotspots for
Cowden syndrome. Prof Duan’s team from The Fourth
Military Medical University explored the genetic back-
ground and clinical phenotypes of multiple idiopathic
cervical root resorption (MICRR) in a Chinese family
and found 35 novel potential pathogenic genes, which
might be helpful for the clinical and molecular diag-
nosis. Prof Chen’s team from Zhengzhou University
explored potential pathogenic processes of hereditary
gingival fibromatosis (HGF) and possible treatment
using unbiased and reliable bioinformatic tools, and
the research offers some novel insights into molecular
pathways and identifies five hub genes associated with
cell adhesion. Based on these hub genes, three poten-
tial therapeutic miRNAs and small molecule drugs were
predicted, which are expected to provide guidance for
the treatment of patients with HGF.

I believe our readers will find these reviews and
articles highly informative and extremely interesting.

Prof Chuan-bin Guo
Editor-in-Chief
President of the Chinese Stomatological Association



Fixed prosthodontic therapy is one of the most demanding
disciplines in dentistry. This avenue is usually pursued only after
other options have been exhausted, often when teeth are missing
or show reduced durability, or in the presence of conditions that
cannot be treated conservatively. Enhance your expertise with
this comprehensive text that presents the key steps to success
at every stage of therapy: planning, execution, manufacturing,
and finalization. Discover the importance of meticulous
treatment planning to meet patients’ short- and long-term
requirements; learn key principles and techniques for effective

and minimally invasive tooth preparation; avoid mistakes caused
by performing procedures without proper guidance; embrace

the latest techniques and technologies for creating high-quality
prosthetic restorations; explore the intricacies of cementation for
optimal adhesion and retention; and learn how to strategize to
maintain restoration success and oral health. Whether you are an
experienced clinician or a dental professional seeking to expand
your practice, the protocol-driven approach advocated in this text
will equip you to achieve consistent and exceptional results with
fixed prosthodontic therapy.

Q}Q QUINTESSENCE



Chinese Stomatological Association Position Statement

Preserving Natural Teeth to Maintain Oral Health

Chinese Stomatological Association!

Oral health is an important component of general health, and oral disease is one of the most
common human diseases that not only affects oral health and quality of life, but is also closely
associated with overall health. Natural teeth are important functional organs and are crucial
to oral functions and maintaining a healthy life. The Chinese Stomatological Association (CSA)
has released this position statement on “Preserving Natural Teeth to Maintain Oral Health”,
which is one of the most important achievements of the 2021 to 2023 CSA Annual Congress
themed “Healthy Mouth, Protecting Natural Teeth”, advocating that everyone should take effec-
tive measures to protect their natural teeth, maintain oral health and promote general health.
Chin J Dent Res 2024;27(1):11-12; doi: 10.3290/j.cjdr.b5139365

Taking measures actively to prevent oral
diseases

Preventing oral diseases requires a joint effort from the
public and oral professionals. The public must take re-
sponsibility for maintaining their own oral health, and
should take the following preventive measures actively
to avoid the occurrence of oral diseases and preserve
healthy natural teeth:

« Learn about oral health to adopt healthy behaviours.

+ Pay attention to oral cleansing throughout the life-
time to maintain oral hygiene. Avoid risk factors that
can lead to oral diseases, for example by following
a healthy diet, quitting smoking, limiting alcohol
intake and avoiding betel nut.

« Implement topical fluoride application to prevent
dental caries. Brush teeth using fluoride toothpaste
in the morning and evening for at least 2 minutes
each time. People at high risk of dental caries should
visit their dental practitioner two to four times a year
to receive professional fluoride application.

+ Undergo professional tooth scaling once or twice a
year to prevent dental caries and periodontal disease.

1 This is authored by Dr Yan SI, Dr Xue Nan LIU, Prof Lin YUE and Prof
Guang Yan YU.

Correspondence to: Prof Guang Yan YU and Prof Lin YUE. Email: gyyu@263.
net, kglinyue@bjmu.edu.cn

Chinese Journal of Dental Research

« Attend an oral examination at least once a year and
seek professional advice on prevention and treat-
ment.

+ Receive pit and fissure sealant treatment to prevent
pit and fissure caries in children and adolescents.

+ Wear mouthguards for protection during sport and
strenuous exercise to prevent oral maxillofacial
trauma.

Oral professionals should fulfil oral health education
duties.
They need to implement the concept of “prevention
first” and carry out oral health education and promo-
tion activities in depth to build a good oral health plat-
form and create an environment that promotes caring
for oral health, and to encourage the public to improve
their oral health awareness and adopt good oral health
behaviours. To combine the science communication of
oral health with regular dental practice, the following
recommendations are made:

+ Disseminate oral health knowledge widely through
the mass media, making full use of oral health-
themed or related days, such as World Oral Health
Day on 20 March, Children’s Day on 1 June and
National Love Your Teeth Day on 20 September.

« Participate in popular science and produce public-
friendly popular science works in various forms and
styles that are easy to understand and remember.
Make full use of the public areas in dental institutes to
create an oral health education centre, including by

11



CSA position statement

setting up publicity boards in the registration hall and
oral health education corners in the waiting area, and
displaying multi-dimensional promotional material
in posters, boards, flyers, videos, etc.

+ Offer personalised chairside oral health education
according to patients’ individual problems.

« Encourage the public to receive regular oral health
checkups.

« Promote the implementation and application of ap-
propriate technologies for the prevention of oral dis-
eases.

Early diagnosis and treatment of oral diseases

Oral diseases can be prevented and treated at an early

stage. Early detection and treatment could save treat-

ment time and costs and maximise the retention of nat-
ural teeth. Methods for early diagnosis and treatment
include:

« Preventing the occurrence and development of peri-
odontal diseases by performing regular periodontal
examinations and early periodontal basic treatment,
and treating gingivitis with supragingival cleaning to
prevent the development of periodontitis.

« Treating dental caries and other dental diseases and
repairing dental defects to prevent the progression of
dental pulp diseases, maxillofacial inflammation and
even systemic diseases in a timely manner.

+ Correcting malocclusion deformity at an early stage
to establish the normal occlusal function, promote
the normal development of the maxillofacial region
and maintain the health of the oral and maxillary
system.

+ Preventing serious loss of oral cavity function and
reducing the threat to life by performing early screen-
ing for oral cancer, and detecting lesions in a timely
manner and controlling their progression.

12

Trying to preserve natural teeth

Natural teeth are essential for oral function. For teeth

suffering from disease, appropriate treatment meas-

ures should be taken actively to preserve natural teeth,
restore function and maintain the integrity of the denti-
tion. The following measures can be taken:

+ Preserving healthy teeth and prolonging the life of
natural teeth through supragingival cleaning, subgin-
gival scraping and performing periodontal surgery
and endodontic treatment when necessary.

« Carrying out the necessary crown restoration in a
timely manner to prevent tooth splitting after large-
area tooth defect or root canal treatment.

« Using appropriate orthodontic methods to correct
the misalignment of teeth to prevent the aggravation
of malocclusion.

+ Removing the malpositioned or even impacted wis-
dom teeth as soon as possible to avoid affecting the
health of neighbouring teeth. Normally, there is no
need to repair the wisdom teeth after removal. Wis-
dom teeth that erupt in the right position with an
occlusal relationship can be retained.

+ Extracting teeth that that oral professionals deem
unable to be retained in a timely manner to avoid
affecting the health of other teeth and surrounding
tissues.

+ Restoring missing teeth in a timely manner to main-
tain the integrity of the dentition, perform normal
functions and improve quality of life.

September 2023
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Chinese Stomatological Association Position Statement

Wearing Sports Mouthguards to Prevent Oral and
Maxillofacial Trauma

Chinese Stomatological Association!

The theme of the academic annual conferences held by the Chinese Stomatological Association
from 2021 to 2023 was “Protecting Natural Teeth to Maintain Oral Health” and coincided
with the 24th Winter Olympic Games that took place in Beijing in 2022, and thus prevention
of oral and maxillofacial trauma once again attracted the attention of stomatological experts
and the public. The incidence of oral and maxillofacial trauma caused by sports is around
25% to 34%1-°, and varies based on the type of sport and other factors, such as age, sex and
the skill level of the participants. The risk of oral and maxillofacial trauma is extremely high
in high-confrontation and high-speed sports, especially for children and adolescents. Wearing
sports mouthguards when participating in sport is an effective way to prevent and reduce the
incidence of oral and maxillofacial trauma in such sports, and is the simplest and most practi-
cal method of doing so. Sports have developed and gained in popularity significantly in China
in recent years, but the awareness and use of sports mouthguards are low. Based on the above
background, the Chinese Stomatological Association advocates that athletes and sport partici-
pants should wear mouthguards in various confrontational and high-speed sports, and calls on
dental practitioners and sports-related organisations to actively support the popularisation and
application of sports mouthguards to prevent or alleviate oral and maxillofacial trauma and to

raise awareness and increase knowledge of methods to protect natural teeth.
Chin J Dent Res 2024;27(1):13-15; doi: 10.3290/j.cjdr.b5139351

Role and use of sports mouthguards

Protective effect of sports mouthguards

Sports mouthguards protect the teeth, periodontal tis-
sues, oral soft tissues, jaws, temporomandibular joints
and even the brain by cushioning impact force®. Wear-
ing a mouthguard can reduce the incidence and severity
of oral and maxillofacial trauma experienced in sport
significantly. The protective effects include:

« the ability to absorb and disperse the impact force to
prevent or mitigate dental traumas, oral soft tissue
injuries, and alveolar bone and jaw bone fractures;

« theability to stabilise the mandible when subjected to
traumatic external force to prevent mandibular frac-
ture or reduce the severity of fracture;

1 This is authored by Dr Hong Qiang YE, Prof Lin YUE and Prof Ya Dong
YANG.

Correspondence to: Prof Yue LIN and Prof Ya Dong YANG. Email: kqlinyue@
bjmu.edu.cn, yehonggiang@hsc.pku.edu.cn

Chinese Journal of Dental Research

« the ability to cushion the upward impact force on
the mandible between the maxillary and mandibu-
lar teeth to avoid maxillary and mandibular dental
trauma, bone fracture, temporomandibular joint in-
jury and even skull base injury, or reduce the degree
of trauma;

« the ability to prevent damage to the oral and maxillo-
facial soft and hard tissues and temporomandibular
joint caused by clenching the teeth during sports.

The protective effect of sports mouthguards varies
based on the type, material, method of manufacture,
thickness, fit, extension and user compliance.

In addition to directly preventing sports injuries,
wearing mouthguards may have additional positive
effects for the user. For example, they may enhance
the athlete’s sense of security and increase the strength
of the masticatory muscle, which in turn reflexively
increases muscle strength throughout the whole body
to improve athletic performance.

13



CSA position statement

Types and characteristics of sports mouthguards
Prefabricated sports mouthguard

This type of sports mouthguard is prefabricated by the
manufacturer and can be purchased directly, available
in multiple sizes and at the cheapest price. The disad-
vantages include the lack of individual suitability, poor
retention and stability, poor protection, bulkiness,
impact on breathing and speech, and lack of comfort. It
is generally not recommended except for emergency or
cost considerations.

Mouth-formed sports mouthguard

This type of mouthguard is prefabricated using elastic
resin material with thermoplasticity. After softening in
hot water, it can be shaped in the mouth with move-
ments of perioral soft tissue, application of finger pres-
sure and biting. It is the most widely used type and can
be purchased directly, and it is affordable and easy to
use and has a certain protective effect. However, its fit,
retention and stability are not optimal.

Customised sports mouthguard

This type of sports mouthguard is designed and made
by dental professionals in accordance with the user’s
dentition morphology, age, type of sport, intensity of
sports confrontation and personal preference. It is the
preferred type of mouthguard because it offers good
retention, stability, fit, protection and comfort, and
causes minimal interference with speech and breath-
ing. Due to the difference in intensity of the impact force
on the maxillofacial region in different sports, the char-
acteristics of customised sports mouthguards, such as
material, thickness and extension, should be designed
differently based on the protective requirements.”

Indications for use of sports mouthguards

Confrontational or high-speed sports or recreational
activities, such as boxing, sparring, wrestling, ice hock-
ey, basketball, lacrosse, rugby, cycling, ice skating, ski-
ing, car racing, parachuting and extreme sports, pres-
ent a risk of trauma due to the impact forces on the
oral and maxillofacial regions. As a result, participants
who practise or compete in these activities should wear
mouthguards, preferably customised.
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Maintenance and replacement of sports mouthguards

Sports mouthguards and the boxes used to store them
should be scrubbed using a soft-bristled toothbrush and
toothpaste, then rinsed with cold or lukewarm water.
Antibacterial agents or denture cleaning tablets can also
be used. Mouthguards can be soaked in rigid contain-
ers with clear water after being washed, thus avoiding
the high temperature of the storage environment. Ultra-
sonic cleaners can also be used regularly for cleaning.®
In the event of obvious abrasion, tears and deformation,
the mouthguard should be evaluated by the dental prac-
titioner to evaluate whether it needs to be replaced. It
is advisable to replace sports mouthguards every 1 to 2
years. For growing children and adolescents or adoles-
cents undergoing orthodontic treatment, the interval
between the replacement of mouthguards should be
shortened.

Health education and guidance for wearing
sports mouthguards

Public education for sports participants and the public

The reasons why sports participants rarely wear mouth-
guards may include a lack of understanding of or negli-
gence towards sports traumas, a lack of understanding
of sports mouthguards, poor comfort, high cost, and
inappropriate selection. Therefore, there is an urgent
need to educate and guide sports participants and the
public, with the most critical messages being as follows:

+ The risks and consequences of oral and maxillofacial
trauma in sport should be understood.

+ Wearing sports mouthguards can effectively prevent
sports trauma or reduce its estent in the oral and
maxillofacial region.

« Wearing sports mouthguards is far better than not
wearing them. While customised mouthguards are
preferred, other types can certainly be effective when
worn properly.

Requirements for dental practitioners

Dental practitioners play an important role in sports
participants’ compliance with the use of mouthguards,
and compliance directly affects the effectiveness of
their use. The requirements for dental practitioners are
as follows:
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+ to pay closer attention to the prevention of oral
and maxillofacial sports injuries and recognise the
importance of wearing mouthguards for sports par-
ticipants;

+ to provide professional guidance and services relat-
ing to the selection, customisation, use, maintenance
and replacement of sports mouthguards;

+ to enhance the awareness of and ability to publicise
sports mouthguards and encourage the public to
maintain oral health and protect their natural teeth
while actively participating in sports to strengthen
their body and mind.

Strengthening the health education and management
responsibilities of relevant departments

Government departments related to health, sports and
education should strengthen the publicity of knowledge
of this statement to schools, organisers of sports games,
sports participants, sports coaches and the media. They
should vigorously promote the popularisation and cor-
rect use of sports mouthguards in sports activities, es-
pecially in high-confrontation and high-speed sports.

The relevant management authorities should develop
and supervise systems and rules requiring participants
to wear sports mouthguards during high-confrontation
and high-speed sports and activities.

Sports coaches should possess the ability to provide
athletes with knowledge and methods of preventing
and rescuing oral and maxillofacial injuries, and to
encourage athletes to wear mouthguards during sports.

The public media should actively cooperate with the
popularisation of sports mouthguards to create a posi-
tive atmosphere in which the public pays attention to
sports and sports trauma, cares for sports participants
and uses sports mouthguards.

Chinese Journal of Dental Research

To avoid or mitigate oral and maxillofacial trauma
that occurs in sports as much as possible, to reduce
the adverse physiological, psychological and economic
consequences for individuals caused by sports trauma,
and to reduce the burden on the public healthcare
system, sports mouthguards should be promoted vigor-
ously as an effective protective device.

September 2023
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The Role of DSPP in Dentine Formation and Hereditary

Dentine Defects
Jie JIALZ, Zhuan BIAN!, Yaling SONG!

The dentine sialophosphoprotein (DSPP) gene is the only identified causative gene for dentino-
genesis imperfecta type 2 (DGI-II), dentinogenesis imperfecta type 3 (DGI-III) and dentine dys-
plasia type 2 (DD-II). These three disorders may have similar molecular mechanisms involved
in bridging the DSPP mutations and the resulting abnormal dentine mineralisation. The DSPP
encoding proteins DSP (dentine sialoprotein) and DPP (dentine phosphoprotein) are positive
regulators of dentine formation and perform a function during dentinogenesis. The present
review focused on the recent findings and viewpoints regarding the relationship between DSPP
and dentinogenesis as well as mineralisation from multiple perspectives, involving studies
relating to spatial structure and tissue localisation of DSPP, DSP and DPP, the biochemical
characteristics and biological function of these molecules, and the causative role of the proteins
in phenotypes of the knockout mouse model and in hereditary dentine defects.

Keywords: dentine mineralisation, dentine sialophosphoprotein, hereditary dentine defects,

mutation

Chin J Dent Res 2024;27(1):17-28; doi: 10.3290/j.cjdr.b5136791

Mineralised dentine consists of three components: col-
lagen fibrils that determine the spatial structure and
directly sustain the process of mineralisation’?; mul-
tiple proteins that interact with each other during the
process of mineralisation® and carbon-apatite that
forms hierarchically flaky ordered crystal structure .* A
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number of non-collagenous proteins (NCPs), account-
ing for 5% to 10% of the dentine extracellular matrix
(DECM), are responsible for initiating and modulating
the mineralisation of collagen fibres when predentine
is converted to dentine.> Among these DECM proteins,
dentine phosphoprotein (DPP) and dentine sialoprotein
(DSP) appear to be the major dentine-specific proteins.
They are encoded by the signal mRNA transcript of the
dentine sialophosphoprotein (DSPP) gene.%” The coding
sequences for DSP are in the 5' end of the DSPP gene and
those for DPP are in the 3’ terminal (Fig 1). The intact
DSPP peptide has never been identified®1?, which indi-
cates that DSPP would be catalysed after translation.
Blocking the proteolytic processing of DSPP generated
dentine hypomineralisation defects that are similar to
those observed in Dspp-deficient mice models!!, indi-
cating that the proteolytic processing of DSPP into dif-
ferent fragments would be vital in dentinogenesis.
DSPP plays an essential role in dentinogenesis and
tissue development; however, there is contradicting evi-
dence regarding the activity of DSPP and particularly its
role in mineralisation. The present review presents the
recent findings and viewpoints in detail regarding the
relationship between DSPP and dentinogenesis as well
as mineralisation from multiple perspectives involv-
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regulate mineralization

involving in multiple signaling pathways
and functioning as secretory proteins to

transported to the mineralization front following
: its synthesis and secretion, binding to collagen
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Fig1 Diagrammatic representation of DSPP gene structure, encoding proteins and potential function.

ing studies at a molecular and cellular level, in animal
models and in human dentine disorders.

General function of DSPP

DSPP belongs to sialic acid-rich glycoproteins, as a
member of the small integrin-binding ligand N-linked
glycoproteins (SIBLING) family. Immediately after the
translation of full-length DSPP, the DSPP preproprotein
in odontoblasts is proteolytically processed into separ-
ate daughter proteins with different properties.!? The
two major cleaved products are identified as DSP and
DPP, which are secreted to the extracellular matrix by
odontoblasts and predominantly but not exclusively
expressed in odontoblasts and dentine.'®1* Dentin gly-
coprotein (DGP) was found in the middle region of DSPP
in procine!®, but it had not yet been reported in other
species. DSP was found to be specifically expressed in
odontoblasts, predentine, dentine and dental pulp!®
21 and was also detected in osteoblasts within alveolar
bone, cellular cementum and periodontal ligament.?%23
DPP was deposited directly at the advancing mineralisa-
tion front of dentine, whereas little phosphoprotein was
detected in pulp.?* DSP and DPP were also found to be
expressed transiently in early ameloblasts adjacent to
the dentine-enamel junction (DEJ).2%2°

DSPP in dentine and pulp

The essential role of DSPP in tooth development and
disease occurrence in vivo was analysed in knockout
and transgenic mouse models. The Dspp” mice showed
tooth defects similar to those seen in patients with DGI-
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III (dentinogenesis imperfecta type 3). The defects pre-
sented as widened predentine, sporadic unmineralised
areas in irregular dentine and frequent pulp exposure,
as well as mineralisation defects with globular dentine
as a marker of abnormally mineralised dentine.?” In
addition, in the Dspp” mice the compromised DEJ was
shown as a gap between enamel and dentine, which sug-
gested a lack of DSPP would result in abnormal epitheli-
al-mesenchymal interactions during early dental devel-
opment.?32° The circular dentine formed within dental
pulp and the altered dental pulp cells differentiating
into chondrocyte-like cells were observed in the teeth of
Dspp’ mice.? The dosage of DSPP is critical to maintain
tooth development and dentine formation. The trans-
genic mice that expressed Dspp mRNA at a level similar
to that in wildtype mice can completely rescue the DSPP
knockout defect; however, transgenic mouse incisors,
with 10% Dspp mRNA expression, only partially rescued
the DSPP knockout defect in mineral density.3° Dspp het-
erozygous mice displayed dentine phenotypes similar to
DD-II at the age of 12 and 18 months, which was charac-
terised by compromised mineralisation of the dentine.3!
These studies suggested that DSPP would be required for
normal pulp cell/odontoblast differentiation as well as
dentine development and DEJ formation.

DSPP in reparative dentine formation

DSPP is mainly expressed in odontoblasts. It is a marker
for the differentiation of dental pulp cells into odonto-
blast cells. Dspp expression was absent in the damaged
odontoblasts 24 hours after tooth injury, and regenerat-
ing odontoblasts began to express Dspp at day 5 after
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injury.®?> Immunohistochemical analyses in sclerotic
dentine revealed a high expression of DSPP inside the
tubules in reparative dentine, which was mainly found
in the tubules in non-affected dentine of caries lesions
and perhaps indicated a preventive defence against
carious attack.3® Dspp heterozygous mice (18 months)
manifested excessive dentine attrition and excessive
formation of reparative dentine, but much weaker DSPP
signals within the reparative dentine indicated oste-
odentine rather than normally formed dentine.?! Fur-
thermore, DSPP was expressed together with bone sialo-
protein (BSP) in the odontoblast-like cells of reparative
dentine, which suggests that the newly formed repara-
tive dentine possess both dentinogenic and osteogenic
characteristics.3*

In contrast with pulp capping agent calcium hydrox-
ide, DPP/collagen composite demonstrated more rapid
formation of reparative dentine with higher compact-
ness, a greater ability to cover exposed pulp and less
pulp inflammation.3® Decellularised dentine matrix
extracts contained DSPP, as pulp capping agents for
miniature swine, regenerated complete dentine bridge
and reactionary dentine, and this reparative dentine
adjacent to pulp tissue showed dentinal tubules that
were relatively similar to primary dentine.3

At 1 week after pulp capping with calcium hydroxide
agent, strong DSPP signals often appeared in the early
formed dentine bridge, demonstrating the rapid re-
sponse of DSPP to the noxious external stimuli.?’ After
pulp capping with different capping materials, human
odontoblast-like cells and pulpal cells beneath the den-
tine bridge are capable of differentiating and produc-
ing new hard tissue that contains DSPP, Coll or Heme
Oxygenase-1; thus, the newly formed hard tissue can be
characterised as dentine rather than an unspecific hard
organism.?%3 Three weeks after calcium hydroxide
paste was applied to wounded pulp tissue, only anti-
DSP staining was visible in newly formed reparative
predentine and dentine, indicating that DSPP rapidly
performed its function in the formation of reparative
dentine.*0

In general, DSPP is able to respond rapidly to dental
injury and could become an excellent biocompatible
inducer for the formation of reparative dentine.

Interaction with mineralisation-related proteins

Tooth development requires the coordinated action
of DSPP with other mineralisation-related proteins.
TGF-B1, one of the negative regulation factors of DSPP,
was reported early on to downregulate DSPP promoter
activity. The expression of Dspp s significantly downreg-
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ulated during tooth development in TGF-$1 transgenic
mice with overexpressed active TGF-f1 predominantly
in odontoblasts.*! DPP and DSP binding to TGF-1 were
liberated in association with the degradation of DPP and
DSP, and this combination might facilitate reparative
dentine formation and affect cell behaviour in the den-
tine-pulp complex following tissue injury.*?

DMP1, another member of the SIBLING family, is
located on the same chromosome locus as the DSPP
gene and shares similar biochemical and genomic DNA
features.*>** It was proposed that DSPP arose from
DMP1 as a result of a gene duplication event.* During
early differentiation of rat odontoblasts, the COOH-
terminal of DMP1 binds specifically with the DSPP
promoter in the region between nt -450 and +80 and
activates the transcription of DSPP.#¢ Studies in mouse
models showed that DSPP was reduced in DmpI” mice
at both mRNA and protein levels.*”*8 This finding was
in agreement with the results in vitro studies, in which
overexpression of DmpI induced Dspp expression while
blocking DMP1 expression inhibited the expression of
Dspp.®® Significantly, in DmpI7 mice, the transgenic
Dspp expression elevated the expression of molecular
markers (BSP, OPN and MEPE) and repaired the defects
in dentine and alveolar bone.*® Taken together, DSPP is
not simply a downstream molecule; it also shows the
capability of affecting the upstream factors and min-
eralisation.

Analyses of the mouse Dspp gene revealed three
Runx2-binding sites in Dspp promoter.?! In vitro studies
suggested that Runx2 upregulated DSPP gene expres-
sion in mouse preodontoblasts but decreased its activ-
ity in mature odontoblasts.?»>® Overexpression of the
Runx2 gene in mouse dental papilla cells resulted in the
downregulation of DSPP expression.” Thus, the effects
of Runx2 on DSPP expression depend on stages of cell
differentiation, with Runx2 activating DSPP expression
in preodontoblast cells and repressing it at maturation
stages.

Mouse Dspp promoter also has a BMP2-response ele-
ment that physically interacts with BMP2. BMP2 upreg-
ulated DSPP expression in mouse preodontoblasts.>?
In conditional Bmp2’ mice, the gene expression of
Dspp in odontoblasts was reduced by 90%..53 In addi-
tion, transcription factor DIx3 mutations causing tooth
defects in humans indicated that DLX3 played a role
in tooth development.>»>> DSPP is directly regulated
by DLX3 in odontoblasts and DIx37 mice also showed
major dentine defects and reduced DSPP expression.>®

Overall, the cooperation between DSPP and other
mineralization-related proteins is vital for the pro-
cess of mineralisation. In summary, DSPP is a positive
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regulator of hard tissue mineralisation, acting on both
dentine and bone. Because of its unique structure,
DSPP would obligatorily be proteolytically processed to
segments. A general review of the two main separate
daughter proteins of DSPP, DPP and DSP, will now be
presented.

DPP and dentine mineralisation

Relationship between DPP conformation and min-
eralisation

As the polyanionic macromolecules, DPP is the major
noncollagenous DECM protein in dentine®>3, which can
function in biological mineralisation by binding to the
matrix of structural protein, nucleating hydroxyapatite
(HA) crystallisation and modulating crystal growth.2%°
In the majority of species, DPP possesses a unique com-
position with aspartyl and seryl residues comprising at
least 75% of amino acid residues and with 85% to 90%
of the phosphorylated seryl residues.® DPP isolated
from dentine extract was capable of initiating the for-
mation of HA in an in vitro gel diffusion system without
HA®0; however, recombinant full-length PP (rPP-full)
required HA co-embedding to induce mineralisation.®!
One interpretation was that rPP might be less phospho-
rylated than DPP from dentine.!® It was considered that
the length of the serine/aspartic acid-rich repeats (SDrr)
of DPP could be associated with phosphorylation and
tooth mineralisation®?; however, inter- and intraspecies
length polymorphisms in SDrr have been reported in
toothed animals.'% Several recombinant mouse DPP
proteins possessing 62.4% and 36.5% of the length of
rPP-full induced the precipitation of calcium phosphate
similar to rPP-full, whereas the induction ability of the
vector without SDrr repeats was significantly lower than
that of rPP-full.®! Thus, interspecies length variation in
SDrr may not result in different abilities of individual
DPP for tooth mineralisation, but a different phospho-
rylated extent of DPP determines the capacity for min-
eralisation.

Comparison of DPP sequences among toothed and
toothless animals showed that although there was a
significant difference among the species, the BMP1-
cleavage motif and RGD (Arg-Gly-Asp) integrin-binding
domain were defined in two conservation domains in
DPP.%2 The BMP1-cleavage motif is conserved among
mammals®?, and mutations within the BMP1-cleavage
site would block, impair or accelerate the efficiency of
DSPP cleavage.®%* In in vivo studies, the normal DSPP
transgene fully repaired the dentine defects of Dspp”
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mice, whereas the D452A-DSPP mutant transgene with
a mutation in the BMP1-cleavage region failed to do
so0.!1 These studies imply that the proteolytic processing
of DSPP through the BMP1-cleavage motif is indispen-
sable for DSPP to exert its biological function during
dentinogenesis.

The RGD motif is another characteristic domain
of DSPP. RGD domain in DPP can bind to integrins
on the cell surface of undifferentiated mesenchymal
stem cells and pulp cells, promoting their terminal dif-
ferentiation into odontoblast-like cells.®> In addition,
DPP containing RGD motif induced the differentiation
and mineralisation of mouse dental papilla cell line 23
(MDPC-23) cells®, enhanced the survival and prolif-
eration of rat immortalised preodontoblast cells, and
promoted the terminal differentiation of preodonto-
blasts to functional odontoblasts.®’” Moreover, an RGD
peptide derived from porcine DPP promotes cellular
migration of human dental pulp cells.?® All these find-
ings indicate that the RGD motif integrating the surface
of dental pulp cells plays a vital role in cell migration
or differentiation; however, native rat DPP protein dis-
plays no RGD-induced dental pulp cell migration and
differentiation.®

Conformational analysis suggested that DPP be
thought as a unique structure with a nonplanar, folded
and modified trans-extended backbone chain, in which
the repeat aspartic acid/serine/serine (DSS) domain
in DPP constituted the extended backbone structures
with long ridges of carboxylate and phosphate groups
respectively on each side of the peptide backbone,
forming two well-defined ionic ridges.®® Such a specific
spatial arrangement could produce highly negatively
charged aggregation areas for binding calcium ions.
The bound calcium ions on the two ionic ridges could
be bridged between the parallel chains or interact
with a hydroxyapatite surface array of calcium ions.%®
The spatial structure of DPP directly generated a dual
behaviour that is entirely compatible. On one hand,
phosphorylated DPP shows an affinity for the surface of
hydroxyapatite and octacalciumphosphate and mean-
while maintains the ability to sequester Ca?* ions.”® On
the other hand, DPP have an avid affinity for binding
the collagen gap zones where collagen fibrils aggregate
in the mineralisation front, providing the connect-
ing interfaces for mineralised crystal and collagen
fibrils.”72 At low DPP concentrations, the Ca%* ions
might be folded back on themselves, creating partially
ordered and internally bridged structures; only at high-
er concentrations, DPP would adopt an open conforma-
tion that provides a structural freedom for interaction
as previously mentioned, both with collagen and with
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surfaces of cell membranes and mineral crystals.” The
conformational state of DPP with dual interaction with
collagen and crystal might be responsible for facilitat-
ing well-defined mineral deposition.

Relationship between DPP and collagen and its role in
dentine formation

As the most abundant noncollagenous protein in den-
tine, DPP is deposited directly at the advancing mineral-
isation front of dentine while newly synthesised colla-
genis deposited at the advancing predentine border.”»7°
The key function of DPP is its collagen-binding cap-
acity’®, and as the concentration of PP increases, more
DPP will bind to the collagen fibrils.”® The close inter-
linking of DPP and collagen is directly associated with
mineral deposition during dentine formation.”” Previ-
ous studies showed that DPP covalently crosslinked to
type I collagen (Coll) significantly promoted the growth
of hydroxyapatite crystals in vitro.>’® Phosphorylated
DPP induced highly organised mineralisation of col-
lagen fibrils in which the deposited mineral particles
were fully crystalline and organised with their c-axes co-
aligned with the collagen fibril axis, whereas non-phos-
phorylated DPP stabilised amorphous calcium phos-
phate (ACP) at higher concentrations without organised
crystallization.®”® Progressive enzymatic removal of
immobilised phosphophoryn led to an increase in min-
eralisation induction time, and when 90% of the phos-
phate of dentine collagen was removed, mineralisation
was no longer induced.”” These findings definitively
suggested that the phosphate esters of DPP correlated
with collagen were indispensable for the initiation of
mineralisation.

As a mineralisation scaffold, Coll rarely appears in
the mature hypermineralised peritubular dentine8,81;
however, our previous studies found that amounts
of collagen fibres were around dentine tubules in
hypomineralised peritubular dentine in DGI speci-
mens with DSPP mutation.8? Higher Coll expression
and lower mineralisation were found in Dspp mutation
cells than in normal Dspp cells.? These findings indi-
cate that abnormal DSPP would be associated with the
alteration not only of dentine mineralisation but also of
the amount of collagen. Altogether, the self-aggregating
properties of collagen fibrils contribute to the transi-
tion of matrix vesicles forming a larger, mineralised
structure.348 In the absence of DPP, collagen fibrils are
not directly involved in mineralisation. The interplay
between the self-assembled type I collagen matrix and
the noncollagenous DPP serves as a template for den-
tine mineral nucleation and growth.36:87
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DSP and mineralisation

DSP and its fragments

DSPis further processed into small molecular fragments
that are segregated into specific compartments within
odontoblasts and dentine8, and later DSP was discov-
ered to be a novel substrate of matrix metalloproteinase
9.88,89 DSP NH2-terminal fragments are highly localised
in predentine, whereas the COOH-terminal fragments
are mainly distributed to the mineralised dentine.’® The
distinct distribution pattern of the two terminal frag-
ments of DSP in different compartments of teeth sug-
gests that they might play unique functions during den-
tinogenesis. The C-terminal of recombinant human DSP
(rh-DSP376-462) was reported to have a novel signalling
function of rh-DSP for the promotion of growth, migra-
tion and differentiation in HDPCS via the BMP/Smad,
JNK, ERK, MAPK and NF-kB signalling pathways.’! The
C-terminal of recombinant mouse DSP (rC-DSP183-457)
facilitates attachment, migration, proliferation and dif-
ferentiation of human periodontal ligament stem cells
(PDLSCs) significantly, by regulating gene expression of
tooth-/bone-related markers, transcription factors and
growth factors.®® The middle domain (DSPaa183-219)
of the N-terminal fragments was bound to integrin
B6, forming a complex to stimulate the phosphoryla-
tion of Smadl/5/8 proteins; then, the phosphorylated
Smad1/5/8 proteins would be bound to DSPP gene pro-
moter to activate the expression of DSPP and DMP1 and
induce dental mesenchymal cell differentiation and
biomineralisation.®?

Few studies clarified the nature of the carbohydrate
moieties of DSP. Qin et al®® first proposed a new concept,
high molecular weight DSP (HMW-DSP) from the extra-
cellular matrix of rat dentine, which was an isoform of
DSP. HMW-DSP absorbed much more water than DSP,
which is consistent with the hypothesis that HMW-DSP
contains more carbohydrate than DSP. They found that
HMW-DSP possess extremely large amounts of carbo-
hydrates and great heterogeneity in glycosylation, and
proposed that HMW-DSP could be the functional form
of DSP.%3 In fact, HMW-DSP is the proteoglycan form of
DSP and was renamed DSP-PG, which appeared to be
more abundant than DSP.*3°* DSP-PG consists of two
glycosaminoglycan (GAG) chains. Investigations have
revealed the roles of these GAGs, including binding
calcium ions®® and inhibiting hydroxyapatite crystal
growth.”® The GAG side-chains for the DSP-PG made
of chondroitin-sulphate inhibited the formation and
growth of hydroxyapatite crystals in collagen gels.”:%8
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In vitro mineralisation analyses showed that DSP with-
out GAG chains did not have a significant effect on min-
eral formation and growth.*® Dspp/Dsp* mice showed
more severe dentine defects than Dspp” mice.'%* Based
on the above investigations, it was suggested that DSP-
PG might serve as an antagonist of DPP, preventing the
predentine from being mineralised too rapidly during
dentinogenesis'®, and that this proteoglycan might be
the functional form of the N-terminal fragment of DSPP
during biomineralisation.

Thus, DSP is critical for tooth development and could
be processed further into small fragments in odonto-
blast cells, and some proteolytic processing of DSP
could be the activation step of biological function and/
or degradation functions.

DSP and pulp cell differentiation

Generally, DSP has similar characteristics to other
SIBLING members due to similar amino acid compo-
sition. Earlier studies proposed that DSP could nomi-
nally affect the formation and growth of hydroxyapatite
crystals in vitro®’; however, recent studies reported new
findings on DSP function. Spatially, DSP-only transcripts
appeared to be localised in cells at the areas subjacent
to the odontoblast layer and in the dental pulp rather
than expressed in the columnar mature odontoblasts in
rats. Stro-1 protein, a stem cell marker, was also identi-
fied in cells at the areas subjacent to odontoblasts and
in dental pulp.!?! The presence of DSP-only transcripts
containing no PP sequence was also reported in por-
cine teeth.'® DSP was found to enhance the mechanical
properties of the DEJ in vivo.l92 The temporal expres-
sion of DSP mRNA coincides with odontoblast secretory
activity and dentine matrix deposition during dentino-
genesis in mouse molars.'9 DSP facilitates initiation of
hydroxyapatite formation along or inside the collagen
fibrils, leading to the conversion of predentine to den-
tine at the mineralisation front.!® The molars in Dspp’/
Dsp* mice display narrower predentine without any
ectopic unmineralised dentine, indicating that the ini-
tiation of predentine-dentine conversion is dependent
on the expression of DSP.1% In conclusion, the functions
of DSP-only transcripts remain to be determined.

DSP could involve multiple signalling pathways,
as well as functioning as secretory proteins to regu-
late mineralisation. Peptides derived from DSP had
the ability to regulate gene expression and protein
phosphorylation of BMP-dependent pathway-related
molecules, and the signalling function of DSP via
the BMP/Smad, JNK, ERK and NF-xB signalling path-
ways was revealed.’! DSP was capable of binding to
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integrin f6 and phosphorylated transcription factors
Smad1/5/8, which upregulated expression of DSPP and
DMP1 genes and induced dental mesenchymal cell
attachment, differentiation and mineralisation through
P38 and ERK1/2 protein kinases.’? Furthermore, as a
ligand, DSP could also bind to the cell surface recep-
tor Occludin (Ocln) that binds to focal adhesion kinase
(FAK), and it induced differentiation and mineralisation
of human dental pulp stem cells and mouse dental pa-
pilla mesenchymal cells through the Ocln-FAK signal-
ling pathway.'% Silencing DSPP expression altered the
levels of signalling molecules Runx2, Numb, Notchl
and Glil in developing molars of Dspp’ mice.l% All
these findings support the view that the regulatory
role of DSP was to orchestrate the process of dentine
formation.

DPP binding with collagen improves its structural
stability!®, and similarly, as DSP is the most abundant
proteoglycan in dentine, it is also likely to interact with
collagen.*> Recombinant human DSP protein (rhDSP)
facilitates human dental pulp stem cell differentiation
and induces Col I and endogenous DSPP upregula-
tion.!%” Recombinant mouse DSP fusion protein pro-
motes Col I expression in calvarial bone and osteo-
blasts.1% Col I mRNA was downregulated in primary
calvarial cells without Dsp expression of Dspp” mice in
an in vitro culture system.!% Thus, it is speculated that
DSP, as the upstream factor of Col I, ensures the normal
differentiation function of odontoblasts.

Although DSP exerts a positive influence in dentine
mineralisation, recent studies have shown different
results. Dspp’/Dsp* mice presented more severe defects
in dentine compared to Dspp” mice, indicating that
DSP might inhibit dentine mineralisation or restrain
the accelerating action of DPP and prevent predentine
from being mineralised too rapidly during dentinogen-
esis.1% Although studies have shown that DSP is critical
for dentine mineralisation, findings concerning the
biological roles played by DSP in dentinogenesis are
renewed continuously and further studies are warrant-
ed to delineate the detailed functions and mechanisms.

To conclude, DSP has the unique biological charac-
teristic of inducing initial dentine mineralisation and
participating in differentiation in some mineralisation
cells. DSP is involved in multiple signalling transduction
pathways in regulating the process of mineralisation.

DSPP mutations and human hereditary dentine
disorders

Hereditary dentine disorders are mainly separated into
two categories: dentinogenesis imperfecta (DGI) with
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Fig2 DSPP gene diagram showing mutations identified in families with dentinogenesis imperfecta.111-113115118119,121,126-132

DGI-I, DGI-II and DGI-III subtypes, and dentine dyspla-
sia (DD) with DD-I and DD-II subtypes. Among them,
DGI-II, DGI-III and DD-II are isolated dentine disorders
usually with an autosomal dominant inheritance, and
DSPP is the only identified causative gene for them.
Xiao et al'® and Zhang et alll° first reported that
mutations of the DSPP gene are associated with DGI-II.
To date, many DSPP mutations have been identified
in families with dentine disorders.!'112 A large num-
ber of these were in the DSP region, with most being
missense, nonsense or splicing mutations. Successful
sequencing of the highly repetitive DPP region marked
a breakthrough in identifying the mutations in the DPP
region in hereditary dentine defects. A previous investi-
gation conducted by our group first revealed frameshift
mutations in DPP region resulting in hereditary dentine
defects in five Chinese families with DGI-II or DD-II and
found 14 in-frame indel polymorphisms and 11 single
nucleotide polymorphisms (SNPs) in the DPP region in
the normal population.!? Subsequently, other groups
reported similar findings.!1#!1¢ In animal models, mice
that deleted a “G” to cause a -1 frameshift following the
first four amino acids of DPP exhibited severe dentine
defects.!1” The results indicated that the reading frame-
preserving length variations and single missense alter-
ation in the DPP coding region had no apparent effects
on its function, and functional aberrations would not
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take place unless a frameshift or nonsense mutation
occurred in DPP.

DSPP can be secreted normally outside the cell, usu-
ally requiring the guidance of a signal peptide. Tyrosine
to aspartic acid mutations in the signal peptide region
of DSPP would affect the secretion of both DSP and DPP
owing to the significantly reduced ability to translocate
the primary translated product into the endoplasmic
reticulum (ER).!!® The result is that either the accu-
mulation of the mutant protein in the cytosol or the
continued occupation on the ER may indirectly bring
about insufficient processing of the normal DSPP with
concomitant defective biomineralisation.

Given the proximity to the border of exon 3 and
splicing acceptor site, the mutational “hotspot” was
suspected to have some influence on normal pre-mRNA
splicing, causing skipping of exon 3.11%120 Closely
adjacent to the membrane-associated signal peptide
peptidases cleavage site, the first three amino acids of
the mature protein DSPP are Ile Pro Val (IPV), which
is highly conserved within almost all animal species.
Excepting mutations in the signal peptide region, all
mutations in this conserved DSP region would result in
a change of the proposed IPV domain.!?° The mutations
with deleted exon 3 of DSPP, lacking the conserved IPV
motif at the N-terminus after cleavage of the signal
peptide, would generate varying degrees of clinical
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phenotypes. The expression level of the DSPP exon 3
deletion transcript correlated with the severity of the
dentine defects, the weaker the quantity of mutant
protein, the milder the clinical phenotype.!?! Mutations
in or adjacent to the IPV domain would cause mutant
protein to be retained within the ER'??, which can be
captured by the autophagy-lysosome system for deg-
radation (ER-phagy).1?? The quantity of mutant protein
accumulated in the odontoblast ER was positively as-
sociated with the clinical phenotype.1?* Recent studies
proposed that the encoding amino acids in the DPP
repeat domain with -1bp frameshift mutations result
in longer mutant hydrophobic domains that anchor
the mutant protein within the rough endoplasmic
reticulum (rER) membrane. Meanwhile, the dominant
negative effects caused by the retained mutant proteins
form entropy-driven, multivalent cation (Ca®*) bridges
between each other and then entrap WT DSPP through
its own calcium-binding domain.'?® In summary, muta-
tions in either the DSP or DPP domain lead to DGI-II or
DGI-III and DD-II. A diagram of DSPP gene mutations
identified in families with dentinogenesis imperfecta
is shown in Fig 2.111-113,115,118,119,121,126132 The dentine
defect phenotype caused by DSPP mutations would
contribute to revealing the functional role of DSPP and
lead to a better understanding of dentine mineralisa-
tion and homeostasis.

Conclusion and prospects

Since the discovery of DSPP and the degradation prod-
ucts DSP and DPP, considerable progress has been made
regarding their biological characteristics. The findings
have greatly enhanced our understanding of their func-
tion in the process of biomineralisation. The major
discoveries to date include the reiwpoints that DSPP
was cleaved into DSP, DGP and DPP, and the distinct
features of the proteolytic products suggest that these
proteins play different roles in biomineralisation; that
DPP is transported to the mineralisation front following
its synthesis and secretion; that DPP binds to collagen
fibrils and Ca?', promoting the nucleation and growth
of hydroxyapatite; that the proteoglycan form of DSP is
the functional segment of the NH»-terminal fragment
of DSPP; and that many heterogeneous mutations in the
human DSPP gene have been linked to hereditary den-
tine defects. These discoveries also present challenges,
such as whether proteolytic processing of DSPP is an ac-
tivation step, which components participate in the pro-
cess of DSPP proteolysis and what biological role they
play; what the specific characterisation of the proteogly-
can form of DSP is; what the potential roles of DSP/DPP
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are in regulating signal pathways and what effect they
exert on downstream molecules; and which proteins
are associated with biomineralisation in dentine other
than DSPP, whether DSP/DPP interacts physically with
these proteins and what the precise mechanism is. As
such advancements in research enrich our knowledge
regarding DSP, DPP and DSPP, they also point to new
directions for further exploration.
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Review on the Role of IRF6 in the Pathogenesis
of Non-syndromic Orofacial Clefts

Si Di ZHANG!, Yue YOU!, Mei Lin YAO!, Bing SHI!, Zhong Lin JIA!

Non-syndromic orofacial clefts (NSOCs) are the most common craniofacial malformation. In
the complex aetiology and pathogenesis of NSOCs, genetic factors play a crucial role and IRFG6,
located at chromosome 1g32.2, is the best documented NSOC susceptibility gene. IRF6 is a key
factor in oral maxillofacial development and known to contribute the most in NSOCs. It is es-
sential to conduct a complete review of the existing results on IRF6 to further understand its role
in the pathogenesis of NSOCs. Thus, the present authors summarised the research progress on
the mechanism of IRF6 in NSOCs from both genetic and functional perspectives in this review.
Keywords: IRF6, genetics, non-syndromic orofacial cleft (NSOC)

Chin J Dent Res 2024;27(1):29-38; doi: 10.3290/j.cjdr.b5128515

Non-syndromic orofacial clefts (NSOCs) have a global
prevalence of around 1/700 and are the most com-
mon craniofacial malformation. The aetiology and
pathogenesis are very complex, including genetic
factors, environmental factors and their interaction,
with genetic factors playing a particularly crucial
role!. Syndromic orofacial clefts (SOCs) are usually
monogenic or oligogenic disease with the character-
istics of pedigree inheritance. In contrast, the genetic
aspect of NSOCs presents polygenic characteristics.2
(2 in superscript) Some of the genes may play a major
role, whereas most play a minor role, resulting in the
occurrence of NSOCs after accumulating to a certain
extent.
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The aetiology of NSOCs has been investigated using
a variety of methods, including linkage analysis, can-
didate gene association studies, cytogenetics, animal
models and expression studies. Since it was first found
to be associated with NSOC in 20042, IRF6 has been rec-
ognised as the most contributing and well-documented
of dozens of NSOC susceptibility genes/loci identified
thus far.

As the encoding gene of interferon regulatory factor
(IRF) 6, IRF6 is located at chromosome 1q32.2 (Fig 1).
It first attracted attention in orofacial cleft studies be-
cause it was found to be the major pathogenic gene of
Van der Woude syndrome (VWS; OMIM 119300), the
most common form of SOC characterised by cleft lip
and palate and lip pits.? This research also demonstrat-
ed the involvement of IRF6 in orofacial development.?
At present, aetiological IRF6 variants have been found
in at least 70% of patients with VWS.3 Hypotheses and
studies on the association between IRF6 and NSOCs
were thus initiated, and remarkable progress has been
made.

Not only is IRF6 an important factor for craniofacial
development*, but it has also been suggested that it
might even be associated with the severity of orofacial
clefts®, hence the critical importance of understanding
of the existing research on IRF6 to gain a deeper under-
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Fig1 Diagram of IRF6 gene. Yellow indicates coding regions
and purple indicates untranslated regions (a). DNABD, DNA-
binding domain; PBD, protein-binding domain (b).

standing of its function in the mechanism of NSOC.
Therefore, the present authors review the research
progress of IRF6 in the pathogenesis of NSOC in genetic
and functional studies.

Genetic studies

Genetic studies have identified many susceptibility vari-
ants in the IRF6 gene that might increase the risk of
NSOCs under certain environmental conditions, but the
potential influence of these variants on different popu-
lations and subtypes leads to a significant difference in
their association with NSOCs. In this section, we will
review related genetic studies according to the progress
of research methods at different stages.

Linkage analysis

Linkage analysis maps susceptible genes to specific
genomic regions by using the relationship between
genetic markers (known locations) carried by family
members and genetic disease, since susceptible genes
associated with the disease are very likely to be linked
to genetic markers.®

Zucchero et al? proposed that there is a significant
association between IRF6 and the risk of non-syn-
dromic cleft lip with or without cleft palate (NSCL/P).
They found that single nucleotide polymorphism (SNP)
rs2235371 was significantly associated with the risk of
non-syndromic cleft lip and palate (NSCLP) in Asian
and South American populations.? Located in exon 7 of
the IRF6 gene, rs2235371 is involved in encoding valine
or isoleucine at the position 274 amino acid (V274I) in
the conserved protein binding domain of IRF6 protein.

30

In 2005, a linkage disequilibrium between rs2013162
and rs2235375 and NSCL/P was found in an Italian popu-
lation, confirming the contribution of IRF6 to the aeti-
ology of NSCL/P in the southern European population
for the first time’, and later in the white population.®
In 2007, Jakobsen et al® found a 6.5 MB linkage region
in the vicinity of IRF6 within 1q32.1 and g32.2, which
may contain genes or non-coding region elements that
regulate IRF6 and increase the risk of NSCL/P.

Due to locus heterogeneity and limitations in the
size and number of large multiple families (two or
more family members with NSOC), the lack of repeated
studies on linkage analysis makes it difficult to achieve
genome-wide significant differences in the results of
individual studies. Marazita et al'® conducted a meta-
analysis of previous genome-wide linkage studies and
found 16 significant linkage regions including 1gq32. A
subsequent family study identified six chromosomal
regions associated with NSOC, of which IRF6 or its
adjacent SNPs were the most significant.!! Studies
conducted on different populations confirmed the con-
tribution of IRF6 to the aetiology of NSCL/P, suggesting
that further study is worthwhile.

Candidate gene association studies

Incorporating a large number of sporadic cases without
relying on large multiple families, candidate gene asso-
ciation studies were conducted to determine whether
the candidate gene was associated with NSOC by com-
paring the allele frequency differences between NSOC
and control samples.'? Considering that the selection
of candidate genes is the premise of association study,
pathogenic genes of SOC and genes related to cranial
and maxillofacial developmental signalling pathways
were frequently used as sources for screening candidate
genes of NSOC.

IRF6 initially attracted attention in 2004 as the main
pathogenic gene of VWS.2 Subsequent studies explored
the association between IRF6 and NSOC and obtained
remarkable results. The first polymorphism found to
be associated with NSOC in IRF6 was rs2235371 and the
association was then confirmed in subsequent associ-
ation studies carried out on different populations.3 1314
It was also the first polymorphism that was signifi-
cantly associated with NSCL/P in Asian and American
Indian populations!®'® and complete left NSCL/P in the
Brazilian Caucasian population.!” In 2008, Suazo et al!®
found a linkage imbalance between SNPs rs2235371,
rs764093, rs2236909, rs2235375 and NSCL/P in the
Chilean population. The rs2235371 CT and CT/TTP
genotypes were associated with a significant reduction
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in risk.!” Larrabee et al?® proposed that rs2235371 may
play a role in the pathogenesis of NSOC by affecting the
function of IRF6 protein, and confirmed this associ-
ation was caused by common rather than rare variants;
however, the SNP characteristics of rs2235371 and its
effect on protein function still need further explor-
ation, and no association was found between rs642961
and NSOC.?0

Located in an enhancer of approximately 10,000 base
pairs upstream of IRF6, rs642961 (G > A) may interfere
with IRF6 expression by disrupting the binding site of
AP-2alpha gene which is usually the enhancer of IRF6.
Rahimov et al?! found the correlation between this SNP
and NSOC in a European population first, and the asso-
ciation was more significant in non-syndromic cleft lip
only (NSCLO). Brito et al?? confirmed that rs642961 was
weakly associated with NSCLO in a Brazilian popula-
tion, but found no association between rs642961 and
IRF6 transcription level in orbicularis oris muscle
mesenchymal stem cells (MSCs), suggesting that it may
function during a specific period of embryogenesis.

Some studies proposed that A allele at rs642961 was
associated with NSCL/P.223 Pan et all® found that the
AG and AG/AA genotypes of rs642961 were associated
with increased risk of NSOC, especially NSCL/P and
NSCLP. These findings require further confirmation in
subsequent studies; however, studies of different popu-
lations or even the same ethnic population may achieve
the opposite result. A population study demonstrated
a lack of association between the A allele of rs642961
and Swedish NSCLO subset?*; however, another study
suggested that they were associated with NSOC in
a Brazilian population and that the G/A haplotype
increased the risk for both children and mothers.1® The
complexity of the ethnic mix of the Brazilian popula-
tion appears to be an important confounding factor for
this difference.

Located 27 bp downstream of exon 6 of IRF6,
rs2235375 may alter the splicing process with func-
tional annotations, suggesting that it is associated
with the decrease in IRF6 expression. It was positively
correlated with NSCL/P in Italy®, Belgium!4, China?,
Norway?®, Chile'® and Brazil.?” C allele at rs2235375
was associated with NSCL/P risk in the Chilean popula-
tion, and its biological role at the level of craniofacial
development needs further investigation?8; however, in
a study of a south Indian population, rs2235375 was as-
sociated with an increased risk of non-syndromic cleft
palate only (NSCPO) rather than NSCL/P.?°

The association between NSCL/P and rs2013162
(Ser153Ser) (which is a silent variant located in exon
5 of IRF6) was revealed in Belgian and Italian popula-
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tions, respectively, in 2005.'* Xu et al3° showed that
both rs2013162 and rs2235371 were closely associated
with an increased risk of NSCL/P in northeast China;
however, neither Birnbaum et al®® nor Huang et al®
found a significant association between rs2013162 and
NSOC, which may be mainly related to population het-
erogeneity.

Studies on some susceptibility SNPs are limited
and the results are controversial, indicating that more
validation studies on different population samples
are needed. Srichomthong et al®' found that IRF6
G820A was significantly associated with NSCL/P in a
Thai population and was responsible for 16.7% of the
genetic contribution to NSCL/P. Tang et al*? confirmed
that A allele at G820A may increase the risk of NSCPO
in China, and proposed the possibility of linkage dis-
equilibrium between rs2235371 and other pathogenic
variants. In 2009, an association study conducted in
western China suggested that rs2235373, rs4844880 and
rs2073485 were significantly associated with NSCL/P,
whereas rs599021 was associated with NSCPO.%3 These
SNPs may be directly involved in transcription or indi-
rectly involved in the replication and transcription of
IRF6 gene through regulatory elements, affecting pro-
tein functions and thus regulating oral and maxillofa-
cial development.3? It is also interesting that there was
a gene-environment interaction between rs2235373 GG
genotype and maternal history of abortion. Although
rs590223 (A > G) regulates the transcription level of IRF6
in hepatocytes in vivo®4, its association with NSOC is
still controversial.®>% In the same year, Nikopensius
et al®” conducted a case-control association study on
NSCPO in a northeastern European population and
found rs17389541, located about 8kb upstream of IRF6,
was significantly associated with NSCPO susceptibility.

Several candidate gene association studies have dem-
onstrated that IRF6 interacts with some genes in the
mechanism of NSCLP. A gene-gene interaction analysis
in 2013 indicated that the combination of rs2073485,
rs2235371 or rs2236909 in IRF6 and rs17176643 in PAX9
may increase the risk of NSCL/P.38

Some studies combined linkage analyses with can-
didate gene association studies. Park et al'® considered
the genotype and double risk of specific SNPs in IRF6
first and identified its association with increased risk of
NSCL/P in Asian trios. Diercks et al®® first demonstrated
a strong association between rs2235371, rs1856161,
rs2235377 and NSOC in a Honduran population which
was enhanced in NSCL/P. Rahimov et al?! proposed that
rs2235371 was not directly related to NSOC, and that
there might be pathogenic variants of IRF6 regulatory
element in the region of strong linkage disequilibrium
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with rs2235371. The contribution of functional vari-
ant rs642961 to the pathogenesis of NSCLO was about
18%.2! Blanton et al*® conducted linkage analysis and
association studies in Hispanic and non-Hispanic white
NSOC families, respectively. They found that the asso-
ciation between rs2235371 and NSOC was more signifi-
cant in non-Hispanic white single families, whereas
the association between rs642961 and NSOC was not
confirmed.* Jugessur et al?® confirmed that rs2235371
and rs2013162 were associated with NSOC, which has
not been widely confirmed.?**! Craniofacial measure-
ments showed that rs2235371, rs2013162 or other patho-
genic variants within the linkage disequilibrium region
played an important role in the variation of nasolabial
soft tissue morphology in a normal range in an East
Asian population.*?

Although linkage analyses and candidate gene asso-
ciation studies are increasingly effective in identifying
common loci and speculating genes involved in com-
plex traits, it is difficult to identify specific pathogenic
variants. Convincing statistical evidence and functional
data are needed to prove that a specific variant in a link-
age disequilibrium region containing many strongly
correlated SNPs is a pathogenic mutation.

Genome-wide association study (GWAS)

The results of genetic studies of NSOC in the last 10 years
varied widely. Complex heterogeneity and confound-
ing factors make linkage analysis and association stud-
ies difficult to replicate. The extensive development of
the genome-wide association study (GWAS) has brought
new breakthroughs to the genetic research of NSOC.
The GWAS can be used for large-scale groups. By
selecting genetic markers at the whole genome level,
the GWAS compares the differences of SNP allele fre-
quency between NSOC samples and controls, using
genetic analysis to identify NSOC-associated SNPs and
susceptibility genes by location, linkage disequilibrium
and bioinformatics functional annotation.*3> Compared
with linkage analysis, the GWAS has lower require-
ments for research samples and does not require large
multiple family samples. Compared with candidate
gene association studies, which rely more on the pre-
setting of susceptible genes and include a few hundred
SNPs at most, GWAS can screen out new susceptible
genes and chromosomal regions in the whole genome
without prior construction of a hypothesis.** Over the
past decade, GWAS and correlative meta-analysis have
reported more than 40 NSOC susceptibility genes, far
surpassing traditional family linkage analyses and
candidate gene association studies, and furtherly iden-
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tified IRF6 as a candidate gene for the pathogenesis of
NSOC.%

In 2010, Beaty et al*® conducted a GWAS in Asian and
European NSOC trios and found four SNPs: rs2013162,
rs2073485, rs861020 and rs10863790, which reached
genome-wide significance. The first GWAS in a Chinese
population was conducted in 2015 and confirmed that
1g32.2 was associated with NSCL/P.'> CCCTC binding
factor (CTCF) chromatin interaction analysis revealed
the interaction signal between the regulatory region
containing rs2235371 and DNA sequence in multiple
cell lines, suggesting that rs2235371 may be involved in
chromatin activity. Thus, the role of rs2235371 may be
complex and more studies are needed to elucidate its
underlying mechanisms.

However, GWAS has limitations: it focuses mainly on
common variants and does not involve rare variants.
Compared to common variants that have a very limited
effect on disease development, rare variants may have
a greater effect on the severity and earlier onset of
NSOC.#:*8 On the other hand, since SNPS are mainly
selected from HapMap data and usually influenced by
strong linkage disequilibrium, the candidate genes/loci
reported by the GWAS may be different from the actual
situation. Therefore, the susceptible regions identified
by the GWAS need to be located more accurately.

Research progress in the post-GWAS era

Itis gradually realised that known genetic susceptibility
genes and loci can only explain a small part of the herit-
ability of NSOC since the complexity and high genetic
heterogeneity of NSOC and the limited recognition abil-
ity of GWAS. There may be undiscovered genetic factors
associated with NSOC in the IRF6 region, such as rare
variants, gene-environment interactions and epigenet-
ic inheritance, which may play a more important role
in the development of NSOC.*® Advances in sequencing
technology have resolved this issue.

First-generation sequencing, also known as Sanger
sequencing, was developed from the dideoxy terminal
termination method and is the gold standard for obtain-
ing nucleic acid sequence information at present; how-
ever, it is difficult to carry out on a large scale due to
its high operating costs. Next-generation sequencing
enables a comprehensive analysis of the genome with
the ability to perform massively parallel sequencing at
a faster speed and lower cost. Compared with whole
genome sequencing, whole exome sequencing (WES)
and target region sequencing (TRS) have been more
widely used in genetic studies of NSOC due to their
economy and efficiency.
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Exons and untranslated regions in the human
genome only account for 1% to 2% of total sequences,
containing up to 85% of disease-related variants. WES
screens for pathogenic variants in coding regions that
may affect the function of protein products, represent-
ing a new breakthrough in the genetic aetiology of
NSOC. As it is more efficient, comprehensive and spe-
cific than GWAS, WES plays an increasingly important
role in the study of the aetiology of genetic diseases
with the development of cheap sequencing technology.
The combination of WES and GWAS helps to explore the
aetiology of NSOC further.

In 2008, Pegelow et al®® sequenced IRF6 exons in
Swedish multiple NSCL/P families and no disease-
related mutation was detected. In 2018, Zhao et al°!
conducted a WES on a Han NSCLP patient and identi-
fied a new rare mutation of IRF6 (c.26G > A; p.Arg9Gln)
that affected the structure of IRF6 to some extent by
causing residue changes. A rare synonymous muta-
tion (p.Ser307Ser; g.209963979, G>A; ¢.921C>T) was
identified as a possible aetiology of NSCL/P in a WES
in 2020.%2 This mutation is located at exon 7 and may
affect the binding of external splicing silencing ele-
ment to the main splicing regulator. A new IRF6 patho-
genic mutation (c.961C > T; p.Val321Met) was detected
in a Chinese Han NSCLP family. As a conserved codon
in many species, it also caused changes in residues and
altered the structure of IRF6 to some extent.>?

TRS, also known as targeted sequencing, provides
more comprehensive coverage of targeted regions. It
is a cost-effective way to obtain comprehensive infor-
mation outside the coding area. TRS found a laterality
difference in IRF6: 26 SNPs were associated with the
difference between unilateral and bilateral NSCL/P,
which is one of the genetic sources of phenotypic het-
erogeneity of NSOC.>* Sequencing of nine exons and
untranslated regions at the 5" and 3’ ends of IRF6 in
African NSOC patients revealed that 92% of potentially
pathogenic exon and splice site mutations occurred in
exons 4 and 7.5 TRS of Chinese, Philippine, American
and European trios revealed a G X G interaction be-
tween IRF6 and MAFB polymorphisms, which was most
significant in European trios.>®

The susceptibility regions identified by GWAS can
be deeply sequenced to mine rare variants and identify
functional variants in coding and non-coding sequenc-
es. Although TRS can further supplement genetic infor-
mation in susceptible regions, genome-wide detection
can obtain the most complete genomic information
and have the potential to fully reveal the molecular
changes of NSOC, which is an ideal state for NSOC
genetic research; however, large-scale whole genome
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sequencing studies of NSOC that have been reported so
far are still very limited. Identified variants are believed
to be only a part of the overall heritability of NSOC and
it is thought that there are other common or rare vari-
ants in the IRF6 region that have not been discovered
yet in relation to maxillofacial development and NSOC
aetiology.

One of the strategies of NSOC genetics research in
the sequencing era is to effectively identify potential
susceptibility sites, clarify the biological mechan-
isms through functional analysis and verify them in
large and independent populations. As sequencing
throughput and precision increase and costs decrease,
the technology will be used more widely. An import-
ant trend in NSOC genetics research in the future may
be to use sequencing technology to accurately locate
susceptible regions based on further mining GWAS
data, detect rare and functional variants more compre-
hensively and conduct in-depth studies on biological
mechanisms.

It is important to note that a study published in 2019
found that infants with NSCL/P had a higher meth-
ylation level at IRF6 promoter regions than controls,
suggesting that abnormal methylation of the promoter
region may contribute to the development of NSCL/P.5¢

Functional studies

IRF6 contains 10 exons, among which exons 1, 2 and 10
are not involved in protein coding (Fig 1). As a protein-
coding gene, the product protein of IRF6 is one of nine
members of the family of interferon regulatory factor
(IRF) proteins and has two conserved domains: a highly
conserved DNA-binding domain and a less conserved
protein-binding domain termed Smad-interferon regu-
latory factor-binding domain (SMIR), both of which are
critical for its function.>’

IRF6 is involved in the normal development of cranio-
facial structures by regulating epithelial differenti-
ation and palatal fusion

IRF6 is a key factor in the development of the lip and
palate that plays an important role in craniofacial devel-
opment and participates in the development of skin and
external genitalia. Furthermore, as a key determinantin
the proliferation-differentiation conversion of keratino-
cyte, IRF6 is required for the differentiation of mam-
malian skin, mammary gland and oral epithelium, and
involved in wound healing and migration.

Kondo et al* detected high expression of IRF6 mRNA
in fused palate, tooth bud, hair follicle, genitalia and the
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medial edge of skin in mice, and found that the haploid
deficiency would impair the normal development of
the maxillofacial region and lead to orofacial cleft,
confirming that IRF6 is a key factor in the development
of the lip and palate and is also involved in the develop-
ment of the skin and external genitalia.

In 2006, Richardson et al®® mutated Arg84 to cysteine
(R84C) and constructed an Irf6R84C/R84C homozygous
mutant mouse model that showed postnatal death.
There were significant abnormalities in epidermal de-
velopment in Irf6*/R84C heterozygous mutant mice: a
dense basal layer, less differentiation in the expanded
basal layer and no granular layer or keratinised layer,
indicating excessive epidermal hyperplasia and an
abnormal differentiation process that may lead to epi-
thelial adhesions that block the mouth and cause cleft
lip and palate. In the same year, Ingraham et al® used a
mouse model deficient for Irf6 and observed abnormal
skin, limbs and craniofacial morphology (Fig 2). They
then conducted a histological and gene expression
analysis on deficient mice and found that the main
defect of mouse skin was abnormal proliferation and
differentiation of keratinocytes, confirming that Irf6 is
necessary for regulating keratinocyte proliferation and
terminal differentiation.®® In vitro culture experiments
supported IRF6 as a necessary condition for keratino-
cyte differentiation and the authors speculated that epi-
dermal adhesion in the oral cavity of mice was due to
the absence of normal keratinocytes, whereas skeletal
abnormalities were secondary to defective epidermal
differentiation.®°

Thompson et al®® conducted mouse model studies
and proposed a different view, suggesting that IRF6 is
involved in regulating bone differentiation and min-
eralisation during craniofacial bone development. In
2021, Girousi et al®? used keratinocytes derived from
human skin and oral mucosa to construct IRF6 knock-
out cell lines. They found that keratinocytes lacking
IRF6 have poor cohesion, and most of the differentially
expressed proteins may be related to differentiation,
intercellular adhesion and immune response.®? In 3D
skin cultures, loss of IRF6 resulted in severe keratino-
cyte differentiation defects while cell growth rates
remained constant. These results suggested that IRF6
deficiency disrupts epithelial homeostasis by altering
the colony morphology, migration pattern and differ-
entiation potential of human keratinocytes.%?

Palatal development in vertebrates involves migra-
tion of cranial neural crest, fusion of facial processes
and extension of cartilaginous framework, while cleft
palate is a structural birth defect resulting from palatal
dysplasia. Irf6 is expressed in ectodermal fusions of
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the upper lip and primary palate in mice and chicks,
but only in the secondary palate in developing mice.%
Similar expression patterns also exist in human crani-
ofacial structures. IRF6 is expressed in bilateral maxil-
lary process chondrocytes and the maxillary processes
need to fuse with the lateral nasal process in the centre.
Dougherty et al®* conducted a detailed analysis of pal-
ate development in zebrafish and revealed that IRF6
is involved in palate morphogenesis by regulating the
fusion of facial processes.

Exploration of IRF6’s participation mechanism in
epithelial differentiation and palate fusion

Given that in vitro and in vivo experiments have con-
firmed that IRF6 plays an important role in regulating
epithelial differentiation and palatal fusion in craniofa-
cial development, subsequent studies on the molecular
mechanism by which IRF6 functions will help to de-
scribe and integrate the molecular pathway of lip and
palate morphogenesis further.

Kousa et al® constructed a mouse model of Irf6
gene knockout and restored the expression of Irf6 in
embryonic basal epithelium. They found that severity
of the disease was significantly reduced and the death
of mice after birth could be prevented, but the adhesion
between the palate and tongue could not be saved com-
pletely, suggesting the importance of cell-independent
Irf6 expression in peritum.® In the same year, another
study by Kousa et al®® confirmed the interaction of IRF6
and SPRY4 signals in mouse peridermal development.
Through microarray analysis and in vivo transplanta-
tion, de la Garza et al®’ proposed that the encoding gene
of Grhl3is the direct effector of Irf6 in percutaneous dif-
ferentiation. In addition, IRF6 protein interacts directly
with NME1 and NME2 to regulate the availability or
localisation of the NME1/2 complex and the dynamic
behaviour of the epithelia during lip and palate devel-
opment. Missense mutations in IRF6 or NME can lead
to cleft lip and palate by damaging the ability of IRF6 to
bind to NME protein 66.98 Ferretti et al® suggested that
IRF6 is involved in the conserved PBX-WnT-P63-IRF6
regulatory pathway in mammals that controls facial
morphogenesis by promoting epithelial apoptosis. In
addition, the integration of IRF6 and Jagged?2 signalling
is essential for controlling palatal adhesion and fusion
competence.’?

Palatal organ culture experiments showed that IRF6
was involved in the regulation of TGFB3 on epithe-
lial mesenchymal transformation and palatal fusion
during embryonic palatal development.”! This result
supported the role of IRF6 in the transforming growth
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factor- (TGF-B) signalling pathway, a fundamental
developmental pathway.!? Considering that deletion of
Irf6 can lead to cranial fracture and mandibular dyspla-
sia in mice while mutations of TwistI gene can lead to
cranial fracture, mandibular dysplasia and cleft palate,
Fakhouri et al”? constructed monozygotic and double
heterozygotic Irf6 and Twistl genes (Irf6'/~; Twist1*")
mouse embryo models, respectively. Homozygous dele-
tion of Irf6 resulted in multiple bone defects in the man-
dible and limbs of mice; however, no expression of Irf6
was detected in bone tissue, suggesting the existence
of intercellular communication. Although monozy-
gous mice were almost normal, some dizygous mice
(Irf6*!~; Twist1*/") mice developed severe hypoplasia of
the mandible, leading to holoacrania and cleft palate.
It is suggested that genes encoding IRF6 and Twistl,
two transcription factors essential for craniofacial de-
velopment, may lead to craniofacial diseases through
gene-gene interaction.”? A study in 2019 proposed that
IRF6 and TAKI synergistically promote HIPK2 activa-
tion and stimulate apoptosis during palatal fusion.”3
IRF6 can also regulate the expression of ESRP1, which
overlaps in mouse oral-facial skin and zebrafish peri-
derm, nasofrontal ectoderm and oral epithelium, and
controls vertebrate midfacial morphogenesis through
Irf6-ESRP1/2 regulatory axis.”* Another study in 2020
indicated that SPECC1L cytoskeletal protein may func-
tion downstream of IRF6 in palatogenesis.”®
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In addition, mice carrying both p63 heterozygous
deletion and Irfé knockout mutation R84C showed
abnormal ectoderm development, which resulted in
cleft palate. In vitro culture of primary keratinocytes
from patients with cleft palate and functional studies
found that P63 is a key regulatory molecule in palate
development and binds to the upstream enhancer
element to transactivate IRF6.7%77 Mutations in this
enhancer element are associated with increased sus-
ceptibility to cleft palate. In mouse and human oral and
maxillofacial development, p63 and IRF6 act within a
regulatory ring that coordinates epithelial cell prolif-
eration and differentiation during normal palatal devel-
opment. IRF6 or p63 mutations cause this ring to break,
resulting in fissure.’®”” On the other hand, Kousa et al’®
found that IRF6 and AP2A interact to regulate epider-
mal development, and rs642961 located in the enhancer
element interferes with its binding with AP2A protein,
affecting epithelial cell development and increasing the
risk of NSOC. They proposed that P63 and AP-2a may
play a synergistic role in IRF6 regulation.”®

Conclusions and future research

Numerous genetic and functional studies have provided
sufficient evidence for the contribution of IRF6 in the
pathogenesis of NSOC; however, studies have been con-
ducted on different ethnic groups and population strati-
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fication has become a major source of confounding fac-
tors in genetic studies, leading to possible differences in
the results of studies of polymorphisms in different eth-
nic groups. In addition, although many polymorphisms
in IRF6 were associated with NSOC in genetic studies,
it is still uncertain which of them are pathogenic due
to the existence of linkage disequilibrium. The inclu-
sion of other risk factors and genes would also be useful
for the improvement of disease prediction models and
occurrence risk assessment of NSOC.
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Characteristic and Import Mechanism of Protein Nuclear

Translocation
ZiYan SUN!, Zhi Peng FAN?%3

Coordination and information exchange among the various organelles ensure the precise and
orderly functioning of eukaryotic cells. Interaction between the cytoplasm and nucleoplasm is
crucial for many physiological processes. Macromolecular protein transport into the nucleus
requires assistance from the nuclear transport system. These proteins typically contain a nuclear
localisation sequence that guides them to enter the nucleus. Understanding the mechanism of
nuclear import of macromolecular proteins is important for comprehending cellular processes.
Investigation of disease-related alterations can facilitate the development of novel therapeutic
strategies and provide additional evidence for clinical trials. This review provides an overview
of the proteins involved in nuclear transport and the mechanisms underlying macromolecular

protein transport.
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Eukaryotic cells are characterised by the presence of a
complete nucleus enclosed by a double nuclear mem-
brane and well-defined organelles that ensure the spa-
tial segregation of nuclear DNA replication, gene tran-
scription and protein translation. This structure confers
a potent mechanism for regulating gene expression in
eukaryotes.! After their synthesis in the cytoplasm,
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proteins are selectively and efficiently transported to
distinctlocations where they perform their physiologic-
al functions. Karyophilic proteins, including transcrip-
tion factors, replication factors, DNA repair factors and
cell-cycle regulators, require nuclear entry to execute
their functions.? The nuclear envelope (NE), as a nat-
ural selective barrier, separates the nucleus from other
organelles and the cytoplasm. The nuclear pore complex
(NPC), located on the nuclear membrane, regulates mo-
lecular transport between the nucleus and cytoplasm.
The transport mechanism used by the NPC depends on
the size of the substrate transported: while small mole-
cules diffuse passively through the NPC, larger proteins
require active transport by the nuclear transport system
(NTS) to enter the nucleus.? Karyophilic proteins typic-
ally possess a conserved amino acid sequence, known as
the nuclear localisation sequence (NLS), that functions
as a recognition site for protein nuclear import.*
Recent studies on the nuclear transport of NLS-
containing proteins have been conducted in the field
of oral and maxillofacial diseases.>® PTHrP exerts its
effects via intracrine/paracrine signalling or by enter-
ing the nucleus. Deletion of the PTHrP NLS leads to
dental and mandibular dysplasia in mice and is as-
sociated with the p27 pathway.’ IGFBP2 upregulates

39



Sun et al

ZEB1 expression in an NF-kB (p65)-dependent manner,
thereby promoting epithelial-mesenchymal transition
(EMT) in salivary adenoid cystic carcinoma. Mutations
in the IGFBP2 NLS effectively prevent EMT and reduce
lung and liver metastasis.® Based on these findings,
NLS-mediated protein nuclear transport plays a cru-
cial role in the occurrence and progression of oral and
maxillofacial diseases via various proteases, cytokines
and signalling pathways. The investigation of protein
nuclear import processes offers potential targets for
treating oral and maxillofacial diseases. The present
review advances this by focusing on proteins involved
in the NTS and elucidates the mechanisms underlying
karyophilic protein transport.

NTS

The NTS, which plays an important role in the nucleo-
cytoplasmic translocation of macromolecular proteins,
encompasses the NPC and nuclear transport receptors
(NTRs).” The NPC is a large macromolecular assembly
that spans the NE, forming a central transport channel
with an outer diameter of ~1,200 A, an inner diameter of
~425 A and a height of ~800 A. This structure regulates
nucleocytoplasmic transport and mediates protein traf-
ficking.®3 The NPC comprises > 30 nucleoporins (NUPs),
which can be divided into three groups based on their
functions: transmembrane proteins, which anchor the
NPC to the NE; scaffold proteins, which constitute the
inner and outer rings of the NPC; and phenylalanine-
glycine (FG) NUPs (FG-NUPs), characterised by their
abundant hydrophobic FG repeats. FG-NUPs, intrinsi-
cally disordered proteins that comprise approximately
one-third of all NUPs, play an important role in precisely
mediating cargo protein transport; during nucleocyto-
plasmic translocation, they exclude nonspecific macro-
molecular substances from the NPC’s central transport
channel, forming a dynamic selective barrier.12811
Based on their structural and functional differences,
NTRs can be separated into the Karyopherin a and 8
families.?* Karyopherin a, also known as importin q,
recognises and connects importin $ with cargo pro-
teins.»!12 In mammalian cells, the importin a family
comprises six members that are capable of recognising
and binding cargo proteins; however, within the NPC,
importin a lacks a shuttle function, and importin f is
required to help translocate cargo proteins into the
nucleus.>1%14 In eukaryotes, the karyopherin B family
serves as a ubiquitous NTR; at least 20 distinct isoforms,
responsible for most intracellular trafficking between
the nucleus and cytoplasm, have been identified in
human cells. The karyopherin B family includes the
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importin $ proteins, which are composed of 11 mem-
bers that function specifically as import receptors.!*
Most importin f members can bind directly to the NLS
and carry it into the nucleus, where they then release
the cargo protein.1#+16

Importin a has three key domains, the first of which
is the central domain, comprising ten Armadillo (ARM)
repeats, each 42 to 43 amino acids in length. This
domain is responsible for recognising the cargo protein
NLS.41317 The cargo protein binds to two sites in the
ARM repeat sequence: the major NLS binding site (ARM
repeat sequences 2 to 4) and the minor NLS binding site
(ARM repeat sequences 6 to 8).13

Second, at its N-terminus, importin a contains the
importin  binding domain (IBB), which can bind
to importin B1.12 The IBB, containing an NLS-like
sequence, can occupy the NLS binding site in the
absence of importin B; this capability is thought to exert
an autoinhibitory effect. This autoinhibition effectively
prevents importin B from binding to an empty importin
a, thus ensuring that nuclear transport is not blocked.
The autoinhibitory domain competitively occupies the
NLS binding site, facilitating the release of the NLS
cargo upon transport to the nucleus.!6-18

The third domain is the C-terminal domain of impor-
tin a, which binds to the nuclear export receptor (cel-
lular apoptosis susceptibility protein [CAS]). CAS has a
similar structure to importin B, facilitating importin
export of a into the cytoplasm (Table 1).%17:19,20

Importin B comprises tandem huntingtin, elonga-
tion factor 3, A subunit of PP2A, and TOR (HEAT)
repeats arranged in a superhelix or ring-like structure
to form binding sites for importin a, FG-NUPs and Ran-
GTP.1521,22 By altering its own conformation, importin
B can provide binding sites for protein-protein interac-
tions (Table 1).23

In the karyophilic protein transport cycle, molecular
recognition depends crucially on precise spatial and
temporal regulation.'® The binding and release of cargo
proteins by the NTR is regulated by the small GTPase
Ran. Upon binding to importin 3, Ran-GTP triggers the
dissociation of the cargo protein from the transport
complex. Ran, characterised by an N-terminal globular
domain and C-terminal extension structure, partici-
pates in various nuclear processes, including maintain-
ing nuclear architecture, facilitating protein import,
regulating mRNA processing and export, and control-
ling cell cycle progression.®2425 Ran occurs as Ran-GDP
and Ran-GTP on both sides of the nuclear membrane.
The N-terminal globular domain of Ran binds to GTP
and facilitates its hydrolysis. Its C-terminal extension
structure features a unique acidic tail that binds to its
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Table 1 Structural characterisation of NTRs.

Armadillo (ARM) repeats Recognizes the cargo proteins NLS

Importina | Importin B binding (IBB) domain Acts as a competitive inhibitor to regulate cNLS-cargo binding by importin 81
C-terminal domain of importin a Binds to the export receptor CAS

Importin 3 | HEAT repeats Forms binding sites with importin a, FG-NUPs, Ran-GTP

FG-NUP, phenylalanine-glycine (FG) nucleoporins (FG-NUPS); HEAT, huntingtin, elongation factor 3, A subunit of PP2A and TOR.

Table 2 Sequence features of cargo proteins with the NLS.

Monopartite cNLS

oNLS K-K/R-X-K/R PKKKRRV
Bipartite cNLS (K/R)(K/R)X10-12(K/R)3/5 KRPAATKKAGQAKKKK
. FGNYNNQSSNFGPMKGGNFGGRSSGPY
s PY-NLS R/K/H-X2-5-P-Y or R/K/H-X2-5-P-® motif RSGGNHRRNGRGGRGGYNRRNNGYHPY
ne IK-NLS K-V/I-X-KX1-2-K /H/R None
RS-repeat NLS None None
Cryptic NLS None None
Other types of NLS Putative NLS None None

cNLS, classical NLS; ncNLS, nonclassical NLS; IK-NLS, isoleucine-lysine NLS; PY-NLS, proline-tyrosine NLS; RS-NLS, arginine-serine

NLS.

N-terminus when it is bound to GDP, thereby stabilis-
ing the structure of Ran-GDP.'® Ran-GTP is hydrolysed
to Ran-GDP by the RAN GTPase-activating protein
(RanGAP) and RAN-binding protein-1 (RanBP-1), and
can be converted back to Ran-GTP via interactions
with the guanine nucleotide exchange factor for Ran
(RanGEF). These key regulators exhibit a non-uniform
distribution within cells, with RanGAP concentrated
in the cytoplasm and RanGEF enriched in the nucle-
us, resulting in the accumulation of Ran-GTP in the
nucleus and enrichment of Ran-GDP in the cytoplasm.
The concentration gradient on either side of the NPC is
important for directional nuclear transport.?1%,22,24-26

Molecular mechanism of protein nuclear trans-
port

Karyophilic proteins require not only the NTS, but also
the NLS. The latter can be located anywhere within a
karyophilic protein; upon recognition and binding by
NTRs, this complex is transported into the nucleus.?’

Classification of NLSs

Since the discovery of the first NLS in the 1980s (the
T-antigen of simian vacuolating virus 40, SV40 TAg),
an NLS classification system has gradually been devel-
oped.»%20:27 Based on their residue composition, NLSs
are currently classified into one of three types: classical
(cNLS), nonclassical (ncNLS) or other.*
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Classical NLSs

Classical NLSs contain one (monopartite) or two (bipar-
tite) clusters of basic amino acids rich in positively
charged lysine and arginine. A monopartite cNLS com-
prises 4 to 8 amino acids and has a consensus sequence
of K-K/R-X-K/R, where X can be any residue. A repre-
sentative example is the SV40-TAg cNLS PKKKRRV. A
bipartite cNLS comprises two clusters of basic amino
acids separated by a 10 to 12 residue linker region; the
consensus sequence is (K/R)(K/R)X10-12(K/R)3/5, where
X10-12 is a linker of 10 to 12 residues and (K/R)3/s refers
to three basic residues within five consecutive residues.
The prototypical bipartite NLS is the Xenopus nucleo-
plasmin NLS (KRPAATKKAGQAKKKK) (Table 2).2%20

Nonclassical NLSs

For many proteins that lack distinct amino acid clus-
tering, the structural characterisation of the NLS has
not yet been clearly defined. Such NLSs are considered
nonclassical. The most extensively researched ncNLSs,
the proline-tyrosine (PY)-NLS, exhibits sequence diver-
sity.1* It comprises a loose N-terminal hydrophobic or
basic motifs and a C-terminal R/K/H-X>_5-P-Y or R/K/H-
X2-5-P-® motif (where @ refers to hydrophobic, H to his-
tidine, P to proline and Y to tyrosine, and X2-5 is any
sequence of 2-5 residues).!*?8:2° PY-NLSs can be divided
into two subclasses, depending on the composition of
their N-terminal motifs: hydrophobic PY (hPY)-NLSs,
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containing ®G/A/S®® motifs (where ® refers to a hydro-
phobic residue), and basic PY (bPY)-NLSs, which are
enriched with basic residues.!#?° hnRNPA1 and Hrpl
are representative PY-NLSs, with the sequences FGNYN-
NQSSNFGPMKGGNFGGRSSGPY and RSGGNHRRNGRG-
GRGGYNRRNNGYHPY, respectively.* Isoleucine-lysine
(IK)-NLS, another ncNLS, has the consensus sequence
K-V/I-X-K-X1-2-K /H/R. TNPO3-binding arginine-serine
repeat NLS (RS-repeat NLS), is another type of ncNLS
(Table 2).%° Further research into these NLSs is required.

Other NLSs

Other specialised forms of NLS have been identified.
These include cryptic NLSs, which occur in some pro-
teins that do not bind to NTRs. However, upon specific
signalling stimulation, these protein structures can
undergo transformation and expose their NLS for entry
into the nucleus.*3* Some NLSs predicted by software
exhibit a characteristic NLS amino acid sequence com-
position (Table 2). Upon verification, some exhibited a
nuclear-localisation function, whereas others did not
and were therefore classified as putative NLSs.*3! This
indicates that, despite the regularity of the NLS, there
remain uncertainties that require investigation and
investment.

Mechanisms of nuclear transport

Nuclear transport of proteins with a CNLS

Importin a and B1 participate in the cNLS-mediated
nuclear protein import.*121332 The ARM domain of
importin a initially recognises and binds to the cNLS of
the cargo protein. Monopartite cNLSs bind to the major
NLS-binding site, whereas bipartite cNLSs interact with
both major and minor NLS binding sites.!® The IBB
domain of importin a then interacts with importin 1,
forming a trimeric complex (cargo-importin a-importin
B1) that localises to the NE.1%20 Finally, the importin f1
in this complex binds to FG-NUPs, facilitating translo-
cation of the trimeric complex into the nucleus.'® Dur-
ing cargo-protein transport into the nucleus, nuclear
RanGTP binds to importin 1, inducing conformational
change and elongation of its superhelical structure.
This leads to the dissociation between importin a and
importin B1, releasing the IBB domain, which in turn
competitively binds to importin a and promotes cargo-
protein dissociation. NUPs such as Nup50 also facili-
tate the dissociation of the cargo proteins that remain
in the nucleus.®1%1833 Importin B1-RanGTP dimers
are transported directly back to the cytoplasm, while
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importin a is exported from the nucleus with the assis-
tance of RanGTP and the nuclear export receptor CAS.
Aided by RanBP1, cytoplasmic RanGAP catalyses the
conversion of RanGTP to RanGDP, causing the disas-
sociation of the importin $1-RanGTP dimer and the
CAS-RanGTP-importin a complex, freeing the importin
1 and importin a to participate in subsequent nuclear
import cycles. RanGDP in the cytoplasm is transported
back to the nucleus via its carrier nuclear transport fac-
tor-2 (NTF2), replenishing the nucleoplasmic RanGTP
and maintaining the RanGTP-RanGDP concentration
gradient (Fig 1).13,16,34

Nuclear transport of proteins with an ncNLS

Most of the ncNLS-mediated nuclear transport proteins
are imported via importin 3.1%16 Many karyophilic pro-
teins lack classical monopartite and bipartite NLSs,
necessitating other modes of transport into the nucle-
us. The mechanism of nuclear entry of PY-NLS-carrying
proteins has been well investigated. PY-NLS, the best
characterised substrate of importin 2, is directly rec-
ognised by importin B2. Various PY-NLS-containing
proteins, including hnRNPA1; hnRNP D, hnRNP M and
HCC1, have been identified as importin 32 cargo pro-
teins. Although the sequence identity of importin 32
and 1 is only 24%, the have almost the same structure:
while their RanGTP-binding domains are highly similar,
they differ substantially in their cargo-protein binding
positions.?®

Importin $2 can bind directly to cargo proteins in the
absence of importin.*3> Two major NLS-binding sites
have been identified within importin 2. The first, Site
A, corresponds to H8-H13 and exhibits a high affinity
for PY-NLS; it plays an indispensable role in recogni-
tion. The second, Site B, corresponds to H14-H20 and
exhibits a lower affinity for PY-NLS.*® The interac-
tion between Site B and the NLS governs the overall
binding affinity of importin $2.3¢ PY-NLS has three
important epitopes involved in importin B2 binding.%”
Epitope 1 corresponds to the N-terminal hydrophobic/
basic motif, epitope 2 to the positively charged residue
of the C-terminal R/K/H-X,.5-P-Y motif, and epitope
3 to the proline-tyrosine dipeptide of the C-terminal
R/K/ H-X,.5-P-Y motif.3” Site A of importin 32 interacts
with epitopes 2 and 3, whereas Site B interacts with
epitope 1.%

Initially, importin B2 binds to PY-NLS via its
C-terminal arch: first, Site A binds to the C-terminal
R/K/H-X2-5-P-Y motif, triggering structural rearrange-
ment at H13-H14 and inducing Site B to bind to
epitope 1. Importin 2 exhibits biochemical proper-
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Fig1 Nuclear transport guided by a
classical NLS (cNLS). The cargo pro-
tein containing a cNLS binds to impor-
tin a, which is subsequently recognised
and bound by importin B1 to form the
cNLS cargo-importin a-importin 1
complex. After the complex enters
the nucleus, RanGTP binds to importin
B1, resulting in the dissociation of the
complex. Upon dissociation, importin a
exits the nucleus with the help of CAS
and RanGTP, enters the cytoplasm, and
is incorporated there. The importin
B1-RanGTP complex is then returned
to the cytoplasm for the next round of
transportation.

ties that enable it to interact with FG-NUPs and pass
through NPC-selective barriers, ultimately entering
the nucleus.?>% The abundant RanGTP in the nucleus
then binds to importin B2-transported cargo proteins,
triggering the dissociation of the cargo protein. The
complex first disassociates from Site B, and the cargo
protein is completely released once Site A has disas-
sociated.?® Importin B2-RanGTP then moves towards
and through the NPC. On the cytoplasmic surface of
the NPC, RanGTP undergoes hydrolysis and dissociates
from importin $2 upon binding to RanBP and RanGAP.
The components are thus released into the cytoplasm
for subsequent import cycles (Fig 2).%°

IK-NLS and RS-NLS, other ncNLSs, are recognised
and bound by Kap121 of the Karyopherin § family and
by transportin 3, respectively?’; however, these trans-
port mechanisms require further study.

Therapeutic application of NLSs

Construction of a therapeutic system

Construction of a nuclear-targeted therapy system
Compared to conventional radiotherapy and chemo-
therapy, targeted therapy is a safer and more efficient

form of cancer treatment, targeting pathogenic cellu-
lar and molecular targets precisely. As a result, there
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have been rapid advances in the development of drug-
delivery systems.3® Drug-delivery systems targeting the
nucleus have become a research hotspot because the
nucleus is the prime target for multiple cancer-targeting
drugs. Barrabés et al®® assembled a peptide NLS-BN3
drug-carrier system capable of nuclear-targeted deliv-
ery of metal-based chemotherapeutic drugs; the use
of the NLS-BN3 peptide enhanced targeting efficiency
towards gastrin-releasing peptide receptor (GRPR)-over-
expressing tumour cells, resulting in increased nuclear
accumulation and improved cytotoxic effectiveness.

Nanoparticle (NP)-based delivery systems can inter-
act with biomolecules and access previously inacces-
sible parts of the body, thereby expanding the possibil-
ities for disease detection and treatment.*%4? Larger
NPs (> 40 nm) require active NLS-assisted transport to
pass through the NPC. The main components of NLS
peptide nano-drug carrier systems include the NLS
peptide; the basic nanomaterials skeleton; antitumour
substances (chemotherapy drugs, nucleic acids and
photosensitisers); and other substances, such as other
drugs that can treat tumours.*® For instance, Ozcelik
and Pratx** developed a targeted therapy system using
arginylglycylaspartic acid (RGD) peptide-gold NPs
modified with the NLS peptide (CGYGPKKKRKVGG);
this modification resulted in an increased number of
nuclear-targeting gold NPs, thus enhancing the radio-
sensitivity of A549 cells, inhibiting their proliferation,
and inducing cell death.
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Fig2 Nuclear transport guided by a proline-
tyrosine NLS (PY-NLS). Importin B2 binds to the
PY-NLS via its C-terminal arch, passes through
selective nuclear pore complex (NPC) barriers
and enters the nucleus. Once in the nucleus,
RanGTP binds to the importin B2-cargo pro-
tein complex, triggering dissociation of the
cargo protein. Subsequently, the importin
B2-RanGTP complex approaches and moves
through the NPC. On the cytoplasmic surface
of the NPC, RanGTP undergoes hydrolysis and
dissociates from importin B2 upon binding to
RanBP and RanGAP.

Generating novel antimicrobial peptides

Since the 1940s, the emergence of antibiotic resist-
ance has posed a worldwide challenge, necessitating
the design of improved antimicrobial peptides.* The
physicochemical parameters of cell-penetrating pep-
tides and antimicrobial peptides overlap, resulting in
shared functional characteristics between these pep-
tide groups. Budagavi and Chugh*® fused an NLS with a
latarcin-derived peptide (LDP); the LDP-NLS effectively
mitigated the cytotoxicity of LDP towards HeLa cells,
demonstrated significantly enhanced cellular pene-
tration of methicillin-resistant Staphylococcus aureus
(MRSA) and successfully inhibited intracellular MRSA
infection by entering HeLa cells.

Gene therapy

The nucleus serves as a regulatory centre for cellular
genetics activity and metabolism, and many diseases
are associated with disordered gene expression. Conse-
quently, gene therapy has attracted significant attention
for the treatment of both acquired and inherited diseas-
es, rendering the nucleus a prominent target for gene
therapy. Gene delivery vectors can be classed as viral or
non-viral: while viral vectors are highly efficient, their
application is limited by problems such as endogenous
viral recombination, carcinogenesis and unexpected
immune responses; and although non-viral gene vec-
tors are safer, their nuclear delivery efficiency remains
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low.2%#7 The incorporation of NLS peptides into non-
viral gene delivery systems can significantly enhance
their nuclear translocation efficiency, thus augmenting
their therapeutic efficacy via diverse systems.
Tarvirdipour et al*’ synthesised an NLS multi-com-
partment micelles (MCMs) nano-nonviral vector system
integrating the minimal NLS (KRKR) into the hydro-
philic domain of a peptide backbone carrying a syn-
thetic DNA oligomer (antisense oligonucleotide [ASO]).
In MCF-7 cancer cells, this NLS-mediated nuclear trans-
location machinery improved the nuclear incorporation
efficiency of ASO, thus reducing the expression of BCL-
2, which is closely associated with solid tumour growth.

Nuclear localisation probes

Alterations in nuclear metabolism

The nucleus is a metabolic centre in which the biochem-
ical reactions primarily involve biosynthesis of metabo-
lites that modulate gene expression.*® Hydrogen per-
oxide, the foremost indicator of oxidative stress and a
crucial mediator in signal transduction, is indispensable
role in biological systems. Reactive oxygen species (ROS)
generated by abnormal concentrations of hydrogen per-
oxide can damage cellular structures or biomolecules
including proteins, liposomes and DNA. Such damage is
closely associated with aging, Alzheimer’s disease and
cancer. As such, it is crucial to monitor the changes in
hydrogen peroxide levels in cells and tissues.*
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Wen et al*® developed a multifunctional ratiometric
hydrogen peroxide fluorescent probe (NP1). Given
the pivotal role of oxidative DNA damage in tumour
initiation, NP1 contains a NLS peptide (VQRKRQKLMP-
NH2) that acts as a transmembrane molecular car-
rier, facilitating nuclear delivery of the probe to detect
DNA-proximal hydrogen peroxide. In HeLa cells, this
peptide-based probe effectively localised in the nucleus
and achieved quantitative detection of nuclear hydro-
gen peroxide.

Subcellular localisation of macromolecular sub-
stances

Monitoring dynamic changes in nuclear proteins in liv-
ing cells and correlating them with changes in cellular
behaviour could enhance understanding of the mechan-
isms and outcomes of cellular invasion behaviour.

For living cells, Sun et al®® developed a Companion-
Probe & Race (CPR) platform capable of real-time
detection of nuclear proteins and simultaneous guiding
and tracking of cell behaviours such as migration. The
CPR platform comprises an intracellular probe region
containing two peptide complexes for binding to target
proteins, and each complex includes an NLS peptide to
guide nuclear entry. This platform was used to validate
the expression of the nuclear protein MDM2 and its
impact on the migratory behavior of tumour cell lines
and primary clinical cells.

The NLS has also been applied in other subcellular
localisation probes, such as APEX2-NLS, which detects
the nuclear localisation of RNA. These probes offer a
potent and versatile approach for exploring the spatial
environment and function of macromolecules.°!

Conclusion

NLS-mediated nuclear import of karyophilic proteins
is crucial for maintaining cellular functionality. Abnor-
malities in NLSs can disrupt nuclear transport, result-
ing in aberrant protein localisation, which is closely
associated with disease occurrence and progression.
A comprehensive understanding of NLS-mediated pro-
tein nuclear-import mechanisms will provide valuable
therapeutic strategies in the future.
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Distinctive Craniofacial and Oral Anomalies in MN1
C-terminal Truncation Syndrome

Jing Jia YU Qiu Yi WU, Qiu Chi RAN!, Ying Ya ZHAO!, Lin Nan YU, Qing Xin CAO?,

Xi Meng CHEN!, Wen Yang L1%, Zhen Jin ZHAO!

MNI1 C-terminal truncation (MCTT) syndrome was first reported in 2020 and only 28 patients
have been recorded to date. Since MCTT syndrome is a newly defined and rare syndrome with
many clinical features, the present study reviewed the manifestations and management of
oral and dental anomalies. Gene variants of MCTT syndrome and their positive phenotypes
were summarised. The phenotypes of variants in two exons differed from each other mainly in
the craniomaxillofacial region, including brain MRI abnormalities and palatal morphology.

Pathogenic mechanisms, especially in craniofacial and oral anomalies, were discussed. Appro-
priate treatments in the stomatology and respiratory departments could improve the symptoms
of MCTT syndrome. The different sites of MN1 gene variants may influence the clinical symp-
toms and there may be racial differences in MCTT syndrome. We recommend oral and pulmo-
nary evaluations for the multidisciplinary treatment of MCTT syndrome.

Keywords: craniofacial and oral anomalies, MNI1 C-terminal truncation syndrome, MN1

gene variant.
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MNI1 C-terminal truncation (MCTT) syndrome, also
known as craniofacial defects, dysmorphic ears, struc-
tural brain abnormalities, expressive language delay
and impaired intellectual development (CEBALID) syn-
drome, was first reported by Mak et al® and is caused
by Meningioma-1 (MNI) gene variants.»? The most
common features of MCTT syndrome include char-
acteristic facial defects; cranial and brain anomalies;
developmental, speech and motor delays; intellectual
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disability; hearing loss; and hypotonia. To date, 28 pa-
tients with MCTT syndrome have been reported in the
literature.13° Its clinical phenotype has been estab-
lished, with some clinical and research studies having
been conducted on its aetiology and pathogenesis.®*
The present authors reviewed the clinical symptoms,
pathogenic gene, pathogenic mechanisms and treat-
ment of patients with MCTT syndrome reported in the
literature. The study was approved by the ethics com-
mittee of China Medical University, Hospital of Stoma-
tology (approval no. 2021-20).

Relationship between clinical symptoms and
gene variants

Based on the common symptoms of MCTT syndrome
(Table 1), all patients exhibited developmental delay,
characteristic facial defects and ear anomalies.b%*
Symptoms with an incidence of more than 90% included
speech delay, motor delay, intellectual disability, midfa-
cial hyperplasia, short and upturned nose, and hyper-
telorism. Other symptoms included oculomotor defects
(such as Duane anomaly, nystagmus and strabismus),
spinal anomalies (clinical or radiographic abnormali-
ties such as lordosis, scoliosis or kyphosis), atrial or
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ventricular septal defects, seizures, hyperphagia, cleft
palate and congenital diaphragmatic hernia.3

MNI1 gene variants lead to MCTT syndrome. MNI,
located at chromosome 22q12.1, is a transcriptional
coregulator composed of two exons and that encodes
1,320 amino acid residues. The t (4;22) MN1 gene vari-
ant was first reported in meningioma and t (12;22) in
myeloproliferative diseases.””® MNI is closely related
to haematological malignant tumours, especially acute
myeloid leukaemia, and high expression of MNI is
related to poor prognosis.®11

Variants in MNI at different sites lead to different
clinical symptoms. MCTT syndrome is a variant in
MN1 located at the terminal exon or extreme 3’ region
of exon 1. To date, 16 different variant sites have been
identified in MCTT syndrome (Fig 1 and Table 1), result-
ing in different clinical symptoms (Table 1).13¢ Among
the 16 variant sites, six variant sites of six patients were
located in the extreme 3’ region of exon 1, including
all three reported Chinese patients.*° Ten variant sites
of 22 patients were located at exon 2. For patients with
variants in exon 1, symptoms with an incidence of
more than 90% included developmental delay, speech
delay, motor delay, intellectual disability, characteristic
facial defects, ear anomalies and hypertelorism, which
were consistent with those of patients with variants in
exon 2 (Table 1). The phenotypes of variants in the two
exons differed from each other mainly in the cranio-
maxillofacial region. The incidences of brain magnetic
resonance imaging (MRI) abnormalities and palatal
morphology differed between the two groups.

The incidence of brain MRI abnormalities in exon
2 was 82%, which was 32% higher than that in exon 1.
Notably, none of the three Chinese patients had symp-
toms of brain MRI abnormalities.

All patients with MCTT syndrome showed character-
istic facial features, and 93% of patients had maxillary
hypoplasia. Consequently, a high-arched palate was
commonly observed (Table 1).1:*> In terms of palatal
morphology, the incidence of a high-arched/narrow
palate in exon 2 was 76% and 50% in exon 1. Among all
the reported patients with MCTT syndrome, only three
were diagnosed with cleft palate. Two of these were
Chinese, and all three variant sites were located in the
extreme 3’ region of exon 1 and the incidence was 50%.
One patient was diagnosed with a submucosal cleft
palate with bifid uvula.! One Chinese patient was diag-
nosed with cleft palate.* The initial diagnosis of another
Chinese patient was submucosal cleft palate®, consist-
ent with the previous case reported!; however maxillary
expansion was performed over 2 years and widened the
maxilla, and the cleft secondary palate became visible,
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possibly because the maxillary hypoplasia and narrow
maxilla resulted in the maxilla and palate adhering to
each other.’> The incidence of cleft palate associated
with MCTT syndrome may be related to race or variant
location. Although these are uncertain at present due to
the small number of reported cases, whether cleft pal-
ate should be included as a common symptom of MCTT
syndrome merits further research.

Narrowing of the maxilla could influence man-
dibular development, resulting in reactive mandibular
protrusion or retrusion. The clinical symptoms of man-
dible positions varied in the reported cases, including
eight cases of normal mandibular development, six of
mandibular protrusion and five of mandibular hypo-
plasia. These indicated that the development of the
maxilla was affected, whereas that of the mandible was
normal in MCTT syndrome.!

In addition, one patient had obstructive sleep apnoea
(0OSA) syndrome. Maxillary hypoplasia and mandibu-
lar retrusion are significant causes of a narrow upper
airway in patients with OSA.>!2 Hypoxemia and hyper-
capnia are caused by frequent apnoea and hypopnea in
children with OSA. OSA causes damage to various sys-
tems, resulting in several complications such as poor
memory, impaired growth, learning and behavioural
problems, and other cognitive impairments. Children
with severe or untreated OSA also suffer from serious
cardiovascular complications.'®1* It aggravates other
symptoms such as muscle weakness and developmental
delay in patients with MCTT syndrome, which requires
immediate attention.

Possible pathogenic mechanisms

In MCTT syndrome, gene variants lead to C-terminally
truncated protein expression. Our unpublished results
showed that the mutant MNI protein (c. 3760C > T, p.
Q1254 *) leads to the deletion of a terminal helix struc-
ture due to the premature stop codon (Fig 2).

Both wild-type and mutant-type MNI proteins were
localised in the nucleus.>* Mutant MNI proteins tended
to aggregate more than wild-type MN1 proteins, pos-
sibly due to the increased number of intrinsically
disordered regions in MNI proteins that cause phase
separation; however, the specific pathogenic mechan-
isms underlying MCTT syndrome remain unclear.

Miyake et al® confirmed that the MNI variant led to
escape nonsense-mediated mRNA decay and the MN1
protein was degraded by the ubiquitin-proteasome
pathway. Mutant MN1I proteins showed higher stability
than the wild-type. The C-terminal region of MNI is
degraded by the ubiquitin-proteasome pathway. MN1
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Fig1 Variant sites of
i mutant-type MN1. Blue,
o other countries’ patients;
green, Chinese patients.
*Non-sense mutation.

Table 1 The incidence of different clinical symptoms in the reported MCTT syndrome patients.

Clinical symptoms*

All patients (positive/

Patients with different variant sites of mutant-MN1

total) and positive/total % Exon 1 (positive/total) and Exon 2 (positive/total) and

positive/total % positive/total %

Developmental delay (27/27) 100% (5/5) 100% (22/22) 100%
Speech delay (24/26) 92% (5/5) 100% (19/21) 90%
Motor delay (24/25) 96% (4/4) 100% (20/21) 95%
Intellectual disability (17/18) 94% (3/3) 100% (14/15) 93%
Hearing loss (18/26) 69% (4/6) 67% (14/20) 70%
0SA (1/1) 100% (1/1) 100% NR

Brain MRI abnormalities (17/23) 74% (3/6) 50% (14/17) 82%
High-arched/narrow palate (19/27) 70% (3/6) 50% (16/21) 76%
Cleft palate (3/27) 1% (3/6) 50% (0/21) 0%
Hypotonia (20/23) 87% (4/5) 80% (16/18) 89%
Feeding difficulty (15/24) 63% (3/5) 60% (12/19) 63%
Cranial anomaly (21/27) 78% (5/6) 83% (16/21) 76%
Characteristic facial defects (28/28) 100% (6/6) 100% (22/22) 100%
Midface hypoplasia (25/27) 93% (4/5) 80% (21/22) 95%
Mandibular skeletal retrusion (6/22) 27% (1/4) 25% (5/18) 28%
Down slanting palpebral fissures (16/22) 73% (3/4) 75% (13/18) 72%
Ear anomalies (28/28) 100% (6/6) 100% (22/22) 100%
Short and upturned nose (26/28) 93% (5/6) 83% (21/22) 95%
Hypertelorism (24/26) 92% (5/5) 100% (19/22) 90%

NR, not reported.

*Not all case reports mention all the clinical symptoms, so the “total” number may not be 28.

participates in the transcriptional regulation of target
genes by interacting with transcription factors Pre-
B-Cell Leukaemia Homeobox 1 (PBXI), PBX/Knotted
Homeobox 1 (PKNOXI) and Zinc Finger Protein 450
(ZBTB24). The binding of mutant MNI to E3 ubiqui-
tin ligase ZBTB24 and Really Interesting New Gene 1
(RINGI) protein is impaired, which interferes with the
degradation of MNI protein resulting in mutant MNI

Chinese Journal of Dental Research

protein aggregation and imbalanced MN1-related tran-
scription.’

All patients with MCTT syndrome exhibited mid-
facial hypoplasia, but the underlying mechanism by
which MNI affects midfacial development remains
unclear. MNI plays an important role in maintain-
ing the proliferation, differentiation and function of
osteoblasts, and is related to craniofacial development
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Fig2 MNT1 protein structure prediction (c.3760C > T,
p.Q1254%). Blue, wild-type MN1; yellow, mutant-type MN1; red,
the deletion part of wild-type MN1.

in mice and humans.’>17 In vitro experiments showed
that MNI plays a key role in regulating osteoblast
proliferation.'® Moreover, MNI is important for intra-
membranous bone formation. Evolutionary analysis
has shown that MNI appears at the base of bony verte-
brates, where the ossified head emerges.!® Thus, MN1
is a key gene involved in skull formation and variations
in skull shapes within a population.’® MNI plays an im-
portant role in maintaining the normal maturation and
function of skull osteoblasts, and is related to brain and
craniofacial development in mice and humans.!”

Half of the patients with variants in exon 1 were
reported to have cleft palate but the underlying mech-
anism was unclear. The deletion of MNI affects the
development of membranous bone in mice, with some
symptoms resembling the human phenotype, such as
craniofacial abnormalities (mandibular retrusion is
common), cleft palate, speech delay, feeding problems,
vestibular schwannomas and corpus callosum agene-
sis.18-22 MIN1 is involved in the development of cleft pal-
ate in mice.?®?* Meester-Smoor et al>* constructed an
MN1 knockout transgenic mouse model and found that
MNI homozygous knockout mice usually died at birth
due to secondary cleft palate, whereas 15% of MNI het-
erozygous knockout mice had mild palate defects and
formed a narrow cleft palate. It has been suggested that
MN1 should be considered a candidate gene for cleft
palate, prompting us to further investigate the effect of
MNI1 gene variants on craniofacial development, espe-
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Fig3 Image of atypical patient (from Yu et al®): maxilla before
treatment (a); maxilla after treatment (b); frontal face (c).

cially on cleft palate.

One case of MCTT syndrome was complicated by
OSA.> Among the reported cases, patients with MCTT
syndrome had developmental delays and hypotonia.
Miyake et al® found that MNI is highly expressed
in foetal and adult skeletal muscle. Some patients
with MNI deletions have Pierre-Robin syndrome.?%22
Homozygous MNI knockout mice died of dyspnoea
after birth, with no pulmonary function or devel-
opmental abnormalities.?* In the case of MNI over-
expression, hypoxia-related genes were significantly
upregulated in mice carrying Additional Sex Combs-
Like Transcriptional Regulator 1 (ASXL1I) variants com-
pared with those in wild-type mice.?> OSA causes
hypoxia, which usually inhibits osteoblast activation
and proliferation.?® Utting et al?’ noted that exposure
to hypoxia delays osteoblast growth and differentiation,
and decreases bone formation. In addition to decreased
osteoblast production, osteoblast matrix mineralisa-
tion is inhibited during hypoxia due to the decreased
expression and activity of alkaline phosphatase.?%28
Hypoxia stimulates an increase in the number and
activity of osteoclasts?®; however, persistent hypoxia
can inhibit osteoclast formation and activity due to
extensive cell death.?0 Thus, the relationship between
OSA and MNI variants and the underlying mechanisms
warrant further investigation.

Treatment

Currently, there are no reports on treatment results and
the efficacy of treatment in patients with MCTT syn-
drome. Itis advisable to treat the patient’s clinical symp-
toms with rehabilitation, speech training and cardio-
vascular therapy.? Multidisciplinary experts can address
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problems such as developmental delays, intellectual dis-
abilities, feeding problems, epilepsy, hearing loss and
speech delay, and refer patients to stomatologists for
treatment only if there is a malocclusion. Only one study
reported the effect of treatment in the orthodontic and
respiratory department settings (Fig 3).° Using a reverse
sector fan-shaped expander, the patient’s maxilla was
widened to provide space for the development of the
mandible, and continuous positive airway pressure was
used during this period to improve the patient’s respira-
tory condition.® After 2 years of treatment, the OSA and
the patient’s condition improved, and systemic prob-
lems such as developmental delays and muscle weak-
ness were also improved significantly, suggesting that
despite the abnormal maxillary development in this
patient, the mandibular development conformed to the
natural course of growth and development.® Therefore,
the author recommended oral and pulmonary evalu-
ations for multidisciplinary treatment of MCTT syn-
drome.® For patients with narrow maxillae, the author
recommended expanding the arches to enlarge the oral
volume in those with the potential for growth and devel-
opment®; however, once the narrowing of the upper air-
way and hypoxia are observed, it is necessary to conduct
appropriate examination and treatment in the respira-
tory department. At present, there is only one report
on therapeutic effect.’ Thus, it is necessary to conduct
further investigation and verification.

Summary

The different sites of gene variants may influence the
clinical symptoms of MCTT syndrome and there may
be racial differences. Characteristic features such as
dysplasia of the palate and developmental delay suggest
the possibility of MCTT syndrome, which can be diag-
nosed by whole genome sequencing. The craniofacial
anomalies and developmental delays attributed to this
syndrome would benefit from optimising care with a
particular focus on the teeth, palate, maxilla and upper
airway. We also recommend oral and pulmonary evalu-
ations for multidisciplinary treatment of MCTT syn-
drome. Further studies on the clinical characteristics
and pathogenic mechanisms may help develop long-
term treatment strategies and establish a multidiscip-
linary treatment system to improve the quality of life of
patients with MCTT syndrome.
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FAM20A-Associated Amelogenesis Imperfecta: Gene
Variants with Functional Verification and Histological

Features
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Objective: To investigate FAM20A gene variants and histological features of amelogenesis
imperfecta and to further explore the functional impact of these variants.

Methods: Whole-exome sequencing (WES) and Sanger sequencing were used to identify patho-
genic gene variants in three Chinese families with amelogenesis imperfecta. Bioinformatics
analysis, in vitro histological examinations and experiments were conducted to study the func-
tional impact of gene variants, and the histological features of enamel, keratinised oral mucosa
and dental follicle.

Results: The authors identified two nonsense variants c. 406C > T (p.Arg136*) and c.826C
> T (p.Argl76*) in a compound heterozygous state in family 1, two novel frameshift vari-
ants ¢.936dupC (p.Val313Argfs*67) and c.1483dupC (p.Leu495Profs*44) in a compound het-
erozygous state in family 2, and a novel homozygous frameshift variant c.530_531insGGTC
(p-Ser178Valfs*21) in family 3. The enamel structure was abnormal, and psammomatoid cal-
cifications were identified in both the gingival mucosa and dental follicle. The bioinformatics
and subcellular localisation analyses indicated these variants to be pathogenic. The secondary
and tertiary structure analysis speculated that these five variants would cause structural dam-
age to FAM20A protein.

Conclusion: The present results broaden the variant spectrum and clinical and histological
findings of diseases associated with FAM20A, and provide useful information for future genetic
counselling and functional investigation.
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The teeth are one of the key parts of the stomatognathic
system. The teeth, gingiva and periodontal tissue devel-
op from tooth germ.! The tooth germ consists of three
parts: the enamel organ, dental papilla and dental fol-
licle.?3 The enamel organ is the epithelial part of the
tooth germ?, which gives rise to dental enamel and the
epithelial part of the gingiva, whereas the dental pa-
pilla and dental follicle are the mesenchymal parts of
the tooth germ.* The dental papilla develops into dental
pulp and dentine, and the dental follicle forms cemen-
tum, periodontal ligament and alveolar bone.> Many
genes participate in the development of tooth germ, and
gene variants may lead to malformation of the teeth and
adjacent tissue.%8

Enamel is the hardest ectodermal tissue on the sur-
face of the tooth crown.® The development of enamel
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involves two main processes!®: matrix formation and
mineralisation. Due to some gene variants, it may
lead to changes in enamel matrix protein deposition
and/or abnormal mineralisation!!, resulting in amelo-
genesis imperfecta (AI)12. According to the Witkop
classification set out in 198813, AI was divided into
four categories: hypoplastic (type I: OMIM#104530,
OMIM#104500, OMIM#204650, OMIM#301200,
OMIM#616270, OMIM#204690, OMIM#616221,
OMIM#617297 and OMIM#620104;), hypomaturation
(type II: OMIM#204700, OMIM#612529, OMIM#613211,
OMIM#614832, OMIM#615887 and OMIM#617217),
hypocalcified (type III: OMIM#130900, OMIM#617607
and OMIM#618386 ) and hypomaturation-hypoplastic
with taurodontism (type IV: OMIM#104510).

FAM20A (OMIM * 611062) is one of the mem-
bers of the FAM20 gene family (FAM20A, FAMZ20B
and FAM20C) that encode kinases (phosphorylating
enzymes) which modify proteins within the secretory
pathway.'* FAM20A gene located on human chromo-
some 17q24.2 consists of 11 exons and contains a high-
ly conserved C-terminal domain.!> FAM20A protein is
considered to be a pseudokinase that forms a complex
with FAM20C and allosterically activates FAM20C1518,
thereby promoting phosphorylation of FAM20C tar-
gets.1%20 FAM20A binds directly to FAM20C.}” FAM20C
protein is a Golgi casein kinase that phosphorylates
the Ser-X-Glu/Ser(P) motif of most secretory pro-
teins, including enamel matrix proteins.?! FAM20C
variants cause Raine syndrome??, exhibiting bone and
craniofacial/dental abnormalities.!” FAM20B protein
is a xylose kinase regulating proteoglycan synthesis.!®
FAM20A variant can lead to enamel hypoplasia (OMIM
#204690)2%, which is inherited as autosomal recessive
inheritance. This disease is also known as enamel-
renal syndrome (ERS).?* It is characterised by enamel
hypoplasia, dental pulp stones, delayed eruption of
permanent teeth, gingival overgrowth and renal cal-
cinosis.?®

In the present study, screening of the gene vari-
ants and histological and functional investigation were
performed. Five variants of FAM20A were identified
in three patients with Al, of which three were novel
variants. The clinical phenotypes of the three probands
were reported, and histological examinations revealed
the dysplastic enamel structure and ectopic mineral-
isation in the dental follicle and gingival mucosa. The
in vitro functional assay confirmed subcellular locali-
sation changes and the functional impact of FAM20A
variants.
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Materials and methods

Pedigree construction and patient recruitment

All the probands and family members of three pedigrees
requested treatment advice at the Department of Pros-
thodontics, Peking University School of Stomatology,
Beijing, China. Oral examinations were carried out and
panoramic dental radiographs were taken. Informed
consent was obtained from all the participants. This
study was approved by the Ethics Committee of Peking
University School and Hospital of Stomatology (PKUS-
SIRB-202162021). A total of three nuclear families were
recruited, all of whom denied consanguineous marriage.
Three individuals were included in Sanger sequencing
for each pedigree. Only the proband in each pedigree
showed the enamel hypoplasia phenotype. The mode
of inheritance was consistent with autosomal recessive
inheritance.

Variant detection and analysis

Genomic DNA from these three probands of the three
recruited pedigrees was isolated from peripheral blood
lymphocytes using a BioTek DNA Whole-blood Mini
Kit (BioTek, Beijing, China) according to the manufac-
turer’s instructions. After polymerase chain reaction
(PCR), DNA products were sheared to acquire 150- to
200-bp fragments. Whole-exome sequencing (WES) was
performed by Beijing Angen Gene Medicine Techno-
logy (Beijing, China) with the Illumina-X10 platform.
After this, the detected variants were filtered according
to the following methods. Firstly, all genes associated
with tooth development were analysed?%?’, especially
for Al-associated genes. Secondly, non-synonymous
single nucleotide variants (SNVs) and insertions/dele-
tions (InDels) with a minor allele frequency (MAF) >
0.01 in bioinformatic databases, including the single
nucleotide polymorphism database (dbSNP, http://www.
ncbi.nlm.nih.gov/projects/SNP/snpsummary.cgi), the
Genome Aggregation Database (gnomAD, http://gno-
mad.broadinstitute.org), the Human Gene Mutation
Database (HGMD, http://www.hgmd.org) and the 1,000
Genomes Project data in Ensembl (http://asia.ensembl.
org/Homo_sapiens/Info/Index) were excluded. Finally,
pathogenicity of the remaining variants was further
predicted using the Protein Variation Effect Analyzer
(PROVEAN, https://www.jcvi.org/research/provean) and
polymorphism phenotyping (PolyPhen-2, http://genet-
ics.bwh.harvard.edu/pph2/).
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Sanger sequencing and clone sequencing

Variants of FAM20A (NM_017565.4) were identified in
three affected families. Co-segregation analysis and
Sanger sequencing of the probands and their fam-
ily members were performed to verify the variants of
FAMZ20A based on WES results.

For further verification, the related FAM20A
(NM_017565.4) fragments were sequenced using Sanger
sequencing. Genomic DNA from these family members
was isolated according to the procedure described
above. We designed the corresponding primers (pro-
vided on request) for each variant. The PCR products
were sequenced by Ruibio Biotech (Beijing, China). TA
clone sequencing was used to confirm the exact status
of the frameshift and nonsense variants.

Bioinformatics

To carry out the bioinformatics analysis, we also used
a series of bioinformatics databases, such as Mutation-
Taster (https://www.mutationtaster.org/) and PROVE-
AN. The pathogenicity of the three variants was clas-
sified according to the American College of Medical
Genetics and Genomics (ACMG) guideline.?®

The secondary structure of wild-type FAM20A and
five mutated variants was predicted using PsiPred
4.0 (http://bioinf.cs.ucl.ac.uk/psipred). An optimum
template of FAM20A protein was selected for homol-
ogy modelling analysis through SWISS-MODEL (https://
swiss-model.expasy.org) and the tertiary structural
changes of variants were captured using PyMOL soft-
ware (Molecular Graphics System, DeLano Scientific,
San Carlos CA, USA).

Scanning electron microscope (SEM) examination of
the affected teeth

Teeth 25,16 and 65 were extracted from proband 302,
then fixed in 10% neutral formaldehyde solution. Tooth
65 was separated to expose the inner surface, then the
pieces were etched with 30% phosphate gel, rinsed with
distilled water thoroughly and dried in the vacuum dry-
ing oven at 37°C overnight. After being coated with gold,
the teeth samples were observed under a scanning elec-
tron microscope.

Hematoxylin-eosin (HE) staining of the patient’s gin-
gival mucosa and dental follicle

A small piece of gingival mucosa was obtained dur-
ing patient 302’s oral surgery. The dental follicle was
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obtained during the extraction of impacted tooth 16. The
samples were fixed in 10% neutral formaldehyde solu-
tion at room temperature for 24 hours, then embedded
in paraffin and mounted on the slicing machine and sec-
tioned to a thickness of 5 um. The sections were stained
with hematoxylin and eosin following the routine pro-
cess and observed under the microscope.

Construction of plasmids

The full-length coding region of the human FAM20A
gene (NM_017565.4) was cloned into the pEGFP-C1
expression vector with enhanced GFP to synthesise the
wild-type plasmid pEGFP-C1-FAM20A. Then, in vitro
site-directed mutagenesis was performed to generate
five mutated plasmids: pEGFP-C1-R136X, pEGFP-C1-
S178Vfs*21, pEGFP-C1-R276X, pEGFP-C1-V313Rfs*67
and pEGFP-C1-L495Pfs*44. All plasmids were synthe-
sised by Ruibio Biotech, and the company also con-
firmed the entire sequence of the mutated constructs.

Cell culture and transfection

Human embryonic kidney 293T cells were cultured
in Dulbecco’s modified Eagle medium (Invitrogen,
Waltham, MA, USA) supplemented with 10% foetal
bovine serum and 2 mmol/L L-glutamine in the pres-
ence of 5% CO». Following the manufacturer’s instruc-
tions, transient transfection was carried out using Lipo-
fectamine 3000 (Invitrogen).

Subcellular localisation assay

We transiently transfected 293T cells with pEGFP-
C1 expression plasmids containing GFP-wild-type or
mutated FAM20A cDNA fusion proteins. At 48 hours
after transfection, the cells were washed three times
with phosphate buffer and fixed with 4% paraformal-
dehyde for 15 minutes. After washing, the cells were
placed in a mounting medium with 4’,6-diamidino-
2-phenylindole (Solarbio, Beijing, China), mounted and
photographed using an LSM 510 Meta confocal micro-
scope (Zeiss, Oberkochen, Germany) with a x63/1.00
numerical aperture oil objective lens.

Co-immunoprecipitation (Co-IP) and immunoblotting

Human embryonic kidney 293T (HEK-293T) cells were
transiently co-transfected with the GFP empty vector,
wild-type mutant FAM20A-GFP and wild-type FAM20C-
FLAG plasmids using Lipofectamine 3000. Proteins from
each group were harvested 48 hours after co-transfection.
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50 ul of each protein sample was removed as input. GFP-
Trap Magnetic Agarose (gtma, Chromotek, Germany) were
pre-treated according to the manufacturer’s instructions
and added to the other protein supernatants obtained
overnight at 4°C. The next day, the beads were washed
until the supernatant was clear. The washed beads were
resuspended in 2x SDS sample buffer and the superna-
tant was the IB group. To observe the protein expression,
the IB and input samples were assessed through Western
blot analysis. After electrophoresis on 10% polyacryla-
mide gel, the protein was transferred to a PVDF mem-
brane by electrophoresis and then incubated with anti-
GFP (ab1218) mouse antibody (Abcam, Cambridge, UK)
and anti-Flag (AE092) rabbit antibody (Abclonal, Wuhan,
China). The membrane was washed and incubated with
peroxidase-conjugate rabbit or mouse anti-mouse sec-
ondary antibodies (ab150077, Abcam; ab6728, Abcam).

Results

Clinical findings confirmed AI and eruption defect

The dental characteristics and panoramic radiographs
of the probands are shown in Fig 1. In family 1, the
proband (302) was a 19-year-old woman. Intraoral photo-
graphs showed mixed dentition, small dental crowns
with generally thin enamel and yellow discolouration
of teeth (Fig la to c). Obviously, her occlusal vertical
distance was decreased. Radiographic examination
revealed impacted permanent teeth with enamel defect
(Fig 1d). The roots of all her teeth were generally short.
Her parents both had normal enamel without any dis-
order. The proband stated that she had been diagnosed
as having bilateral medullary nephrosis with small cal-
cifications in both kidneys.

In family 2, the proband (748) was a 24-year-old
woman. She had completed most of her dental crown
restorations at another hospital when the intraoral
pictures were taken. Only teeth 17, 35 and 36 without
restoration revealed the original appearance of thin
enamel (Fig le and f). Radiographic film taken prior
to restoration showed no radiopaque enamel, delayed
tooth eruption and intrapulpal calcifications (Fig 1g).
Unfortunately, her parents had passed away. Her two
brothers had normal teeth and well-developed enamel.

In family 3, the proband (914) was a 15-year-old boy.
An intraoral scan was taken using a TRIOS intraoral
scanner (3Shape, Copenhagen, Denmark). In addition
to thin enamel, he also showed an anterior open bite,
which may have been caused by an eruption defect
and decreased occlusal vertical distance (Fig 1h to j).
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The panoramic radiograph showed that he had short
roots and impacted teeth (Fig 1k). His parents both had
normal dentition.

Notably, as seen on the panoramic radiographs taken
of all three patients, the impacted teeth showed enamel
defects as well.

Sequencing of patients and family members detected
FAMZ20A variants

The pedigree of three family lines is shown in Fig 2a
to c. Using whole-exome sequencing (WES), we identi-
fied five variants of the FAM20A gene in these families
and confirmed them through Sanger sequencing (Fig 2d
to h). The two nonsense variants had been document-
ed previously, whereas three frameshift variants were
novel, then a pathogenicity prediction was made for all
variants (Table 1).

In family 1, proband 302 carried FAM20A compound
heterozygous variants c.406C > T (p.Argl36*) and c.
826C > T (p.Arg276*). Her father only carried the het-
erozygous nonsense variant c.406C > T (p.Argl36™),
while her mother only carried another heterozygous
nonsense variant c. 826C > T (p.Arg276*). According to
family co-segregation, the variants of the proband were
inherited from both her parents through an autosomal-
recessive mode of inheritance.

In family 2, proband 748 carried FAM20A compound
heterozygous variants ¢.936dupC (p.Val313Argfs*67) and
¢.1483dupC (p.Leu495Profs*44). Unfortunately, both of
her parents had passed away and were unavailable for
genetic screening. Her two brothers were both het-
erozygous, carrying the frameshift variant ¢.936dupC
(pVal313Argfs*67), and had normal dentition, which
was in accordance with the autosomal-recessive mode.

In family 3, proband 914 carried a FAM20A homozy-
gous variant ¢.530_531insGGTC (p.Ser178Valfs*21). His
parents both carried the same heterozygous variant.
His family co-segregation also revealed an autosomal-
recessive inheritance pattern.

Bioinformatics analysis indicated functional impact
of FAM20A variants

To predict the functional impact of these variants, we
first searched the dbSNP and gnomAD databases, then
carried out pathogenicity prediction using PROVEAN
and MutationTaster. We then classified these nonsense
and frameshift variants as pathogenic variants accord-
ing to the ACMG classification (Table 1).

By predicting the secondary structure of FAM20A
protein, it can be found that all the nonsense and
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#302 (proband of family 1)

#748 (proband of family 2)

Fig1 Dental characteris-
tics of the three patients.
Digital photographs and
panoramic  radiograph
of proband 302 (a to d)
and proband 748 (e to g).
Intraoral scan images and
panoramic radiograph of
proband #914 (h to k).

frameshift variants lead to the truncation of the normal
protein, resulting in serious changes to the structure
of FAM20A. The tertiary protein structure analysis also
shows that the proteins are truncated and the spatial
structures have changed (Fig 3).

Histomorphological analyses of the clinical samples
confirmed the enamel defect and ectopic mineralisa-
tion in the mucosa and dental follicle

Three teeth were obtained from proband 302, including
unerupted 25, unerupted 16 and erupted 65 with heavy
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abrasion. The root morphology of tooth 16 was irregu-
lar and curved, and a developmental anomaly could be
seen near the apex (Fig 4a). Tooth 65 was divided into
two halves according to the buccolingual direction. Cal-
cification of the pulp cavity was notable, and the enamel
could hardly be seen on the tooth (Fig 4b).

SEM analysis of the surface of tooth 25 (Fig 4c and e)
revealed a variety of features, including rough, knob-
like calcifications and some relatively smooth mineral.
SEM analysis of the occlusal surface of tooth 65 (Fig 4d
and f) showed some larger craters suggestive of resorp-
tion lacunae.
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Table 1 Summary of FAM20A variants in the present study.

Family Exon Nucleotide Protein Variation dbSNP (AF) gnomAD Provean Mutation ACMG classification
change change type (MAF) Taster  (evidence of pathogenicity)
) PVS1+PS3+PM2+PM4+
) rs144411158 Disease-
Family1l |2 c.406C>T p.R136* Nonsense 0.000003979 | Neutral . PP1+PP4+PP5
(0.000000) causing -
Pathogenic
X . PVS1+PS3+PM2+PM4+
. rs387907215 Deleteri- Disease-
Family1 |6 c.826C>T p.R276* Nonsense - i PP1+PP4+PP5
(0.00000) ous causing -
Pathogenic
Discase. | T VST#PS3+PM2+PMA+
Family2 | 11 ¢.1483dupC p.L495Pfs*44 | Frameshift |/ == / - PP1+PP4
I
HRl Pathogenic
) ) Disease- | PVS1+PM2+PM4+PP1+PP4
Family2 |7 €.936dupC p.V313Rfs*67 | Frameshift |/ - / ) -
causing Pathogenic
Discase. | T VST#PS3+PM2PM4+
Family3 |2 ¢.530_531insGGTC | p.S178Vfs*21 | Frameshift |/ == / causin PP1+PP4
9 Pathogenic

—, Variant was not found in EXAC; /, Variant cannot be predicated in dbSNP or Provean.

A small piece of the oral gingival mucosa and the
dental follicle were obtained from proband 302. Upon
HE staining, they both presented ectopic psammoma-
toid calcifications (Fig 4g and h).

In vitro experiments revealed changes in subcellular
localisation of FAM20A variants

To evaluate the subcellular localisation of the FAM20A
variants, we determined the subcellular localisation
of the five mutated proteins by immunofluorescence.
The results showed that wild-type FAM20A was located
in the cytoplasm, but the localisation of the FAM20A
variants R136* R276* L495Pfs*44 and S178Vfs*21 was
altered. GFP-R136*, GFP-R276* and GFP-S178Vfs*21
were located in the whole cytoplasm with weak expres-
sion in the nucleus (Fig 5c-c”, d-d” and e-e”). Notably,
GFP-L495Pfs*44 was scattered in the nucleus and dense-
ly clumped in the nucleolus (Fig 5g-g”), which was very
different from the wild-type. The results indicated that
R136* R276* L495Pfs*44 and S178V{s*21 severely affect-
ed the subcellular localisation of FAM20A, which might
contribute to the pathogenic process in these patients.
On the other hand, the V313Rfs*67 variant seemed to
be located in the same place in the cell as the wild type
(Fig 5f-f”), but without local condensation in the cyto-
plasm, suggesting that the V313Rfs*67 may lead to devel-
opmental anomalies in a different way compared with
the other four variants.
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Co-immunoprecipitation (Co-IP) and immunoblot-
ting illustrate reduced binding of mutant FAM20A
protein to FAM20C

Based on the results, FAM20A protein is shown to have
the ability to bind to FAM20C protein in vitro. The five
mutants also have a weakened binding tendency com-
pared to the wild-type (Fig 6). The molecular weights of
the mutant proteins were all reduced to varying degrees,
further supporting the aforementioned predictions for
the proteins; however, no comparisons were made be-
tween the variants to determine the severity of the re-
duction in binding capacity.

Discussion

AT generally refers to inherited enamel malformations
that may include other local defects such as delayed
tooth eruption and misshapen roots.?»?? In the case of
enamel-renal syndrome (ERS)?°, the dental problems
may appear prior to any evidence of kidney disease,
perhaps because kidney ultrasound examinations are
rarely performed on Al patients. Proband 302 in fam-
ily 1 described herself as having bilateral medullary
nephrosis with small calcifications in both kidneys, but
did not provide the results of her renal examination.
For patients diagnosed with bi-allelic FAM20A variants,
it is advisable that the kidney be examined regularly to
achieve early diagnosis and treatment. The proband of
family 1 carried FAM20A complex heterozygous vari-
ants ¢.406C > T (p.Argl36*) and c.826C > T(p.Arg276™).
Although these two nonsense variants have been pre-
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Fig2 Pedigree and sequencing chromatograms of the three families. Pedigree of family 1 (a), family 2 (b) and family 3 (c). DNA
sequencing chromatogram showing a heterozygous FAM20A variant of ¢.406C > T (p.Arg136%*) in proband 302 (II-1) and her father
(I-1) (d). DNA sequencing chromatogram showing a heterozygous FAM20A variant of c. 826C > T (p.Arg276*) in proband 302 (II-1)
and her mother (I-2) (e). DNA sequencing chromatogram showing a heterozygous FAM20A variant of ¢.936dupC (p.Val313Argfs*67)
in proband 748 (1I-2) and her two brothers (I-1, 1I-3) (f). DNA sequencing chromatogram showing a heterozygous FAM20A variant of
€.1483dupC (p.Leu495Profs*44) in proband 748 (II-2) (g). DNA sequencing chromatogram showing a homozygous FAM20A variant
of ¢.530_531insGGTC (p.Ser178Valfs*21) in proband 914 (II-2) and the same heterozygous FAM20A variant in his parents (I-1,1-2) (h).
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Fig 3 Bioinformatics analysis of the FAM20A variants. The
predicted secondary structure of the wild-type FAM20A protein
(a). The predicted secondary structure of five mutated FAM20A
proteins. Sites of variants are indicated by green squares. The
structural changes in these mutated proteins compared to the
wild-type FAM20A are shown as blue squares, a-Helices are
represented as pink squares, strands are represented as yel-
low squares, and while coils are represented as grey squares
(b to f). Tertiary structural modelling of the FAM20A protein (g).
Predicted tertiary structural changes in the five altered proteins
(htol).

60

viously reported separately in compound heterozygous
states with other variants?>%, in the present study their
presence in the compound heterozygous state is novel.
We found that the root development of the unerupted
molar was abnormal and the root apex of tooth 16 was
curved, which was consistent with previous literature.?
SEM analysis revealed a rough calcified nodule area
and a relatively smooth mineral area on the crown sur-
face, which was consistent with previous literature.?”
Through HE staining, the dental follicle and gingival
mucosa of proband 302 displayed psammomatoid cal-
cifications, and the ectopic mineralisation in the den-
tal follicle and gingival mucosa was in accordance with
previous literature.?®2* This reoccurrence of clinical
findings from different studies further confirmed the
phenotypes related with FAM20A variants.

Proband 748 from family 2 carried FAM20A complex
heterozygous variants ¢.936dupC (p.Val313Argfs*67)
and ¢.1483dupC (p.Leud495Profs*44). These are both
novel variants that have not been reported before,
and both of which lead to truncation of the pro-
tein and functional impairment of FAM20A protein.
Interestingly, variant Leu495Profs*44 is changed from
the 495th amino acid near the end of the protein, while
wildtype FAM20A has 541 amino acids. However, the
change in its intracellular localisation was the most
significant among the five variants found in the pres-
ent study. The Leu495Profs*44 variant is restricted
densely in the nucleolus. An intact signal sequence is
necessary for secretion of FAM20A and that secretion is
accompanied by prominent localisation of the protein
to the ER.1* If the highly conserved C-terminal putative
kinase domain of FAM20A is mutated, the original sig-
nal sequence is lost, which may lead to re-entry from
the endoplasmic reticulum into the nucleus.'* The vari-
ant Leu495Profs*44 is predicted to disrupt the signal
sequence without grossly altering the other structure.
The subcellular localisation results of the present study
confirmed the structure prediction, and this result
provided new evidence for the function of FAM20A
subdomains.

Proband 914 carried a FAM20A homozygous vari-
ant, ¢.530_531insGGTC (p.Ser178Valfs*21), which was
novel and led to severe protein truncation. His parents
both carried the rare heterozygous variant, but denied
consanguineous marriage. He showed anterior open
bite, which could be attributed to the eruption disorder
related to FAM20A variant. This speculation needs to be
confirmed further with future clinical and functional
studies.

Based on the Co-IP results, we can see that all five
variants weaken the ability to bind to FAM20C, affecting
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FAM20A mutant
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Fig4 Histological features of proband 302's teeth, dental follicle and gingival mucosa. Photograph of tooth 16 (a). Photograph of
tooth 16 shows curved roots and poorly developed root morphology (b). Photograph of tooth 65 cut in a buccolingual direction with
thin enamel (c). Low magnification view of the occlusal surface of tooth 65 for SEM analysis (d). Higher magnification of the box in
panel c (e). Higher magnification of the box in panel d (f). HE section showing dental follicle tissue, with the arrow indicating ectopic
psammomatoid calcification (g). HE section showing gingiva mucosa, arrows indicating ectopic psammomatoid calcification (h).
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Fig5 Expression and subcellular localisation of wild-type and mutated FAM20A proteins. Subcellular localisation of wild-type or
mutated FAM20A. Cells transfected with GFP-R136*, GFP-R276* and GFP-S178Vfs*21 show expression in the entire cytoplasm with
weak expression in the nucleus. GFP-V313Rfs*67 is located in the same location as the wild type, yet without local condensation in
the cytoplasm. GFP-L495Pfs*44 shows densely clumped distributions within the nucleus. The empty vector with GFP was transfected
into 293T cells as a negative control (a to g). Nuclei staining by DAPI, 4,6-diamino-2-phenylindole (a’ to g’). Merge of GFP and DAPI
(a” to g”). FAM20A (GFP green); nuclei (DAPI, blue)
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Fig6 Co-immunoprecipitation of the variants. FAM20A variant R136* has a reduced ability to bind to FAM20C (a). FAM20A vari-
ant S178Vfs*21 has a reduced ability to bind to FAM20C (b). FAM20A variant R276* has a reduced ability to bind to FAM20C (c).
FAM20A variant V313Rfs*67 has a reduced ability to bind to FAM20C (d). FAM20A variant L495Pfs*44* has a reduced ability to bind

to FAM20C (e).

the downstream function of the FAM20A-FAM20C com-
plex, which leads to the development of AI. The present
findings are also consistent with those from previous
literature.!8:25

Conclusion

The present authors identified five FAM20A variants,
three of which were novel, in three patients with Al,
and verified the functional impacts with in vitro experi-
ments. The clinical and histological features were also
recorded. This study broadened the variant spectrum
of FAM20A and will facilitate in-depth investigation in
the future.
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Integrative Multi-omics Analysis Identifies Genetic Variants
Contributing to Non-syndromic Cleft Lip with or without

Cleft Palate

Shu LOUbL%3%% Jing YANGL¥, Gui Rong ZHU%#, Dan Dan LI%%3%, Lan MAL34,
Lin WANGY234 Yong Chu PANL234

Objective: To provide novel insights into the aetiology of non-syndromic cleft lip with or with-
out cleft palate (NSCL/P) by integrating multi-omics data and exploring susceptibility genes
associated with NSCL/P.

Methods: A two-stage genome-wide association study (GWAS) of NSCL/P was performed, in-
volving a total of 1,069 cases and 1,724 controls. Using promoter capture Hi-C (pCHi-C) data-
sets in human embryonic stem cells (hESC) and chromatin immunoprecipitation sequencing
(ChIP-seq) in craniofacial tissues, we filtered out single nucleotide polymorphisms (SNPs) with
active cis-regulation and their target genes. Additionally, we employed expression quantitative
trait loci (eQTL) analysis to identify candidate genes.

Results: Thirteen SNPs were identified as cis-regulation units associated with the risk of
NSCL/P. Five of these were proven to be active in chromatin states in early human craniofacial
development (rs7218002: odds ratio [OR] 1.50, P = 8.14E-08; rs835367: OR 0.78, P = 3.48E-
05; rs77022994: OR 0.55, P = 1.05E-04; rs961470: OR 0.73, P = 1.38E-04; rs17314727: OR
0.73, P = 1.85E-04). Additionally, pCHi-C and eQTL analysis prioritised three candidate genes
(rs7218002: NTN1, rs835367: FGGY, LINC01135). NTN1 and FGGY were expressed in mouse
orofacial development. Deficiencies in NTN1, FGGY and LINC01135 were associated with
cleft palate and cleft lip, abnormal facial shape and bifid uvula, and abnormality of the face,
respectively.

Conclusion: Our study identified five SNPs (rs7218002, rs835367, rs77022994, rs961470 and
rs17314727) and three susceptibility genes (NTN1, FGGY and LINC01135) associated with
NSCL/P. These findings contribute to a better understanding of the genetic factors involved.
Keywords: ChIP-seq, expression quantitative trait loci, non-syndromic cleft lip, pCHi-C
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Non-syndromic cleft lip with or without cleft palate
(NSCL/P) is one of the most common human birth
defects, occurring in 1 in 700 live births and imposing
heavy health and financial burdens on individuals.!
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These defects arise during the embryonic period, speci-
fically between the sixth and twelfth weeks, when there
is a failure of fusion between the maxillary and medial
nasal prominences, followed by the primary palate with
the two lateral palatal shelves.?

In recent years, numerous genome-wide association
studies (GWASs) have identified thousands of genetic
variants associated with various phenotypes and dis-
eases.13 So far, at least 190 single nucleotide polymor-
phisms (SNPs) have been discovered to be related to
NSCL/P according to the GWAS catalogue. Nevertheless,
caution must be exercised when interpreting these
associations, as GWAS findings often include both true
driver variants that contribute to disease and passenger
variants that are merely correlated with the SNPs sus-
ceptible to disease.®” To gain a deeper understanding
of the functional mechanisms underlying these associa-
tions, it is crucial to integrate genetic, transcriptional,
epigenetic and other datasets systematically.

Promoter capture Hi-C (pCHi-C) is a recent tech-
nique that utilises sequence capture to enrich interac-
tions between gene promoters and long-range cis-regu-
latory elements, such as enhancers, thereby providing
robust evidence for interactions between distal regula-
tory elements and target genes.®!! By combing pCHi-C
with GWAS data, it becomes possible to elucidate the
functions of non-coding variants and establish poten-
tial links between SNPs and disease-related genes. For
instance, Montefiori et al'?> employed pCHi-C maps
of cardiomyocytes to associate 1,999 SNPs related to
cardiovascular diseases with 347 target genes. Li et al'®
integrated pCHi-C data with GWAS data on systemic
sclerosis and successfully identified four susceptibil-
ity loci interacting with differentially methylated CpG
sites.

Chromatin immunoprecipitation sequencing (ChIP-
seq) is another widely used approach to investigate
genome-wide protein-DNA interactions and predict
gene regulatory mechanisms.'* Combining ChIP-seq
with pCHi-C data can help shed light on the underly-
ing mechanisms by identifying which regulatory ele-
ments mediate these interactions.’ Deoxyribonuclease
I (DNase I)-hypersensitive sites (DNase) serve as mark-
ers of chromatin accessibility and play a critical role in
discovering various types of cis-regulatory elements,
including enhancers, promoters and silencers.!®
Histone modifications, such as H3K4mel and H3K27ac,
are associated with distal enhancers, with H3K27ac spe-
cifically indicating active enhancers that also possess
H3K4mel modifications.!® Additionally, H3K4me3 is
typically found at gene promoter regions with active
transcriptional activity.!”
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In the present study, to gain comprehensive insights
into the mechanisms underlying NSCL/P, we integrated
GWAS data with pCHi-C data obtained from human
embryonic stem cells (hESCs) and incorporated chro-
matin modifications of craniofacial tissues (CTs) at
different developmental stages to identify potential risk
SNPs. By utilising pCHi-C and expression quantitative
trait loci (eQTL) analysis, we prioritised candidate tar-
get genes associated with NSCL/P development.

Materials and methods

Study populations

In the present study, we carried out a two-stage GWAS of
NSCL/P. The discovery stage included 504 NSCL/P cases
and 455 controls in Stage I, and the replication stage
was performed in an additional 565 unrelated NSCL/P
cases and 1,269 controls in Stage II. All participants were
recruited from the Chinese population and were exam-
ined by two experienced oral surgeons. Patients with an
underlying syndrome were excluded. Written consent
was collected from all participants. Basic information
on the age and sex of the subjects was collected, and
peripheral blood samples were obtained in the clinical
laboratory. The study was approved by the institutional
ethics committee of Nanjing Medical University (NJM-
UERC [2008] No.20).

DNA extraction

From each subject, 2 ml whole blood was collected using
an anticoagulant tube. The blood samples were centri-
fuged at 3,000 rpm at 4°C for 5 minutes to separate them
into plasma and cell parts. TITANamp Genomic DNA Kit
(Tiangen Biotech, Beijing, China) was used to extract
partial genomic DNA of cells following the manufac-
turer’s instructions.

Genotyping, quality control and imputation of GWAS
data

Genotyping was used by Affymetrix Axiom Genome-
Wide CHBI1 and CHB2 Array Plates in Stage I and by
INlumina Infinium Asian Screening Array (ASA) v1.0
in Stage II. SNPs and samples that did not meet the
criteria were excluded before imputation as previous
described.!® SNPs with a call rate < 95%, minor allele
frequency (MAF) < 0.05 or P< 1E-04 for Hardy-Weinberg
equilibrium (HWE) were excluded. Samples with a call
rate <95%, sex discrepancy and extreme heterozygosity
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(> 6 standard deviation from the mean) were excluded.
The 1,000 Genomes Project (https://www.1000genomes.
org, phasel, release3) was used as a reference and
imputation was performed based on SHAPEIT (SHA-
PEIT v2) and IMPUTE2 (https://mathgen.stats.ox.ac.uk/
impute/impute_v2.html, imputation step). SNPs with a
call rate < 0.95, imputation quality info < 0.8, MAF <
0.05 and HWE in controls < 1E-04 were excluded from
the analysis.

Selection of SNPs with cis-regulation

We selected SNPs with P < 0.01 in both GWAS studies,
along with association direction consistency in both
GWAS datasets for subsequent analysis. SNPs in cis-
regulatory units of genes in hESC sequenced by pCHi-C
maps in the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo, acc=GSE86821) and
without linkage disequilibrium (LD, r2 < 0.4) were iden-
tified for study. To further identify regulatory mechan-
isms of SNPs for human craniofacial development, we
utilised ChIP-seq of four histone modifications across
multiple stages (CS13, CS14, CS15, CS17) in CTs in the
GEO database (acc = GSE97752) and eliminated SNPs in
quiescent states.!®

In silico functional annotation of SNPs and genes

After identifying these susceptibility loci, several anno-
tation approaches were used, including HaploReg v4
(http://compbio.mit.edu/HaploReg) and RegulomeDB
(https://regulome.stanford.edu/regulome-search) for
functional annotation. The authors then integrated
pCHi-C data and eQTL analysis to highlight potential
candidate genes, and based on 3DSNP (http://biotech.
bmi.ac.cn/3dsnp/), a database for linking SNPs to their
interacting genes in three dimensions and the 3D
Genome Browser (http://3dgenome.org), a database for
visualising chromatin interaction data by Hi-C to verify
functional interactions between SNPs and these can-
didate genes.?%2! To observe their expression in orofa-
cial development, the GEO database (acc = GSE67985)
and FaceBase (https://www.facebase.org/) were ana-
lysed among E10.5 (acc = FB00000662.01), E11.5 (acc =
FB00000663.01), E12.5 (acc = FB00000664.01), E13.5 (acc
= FB00000665.01) and E14.5 (acc = FB00000666.01). The
phenotypes of the candidate genes in humans were
assessed using the Database of Genomic Variation
and Phenotype in Humans using Ensemble Resources
(DECIPHER, https://decipher.sanger.ac.uk/).?
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Statistical analysis

GWASs were analysed using SNPTEST (version 2.5.6),
PLINK (version 1.09) and R software (version 3.6.2).2%:24
In two-stage GWAS, the association between each SNP
and NSCL/P risk was evaluated using odds ratios (ORs)
and 95% confidence intervals (CIs) in logistic regres-
sion analysis under an additive model. The cumulative
effects of five risk loci on NSCL/P susceptibility were
assessed by calculating the number of risk alleles per
subject and categorising pooled variables in uncondi-
tional logistic regression analysis (0 to 4 as a reference,
5t06, 7, 8 and 9 to 10).%° Epigenetic annotation for SNPs
was completed in WashU Epigenome Browser.2>26 Stat-
istical figures were performed using GraphPad Prism5
(GraphPad Software, San Diego, CA, USA).

Results

Genome-wide association of SNPs with NSCL/P risk

The workflow for identifying risk SNPs associated with
NSCL/P is shown in Fig 1. To find susceptibility variants
for NSCL/P in the Chinese population, we conducted a
two-stage analysis, including 1,069 cases and 1,724 con-
trols (Supplementary Table 1, provided on request). A
total of 6,206,820 SNPs were identified in GWAS Stage
I and 3,806,365 were filtered out in GWAS Stage II after
quality control. A Manhattan plot displaying the results
of the genome-wide association analysis is presented
in Fig 2. Ultimately, 411 SNPs with P < 0.01 and consist-
ent association direction in both GWAS datasets were
extracted.

SNPs with active cis regulation associated with
NSCL/P

After combing pCHi-C maps in hESC (Supplementary
Table 2, provided on request) with two-stage GWAS, 13
SNPs located in these units were identified after exclud-
ing strong linkage disequilibrium. Five of these were
identified as having different histone modifications and
were associated with active chromatin states in human
craniofacial tissues at various developmental stages
(Table 1 and Supplementary Table 2). Rs7218002 (OR
1.50,95% CI 1.35-1.64, Pmeta = 8.14E-08) was in a bivalent
promoter or repressed polycomb state. Rs835367 (OR
0.78, 95% CI 0.71-0.85, Pmeta = 3.48E-05) and rs961470
(OR 0.73, 95% CI 0.58-0.89, Pmeta = 1.38E-04) were in
active TSS state, whereas rs77022994 (OR 0.55, 95% CI
0.35-0.85, Pmeta = 1.05E-04) was in transcription state

67



Lou et al

Exclusion criteria: l GWAS Stage I ‘ | GWAS Stage II ‘ Exclusion criteria:
1. Call rate < 0.95 1. Call rate < 0.95
2. MAF <0.05 2. MAF <0.05
i’ ’Ioh%“:éEs'M i f“;‘“j 5E8-04 Fig1 Workflow for identi-
L0, | 6,206,820 SNPs | | 8,806,365 SNps | 2 1nfo=0. fying the susceptible SNPs
| ] with active cis-regulatory
elements involved in non-
Pstagc < 0.01 Association direction Syndromic orofacial cleft.
Page 1< 0.01 consistent (Stage I &Stage II) ChIP-seq, chromatin immu-
noprecipitation sequence;
411 SNPs CTs, craniofacial tissues;
hESC pCHi-C Not in strong linkage GWAS, genome-wide asso-
GSEB6821 disequilibrium (LD) (r2>0.4) | ~ ciation studies; hESC,
human embryonic stem
s — 13 S@ cell; HWE, Hardy-Weinberg
-5€q In | p equilibrium; MAF, minor
GSE97752 ] L L ‘ aﬂele frequency; pCHi-C,
5 SNPs promoter capture Hi-C.

Table 1 Five SNPs with active cis-regulatory elements involved in non-syndromic orofacial cleft.
CHR BP (hg19) Alleles MAF? Stagel Stage ll Meta analysis
MAF (con- OR MAF (con- OR OR P
trol/case)  (95% Cl) trol/case) (95% Cl) (CLye))
1.62 1.42 1.50
rs7218002 |17 [8923718 |T/A  |0.19 |0.18/0.26 |(1.38- ;';(’E' 0.19/0.24 |(1.24- EfSE' (1.35- 3'8145
1.86) 1.61) 1.64)
0.71 0.81 0.78
rs835367 |1 59762468 |A/G  |0.44 |0.48/0.40 |(0.62- gf“E' 0.42/0.38 |(0.72- (7).3745 (0.71- g';BE'
0.83) 0.93) 0.85)
0.51 0.59 0.55
rs77022994 |11 125255402 |T/C  |0.03 [0.06/0.03 |(0.04- 3‘3355 0.05/0.03 |(0.20- 8'3265 (0.35- :)fSE'
0.98) 0.97) 0.85)
0.71 0.75 0.73
rs961470 |1 119530133 |G/A  |0.18 |0.22/0.16 |(0.47- 8'3685 0.17/0.13 | (0.54- 3'3015 (0.58- ngE'
0.96) 0.96) 0.89)
0.69 0.75 0.73
rs17314727 |5 |93228046 |C/T  |0.13 |0.18/0.15 |(0.43- 2'3905 0.15/0.12 | (0.54- 3'3915 (0.56- éfSE'
0.95) 0.97) 0.89)

Alleles, minor allele/major allele; BP, base-pair position; CHR, chromosome.

aMinor allele frequency in 1000 Genomes Project (CHB+JPT);

bp value was adjusted by logistic regression in SNPTEST including sex and PCA as covariates.

and rs17314727 (OR 0.73, 95% CI 0.56-0.89, Prmeta = 1.85E-
04) was in a weak enhancer state. We demonstrated
that rs835367 was in DNase chromatin and had abun-
dant H3K4me3 and H3K27ac. Rs961470 was also pres-
ent in DNase chromatin and was marked by H3K4mel,
H3K4me3 and H3K27ac. Additionally, rs17314727 was
surrounded by H3K4me3 and H3K27ac marks (Fig 3a).
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Cumulative effects of risk loci on NSCL/P subgroups

The cumulative effects of five significant SNPs according
to the risk alleles (rs7218002 T, rs835367 G, rs77022994 C,
rs961470 A and rs17314727 T) are assessed in Table 2.
Compared with individuals with 0 to 4 risk alleles, those
carrying 7, 8 or 9 to 10 risk alleles had ORs of 1.53 (95%
CI 0.79-2.95), 2.12 (95% CI 1.07-4.20) or 4.28 (95% CI
1.89-9.74) in Stage 1. We found individuals with mul-
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illustrating the level of statistical significance (y-axis), as meas- g
ured by the negative log of the corresponding P value in Stage
I (a) and Stage Il (b), for each single nucleotide polymorphism
(SNP). Each typed SNP is indicated by a grey or blue dot. SNPs
are arranged by chromosomal location (x-axis). The red line
represents the genome-wide level (P = 5E-08) and the blue line
represents the suggestive significant level (P = 1E-05).
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Fig 3 Functional annotation of five risk SNPs with active cis-regulatory elements involved in non-syndromic cleft lip with or with-
out cleft palate. Annotation of five SNPs with active cis-regulatory elements involved in non-syndromic orofacial cleft according to
HaploReg v4 and Regulome DB (a). Annotation of five SNPs with active cis-regulatory elements involved in non-syndromic orofacial
cleft according to ChIP-seq in CT and pCHi-C in hESC (b to f). The data were obtained from GEO Project (GSE97752), including active
histone modification (H3k4me1, H3K4me3, H3k27ac) as well as DNase. Orange represented DNase chromatin accessibility, yellow
indicated histone H3k4me1, green represented histone H3K3me3 and blue indicated histone H3K27ac. The nearest gene and interac-
tion genes of five SNPs were shown in grey rectangles from pCHi-C datasets (GSE86821). ChIP-seq, chromatin immunoprecipitation
sequence; CTs, craniofacial tissues; hESC, human embryonic stem cell; pCHi-C, promoter capture Hi-C. @The Regulome DB probability
score ranges from 0 to 1 and 1 is most likely to be a regulatory variant. P22b means TF binding + any motif + DNase Footprint + DNase
peak, 3a means TF binding + any motif + DNase peak, and 4 means TF binding + DNase peak.

Annotation and functional assessment of genetic

tiple risk alleles had a higher risk of NSCL/P, and similar :
variants

results were also observed in Stage II. We stratified all
NSCL/P cases into cleft lip only (CLO) and cleft lip and

cleft palate (CLP) subgroups and observed that the risk
increased in a dose-dependent manner with the number
of risk variant alleles.

Chinese Journal of Dental Research

HaploReg v4.1 and RegulomeDB were used to determine
the function of the five significant SNPs. With prediction
by HaploReg V4.1, functional annotation of rs7218002
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Fig 4 Identification of sus-
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included promoter histone marks, enhancer histone
marks, DNase and motifs changed. Rs835367 might lead
to promoter histone marks, DNase and motifs changed.
Functional annotation of the other three SNPs is shown
in Fig 3a. rs7218002 was in moderate linkage disequi-
librium with rs4791774 (r?> = 0.51) and rs2944377(r% =
0.55), which were previously reported as having a risk
of NSCL/P.2”

Based on RegulomeDB scores, rs7218002 received a
score of 3a, indicating a lesser likelihood of affecting
transcription factor (TF) binding. On the other hand,
rs835367 obtained a higher score of 2b, suggesting a
greater potential for affecting TF binding. Rs7702294,
rs$961470 and rs17314724 received a RegulomeDB score
of 4, indicating minimal binding ability for these
SNPs.28
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Bioinformatic predictions of risk gene

A simplified diagram of the approach to identify the
susceptible genes associated with NSCL/P is shown in
Fig 4a. With prediction of pCHi-C in hESC, we examined
the interaction gene of five SNPs and found that five
SNPs could link to nine genes (rs7218002: NTN1, STXS;
1s835367: FGGY, JUN, LINC01135; rs77022994: PKNOX2;
r$961470: TBX15; rs17314727: FAM172A, MCTP1) (Fig 3).

Further eQTL analysis was conducted using the GTEx
database. rs7218002 was found to exhibit a significant
association with expression of NTN1 (P = 4.40E-03) in
skin not exposed to the sun. FGGY was associated with
rs835367 in the thyroid (P = 2.90E-04), skin not exposed
to the sun (P = 5.40E-04) and skin exposed to the sun
(P = 3.50E-03). LINC01135 showed an association with
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Table 2 Cumulative effect of five risk SNP in non-syndromic orofacial cleft and subgroups.

0-4 23 18 Reference 9 Reference 9 Reference

5-6 208 149 0.61(0.32-1.18) 66 0.81(0.36-1.84) 83 1.02 (0.45-2.30)
Stage | 7 137 164 | 1.53(0.79-2.95) 65 1.21 (0.53-2.77) 99 [1.85(0.82-4.16)

8 70 116 |2.12(1.07-4.20) 45 1.64 (0.70-3.87) 71 |2.59(1.12-5.99)

9-10 17 57 4.28 (1.89-9.74) 20 3.01(1.10-8.22) 37 |5.56(2.13-14.54)

0-4 55 10 Reference 2 Reference 5 Reference

5-6 454 202 |2.45(1.22-4.90) 62 3.76 (0.89-15.78) 106 |6.42 (1.54-26.74)
Stage ll 7 404 256 3.49 (1.75-6.96) 88 5.99 (1.43-25.02) 121 8.23(1.98-34.26)

8 278 203 4.02 (2.00-8.07) 65 6.43 (1.53-27.04) 103 |10.19 (2.44-42.53)

9-10 78 70 6.13(2.90-12.94) 25 8.81(2.00-38.76) 35 12.34 (2.85-53.46)

CLO, cleft lip only; CLP, cleft lip and palate.

rs835367 in skin not exposed to the sun (P = 4.20E-02)
(Fig 4b and c).

The 3D chromatin looping data demonstrated that
rs7218002 interacted with NTNI and rs835367 could
interact with FGGY and LINC01135 (Fig 4d). According
to the Hi-C map in hESC by 3D Genome Browser,
rs7218002 and NTN1 were located within a topologically
associated domain (TAD) structure and so too were
rs835367, FGGY and LINCO01135 (Fig 4e).

Gene expression in mouse craniofacial structures and
phenotype in humans

Both NTN1 and FGGY were expressed in the maxilla and
mandible over five periods in mouse orofacial devel-
opment (Fig 4f). A lack of considerable homology was
detected for LncRNA LINC01135 between humans and
mice. According to DECIPHER, we found that individu-
als with an NTN1I deficiency might present with multiple
phenotypes like cleft palate and cleft lip. Individuals
with an FGGY deficiency might show traits like thick
lower lip vermilion, thick upper lip vermilion, abnor-
mal facial shape and bifid uvula, and those with an
LINC01135 deficiency might present abnormalities in
facial features, thick lower lip vermilion and thick upper
lip vermilion.

Discussion

The present study investigated systematic insights into
mechanisms of NSCL/P by using previously published
GWAS data, pCHi-C data of hESC and ChIP-seq of cranio-
facial tissues. The function of SNPs was assessed using
HaploReg v4.1 and RegulomeDB. Candidate genes were
identified based on pCHi-C data and eQTL analysis, sup-
ported by 3DSNP and 3D Genome Browser. The func-
tional roles of these genes during embryogenesis were

Chinese Journal of Dental Research

evaluated using FaceBase in mouse orofacial develop-
ment and DECIPHER in humans.

The study identified five SNPs that may confer risk
for NSCL/P, with rs7218002 exhibiting moderate linkage
disequilibrium with rs4791774 and rs2944377. These
two linked SNPs were reported in previous GWAS stud-
ies of NSCL/P according to the GWAS Catalogue.? By
integrating various approaches, the authors found that
rs7218002 could influence the gene expression of NTN1I.
Abnormal expression of NTNI has been implicated in
the development of non-syndromic cleft lip with or
without cleft palate in previous studies.?’” The present
group generated NTNI knockout zebrafish models by
CRISPR/Cas9 and observed relatively wider maxillo-
mandibular fissures.3? Complementary transcriptomic
profiling was performed in embryonic chicks and
demonstrated that NTNI was precisely expressed in
the chick palate fissure margin during palate fusion.3!

We identified rs835367, which lied in the promoter
of FGGY, was associated with NSCL/P by two GWAS
datasets. Our study also provided evidence that FGGY
and LINCO01135 could be regulated by rs835367. The
expression of FGGY decreased greatly from 10.5 to 14.5
days based on RNA-seq data of embryonic mouse tis-
sues. Notably, previous meQTL analysis in 4,170 whole
blood tissues suggested that rs835367 could regulate
cg18108087, which is located near the promoter re-
gion of FGGY (P = 7.31E-24).32 Individuals with an FGGY
deficiency were reported to exhibit an abnormal facial
shape and bifid uvula according to DECIPHER. A bifid
uvula is an anatomical variation that can be predictive
of sub-mucous cleft palate, indicating that FGGY may
contribute to the risk of NSCL/P to a certain degree.3?
Individuals with a LINC01135 deficiency may exhibit
abnormalities in facial features, thick lower lip ver-
milion and thick upper lip vermilion, suggesting that
LINC01135 may be a shared susceptibility factor for
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NSCL/P. Taken together, these findings indicate that
FGGY and LINC01135 could be novel genes associated
with NSCL/P.

Conclusion

In the present study, a multi-omics approach was
employed to provide novel insights into the aetiology of
NSCL/P and identify five risk SNPs and three suscepti-
bility genes for NSCL/P; however, further experimental
studies are required to validate these results.
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Knowledge Mapping of Cowden Syndrome:

a Bibliometric Analysis

Qiao PENG!, Ning DUAN!, Xiang WANG!, Wen Mei WANG!

Objective: To provide a comprehensive overview of the current knowledge structure and
research hotspots of Cowden syndrome via bibliometrics.

Methods: The articles and reviews related to Cowden syndrome were included from the Web
of Science Core Collection (WoSCC) database. VOSviewer, CiteSpace and GraphPad Prism were
used to conduct the bibliometric analysis.

Results: The number of papers focusing on Cowden syndrome was relatively low initially but
increased rapidly from 1997 to 1999, and then maintained small-scale fluctuation. A total of
1,557 papers from 65 countries/regions and 1,762 institutions were identified. The USA was
the most productive country, and Ohio State University was the most productive institution.
In terms of the number of publications, Human Molecular Genetics ranked first, and Cancer
Research was the most frequently cited journal. Eng was the most productive author, and Liaw
was the most co-cited author. Phosphatase and tensin homologue (PTEN), germline mutations,
gene, cancer, mutations, tumour suppressor gene and breast were high-frequency key words in
this field.

Conclusion: This study was the first comprehensive bibliometric overview of the current state
and development of Cowden disease. The mutation of PTEN and associated cancers, especially
breast, thyroid and endometrial cancer, could be the focus of future research in this field.

Keywords: bibliometric analysis, Cowden syndrome, germline mutation, PTEN
Chin J Dent Res 2024;27(1):75-82; doi: 10.3290/j.cjdr.b5136733

Cowden syndrome is a rare inherited condition in an
autosomal dominant pattern, characterised by mul-
tiple hamartomas in different organs. It is also known
as Cowden disease and multiple hamartoma syndrome,
and is a rare multisystemic cancer predisposition dis-
order, with the breast, thyroid, endometrium and kidney
being the most frequently involved organs.! Mucocuta-
neous lesions and macrocphaly are common clinical
manifestations in patients with Cowden syndrome.?
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Pathognomonic mucocutaneous lesions with verrucous
manifestations are believed to exist in 100% of patients
with Cowden syndrome by the age of 30. The verruca
has different descriptions including “tricholemmomas”,
“inverted follicular keratosis”, “oral papillomas” and
“acral and palmoplantar keratosis” based on morpho-
logical appearances.!»® Cowden syndrome is inherited
in an autosomal dominant pattern with mutations in
the tumour suppressor gene phosphatase and tensin
homologue (PTEN), which is categorised as a member
of the spectrum of PTEN hamartoma tumour syndrome
(PHTS).*The incidence of Cowden syndrome is reported
to be approximately 1/200,000 individuals worldwide.>®

Bibliometrics is a method of literature analysis that
evaluates the output and status in a specific research
field quantitatively and qualitatively, providing visual
representations of the current research and playing
an important role in the prediction of future develop-
ments.”>® Information about the publishing countries/
regions, institutions, journals and co-cited journals,
authors and co-authorship, citations, references, key-
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words and the frontiers of research activities can be
visualised by knowledge mapping.”1? CiteSpace and
VOSviewer are commonly used software in data pro-
cessing and analysis.

The application of bibliometric analysis is used
widely in other fields nowadays, but to the best of the
present authors’ knowledge, so far, there is no relevant
bibliometric analysis in the field of Cowden syndrome.
Cowden syndrome, a rare disease with phenotypic
variability, can easily lead to missed diagnosis and mis-
diagnosis. Its onset greatly affects patients’ quality of
life, and timely and accurate diagnosis and treatment
are crucial to alleviate their pain. Thus, it is necessary
to summarise and analyse the current research to help
clinical physicians achieve a more comprehensive
understanding of the disease. In this study, the present
authors searched the Web of Science Core Collection
(WoSCC) database to gather publications about Cowden
syndrome from 1972 to 2023 and performed a bib-
liometric analysis to describe the current research
progress and explore the hotspots and developmental
trends in the field for future research.

Materials and methods

Sources of data and search strategies

The relevant publications related to Cowden syndrome
were searched from the WoSCC database with the science
citation index expanded (SCI-expanded). The search for-
mula was (((TS = (Cowden syndrome)) OR TS = (Cowden
disease)) OR TS = (multiple hamartoma syndrome)) OR
TS = (face deformity-oral papillomlosis syndrome). The
type of publication was set to “articles” and “reviews”,
and the language of publication selected was English. All
the data were downloaded within one day on 6 May 2023
and saved as a plain text file for further analysis.

Data collection and analysis

Under these conditions, a total of 1,557 records were
identified, composed of 1,258 articles and 299 reviews.
Among the 1,258 articles, the top 10 medical fields in
which these were found were Oncology (278), Genetics
Heredity (254), Dermatology (148), Pathology (122), Bio-
chemistry Molecular Biology (119), Clinical Neurology
(101), Surgery (97), Endocrinology Metabolism (70), Cell
Biology (66) and Gastroenterology Hepatology (64). The
bibliometric analyses were performed using CiteSpace
(version 6.2.R3), VOSviewer (version 1.6.11) and Graph-
Pad Prism (version 9) to visualise the data.

76

Results

Quantitative analysis of publications

There was an overall upward trend in the number of
publications released each year on Cowden syndrome
from 1972 to 1999, then this continued to fluctuate
within a narrow range from 2000 to 2023 (Fig 1). Speci-
fically, the number of publications remained relatively
low from 1972 to 1990, with a mean of 1.73 a year. From
1991 to 1996, a slow-growth rate was observed in the
number of publications, with a mean of 10.33 a year.
From 1997 to 1999, the number of relevant publications
increased rapidly, with a mean of 57.33 a year. From 1999
t0 2022, the number continued to fluctuate within a nar-
row range, with a mean of 56 a year.

Countries/regions and institutions

A total of 65 countries/regions and 1,762 institutions
were found to have contributed greatly to this field. We
obtained a national collaboration diagram and observed
close cooperation among the countries when the min-
imum number of documents published per country was
set at 5 (Fig 2a). The top 10 countries/regions were the
USA (831 publications, 53.37% of all articles), England
(156,10.02%), Japan (121, 7.77%), Italy (83, 5.33%), France
(82, 5.27%), Canada (81, 5.20%), Germany (80, 5.13%),
People’s Republic of China (68, 4.37%), the Netherlands
(48, 3.08%) and Spain (47, 2.77%) (Table 1 and Fig 2b).
The present authors set a minimum publication
threshold of 10 documents per institution, which
revealed the top 42 institutions and their collaborative re-
lationship (Fig 2c). The size of the circles is proportional
to the number of publications, and the lines between
two circles indicate collaboration. Strong collaboration
was found between Cleveland Clinic and Case Western
Reserve University, and between Harvard University and
the University of Cambridge. The top 10 institutions with
the most publications are shown in Table 1 and Fig 2d.
Ohio State University (108 publications, 6.94% of all
articles) contributed the most publications, followed by
Case Western Reserve University (103, 6.62%), Cleveland
Clinic (100, 6.42%), Harvard University (74, 4.75%),
the University of Cambridge (65, 4.17%), the National
Cancer Institute (33, 2.12%), the University of Toronto
(31, 1.99%), Dana-Farber Cancer Institute (26, 1.67%),
Massachusetts General Hospital (26, 1.67%) and Mayo
Clinic (26, 1.67%). Most of the top 10 institutions were
based in the USA, except for the University of Cambridge
(England) and the University of Toronto (Canada).
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Authors and co-cited authors articles), followed by Meter (27) and Zhou (20) (Fig 3b).
The co-cited author is an author cited by more than two
A total of 7,415 authors were identified in the 1,557 researchers simultaneously. The co-citation network is
papers. A strong collaborative network was found among depicted in Fig 3c. The minimum number of citations
these authors, contributing to this research area (Fig 3a). was set at 100, and 44 of the total 26,322 co-cited authors
Eng showed strong cooperation with other researchers met this threshold, with Liaw (204 times) ranking first,
(Fig 3a) and was also the most productive author (190 followed by Marsh (187) (Fig 3d).
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Table 1 The top 10 countries/regions and institution in publication.

1 USA 377 831 (53.37) | Ohio State University (USA) 154 108 (6.94)
2 England 229 156 (10.02) | Case Western Reserve University (USA) | 138 103 (6.62)
3 Japan 70 121 (7.77) | Cleveland Clinic (USA) 140 100 (6.42)
4 Italy 48 83 (5.33) Harvard University (USA) 119 74 (4.75)
5 France 92 82 (5.27) University of Cambridge (England) 139 65 (4.17)
6 Canada 72 81 (5.20) National Cancer Institute (USA) 25 33(2.12)
7 Germany 104 80 (5.13) University of Toronto (Canada) 43 31 (1.99)
8 China 29 68 (4.37) Dana-Farber Cancer Institute (USA) 90 26 (1.67)
9 Netherlands |81 48 (3.08) Massachusetts General Hospital (USA) |67 26 (1.67)
10 | Spain 31 47 (2.77) Mayo Clinic (USA) 16 26 (1.67)

Journals and co-cited journals

The 1,557 publications were found to have been pub-
lished in 596 journals. With the minimum number of
documents per journal set at 10, 28 journals met the
threshold (Fig 4a). Among the top 10 journals, the Jour-
nal of the American Academy of Dermatology showed
the highestimpact factor (IF) of 15.487, followed by Can-
cer Research (IFag21 = 13.312) and Proceedings of the
National Academy of Sciences of the United States of
America (IF021 = 12.779) (Table 2).

The present authors also identified 4,642 co-cited
journals. When the minimum number of articles per
journal was set at 200, 64 journals met the threshold
(Fig 4b). The circle size is directly proportional to the
number of documents, and the three colours represent
three different clusters. The higher the frequency of co-
citation, the greater the impact of the journal. Cancer
Research was cited most frequently (3,456 citations),
followed by Nature Genetics (2,920) and Journal of
Medical Genetics (2,059) (Fig 4b and Table 2). Among
the top 10 journals, the journal with the highest IF was
Cell (IF2021 = 66.85), followed by Science (IF2g21 = 68.832)
and Nature Genetics (IF2021 = 41.376). The majority of
the top 10 journals and all the top 10 co-cited journals
were distributed in Q1 according to the journal citation
reports in 2022 (Table 2).

The dual map overlay of journals displayed the dis-
tribution of relationships between journals and cited
journals, which were shown on the left and right,
respectively. This citation path displayed the linkage
of the different research fields. There were two main
paths. The orange path suggested that papers published
in molecular/biology/immunology journals commonly
cited papers in molecular/biology/genetics journals,
and the green path suggested that papers published
in medicine/medical/clinical journals commonly cited
papers in molecular/biology/genetics journals and in
health/nursing/medicine journals (Fig 4c). The top 25
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cited journals with the strongest citation bursts are
presented in Fig 4d, among which Genetics in Medicine
(strength 38.6) showed outbreak citations most recently
from 2012 to 2023, followed by PLOS One (strength
33.88) and Nature Reviews Molecular Cell Biology
(strength 19.02).

Keywords

Keywords are, to some degree, the reflection of research
hotspots. Thus, they help scholars to understand the
research frontiers in specific fields. In this study, there
were 4,927 keywords overall, 51 of which were used in
more than 40 publications. In Fig 5a, the size of circles
positively correlated with keyword frequency and the
thickness of the line of the circle positively correlated
with the strength of relationships between keywords.
Germline pten, individuals and pten hamartoma tumour
syndrome were newly emerging keywords. Cowden
syndrome, cowden disease, pten, germline mutations,
gene, cancer, mutations, diseases, tumour-suppressor
gene and breast were top 10 keywords with a high fre-
quency from 146 to 484 (Fig 5b).

A category cluster analysis was performed to gen-
eralise the keywords in the co-citation network to
understand the frontier directions. These keywords
were divided into nine clusters, including oncology
(#0), biochemistry and molecular biology (#1), genet-
ics and heredity (#2), clinical neurology (#3), obstetrics
and gynaecology (#4), public, environmental and occu-
pational health (#5), radiology, nuclear medicine and
medical imaging (#6), surgery (#7) and paediatrics (#8)
(Fig 5c). The top 20 keywords with the strongest citation
burst are shown in Fig 5d. The most intense keyword
was cowden syndrome (27.77), followed by cowden-dis-
ease (24.06) and hamartoma tumour syndrome (17.05).
The keyword with the longest burst time was cowden
syndrome, which lasted 11 years from 2012 to 2023.
More meaningfully, the keywords cowden syndrome,
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Fig 3 Analysis of authors
and co-cited authors on
Cowden syndrome. Net-
work map of co-authorship
between authors with more
than five articles (a). Top
10 authors with total arti-
cles (b). Network map of
co-authorship between co-
cited authors with more
than 100 articles (c). Top
10 co-cited authors with
total articles (d).
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Table 2 The top 10 most productive journals and co-cited journals.

Rank Journal

Number of

IF

JCR

Co-cited journal

Number of citations

IF (2021) JCR (2021)

articles

(2021)

(2021)

1 |Human Molecular 36 5121 |Q1 Cancer Research 3,456 13312 [Q1
Genetics
2 Cancer Research 34 13.312 | Q1 Nature Genetics 2,920 41.376 Q1
3 |Oncogene 31 g756 |q1  |ournalofMedical 1, 0 5945 Q1
Genetics
4 Journfs\l of Medical 30 5945 |Q1 American Jou.rnal of 1921 11.043 Q1
Genetics Human Genetics
Proceedings of the
American Journal of National Academy of
S Human Genetics 2 11.043 1 Q1 Sciences of the United 1873 12779 oL
States of America
American Journal
6 of Medical Genetics 22 2.578 [Q3 Science 1,662 63.832 Q1
Part A
Journal of the Ameri- Human Molecular
7 can Academy of Der- 21 15.487 | Q1 . 1,652 5.121 Q1
Genetics
matology
American Journal of
8 19 1.319 |Q4 Cell 1,318 66.85 Q1
Dermatopathology
Journal of Cutaneous
9 bl 19 1.458 | Q4 Oncogene 1,191 8.756 Q1
Proceedings of the
National Academy of Stem Cell Research &
10 Sciences of the United 16 12779 1 Q1 Therapy 1122 8.088 oL
States of America

JCR, journal citation reports; Q, quartile in category.
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germline pten, pten hamartoma tumour syndrome and
mutations had outbreak citations most recently, which
indicated that the link between cowden syndrome and
pten might be a research hotspot in the future.

Discussion

This bibliometric analysis research draws scientific
knowledge maps of Cowden syndrome from 1972 to
2023. In the past 20 years, the number of publications
has continued to fluctuate with a narrow range, indicat-
ing the stable output in this field. The USA was the most
productive country (831 publications), accounting for
more than half of all the articles. The USA also showed
the strongest total link strength (377), followed by Eng-
land (229), suggesting close cooperation with other
countries. This situation was to some degree beneficial
to the advancement of the research field. From the per-
spective of study institutions, all the top four institu-
tions were in the USA, namely Ohio State University,
Case Western Reserve University, Cleveland Clinic and
Harvard University. Taken together, these results sug-
gest that the USA plays a leading role and influences the
direction of research in this field.

With regard to authors, Eng made the largest con-
tribution with 190 publications, far more than the next
most prolific authors, Meter (27) and Zhou (20). Eng
was also in the top five co-cited authors. These data
indicate their great contributions to the progression of
this field. In 1997, Eng published the article “Germline
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mutations of the PTEN gene in Cowden disease, an
inherited breast and thyroid cancer syndrome” in
Nature Genetics, which showed the highest number of
citations.! In this study, they identified the mutations
of the PTEN gene in patients with Cowden syndrome for
the first time, and proved that PTEN acted as a tumour
suppressor gene in the germline and played a role in
organising the relationship between different cell types
within an organ during development.

Analysis of the top 10 most productive journals
showed 70% ranked Q1 and 4 journals had an IF greater
than 10, including Cancer Research (IFg1 = 13.312),
American Journal of Human Genetics (IF2g21 = 11.043),
Journal of the American Academy of Dermatology (IF2p21
= 15.487) and Proceedings of the National Academy of
Science of the United States of America (IF2021 =12.779).
The results indicated that literature on Cowden syn-
drome is mainly published in high IF journals, and this
literature was vital to reflect the overview of research
in the field. It is worth noting that the literature about
Cowden syndrome in its initial stage from 1972 to
1998 were mainly published in skin-related journals,
such as Archives of Dermatological Research, British
Journal of Dermatology and Journal of the American
Academy of Dermatology. This might be due to the
fact that cutaneous and mucosal lesions are the most
consistent findings in patients with Cowden disease.
More recently, literature has been mainly published in
gene-related journals, such as Genes, Chromosomes &
Cancer, Nature Genetics and Human Genetics, because
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Fig5 Analysis of key-
words on Cowden syn-
drome. Distribution of key-
words according to average
publication year (blue, earl-
ier; red, later) (a). Mapping
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in 1997, Eng found that it was the PTEN mutations
that caused this syndrome.!! The mutation of PTEN, a
tumour suppressor gene, greatly elevated the incidence
of tumours in different organs, which has led research-
ers to focus mainly on Cowden syndrome/PTEN hamar-
toma tumour syndrome. Thus, the literature nowadays
is published mainly in cancer-related journals, such as
Familial Cancer, Oncotarget, JAMA Oncology, Journal
of the National Comprehensive Cancer Network and
Cancers.

Keywords reflect the central theme of publications
and could provide core information of research fron-
tiers. Initially, researchers were mainly focused on the
clinical syndrome with keyword “multiple hamartoma
syndrome” in strong citation from 1991 to 1998. With the
identification of PTEN mutation in Cowden syndrome
by Eng in 1997, keywords then shifted to “tumour sup-
pressor gene”, “peten/mmacl” and “germline muta-
tions”, which resulted in research on Cowden syndrome
being mainly focused on its pathogenesis. In addition,
germline mutations, cancer and breast are also closely
associated with Cowden syndrome. The majority of
patients with Cowden syndrome (80%) had germline
mutations in the PTEN gene.!2 The PTEN gene located

Chinese Journal of Dental Research

on chromosome 10g22-23 is a tumour suppressor via
its lipid phosphatase activity negatively regulating the
phosphatidylinositol 3-kinase (PI3K) pathway, inhibit-
ing cell survival.!®!# The loss/reduction of function
of PTEN results in activation of the PISK/AKT/mTOR
pathway, producing the opposite effect, including cell
growth, protein synthesis and cell cycle progression,
and ultimately manifesting as tumours. Germline muta-
tions in the gene of SDHB, SDHD have been found for
the minority of patients with Cowden syndrome with-
out PTEN mutation.™

Cowden syndrome is part of PHTS, a disorder that
primarily involves hamartomatous growths and can-
cers in multiple organs, especially the breast and thy-
roid.1%17 Nearly 85.2% of the affected female individuals
could suffer from breast cancer, with age at diagnosis
ranging from 38 to 46 years.!® The primary histological
manifestation of breast cancer in Cowden syndrome is
ductal adenocarcinoma uniquely surrounded by dense
hyalinised collagen.!® Thyroid carcinoma is the second
most common cancer in Cowden syndrome.?° The lit-
erature reports that the lifetime risk of thyroid cancer
in Cowden syndrome is up to 38%, with the mean age
for diagnosis at 32 years old.?! Histopathologically,
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follicular or papillary cancer are common types of thy-
roid cancer in Cowden syndrome.?? Apart from breast
and thyroid cancer, the risk of endometrial, renal and
glial malignancies in patients with Cowden syndrome
appears to be increased, but has not been quantified.
Several shortcomings still remain in this study. For
example, all the relevant publications were only down-
loaded from the WOS database and the latest publica-
tions after 6 May 2023 were not included, which might
have led to some relevant publications being missed out
and thus make the analysed publications incomplete.

Conclusion

The present authors first performed a systematical bib-
liometric analysis of research on Cowden syndrome to
help scholars visualise the current research status. Al-
though there are certain limitations to the present study,
it still offers value, providing researchers with an intui-
tive and specific understanding of the field and helping
to track research trends in a timely manner.
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Novel PTCH1 Mutation Causes Gorlin-Goltz Syndrome
Hai Tang YUE!, Hai Yan CAO?, Miao HE!

Objective: To analyse the aetiology and pathogenesis of Gorlin-Goltz syndrome (GS; also
known as nevoid basal cell carcinoma syndrome [NBCCS] or basal cell nevus syndrome [BCNS])
in a Chinese family.

Methods: Whole-exome sequencing (WES) was performed on genomic DNA samples from the
subjects in a family, followed by the investigation of pathogenesis via bioinformatic approaches
and conformational analysis.

Results: A novel heterozygous non-frameshift deletion patched 1 (PTCH1) [NM_000264:
€.3512_3526del (p.1171_1176del)] was identified by WES and further validated by Sanger
sequencing. Bioinformatic and conformational analysis showed that the mutation caused
altered PTCH1 protein structure, which may be related to functional abnormalities.
Conclusion: This study expands the mutation spectrum of PTCHI in GS and facilitates the
early diagnosis and screening of GS. PTCH]I [c.3512_3526del (p.1171_1176del)] may cause
structural abnormalities and functional disabilities, leading to GS in families.

Keywords: Gorlin-Goltz syndrome, mutation, nevoid basal cell carcinoma syndrome, PTCH],

whole-exome sequencing

Chin J Dent Res 2024;27(1):83-88; doi: 10.3290/j.cjdr.b5128601

Gorlin-Goltz syndrome (GS, OMIM 109400), also known
as nevoid basal cell carcinoma syndrome (NBCCS), is
an ecto-mesodermic polydysplasia that affects mul-
tiple organs.! It is characterised by multiple basal cell
carcinomas (BCCs), multiple odontogenic keratocysts
(OKCs), calcification of the falx cerebri, vertebral and
rib anomalies, and palmar and/or plantar pits.? Other
findings, such as other skeletal abnormalities and cleft
lip with or without cleft palate, may be noted.?
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GS has been reported to be related with mutations
in patched 1 (PTCHI), suppressor of fused (SUFU)
and PTCH2.* Among them, PTCHI, which is located
on chromosome 9q22.3, is the major pathogenic gene
involved in GS. It consists of 24 exons encoding PTCH1
protein with 1447 amino acids. PTCHI1 is a 12-pass
transmembrane protein that negatively regulates the
Hedgehog (HH) signalling pathway.’ In the unligand-
ed state, PTCH1 maintains Smoothened (SMO) in an
unphosphorylated state, contributing to its endocy-
tosis and degradation. Upon binding of HH ligands,
the repression of PTCH1 on SMO is relieved, leaving
SMO hyperphosphorylated, capable of activating gli-
oma-associated oncogene homologue 1 transcription
factors from SUFU (encoded by SUFU) inhibition to
translocate into the nucleus and stimulate the tar-
geted gene expression.®’ The HH signalling pathway
is fundamental to proliferation and differentiation
during embryonic patterning and development and
homeostasis. Dysregulation of this pathway leads to
a wide variety of developmental deficiencies, includ-
ing holoprosencephaly, brachydactyly, non-syndromic
colobomatous microphthalmia and solitary median
maxillary central incisor syndrome.®12 It has also been
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involved in tumours, including BCCs, medulloblastoma,
rhabdomyosarcoma, glioblastoma and breast, ovarian,
prostate, colon, stomach, pancreas and lung cancers,
making it a potential target for therapy.!31

To date, over 600 PTCHI mutations have been identi-
fied in patients with GS, most of which are nonsense,
small indels and missense, according to the Human
Gene Mutation Database (https:/www.hgmd.cf.ac.uk/
ac/index.php).

In the present study, a novel heterozygous non-
frameshift deletion PTCHI [NM_000264: ¢.3512_3526del
(p.1171_1176del)] was analysed in a 13-year-old proband
and his mother with GS. The clinicopathologic charac-
teristics of the patients and the pathogenic mechanism
of the mutant were further explored.

Materials and methods

Pedigree analysis and clinical diagnosis

This study included a 13-year-old Chinese boy who pre-
sented to the Department of Oral and Maxillofacial-Head
and Neck Oncology, School and Hospital of Stomatology
at Wuhan University. The diagnosis of GS was based on
the most frequently used criteria proposed by Kimonis
et al.’® The proband’s 38-year-old mother had a history
of surgery for OKCs and was also enrolled in the study.
The study was approved by the ethics committee of the
School and Hospital of Stomatology, Wuhan University
(2017-09). Peripheral blood samples and clinical data
were collected after obtaining informed consent.

Genomic DNA extraction and whole-exome sequenc-
ing (WES)

Genomic DNA was extracted from the peripheral venous
blood of the subjects using the improved salting-out
method. DNA samples that passed the quality detection
analyses were analysed using WES at Genesky Biotech-
nologies in Shanghai, China. The exons were targeted
from the genomic DNA with the SureSelectXT Human
All Exon Kit (Agilent, Santa Clara, CA, USA), and then the
MNlumina HiSeq X-TEN platform (Illumina, San Diego,
CA, USA) was used for sequencing. The readings were
aligned with the hg38 human genome assembly using
a Burrows-Wheeler aligner. Polymerase chain reaction
(PCR) duplicates were removed, and the quality of align-
ments was evaluated in terms of mean coverage depth,
effective base, effective readsand 90x-120x coverage ratio
using Picard software. The Genome Analysis Toolkit was
used to analyse indels and single-nucleotide variants.1®
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ANNOVAR was employed for functional annotation with
the KEGG pathway, OMIM, Gene Ontology, Mutation
Taster, PolyPhen-2, SIFT and the Exome Aggregation
Consortium browsers. The detailed and comprehen-
sive variant analysis was performed in accordance with
the workflow previously described.!”?0 Candidate vari-
ants were amplified by PCR and confirmed by Sanger
sequencing. The PCR primers were designed as follows:
forward: 5'-TGAATGTGAACTGCGGTTGG-3' and reverse:
5'-CTCAAAGCTCAAAGCACGGT-3'. PCR was performed
at 95°C for 3 minutes (one cycle), 33 cycles at 95°C for 15
seconds, 55°C for 15 seconds and 72°C for 45 seconds,
followed by a final extension at 72°C for 5 minutes. DNA
from the proband’s father and healthy individuals were
used as controls. PCR products were sequenced by the
forward and reverse primers at Tsingke Biotechnology
(Wuhan, China).

Conservation and pathogenicity analysis

The Ptchl sequences from HUMAN to ZEBRAFISH were
downloaded from ENSEMBL. Multiple-species align-
ment analysis was performed using Clustal Omega (htt-
ps://www.ebi.ac.uk/Tools/msa/clustalo/). Pathogenicity
prediction of variants was conducted using the predic-
tion tools mentioned above, in accordance with the 2015
American College of Medical Genetics and Genomics
(ACMG) guidelines.

Structural bioinformatic analysis of PTCH1
p.1171_1176del

A diagram schematically displaying the distribution of
mutations was generated using Domain Graph (version
2.0). 3D analysis of structural changes in the PTCH1
mutant was performed using SWISS-MODEL (https://
swissmodel.expasy.org/) and viewed on the basis of
PyMOL 2.1.0.

Results

Clinical findings and mutation screening

The proband was born of a nonconsanguineous mar-
riage (Fig 1a). There was no significant medical history
of abnormal birth weight or premature birth. His diag-
nosis of GS was established based on OKCs of the jaw
proven by histology (Figs 1b and c), palmar and plantar
pits (Figs 1d and e), a first-degree relative with GS syn-
drome (three major criteria), microform cleftlip (Fig 1f)
and lefthand preaxial polydactyl (post-operation, Fig 1g,
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Fig1 Clinical analyses a
of patients in the family.
Pedigree analysis. Squares,
male; circles, female; filled
symbols, affected subjects; P
question mark, uncon-
firmed diagnosis; sym-
bols with slant lines, the
deceased; arrow, proband
(a). Panoramic radiograph
of the proband (b). Histo-
pathological examination
of the lesion revealing typ-
ical characteristics of OKCs
in the proband (c). Palmar
and plantar pits in the
proband (d and e). Micro-
form cleft lip in the proband
(). Post-preaxial polydactyl
resection of the left hand
in the proband (g). Radio-
graph of the skull showing
cerebral falx calcification
in the proband’s mother (h).

two minor criteria). The proband underwent polydactyl
resection atthe age of 2 years. The proband’s mother had
no family history of consanguinity and was diagnosed
with GS based on OKCs of the jaw proven by histology,
bilamellar calcification of the falx cerebri (Fig 1h) and a
first-degree relative with GS syndrome. She underwent
surgical excision 6 years previously, and histological
examination confirmed OKCs in her right maxilla.

WES identified a heterozygous non-frameshift dele-
tion PTCHI [c.3512_3526del (p.1171_1176del)], which
was further confirmed by Sanger sequencing (Fig 2a).
This mutation was not reported in relevant databases,
including1000g, ExAC 03, esp6500, gnomAD_genome,
Hrcrl, Kaviar, dbSNP or HUABIAO project (https:/www.
biosino.org/wepd/). No pathogenic variants were found
in other genes related to GS. PTCHI (c.3512_3526del)
resulted in the deletion of five amino acids (Pro, Val,
Leu, Leu and Ser) adjacent to the C-terminal transmem-
brane region of PTCH1.

Conservation analysis and mutation pathogenecity

Conservative analysis using Clustal Omega showed that
amino acids LPVLLS located at the mutant sites were
highly conservative among many species (Fig 2b), indi-
cating their important functions in phylogeny. In ac-
cordance with the guidelines of the 2015 ACMG, PTCH1
[c.3512_3526del (p.1171_1176del)] was predicted to be
likely pathogenic (PM2 + PM4 + PP1 + PP3 + PP4).

Chinese Journal of Dental Research

Characteristics of PTCHI1 mutant

Structural analysis was performed to investigate the
effect of PTCH1 p.1171_1176del on protein function.
In comparison with wild-type PTCH1, the mutation
p.1171_1176del was located adjacent to a transmem-
brane helix region, which starts at position 1149 and
endsatposition1171, and caused a distinct conformation
change. The conformation of the helix at residue 1167-
1178 was converted into a loop in mutant p.1171_1176del
(Fig 3), which may lead to protein malfunction.

Discussion

GS is a rare autosomal-dominant condition, affecting
1/31,000 to 1/256,000 people in different regions, with no
significant difference in morbidity between male and
female patients.??1:?2 It is an ecto-mesodermal dyspla-
sia characterised by a range of clinical manifestations
that affect multiple organs. Researchers have report-
ed several diagnostic criteria, and those proposed by
Kimonis et al'® are the most commonly used. Accord-
ing to these, the diagnosis is made on the basis of ei-
ther two major criteria or one major criterion together
with two minor criteria listed below. The major criteria
are BCCs, OKCs, palmar or plantar pit, bilamellar calci-
fied falx cerebri, rib abnormalities and a first-degree
relative with GS. The minor criteria are macrocephaly,
congenital malformation, other skeletal abnormalities,
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Fig 2 Mutation and
conservation  analysis.
Sanger sequence chro-

matograms revealing
a novel heterozygous
non-frameshift deletion

radiological abnormalities, ovarian fibroma and medul-
loblastomas.?

In this study, the proband met three major criteria
(histologically verified OKCs of the jaw, palmar and
plantar pit, and a first-degree relative with GS), and
two minor criteria (microform cleft lip and left hand
preaxial polydactyl). The proband’s mother met three
major criteria (histologically verified OKCs of the jaw,
bilamellar calcification of the falx cerebri and a first-
degree relative with GS). The proband’s mother report-
ed another family member with GS.

The diagnosis of GS was further supported geneti-
cally by molecular analysis revealing a non-frameshift
deletion PTCH1 (c.3512_3526del) in the proband and his
mother. The deletion corresponded to codons 1171-1176
and resulted in p.1171_1176del. PTCH1 p.1171_1176del
probably contributes to impaired structure and func-
tion. As a ligand binding component in HH signalling
pathway, structural abnormalities and dysfunctions in
PTCH1 may cause dysregulation of this pathway, lea-
ding to the GS in this family. Thus far, over 600 PTCH1
mutations have been reported in GS. The PTCHI muta-
tions identified in GS are mostly nonsense, small indels
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b - p o _— 41 P PTCH1 [c.3512_3526del
Human FIVRYFFAVLAILTILGVLNGLVL|LPVLLSFFGPYPEVSPANGLNRLPTPSPEPPPSVVR 1206 (p.1171_1176del)] in the
Chimpanzee FIVRYFFAVLAILTILGVLNGLVLLPVLLSFFGPYPEVSPANGLNRLPTPSPEPPPSVVR 1187 band and th h
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Dog FIVRYFFAVLAILTILGVLNGLVLLPVLLSFFGPYPEVSPANGLNRLPTPSPEPPPSVVR 1204 (Iv:21) (a). Conserva-
Cow FIVRYFFAVLAILTILGVLNGLVLILPVLLSFFGPYPEVSPANGLNRLPTPSPEPPPSVVR 1205 tion analysis indicating
Mouse FIVRYFFAVLAILTVLGVLNGLVLLPVLLSFFGPCPEVSPANGLNRLPTPSPEPPPSVVR 1192 p.1171_1176 is well con-
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and missense, followed by splice site mutations and
large indels, which are distributed evenly along exons
2-21, with no obvious hotspots.?® No obvious genotype-
phenotype associations have been observed in patients
with GS6. Mice heterozygous for Ptcl mutant showed
developmental abnormalities, including hindlimb
defects and medulloblastomas, which recapitulated dis-
ease phenotypes seen in patients with GS.2* In addition
to the major causative gene PTCH1, SUFU and PTCH2
mutations have been reported in GS. SUFU is a nega-
tive regulator of the HH pathway, and loss-of-function
mutations in SUFU were discovered in GS resulting
from aberrant regulation of the HH signalling cas-
cade.?> PTCH2 consists of 22 exons encoding transmem-
brane protein PTCH2 with 1203 amino acids, which
is highly homologous to the PTCHI product. PTCH1
and PTCH2 have closely associated transmembrane
modules related to sterol-sensing domains that affect
cholesterol modification of HH ligands.?® Research
indicated that PTCH2 mutations caused inactivation of
PTCH2 inhibitory function in the HH pathway.?’ These
studies indicated that any perturbations in the HH
pathway can cause developmental abnormalities and
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neoplastic lesions similar to those caused by PTCH1
mutations. Further research is needed to uncover novel
mutant genes in other components of the HH pathway
in GS patients with no identified mutation. Accurate
genetic diagnosis can facilitate early treatment, prevent
further damage to health and improve quality of life in
patients with GS.

Conclusion

A novel heterozygous non-frameshift deletion PTCHI
[c.3512_3526del (p.1171_1176del)] was identified in a
family with GS. This study expands the mutation spec-
trum of PTCHI in GS. The mutation caused a distinct
conformational change in PTCH1, which may cause
protein malfunction and lead to GS in the family.
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Clinical and Genetic Analysis of Multiple Idiopathic

Cervical Root Resorption

Yu Meng WANG!, Wen Yan RUANY, Dan Dan CHI!, Xiao Hong DUAN!

Objective: To explore the genetic background and clinical phenotypes of multiple idiopathic
cervical root resorption (MICRR) in a Chinese family.

Methods: The proband and his three family members were clinically examined and had radio-
graphs taken with a radiovisiography (RVG) system and CBCT to define the diagnosis of
MICRR. Genomic DNA (gDNA) was extracted from peripheral blood samples of the patient,
his father, mother and younger sister for whole exome sequencing (WES). The pathogenicity of
rare variants with minor allele frequency (MAF) less than 0.005 were analysed following pos-
sible inheritance patterns, predicted results from 12 software programs, the American College
of Medical Genetics (ACMG) 2015 criteria, and information from ClinVar, OMIM and HGMD
databases as well as gene function.

Results: The proband presented the typical MICRR phenotypes such as thin cervical pulp wall
and apple core-like lesions in radiographs. Following the recessive inheritance pattern, WES
analysis identified SHROOM2, SYTL5, MAGEDI and FLNA with a higher chance of causing
MICRR. Four genes with compound heterozygous variants and another 27 genes with de novo
variants either in autosomal-dominant or autosomal-recessive pattern were also found to have
the potential pathogenicity.

Conclusion: A total of 35 novel potential pathogenic genes were found to be associated with
MICRR from a Chinese family through WES. The new genetic background of MICRR may be
helpful for clinical and molecular diagnosis.

Keywords: de novo variants, multiple idiopathic cervical root resorption, pathogenic variant

filtering, whole-exome sequencing
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Root resorption is the loss of dentine, cementum and/or
alveolar bone due to physiological or pathological rea-
sons, which can occur anywhere in the tooth root. Physi-
ological tooth absorption occurs in primary dentition
and leads to exfoliation of permanent teeth; however,
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root resorption in permanent teeth is largely pathologi-
cal. Tooth root resorption can be divided into internal
resorption and external resorption, based on position
and how they progress. The former involves resorption
from the pulp cavity to the root surface, whereas the
latter involves resorption from the root surface to the
dentine and pulp cavity. External tooth root resorption
can be further divided into root surface resorption, in-
flammatory resorption, external cervical root resorp-
tion (ECR), replacement resorption and transient apical
resorption.!

ECR is a rare and aggressive type of external root
resorption, which is also known as aggressive root
cervical resorption and invasive cervical external re-
sorption. It usually occurs at the cementoenamel junc-
tion (CEJ) of the tooth neck, and gradually destroys
the cementum, dentine and pulp tissue from the root
surface. As resorption progresses, it further invades
the coronal direction to damage the enamel and the
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root direction to damage the tooth root. The aetiology
of ECR is very complex, including local factors such
as orthodontic treatment, trauma, apical or periodon-
tal inflammation, internal bleaching, tooth replanta-
tion, periodontal surgery, tumours, cysts, bruxism and
impacted teeth, and systematic factors such as Paget
disease, Goltz syndrome, Papillon-Lefevre syndrome,
Turner syndrome, Stevens-Johnson syndrome, hyper-
parathyroidism, hypoparathyroidism, kidney disease,
liver disease and bad eating habits.> In the absence
of an identifiable cause, ECR at the CE]J is termed idi-
opathic cervical root resorption (ICRR), and when more
than three teeth are affected, ICRR is termed multiple
idiopathic cervical tooth resorption (MICRR).

MICRR is an extremely rare and aggressive form of
external root resorption, and current understanding of
its aetiology is very limited due to the small number
of cases. Possible causes of MICRR include viral infec-
tions such as pertussis*, hepatitis B> and feline viruses®;
hormone changes such as thyroid hormone and pro-
gestational hormone’; and drug-related factors such
as chemotherapy drugs and osteoporosis treatment
drugs.” Most researchers believe that the occurrence
of MICRR is associated with enhanced activity of osteo-
clasts and odontoclasts.” In 2010, Yu et al® reported a
case of MICRR involving 31 permanent teeth including
an impacted third molar, which indicates oral exposure
and microbial infection may not be causative factors
of MICRR. In addition, clinicopathological analysis of
affected teeth in MICRR has shown that connective
tissue in areas of resorption contains fibroblasts and
fibrocytes and osteoclast-like giant cells, but without
the clear presence of inflammatory cells, which indi-
cates MICRR may be a non-inflammatory disorder but
involve osteoclast-related tooth resorption.”%10

Family analysis of MICRR showed that three of the
four affected family members had the heterozygous
missense mutation (c.1219 G > A) in the IRF8 gene.
Further functional studies suggest that this mutation
may inhibit the expression of IRF8 and weaken IRF8
protein function, thereby inducing osteoclastogenesis
at the transcription level and increasing the risk of
root resorption. These studies add to the evidence that
suggests abnormal osteoclast activity could lead to the
occurrence of MICRR.! Besides the above pedigree
analysis, most other genetic analyses on MICRR were
based on sporadic cases®1%1°, and the present authors
found that most cases were sporadic except for IRF8
mutation related MICRR in the pedigree study. The
disease-causing genes in these sporadic MICRR cases
were lacked solid genetic evidence in other cases.
Meanwhile, these reports did not disclose the details of
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the screening process of pathogenic genes, so it is dif-
ficult to determine the true harmfulness of these genes.

The present authors recruited a man with MICRR
and with no other medical conditions from a Chinese
family to explore possible pathogenic genes. We per-
formed whole-exome sequencing (WES) in the pedi-
gree, selected the genetic variants through strictly
standardised steps and considered all the possible
candidate pathogenic variants. Finally, we found that
35novel variants of the proband may theoretically asso-
ciate with MICRR. This study provides a new direction
for the genetic aetiology of MICRR and the mechanism
of its exploration.

Patients and methods

Clinical information

The proband was a 19-year-old man who was referred to
the Clinic of Oral Rare Diseases and Genetic Diseases,
School of Stomatology at the Fourth Military Medical
University, Xi’an, China, with the chief complaint of
tooth pain when chewing. He had undergone extraction
of multiple teeth in his right maxilla in 2021 due to ser-
ious cervical tooth resorption that caused tooth crown
fracture and tooth roots without restoration. In the 2
years before he presented to the clinic, the remaining
teeth gradually developed similar symptom of cervical
resorption, which resulted in tooth pain when chewing.
The patient was examined and evaluated with radio-
graphic detection, such as radiovisiography (RVG) and
3D CBCT reconstruction, to evaluate the degree of re-
sorption and the number of affected teeth. Professional
oral clinical examinations were also performed on all
members of the patient’s family. The study was approved
by the Ethics Committee of the School of Stomatology,
Fourth Military Medical University. Informed consent
was obtained from each family member and from
healthy controls.

WES

The proband and three unaffected members of his fam-
ily (I-1, I-2, II-1, II-2) included in the study underwent
clinical WES. Peripheral blood samples were collected
from all family members. Genomic DNA (gDNA) was
extracted using QIAamp DNA Blood Mini kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s
instructions. WES involving exome capture, high-
throughput sequencing and common filtering was per-
formed using Annoroad Gene Technology (Annoroad,
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Beijing, China).!® Alignment of the sequence reads,
indexing of the reference genome, variant calling and
annotation were carried out using the SureSelect Human
All Exon V6 system (Agilent, Santa Clara, CA, USA). Valid
sequencing data of WES were mapped to the human re-
ference genome using the Maq program. The number of
the human genome reference assembly was hgl9.

Bioinformatic analysis

Rare variants referred to those with an MAF less than
0.005%7, which were chosen from the following data-
bases: Exome Aggregation Consortium (http://exac.
broadinstitute.org/), Exome Variant Server (http://evs.
gs.washington.edu/EVS), 1000 Genomes Project (http://
browser.1000genomes.org), dbSNP (http://www.ncbi.
nlm.nih.gov/snp), dbVar (http://www.ncbi.nlm.nih.gov/
dbvar), GnomAD (http://www.gnomad-sg.org/), NHLBI
GO Exome Sequencing Project (https://evs.gs.washington.
edu/E), Hapmap (www.hapmap.org) and Scripps Wellder-
ly Genome Resource (https://www.scripps.org/).

Following the American College of Medical Genetics
(ACMG) 2015 criteria, twelve pathogenicity prediction
software programs were used to predict the variants to
be damaging, deleterious and disease-causing. These
included the SIFT < 0.05, the MutationAssessor > 1.938,
the FATHMM < -1.5, the GERP++ > 3, the PhyloP > 2.5,
the PhastCons > 0.6, the PolyPhen2_HDIV (Probably
damaging >= 0.957, possibly damaging 0.453 <= pp2_
hdiv <= 0.956; benign <= 0.452) and the PolyPhen2_
HVAR (Probably damaging >= 0.909, possibly damag-
ing 0.447 <= pp2_hdiv <= 0.909; benign <= 0.446). The
pathogenic variants predicted from more than two soft-
ware programs were selected and analysed. Variants
without patients' heriditary source were excluded.
The types of variants included missense, frameshift,
inframe insertion, inframe deletion, splice region,
splice donor, splice acceptor, stop gained and stop lost.
The predicted pathogenicity of the gene variants, espe-
cially on those genes associated with tooth resorption
and development, bone development, saliva functions,
odontoclasts and osteoclastogenesis, were analysed. All
the variants were also verified on ClinVar, OMIM and
HGMD databases.

The present authors also considered compound het-
erozygous variants that met the condition above. The
compound heterozygous variant was found when the
proband had more than two variation sites in the same
gene and the different sites were inherited from his
father and mother separately. If the proband’s sister did
not have the same compound heterozygous variants as
him, the compound heterozygous variant was reserved.
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Since the patient’s parents and sister did not have simi-
lar phenotypes, the mode of inheritance in the family
was considered autosomal recessive or X-linked inher-
itance. The de novo variants were also considered from
the possible four inheritance patterns (Fig 1).

Results

Clinical findings

Upon initial diagnosis of MICRR in February 2022, the
intraoral examination of the patient showed that mul-
tiple teeth (12 to 17) in the right maxilla were missing due
to having been extracted previously. In addition, mul-
tiple tooth defects were detected using a dental probe
in the cervical region under the CEJ, including teeth 25,
26, 27, 28, 33, 34, 35, 36, 42, 43, 44, 45, 46 and 47. Sensi-
tivity during cervical probing of teeth was observed in
teeth 42 to 47. Dental percussion examination revealed
slight discomfort in teeth 34, 44, 45 and 46. Transient
pulp sensitivity occurred in teeth 34, 44, 45 and 46 dur-
ing cold pulp sensitivity testing and was accompanied
by radiating pain in tooth 34. Furthermore, electric pulp
testing of tooth 34 demonstrated a negative response.
Teeth 42 to 47 had undergone gingivectomy and surgi-
cal crown lengthening to expose the subgingival defect
before images were taken, so the lesion area of multiple
teeth is visible and located supragingivally (Fig 2).

After further radiographic examination , many low-
density areas were found in the cervical regions of
teeth 26, 27, 28, 33, 34, 35, 36, 42, 43, 44, 45, 46 and 47.
Teeth 45, 46, 47 exhibited severe cervical resorption and
radiographs revealed typical apple core-like lesions at
the CE]J. This severe resorption almost resulted in the
separation of the crown and root of the tooth, which
is the typical X-ray finding of MICRR (Fig 2). 3D recon-
struction showed worm-eaten lacunar-like resorption
on the inner surfaces of crowns and cervical resorptive
regions of the affected teeth. Tooth 25 had received
root canal treatment, and teeth 38 and 48 were mesially
impacted. None of the remaining teeth were affected by
secondary apical periodontitis.

Family history revealed that other family members
had no similar phenotypes of cervical root resorption.
No other identifiable cause was found for the proband
such as orthodontic treatment, trauma, apical lesions
or tumors or cysts. The proband had no direct or indi-
rect contact with cats, no history of allergy to drugs/
food, no habit of eating sweets or acidic foods, and no
history of hereditary diseases in his family or any other
systemic disease. The proband had not received radio-
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WES
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NPIPBI2. FILNA APOO3062. 1, MUCI9,LOCI01927628,
MUC4E NPIPAS NPIPB L CHD3, MAP2K4,TBX2

Fig1 The variants filtering process. AR, autosomal recessive; CHR, chromosome; CHV, compound heterozygous variants; MAF,
minor allele frequency; underline, variants fit condition 0.005 < MAF < 0.01; n, number of variants; XR, X-chromosome recessive.

therapy and had good function of the salivary glands
and good oral hygiene. These characteristics helped to
rule out the possibility of rampant caries.

Genetic findings

A mean coverage of > 150x for 99% of the target regions
reads map indicated that the reference sequence se-
lection was accurate and sufficient for the analysis. A
total of 45,158 variants were observed among the fam-
ily members, including 31,789 variants in the proband,
31,5271in his father, 30,825 in his mother and 29,505 in his
sister. Based on to the inheritance pattern, 74 variants
fitting X-linked recessive inheritance and 304 homozy-
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gous variants fitting autosomal recessive inheritance
were screened out. Additionally, there were 372 de novo
homozygous variants in the autosomal genes and seven
variants in X-linked genes. Furthermore, there were
4,293 de novo heterozygous variants in the autosomal
genes, 90 in X-linked genes and 12 in the Y-linked genes.
After initial exclusion of variants with an MAF > 0.005 in
public databases (ExAC, EVS, 1KGP, dbSNP, dbVar, Gno-
mAD, ESP, Hapmap, Wellderly and BGI internal data-
base) further analysis, considering the variation type
and software prediction, enabled a significant reduction
of the candidate variants. Further evaluation consider-
ing the variant consequence, severity, and duplication of
genes and unknown reads resulted in the identification
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Table 1 Pathogenic genes fitted X-linked inheritance pattern in the transmitted ways.

CHR Variation

Inheritance Gene

Protein Annotation

type
X Missense | XR SHROOM2 ENST00000380913.3:c.1549C >T | p.Arg517Cys :(?ric;phary"gea' carci-
X Missense | XR SYTL5 NM_001163335.1..1400A>G | p.Asn470Ser | NF-kB
X Missense | XR MAGED1 NM_001005332. 1:¢.865G > C p.Gly289Arg 2;?5;';?‘;??2;38'2:'"
X Missense | XR FLNA ENST00000369856. 3:c.227C>T | p.Thr76lle g;ﬁ?fg;:;f;::g:fnc’

CHR, chromosome; rEMSCs, rat ectomesenchymal stem cells; XR, X-chromosome recessive.

Fig2 Intraoral image and radiographs. Black arrows indicate the cervical root resorption. 3D reconstruction showed worm-eaten
lacunar resorptions in the inner surfaces of crowns and cervical resorptive regions. Red arrows in the digital radiovisiography show
typical apple core-like change in the affected teeth. Teeth 42 to 47 had undergone gingivectomy and surgical crown lengthening to
expose the subgingival defect before the pictures were taken.

of 35 variants (Fig 1). These were divided into 8 genes
with transmitted variants and 27 genes with non-trans-
mitted variants (de novo variants) based on the source
of variation.

Transmitted variants

Based on X chromosomal recessive modes, variants in
four genes (SHROOM2, SYTL5, MAGEDI and FLNA) were
identified (Table 1). Nohomozygous variantwas found in
accordance with the typical autosomal recessive inherit-
ance mode (Fig 1). The proband had four genes (NBPF9,
SYNEI1, NPIPB12 and MUC4) with compound heterozy-
gous variants. We filtered a compound heterozygous vari-
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ant ¢.1077C > A/c.349 + 2T > C (p.Pro360Th1/*) in NBPF9,
€.14868C > A/c.599G > A (p.Ser4956Arg/p.Gly200Asp) in
SYNEI and ¢.1074_1085dupTCCACCCTCAGC/c.1838C
> A (p.Pro359_Ala362dup/p.Pro613His) in NPIPBI2
(Table 2). The proband also had a compound heterozy-
gous variant with six variation sites, of which four were
inherited from his father and two from his mother, of
the MUC4 gene (Table 3).

Non-transmitted variants

The proband had 27 genes with non-transmitted autoso-
mal heterozygous variants and one with a non-transmit-
ted autosomal homozygous variant (Fig 1). The de novo
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Table2 Compound heterozygous variants.

Vari- mRNA Protein INTRON Vari- Annotation
ation ants
type origin
Mis- | \M_001277444.1:¢.1077C > A p.Pro360Thr  |'8/15 |- F N .
sense Mandibular
1 NBPF9 Solic rognathism
PICE | ENST00000281815.8:¢.349+2T > C - - 1112 |M NP9
donor
. :Ielr?se ENST00000423061.1:c.14868C > A p.Ser4956Arg | 78/146" |- F N
SYNET Mis- Ataxia
NM_033071.3:c.599G > A p.Gly200Asp | '8/146' |- M N
sense
:Eifrme ENST00000550665.1:c.1074_1085dupT | p.Pro359_ — . N
ACCCTCA Ala362
16 |NPIPB12 [tion | CCACCCTCAGC as62dup NA
2’2:86 ENST00000354563.5:¢.1838C > A p.Pro613His  |3/3 |- M N

CHR, chromosome; F, father; M, mother; N, the sister does not have the same variant as the proband; NA, not applicable.

Table 3 Compound heterozygous variants.

CHR Variation Gene mRNA Protein Exon Variants Sister Annotation
type from
ENST00000477086.1:¢c.5037_50- | p.Thr1679_Pro1680ins-
38insTCTCTTCCTGTCACCAGCAC- | SerLeuProVal ThrSerThrS-
3 Inframe inser- MUC4 TTCCTCAGCATCCACCGGTCACG | erSerAlaSerThrGlyHisAla /25 | F N
tion CCACCCCTCTTCCTGTCACCGA ThrProLeuProValThrAs-
CAATTCCTCAGTATCCACAGGT- pAsnSerSerVal SerThrGly-
CACGCCACC HisAlaThr
Inframe inser- XM_005269327.1:¢c.921delAinsGA
3 tion MUC4 | CACTTCCTCAGCATCCACAGGTCA | p.Thr292_Pro307dup 1/3 |M Y
CGCCACCCCTCTTCATGTCACCA
Inframe inser- XM_005269332.1:c.1162delAinsG Eezr;)i&gﬁﬁzifggi/y; Periodontitis
3 tion MUC4 |CCCTTCCTCAGCATCCACAGGTCA ThrProProLeuPheLeuSer- ‘3/5° |M N
CGCCACCCCTCTTCCTGTCACCAA Pro
3 Missense MUC4 |ENST00000478156.1:c.6602C >T | p.Ala2201Val 2/24' |M N
. XM_005269327.1:¢c.921delAinsGA
Inframe inser- s
3 - MUC4 | CACTTCCTCAGCATCCACAGGTCA | p.Thr292_Pro307dup 1/3" |F Y
CGCCACCCCTCTTCATGTCACCA
Inframe inser- XM_005269331.1:c.2082delGinsT zéﬁ;?r?/?:;c?(;:\(i:ll:ﬂetPro-
3 tion MUC4 | CAGTATCCACAGGTCATGCCACCC- ProLeuPheMetSerProThr- ‘5/5 |M N
CTCTTCATGTCACCGACACTTCCG LeuPro

CHR, chromosome; F, father; M, mother; N, the sister does not have the same variant as the proband; Y, the sister has the same vari-

ant as the proband.

autosomal homozygous variant is a frameshift variant
in the FOXO06 gene, whereas the other 26 de novo vari-
ants are autosomal heterozygous variants. Among these
variants, there were nine genes (BCL11A, OSR2, MUCS,
KRT18, MEOX1, TTLL6, KCTD1, ELAVL3 and CD93) with
missense variants, eight (NBPF12, FAM78A, AGAP4,
LIPJ, DHX32, HERC2P4, TP53 and DDX52) with splice
variants, two (FOX06 and AP003062.1) with frameshift
variants, two (MUCI9 and NPIPAS5) with inframe inser-
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tions, four (NPIPB11, CHD3, MAP2K4 and TBX2) with
inframe deletions, and one (LOC101927628) with a stop
gained variant (Tables 4 and 5).

Discussion

To determine the disease as a recessive inheritance
mode, a large sample of pedigree separation analysis
is often required.!® For a small sample size, determin-
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Table 4 De novo missense and splice region variants in novel pathogenic genes.

CHR Inheritance Gene mRNA Protein Exon Annotation
2 |AD BCLT1A |ENST00000335712.6:c.1565C >G |pAla5220ly |4/ | ice cell disease and
B-thalassemia
8 AD OSR2 ENST00000457907.2:c.602A > G p.Asp201Gly |‘3/5 Osteoblast function
11 AD MUC6 NM_005961.2:c.5709C > G p.Ser1903Arg | ‘31/33' | Cancer
12 AD KRT18 XM_005268863.1:¢.300C > G p.Ser100Arg |1/7° Cancer
Missense |17 | AD MEOXT | ENST00000318579.4:c.121A>C |pThra1pro |73 | \aegelrFranceschetti-Jadas-
sohn syndrome
17 AD TTLL6 NM_001130918.1:c.350G > C p.Arg117Pro |‘3/16" | Alzheimer's disease
18 AD KCTD1 NM_001142730.2:c.61G >C p.Ala21Pro ‘1/5° | Cementoblast differentiation
19 |AD ELAVL3 |XM_005259812.1:c.781G > C p.Gly261Arg |7/7 | Faraneoplastic neurologic
disorders
20 AD CD93 NM_012072.3:c.346T > G p.Trp116Gly |[‘1/2 Human dental fluorosis
1 AD NBPF12 | ENST00000446760.2:c.-36+6T >G | NA ‘6/28' | Triple negative breast cancer
2 AD SP100 XM_005246808.1:c.1612+3delA NA ‘18/27' | Cytomegalovirus infection
2 AD TIA1 ENST00000477044.2:¢c.223-3dupT |NA ‘3/7 Paget disease
9 AD FAM78A | ENST00000464831.1:c.109-4T >A |NA ‘2/3' Cancer
10 AD AGAP4 XM_005271798.1:¢c.382+3G > A NA ‘4/10" | Radiation exposure
splice 10 AD LIPJ NM_001010939.2:c.-103-3T > A NA ‘2/10" | Gestational diabetes
region 10 AD DHX32 ENST00000284690.3:¢c.850-7dupT | NA ‘3/10° | Cancer
16 |AD HERC2P4 | ENST00000566591.1:n.232-5delT | NA 26 3?5;1.2-[‘)12.2 duplication syn-
17 AD P53 ENST00000413465.2:c.783-6_783- NA '6/6' Osteogenic differentiation of
5delCT dental stem cells
17 |AD DDX52 | ENST00000349699.2:c.748-3delT | NA '5/74 | Bone density in middle-aged
and elderly Chinese

AD, autosomal dominant; CHR, chromosome; NA, not applicable; underline, variants fit the condition 0.005 < MAF < 0.01.

ing the inheritance mode is quite difficult. The filtering
process for the pathogenic gene from WES data should
be very carefully. The detailed clinical phenotypes of
family members are crucial for determining the genetic
pattern of the disease, but the possibility of non-trans-
mitted mutations cannot be ignored.™ Unlike previous
research, the filtering strategy used in the present study
considered the potential for parent-derived variations
as well as non-transmitted variants of the proband, and
the classification of different genetic patterns provided
a more complete idea of the subsequent genetic patho-
genic gene filtering of core families with a small sample
size.

Based on our findings, we predicted 18 missense
variants including damaging, deleterious and disease-
causing with 12 prediction tools (Table 6). There are
many possible influences of a missense variant, includ-
ing amino acid sequence, functional RNA and protein
folding alterations. This mutation may have no effect
on protein expression or may be beneficial; however,
most of them have harmful or lethal effects.

The negative clinical phenotypes in the proband’s
parents and sister helped us to exclude the unrelated
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variants from the possible inheritance mode, and
four genes (SHROOM2, SYTL5, MAGED1 and FLNA)
were selected with a higher chance of causing MICRR.
The proband carried variants in SHROOM?2, SYTLS5,
MAGEDI and FLNA genes from his mother. His sister
carried heterozygous variants in SHROOM?2, SYTL5 and
MAGEDI and did not carry a variant allele in the FLNA
gene but did not show disease. SYTL5, MAGEDI1 and
FLNA are related to osteoclastogenesis or osteoclast
differentiation, and SYTL5 is involved in NF-xB func-
tion (Table 1). Four genes (NBPF9, SYNE1, NPIPB12 and
MUC4) with compound heterozygous variants were also
considered (Tables 2 and 3); however, the bias caused
by a single sample cannot be excluded. Because no
other affected family members could help to narrow
down the pathogenic genell, we considered the de novo
variants were not found from his parents.

Filtering genes with variants may be associated with
tooth or bone development, saliva functions, odonto-
clasts and osteoclastogenesis (Tables 2 to 5). FOXO6,
OSR2, TP53, MAP2K4 and TBX2 play important roles
in osteoclast function or the osteogenic process. OSR2,
CHD3 and TBX2 are involved in the tooth development
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Table 5 De novo frameshift, inframe variants and stop gained variants.

CHR Inher- Gene mRNA Protein Exon Annota-
itance tion
XM_002342102.5:¢c.1008_1009insGGGAC Craniofa-
1 AR FOX06 GCCCGCCTACTTCGGCGGCTGCAAGGGC | p.GIn337GlyfsTer177 2/2' cial com-
. GGCGCCTACGGCGGGGGCGGGGGCTT plex
Frameshift
ENST00000597621.1:¢.280_314delAGT
11 AD AP003062.1 GGAGACCCAGCTTGCAGGCCATCAGAG- p.Arg100SerfsTer285 “1/1 Unknown
GCTGC
Protecting
. against
12 |AD  |mucte XM_003846356.2:c.14442_14443insGCT | PA94814-ASN481SIN |00 1o, dgmin-
Inframe sAla L
) ) eralisation
insertion of testh
ENST00000360151.4:c.834delGinsTCTAC | p.Ala278_Asp279insLeu- |,_ ., Radiore-
16 AD NPIPAS CCTCAGCG ProSerAla 8/8 sistance
j:l’;’e 4 |15 |AD  |L0C707927628| XM_005255006.1:c.46C > T p.Arg16Ter Ay
ENST00000524087.1:c.1495_1620d-
elCCTGCCGAGCATCTGCGGGGGCCGC-
TTCCACCCTCAGCGGATGATAATCTCAAG o o .
16 AD NPIPB11 ACACCTTCTGAGCGTCAGCTCACTCCCCT p.Pro499_Thr540del 8/8 Psychosis
TCCACCCTCAGCTCCACCCTCAGCAGAT-
GATAATATCAAGACA
Inframe Tooth root
deletion 17 AD CHD3 XM_005256430.1:¢c.220_222delCCG p.Pro74del 1/34° develop-
ment
Osteo-
17 AD MAP2K4 ENST00000353533.5:¢.20_22delGCG p.Gly10del “1/11° clastogen-
esis
- Tooth de-
17 AD TBX2 ENST00000419047.1:c.187_189delGCG p.Ala63del 1/7
velopment

AD, autosomal dominant; AR, autosomal recessive; CHR, chromosome.

process, and CHD3 may play a particularly signifi-
cant role in tooth root development and subsequent
cementogenesis. KCTDI is also possibly involved in
cementoblast differentiation and mineralisation. CD93
gene was downregulated in patients with human dental
fluorosis and Kashin-Beck disease. MUCI9 and MUC4
were related to saliva functions. There were four genes
with compound heterozygous variants in which NBPF9
was associated with mandibular prognathism (Table 2).

Here, we used the criteria for rare variants defined
as having frequency < 0.5%, and common variants as
having frequency > 5% according to the 1000 Genomes
Project.!” One article also defined rare variants as hav-
ing a frequency of <1%.20 If the selecting condition was
changed to 1%, two more genes (SP100 and TIAI) with
splice variants would be reserved (Table 4). TIA1 was
associated with Paget disease which is one inducement
of ECR; however, no typical phenotype of Paget disease
was observed in the proband’s physical examination,
such as bone pain, arthopathy, deformity, fracture,
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hearing loss, neurological complications or osteosar-
coma. The present study showed the unreported patho-
genic genes in MICRR, which enriched the genetic
investigation of rare diseases.

MICRR originates from the mesial or distal CEJ and
then spreads to the entire cervical region. It is mainly
limited to the cervical region and less extended to the
apical part.?! It advances rapidly and sometimes can
be accompanied by extensive gingivitis and periodon-
titis?223) but there is no direct evidence of a relation-
ship between MICRR and these two diseases. Caries are
usually a chronic process that commonly occurs in pits
and fissures of teeth. Rampant caries frequently occur
in children. Adults suffering from rampant caries usu-
ally have some specific causes, such as an addiction to
sweet foods, radiotherapy?4, salivary gland dysfunction,
xerostomia? or a habit of keeping cariogenic food in the
mouth and then going to sleep.?® However, the proband
in the present study did not have a clear trigger, and the
resorption progressed rapidly. Over a short period of 9
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Table 6 Prediction results of missense variants from different software.

Variant Software prediction?
2 3 4
c.1549C Mis-
- SHROOM2 |0.01 |0.83 [0.23 |0.063963 |0.003511 |1.525 [2.24 |[0.94 |0.163 |5.2155 |0.94 |0
> sense
. . c.1409A Mis-
Variants fit G sense SYTL5 0.02 |0.997 {0984 |0 0.9784 259 |[-0.7 |588 |1.973 |15.2041 |[588 |1
>
XR? inherit- -
c.865G Mis-
ance pattern e MAGED1 0.78 |0.999 |[0.961 |0.117001 | 0.14329 |1.04 |4.07 |0.442 |-0.021 |0.5291 |0.442 [0.94
> sense
Mis-
c.227C>T : FLNA 0.03 | 0.001 |[0.119 |0.025578 | 0.267632 |1.725 |-0.04 |3.35 |0.953 |5.8987 |3.35 |0.828
sense
c.1565C Mis-
G BCL11A 0.28 [ 0.996 |0.984 |0.032386 |0.989977 | 1.7 3.34 | 546 |2.563 |18.9177 |5.46 |1
> sense
c.602A Mis-
OSR2 U 0.998 |0.995 |0 0.996931 | 1.795 |3.39 (342 |2 9.2799 |3.42 |0.906
>G sense
¢.5709C Mis-
MUC6 0.11 |0.998 [0.993 |U u 1.735 |3.37 |-272 |-0.74 [1.8545 |[-272 |0
>G sense
c.300C Mis-
KRT18 0.05 [0.149 |0.162 |0.007844 | 0.992958 |2.05 |-2.03 [1.95 |0.588 |8.0905 |1.95 |1
>G sense
Mis-
c.121A>C MEOX1 0.17 | 0.028 | 0.037 | 6.00E-06 |0.642301 |1.5 -2.86 |3.56 |1.968 |4.5549 [3.56 |1
sense
¢.350G Mis-
TTLL6 0.08 |0.289 [0.16 |0.012239 |U 1.425 |U 549 |2.865 |10.1692 |549 |1
>C sense
Mis-
De novo c.61G>C ' KCTD1 0.01 |U u u u u 195 |1.14 [0.495 [3.944 1.14 ]0.999
sense
heterozygous -
. c.781G Mis-
variants c ELAVL3 0.2 |0.747 | 0.41 0 0.700611 | 1.15 |2.92 |3.68 |2.231 |3.7517 |3.68 |0.998
> sense
Mis-
c.346T>G CD93 0 1 1 3.60E-05 |U 3.825 |2.63 |549 |2.194 |15.0546 | 5.49 1
sense
c.1077C Mis-
NBPF9 0 1 1 u 0.002793 | U 1.7 0.553 | 0.567 |U 0.553 | 0.001
>A sense
€.6602C Mis-
Muc4 u 0.773 | 0.546 |U 0.000972 |-0.55 |3.13 |U -2.622 | 2.7646 |0 0.002
>T sense
c.1838C Mis-
NPIPB12 0.01 [ 0.999 |0.996 |U U 0.3 U u u U U
>A sense
c.14868C | Mis-
SYNE1 0.47 | 0.546 |0.13 |0.001229 | 0.085582 | 1.5 1.76 |-4.23 |-0.853 |3.894 -4.23 | 0.807
>A sense
¢.599G Mis-
A sense SYNE1 0.02 | 0.25 |0.152 | 0.00341 |0.983255 |-0.04 |-2.12 |4.8 1.411 [14.1097 | 4.8 0.921
>

aXR, recessive variation on the X-chromosome.

bpathogenicity of missense variants was predicted using 12 software platforms: SIFT, PolyPhen2_HDIV, PolyPhen2_HVAR, LRT,
Mutation Taster, MutationAssessor, FATHMM, GERP_plus, PhyloP, SiPhy, Gerp and PhastCons (from 1 to 12). Damaging, SIFT < 0.05,
PolyPhen2_HDIV (probably damaging >= 0.957, possibly damaging 0.453 <= pp2_hdiv <= 0.956; benign <= 0.452), PolyPhen2_HVAR
(probably damaging >= 0.909, possibly damaging 0.447 <= pp2_hdiv <= 0.909; benign <= 0.446) MutationAssessor > 1.938, FATHMM

<-1.5, GERP++ > 3, PhyloP > 2.5, PhastCons > 0.6.
U, unknown.

months, most of the maxillary right teeth were lost due
to rapid resorption in the tooth neck, and the rest of the
teeth were widely involved in cervical resorption.

In the early stages, typical MICRR is usually asymp-
tomatic but sometimes presents pink colour changes
in the tooth neck. Resorption is usually invasive and
progresses rapidly, and may form a cavity with sharp
edges and a large amount of granulation tissue inside.
The pulp vitality test is positive. Radiographs show
a thin cervical pulp wall, a small amount of dentine
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around the pulp and apple core-like lesions at the
CEJ.1%22 In later stages, the dentine may be resorbed
completely, causing crown fracture and ultimately
dentition defects.!®> Many studies have reported that
tooth loss is closely associated with overall health.?2-26
Tooth loss had a positive association with acceler-
ated aging?’, new-onset Parkinson’s disease?®, coronary
heart disease and stroke?8, diabetes?® and oro-digestive
cancers.® Tooth loss and hypertension showed a bidi-
rectional association.3!
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The pathogenic aetiology of MICRR is currently
unclear. Most scholars believe it is associated with the
enhanced activity of odontoclasts.®151%22 Numerous
lysosomes containing high-density particulate sur-
rounding mitochondrion in the granulation tissue were
observed in MICRR cases.* MICRR was regarded as
similar to feline odontoclastic resorptive lesions in
cats.%32 Few genetic studies have been performed in
MICRR cases.!3 The variants in IRF8 and FLNA has
been reported to be associated with MICRR.33 However,
the inheritance mode of the pedigree was not fully
considered, and should be validated experimentally in
gene-edited mice. The evidence would have been more
convincing had there been experimental verification.
Sanger sequencing should be performed to confirm the
possible pathogenic genes in the future. The variants
selected in this study were used as predictions only,
which cannot explain the causal relationship between
these variants and MICRR.

Conclusion

In the present study, 35 genes were filtered and found
to be potentially associated with MICRR, but no conclu-
sion could be drawn regarding the genetic pattern of
MICRR. These data will strengthen the aetiological diag-
nosis of MICRR, and the authors expect to increase the
understanding of pathogenetic mechanisms of MICRR
in the future.
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Hub Genes, Possible Pathways and Predicted Drugs in
Hereditary Gingival Fibromatosis by Bioinformatics

Analysis

Rong Xia YANG!, Fan SHI}, Shu Ning DU, Xin Yu LUO!, Wan Qing WANG!,

Zhi Lu YUAN!, Dong CHEN!

Objective: To explore potential pathogenic processes and possible treatments using unbiased
and reliable bioinformatic tools.

Methods: Gene expression profiles of control and hepatocyte growth factor (HGF) samples
were downloaded from CNP0000995. Analysis of differentially expressed genes (DEGs) was
conducted using R software (version 4.2.1, R Foundation, Vienna, Austria). Functional enrich-
ment analyses were performed using the Gene Ontology (GO), Kyoto Encyclopaedia of Genes
and Genomes (KEGG) and Gene Set Enrichment Analysis (GSEA) databases, then the protein-
protein interaction (PPI) network was constructed to screen the top 10 hub genes. Finally,
five genes related to cell junctions were selected to build gene-miRNA interactions and predict
small-molecule drugs.

Results: A total of 342 downregulated genes and 188 upregulated genes were detected. Candi-
date pathways include the extracellular matrix (ECM) receptor interaction pathway, the TGF-f3
signalling pathway and the cell adhesion molecule (CAM) pathway, which were discovered
through KEGG and GSEA enrichment studies. GO analyses revealed that these DEGs were
significantly enriched in cell adhesion, the adherens junction and focal adhesion. Five hub
genes (CDHI1, SNAP25, RAC2, APOE and ITGB4) associated with cell adhesion were identi-
fied through PPI analysis. Finally, the gene-miRNA regulatory network identified three target
miRNAs: hsa-miR-7110-5p, hsa-miR-149-3p and hsa-miR-1207-5p. Based on the gene expres-
sion profile, the small-molecule drugs zebularine, ecuronium and prostratin were selected for
their demonstrated binding activity when docked with the mentioned molecules.

Conclusion: This study offered some novel insights into molecular pathways and identified five
hub genes associated with cell adhesion. Based on these hub genes, three potential therapeutic
miRNAs and small-molecule drugs were predicted, which are expected to provide guidance for
the treatment of patients with HGF.

Keywords: CDH], cell-cell junction, hereditary gingival fibromatosis, MiRNA, small-molecule
drugs
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Hereditary gingival fibromatosis (HGF) is an uncom-
mon condition characterised by localised or widespread
lesions on the gingiva and its cause is still unclear. It can
be inherited as autosomal dominant or recessive mode
and cause enlargement of the gingiva.! An excessive
amount of gum tissue can cover the visible part of the
teeth, leading to tooth displacement, retention of pri-
mary teeth, and difficulties with speech and chewing.?
Rarely present at birth, alveolar ridge thickening often
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starts when permanent teeth begin to emerge. It tends
to worsen during childhood and may occasionally per-
sist into adolescence.? Some drugs, including immuno-
suppressants, calcium channel blockers and antiseizure
medications, are also linked to gingival overgrowth.* It
is important to establish an antidiastole and develop ap-
propriate treatment plans based on the aetiology.

The pathological manifestations of the gingiva con-
sisted of dense connective tissue that is rich in col-
lagen fibre bundles and infiltrated by inflammatory
cells. Researchers have identified several hallmarks of
epithelial-to-mesenchymal transition (EMT), including
basal lamina rupture and migration of epithelial cells
into connective tissue.>® EMT is the process whereby
epithelial cells transform into fibroblast-like cells asso-
ciated with organ development, oral submucous fibro-
sis and the invasion of oral squamous cell carcinoma
in oral tissue. Recently, EMT has been proposed as a
new pathogenic mechanism that contributes to the de-
velopment of drug-induced gingival fibrosis.”-® Cellular
proliferation and the abnormal accumulation of extra-
cellular matrix (ECM) components, including collagen,
integrin, fibronectin and glycosaminoglycans, are also
the causes of gingival fibrosis. The molecular processes
that cause this pathogenic process, however, are not
fully understood.

Current treatment options for this condition are
limited to surgical procedures, such as gingivectomy
and gingivoplasty, which unfortunately have a high
recurrence rate.’ For clinical diagnosis and treatment,
it is crucial to understand the molecular and patho-
physiological mechanisms of HGF. The purpose of this
study is to investigate the molecular pathways associ-
ated with the HGF RNA-seq datasets obtained from the
China National GeneBank Database (CNGBdb) and to
explore potential therapeutic targets.

Materials and methods

Data collection and processing

We downloaded the BAM-formatted human genome
RNA-seq datasets of primary fibroblasts from HGFs
and normal gingival tissues, which included two HGFs
and three normals (the BAM data of CNR0453836 is
incomplete), from CNGBdb (https://db.cngb.org/). In
our study, the data were first processed through a series
of steps: Trim Galore was used for quality control of
the CNP000099510 high-throughput data. STAR was
employed to compare the reference genome and RSEM
software was used to quantify gene expression.
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Identification of differentially expressed genes (DEGs)

The original datasets were converted into a recognisable
format using R software (version 4.2.1), The “DESeq2”
R package was then used to normalise and identify dif-
ferentially expressed genes (DEGs). The threshold val-
ues for DEG detection were determined to be |log2(fold
change [FC])| > 1 and P<0.05. A volcano plot was created
using http://www.sangerbox.com.!!

Kyoto Encyclopedia of Genes and Genomes (KEGG)
and Gene Ontology (GO) analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis was conducted in R soft-
ware using the package “clusterProfiler”. Gene Ontology
(GO) analysis, which includes enrichment for biological
processes (BPs), cellular components (CCs) and molecu-
lar functions (MFs), was conducted via http://metascape.
org. P < 0.05 was considered statistically significant.

Further Gene Set Enrichment Analysis (GSEA) analysis

All genomic data from both HGFs and normal gingival
samples were uploaded to for Gene Set Enrichment Ana-
lysis (GSEA). Enrichments were considered significant
when the NES > 1.0, the normalised P < 0.05 and the
FDR < 0.25.

Construction of protein-protein interaction (PPI)
network

The Search Tool for the Retrieval of Interacting Genes
(STRING, https://string-db.org) was used to identify
protein-protein interactions (PPI) among DEGs. The
interaction score was set at 0.4. The result of the PPI
network was processed and analysed using Cytoscape
version 3.9.1. The key genes in the PPI network were
then screened using the CytoHubb plugin.

Further screening of hub genes

Hub gene-associated cell junctions according to the
STRING database were further screened and the evi-
dence was listed.

Gene-miRNA network construction

Targeted miRNAs were predicted using miRWalk 3.0
(http://mirwalk.umm.uni-heidelberg.de/) and the
miRDB database (http:/www.mirdb.org/). The min-
imum seed sequence length was set to 6 mer and the
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Fig1 Volcano plot of 530 DEGs. The black dots represent genes with no appreciable variation in expression, whereas the red and
green dots represent genes that are upregulated and downregulated genes, respectively (a). Heatmap of all DEGs in the HGF group
and normal group. N represents gingival fibroblasts from normal and H represents gingival fibroblasts from HGF (b). Upregulated
genes as identified by KEGG, ECM receptor interaction and the TGF-B signalling pathway are significantly enriched (¢). Downregulated
genes as identified by KEGG and CAMs are significantly enriched (d). Upregulated genes as identified by GO analysis and extracel-
lular matrix are significantly enriched (e). Downregulated genes as identified by GO analysis and cell-cell adhesion are significantly
enriched (f). Pathway and CC enrichment plots of GSEA showed CAMs pathways, ECM receptor interaction pathway, TGF-8 signalling
pathway and cell-cell adhesion in HGF are more active than normal (g).
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selection criteria were set at P< 0.95. MiRNAs that target
more than two genes were selected as a result.

Small-molecule drug prediction

Connectivity Map (https://clue.io/) is an online data-
base of chemical reagent action expression profiles.
We inputted the top 150 upregulated genes and the top
150 downregulated DEGs into the Query tool. From the
results, we selected the top three small-molecule chem-
ical medicines with the highest scores to be molecularly
docked with hub genes.

Molecular docking

The PDB database (http://www.rcsb.org/) was used to
obtain the 3D structures of the protein molecules, and
the PubChem database (https://pubchem.ncbi.nlm.nih.
gov/) was employed to obtain the structures of the small-
molecule medications. The 3D structure was exam-
ined using the molecular docking program AutoDock
Vinal.2.0 and 3D docking pictures were generated using
PyMOL 2.5.2. It is widely acknowledged that a specific
binding activity between the small-molecule medica-
tion and the protein when the binding energy is less
than —4.25 kcal/mol. Additionally, when the binding en-
ergy is less than —5.0 kcal/mol, it is deemed that the two
have a strong binding activity.!?

Statistical analysis

All analyses were performed using R software. The
“DESeq?2” R package used negative binomial distribution
and functional enrichment anlyses used a hypergeomet-
ric test. Significance was defined as P < 0.05.

Results

DEG analysis

The CNP0000995 dataset contained 530 DEGs, including
188 upregulated genes and 342 downregulated genes.
These DEGs were presented in a volcano plot (Fig 1a)
and a heatmap (Fig 1b).

Enriched GO, KEGG pathway analysis of the DEGs

For the analysis of GO and KEGG pathway enrichment,
the ECM receptor interaction pathway, TGF-$ signal-
ling pathway and cell adhesion molecule (CAM) were
significantly enriched in the KEGG analysis (Fig 1c and
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d). GO analysis results showed that changes in BPs of
DEGs were significantly enriched in several categories,
including cell-cell adhesion, cell junction organisation,
extracellular matrix, regulation of transforming growth
factor beta production and collagen fibril organisation.
Changesin cell-substrate junctions and the extracellular
matrix were primarily enriched in CCs (Fig le and f).

GSEA analysis

GSEA analysis found that cell-cell junctions, CAMs path-
ways, the ECM receptor interaction pathway and TGF-$8
signalling pathway were significantly enriched in the
HGF group (Fig 1g).

Construction and analysis of the PPI network

A PPI network was established that included upregu-
lated and downregulated genes based on a combined
score > 0.4, which was considered statistically signifi-
cant. Cytoscape software (version 3.9.1) was used to
visualise the integrated regulatory network and identify
the high (marked in red) and low (marked in green) lev-
els of gene expression (Fig 2a). The top 10 genes, ranked
by betweenness level using the CytoHubba plugin in
Cytoscape, were chosen (Fig 2b). These genes included
CDH1, SNAP25, RAC2, APOE, ITGB4, SFN, AHR, CXCL12,
SCN2A and CD24 (Table 1).

Further screening of hub genes

Five hub genes associated with cell adhesion according
to the String database were screened out, namely CDH1,
SNAP25, RAC2, APOE and ITGB4 (Fig 2¢), and the evi-
dence was listed (knowledge and text mining) (Table 2).

Further miRNA mining and interaction network
analysis

Predicted miRNAs for five genes associated with cell
adhesion and gene-miRNA interactions were visualised
in Cytoscape 3.9.1 (Fig 3). Target miRNAs with a high
number of gene crosslinks > 2 were selected, including
hsa-miR-7110-5p, hsa-miR-149-3p and hsa-miR-1207-5p.

Small-molecule drug screening

The gene expression profile was compared and exam-
ined using the Connectivity Map database. We selected
three small-molecule drugs with the potential to mod-
ify the expression profile and ranked them in order of
effectiveness, from highest to lowest. First was zebular-
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Fig2 PPI network of DEGs formed using
Cytoscape, with red and green dots represent-
ing genes that are upregulated and downregu-
lated, respectively (a). Ten hub genes (CDH1,
SNAP25, RAC2, APOE, ITGB4, SFN, AHR,
CXCL12, SCN2A and CD24) with the greatest
significance were chosen in the PPl network
and the colour from red to yellow indicates
high to low scores (b). Five hub genes (CDH1,
SNAP25, RAC2, APOE and ITGB4) associated
with cell adhesion were chosen (marked in
green) (c).

Table 1 Top 10 genes in the network ranked by betweenness method.
1 DH1 Down 84
2 SNAP25 Down 14
3 RAC2 Down 14
4 APOE Down 10
S ITGB4 Down 9
6 SFN Down 9
7 AHR Up 9
8 CXCL12 Down 9
9 SCN2A Down 8
10 CD24 Down 8

Table 2 Evidence for five genes.

APOE UniProtKB IDA/CURATED Y ok A

CDH1 UniProtkB IDA 2. 8.8.8.8.4

ITGB4 UniProtkKB IDA/CURATED F Ak Kk
g Name Z-score Confidence

CDH1 7.3 2. 8. 8.8, ¢

RAC2 52 0.8, 8.9

SNAP25 6.2 2. 2.8. 8.1

ine, a DNA methyltransferase inhibitor, with an enrich-
ment score of —85.32. Second was vecuronium, which
acts as an antagonist to the acetylcholine receptor, with
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an enrichment score of —82.22, and third was prostra-
tin, a PKC activator, with an enrichment score of —81.29
(Table 3).
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Fig3 Gene-miRNA interactions were constructed according to miRWalk 3.0 and the miRDB database. Genes are represented by
the red dot, and target miRNAs are represented by the blue dot. Target miRNAs include hsa-miR-7110-5p, hsa-miR-149-3p and hsa-

miR-1207-5p.

Table 3 Small-molecule drug Information.

Zebularine

a BRD-A01145011 CP DNA methyltransferase inhibitor -85.32
b BRD-K61341215 CcP Vecuronium Acetylcholine receptor antagonist -82.22
G BRD-K91145395 CP Prostratin PKC activator -81.29

CP, compound; ID, broad identity.

Molecular docking

We docked zebularine, vecuronium and prostratin with
the five molecules (APOE, CDH1, RAC2, SNAP25 and
ITGB4). Table 4 displays the data for molecular docking
and binding energy. The binding site map for vecuro-
nium and APOE is shown in Fig 4a. Through ARG-32,
APOE interacts with ligands to form hydrogen bonds.
The binding energy of Selumetinib with DCT is -6.18
kcal/mol, indicating high binding activity. The bind-
ing site map for vecuronium and CDHI is presented in
Fig 4b. Through ILE-146, CDH1 interacts with ligands
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to form hydrogen bonds. The binding energy of Selu-
metinib with DCT is —4.52 kcal/mol, indicating strong
binding activity. A diagram of the prostratin and CDH1
binding site is shown in Fig 4c. Through ALA-132, GLU-
129 and TYR-148, CDH1 interacts with ligands via hydro-
gen bonds. The binding energy of Selumetinib with DCT
is4.52 kcal/mol, suggesting some binding activity. Fig 4d
shows the binding site map of zebularine and RAC2.
RAC?2 interacts with ligands through GLN-180 and TYR-
154, forming a hydrogen bond. Zebularine and RAC2
have a binding energy of —4.44 kcal/ mol, suggesting that
they exhibit binding activity.
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Fig4 Molecular docking
modes according to Auto-
Dock Vina1.2.0. The bind-
ing energy of APOE com-
plexed with vecuronium
was -6.18 kcal/mol (a).
The binding energy of CDH1
complexed with vecuroni-
um was -4.52 kcal/mol (b).
The binding energy of CDH1
complexed with prostratin
was -4.52 kcal/mol (c).
The binding energy of RAC2
complexed with zebularine
was -4.44 kcal/mol (d).

Table 4 Docking parameters and results.

a APOE Synaptosomal-associated protein 25 Vecuronium -6.18
b APOE Synaptosomal-associated protein 25 Prostratin -3.95
@ APOE Synaptosomal-associated protein 25 Zebularine -3.01
d CDH1 Cadherin 1 Vecuronium -4.52
e CDH1 Cadherin 1 Prostratin -4.52
f CDH1 Cadherin 1 Zebularine -2.14
g RAC2 Rac Family Small GTPase 2 Vecuronium -2.24
h RAC2 Rac Family Small GTPase 2 Prostratin -4.12
i RAC2 Rac Family Small GTPase 2 Zebularine -4.44
j SNAP25 | Synaptosome Associated Protein 25 Vecuronium -4.23
k SNAP25 | Synaptosome Associated Protein 25 Prostratin -2.97
| SNAP25 | Synaptosome Associated Protein 25 Zebularine -2.15
m ITGB4 Integrin Subunit Beta 4 Vecuronium -3.14
n ITGB4 Integrin Subunit Beta 4 Prostratin -2.29
o) ITGB4 Integrin Subunit Beta 4 Zebularine -1.89
Discussion

The present authors identified 530 DEGs, including 188
upregulated genes and 342 downregulated genes. The
ECM receptor interaction pathway, TGF-B signalling
pathway and CAMs pathway were all involved in HGF,
according to KEGG and GSEA enrichment studies. GO
functional analysis showed that DEGs were primarily
enriched in cell adhesion, the adherens junction and
focal adhesion. In addition, five genes (CDH1, SNAP25,
RAC2, APOE and ITGB4) associated with cell adhesion
were screened. Finally, the authors made predictions of
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miRNA molecules and small-molecule drugs based on
these five hub genes.

The aetiology of HGF is most significant histologic-
ally in terms of increased ECM accumulation and
degeneration. TGF-B, a multifunctional cytokine that
plays a key role in inflammation, wound healing and
fibrosis, is an important contributor to ECM deposition
and EMT processes in tissue fibrosis.!1* The findings
of our bioinformatics analytics fully align with these
conclusions.

In this study, we also discovered that the CAMs path-
way was significantly enriched in the KEGG and GSEA
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analyses. Furthermore, the GO analysis focused on cell
adhesion, adherens junction and focal adhesion. Cell
adhesion refers to the ability of a single cell to adhere to
the surface of another cell or another inanimate object,
such as ECM. To establish connections between cells
or between cells and the extracellular matrix, the pro-
cess of cell adhesion relies on a wide range of proteins
known as CAMs, including integrins, selectins, cad-
herins, members of the immunoglobulin superfamily
(IgSF) and mucins.’®> CAMs have mostly been studied
in relation to tumours and can mediate the interaction
between tumour cells and host cells and ECM, playing
a crucial role in the multi-stage sequential process of
tumour metastasis.!® However, some studies also sug-
gest that CAMs can contribute to fibrosis in different
organs, such as the liver!” and lungs.'®

CDHI, a transmembrane adhesion receptor involved
in the regulation of cell adhesion, migration and epi-
thelial cell proliferation!®, scored highest among the
five hub genes. Downregulation of CDH1 is considered
a crucial event in the progression of EMT. Iwano et
al?® found that type II EMT is the primary source of
fibroblasts in connective tissue fibrosis. Another study
suggests that cyclosporin A can induce type II EMT in
gingiva by modifying the morphology of epithelial cells
and changing the EMT markers, such as CDH1.%! The
pathogenic function of type II EMT in HGF, however,
remains unclear. Roman-Malo et al® observed some
histologic features that have been described for EMT in
gingival lesions of HGF patients. Based on the above in-
formation, we hypothesise that the downregulation of
CDHL1 leads to the loss of intercellular adhesion, which
in turn induces type II EMT and ultimately results in
HGF fibrosis. Nevertheless, this is only an initial hy-
pothesis, and more trials are required to confirm it.

The laminin receptor ITGB4, a vital structural com-
ponent of the hemidesmosome in epithelial cells, was
found to be downregulated in our study.?? It plays a
crucial role in tissue morphogenesis by regulating cell
adhesion, morphology, polarity and differentiation.
According to studies, renal fibrosis and herpes epi-
dermolysis bullosa are linked to the ITGB4 gene.?32*
Nevertheless, there is insufficient data regarding the
connection between IGTB4 and gingival fibrosis.

MiRNAs are a type of traditional non-coding RNA
that play a role in regulating various physiological and
pathological functions.?®> Current studies have shown
that microRNA may participate in the fibrosis of vari-
ous organs.?® In HGF, the expression of miR-355-3p is
downregulated in gingival fibroblasts as well as in nor-
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mally occurring human gingival fibroblasts stimulated
by TGF-B.?7 In this study, we predicted the miRNAs
through the database, resulting in three: hsa-miR-7110-
5p, hsa-miR-149-3p and hsa-miR-1207-5p.

Hsa-miR-1207-5p has been reported to be closely
associated with cancer development and metastasis.
It may function as a novel EMT-negative regulator
inhibiting the invasion and metastasis of cancer cells
in nasopharyngeal, gastric, lung and oral cancers.?8-3
MiR-149-3p has been proven to be closely associated
with liver and lung fibrosis and may be involved in
the EMT process in tumour cells. However, no study
has shown that the aforementioned miRNA molecules
are associated with therapeutic treatments for gin-
gival fibrosis. This association needs to be confirmed
through further trials.

The present study has certain limitations because
the sample size is small, which restricts the scope of
analysis. In the absence of experimental confirmation,
further fundamental studies are required to validate
the results and identify the crucial genes and pathways.
Additionally, further research must be conducted to in-
vestigate whether small-molecule medications and the
miRNAs discovered can serve as potential therapeutic
targets for HGF.

Conclusion

The present authors found potential pathogenic path-
ways, such as the CAMs pathway and ECM receptor inter-
action pathway. GO analysis suggested that cell adhe-
sion may potentially play a role in HGF. The authors also
screened hub genes involved in cell adhesion, including
CDH1, SNAP25, RAC2, APOE and ITGB4.
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