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Research Models in Dentine Development and Regeneration
Ya Lu SUN™, Xi Heng LI'¥, Shuang Shuang WANG?, Hu En LI, Bei CHANG!,

Hong Chen SUN!

Dentine is a major component of teeth and is responsible for many of their functions, such as
mastication and neural sensation/transduction. Over the past decades, numerous studies have
focused on dentine development and regeneration using a variety of research models, including
invivo, ex vivo and in vitro models. In vivo animal models play a crucial role in the exploration
of biochemical factors that are involved in dentine development, whereas ex vivo and in vitro
models contribute mainly to the identification of biophysical factors in dentine regeneration, of
which mechanical force is most critical. In the present review, research models involved in stud-
ies related to dentine development and regeneration were screened from publications released in
recent years and summarised comprehensively, particularly in vivo animal models including
prokaryotic microinjection, Cre/LoxP, CRISPR/Cas9, ZFN and TALEN, and scaffold-based in
vitro and ex vivo models. The latter were further divided by the interactive forces. Summarising
these research models will not only benefit the development of future dentine-related studies but
also provide hints regarding the evolution of novel dentine regeneration strategies.

Key words: dentine development, dentine regeneration, research models, scaffolding system,

transgenic mice

Chin J Dent Res 2023;26(4):195-208; doi: 10.3290/j.cjdr.b4784033

Asthe major component of teeth, dentine is responsible
for various functions such as enamel support, pulp pro-
tection, neural sensation and transduction; however,
due to caries lesions, trauma and abrasion, dentine loss
has become one of the most common issues in den-
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tal clinical work, leading to dentine hypersensitivity,
occlusion deficiency and even changes in countenance.
To deal with these problems, artificially synthesised
materials such as resins or ceramic prostheses are usu-
ally employed, but although these materials manage
to restore the appearance and some of the functions
of dentine, they fail to reconstruct the sensation of the
dentine-pulp complex, and their long-term effects are
not guaranteed'-2. Therefore, functional regeneration
of dentine is still required and is of critical importance.

To perform functional dentine regeneration, it is
vital to recognise the key factors involved in dentine
development. Dentine development is known to be a
complicated and delicate biological process. At differ-
ent stages, regulatory biochemical factors vary regard-
ing their types, expression patterns and rendered
effects. For example, Runx?2 is upregulated in the early
stages of dentine development and downregulated in
the later stages, whereas osterix is continuously and
highly expressed at all stages of dentine development?.
Thus, dentine development involves a series of genetic
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modulations and activation/inactivation of signalling
pathways that comprise an elaborate regulatory net-
work. A careful illustration of this network will aid not
only the prevention and treatment of dentine-related
developmental diseases but also the functional repara-
tion or regeneration of dentine.

In addition to biochemical cues, understanding of
the fact that biophysical factors also contribute to den-
tine development and regeneration has increased in
recent decades. It is widely known that in regenerative
strategies, the biophysical characteristics of a scaffold
determine the accommodating niche of stem cells and
the release profiles of growth factors*. Meanwhile,
during dentine development, the biophysical cues
also participate in the commitment of the dental mes-
enchyme. For example, a study proposed that mes-
enchyme condensation in the dental papilla initiated
odontogenesis®.

Research models are generally divided into in vivo,
ex vivo and in vitro. Exploration of the biochemical
network usually requires a combination of animal mod-
els and subsequent in vitro or ex vivo confirmation,
among which animal models play the most vital role.
Numerous studies focusing on dentine development
have employed this approach and proven the effects
of dentine sialophosphoprotein (DSPP), bone morpho-
genetic proteins (BMPs) and transforming growth fac-
tors (TGFs), etc. In the meantime, studies of biophysical
cues in dentine regeneration and reparation depend
largely on ex vivo and in vitro approaches. In particular,
the development of novel biofabrication approaches
such as micropatterning® and mathematical modelling
approaches’® have vastly facilitated these studies.

Thus, all three models supplement each other and
work together to improve knowledge regarding dentine
development and reparation; however, to the best of
the present authors’ knowledge, no systematic review
of these approaches has been carried out to date. To fill
this knowledge gap, approaches employed in the litera-
ture relating to dentine development or regeneration
were screened and summarised in this review. First,
animal models used to identify biochemical factors in
studies relating to dentine development are introduced,
including their history, basic theories and applications.
Second, the exploration of biophysical factors via ex
vivo and in vitro approaches is illustrated, focusing
on the design of the systems and their application in
studies relating to dentine regeneration. This review
aims to provide insight regarding the tools for future
studies concerning dentine development and repara-
tive endodontics.

196

Biochemical cues: animal models

Of the three types of experimental models, in vivo ani-
mal models are considered the gold standard for specu-
lating human responses because of animals’ similarities
to humans in terms of biological structures and genes.
In particular, they are more reliable in the exploration
of the dynamics of biochemical factors including genes
and regulatory molecules compared to in vitro or ex vivo
methods®.

Laboratory animals are a group of standardised ani-
mals that are used extensively in various experimental
studies, both basic science and preclinical, owing
to their accuracy, reproducibility and rationality!©.
In order to fulfil predetermined experimental aims,
researchers employ laboratory animals and construct
specific animal models. Among these, genetically mod-
ified animal models, which have marked a significant
breakthrough, are relatively advanced models that
are powerful and customisable. Researchers use vari-
ous gene editing approaches to modify the genome of
laboratory animals by inserting or deleting target DNA
segments, resulting in customised models with specific
biological, pathological and cellular characteristics that
imitate those of human diseases.

In 1980, Gordon et al'!l created the first transgenic
mouse via prokaryotic microinjection of fertilised eggs.
Subsequently, the combination of the gene target-
ing technique based on homologous recombination
devised by Thomas and Capecchi'? and Smithies et all3,
and the embryonic stem cell technique created by
Evans and Kaufman!* led to the first gene knockout
mice in 19891°. Over the subsequent decades, the
booming development of transgenic mice and gene
manipulation approaches have provided powerful tools
for biological exploration and disease-related studies.

To date, commonly used gene-modified approaches
include prokaryotic microinjection, Cre/LoxP, CRISPR/
Cas9, ZFN and TALEN. Although each approach has
its inherent advantages and disadvantages, they all
contribute to the exploration of tooth development and
related diseases (Fig 1).

Prokaryotic microinjection

Prokaryotic microinjection is the earliest transgenic
technology that was developed to construct transgenic
animals!, and it has been used widely and successfully
in numerous explorations. The general steps include
acquisition of exogenous target genes, acquisition of
fertilised eggs, prokaryotic microinjection, embryo
transfer and genotype identification!®. Specifically,

Volume 26, Number 4, 2023
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(1) Prokaryotic microinjection

(3) CRISPR/Cas9

Fig1 In vivo approaches
commonly used in the
identification of biochem-
ical cues in dentin devel-
opment-related and dentin
regeneration-related stud-
ies: prokaryotic microinjec-
tion, Cre/LoxP, CRISPR/Cas
and ZFN and TALEN.

gene expression vectors are first constructed using
DNA recombination technology to obtain exogenous
target genes that exist stably and can be inherited by
offspring cells. Then, using prokaryotic microinjec-
tion techniques, the plasmid vector containing the tar-
get gene fragment is linearised and injected into the
male pronucleus of fertilised mouse eggs to randomly
integrate them into the host genome. Subsequently, the
integrated fertilised eggs are implanted into the oviduct
of a pseudopregnant female mouse of the same strain
through embryo transfer techniques!’. Finally, the tar-
get transgenic mice are generated by crossbreeding
after transgenic founder mice are screened out.

To illustrate the importance and contribution of the
prokaryotic microinjection technique in studies related
to dentine development, the present authors summa-
rised its applications in identifying the most critical
components of dentine, the DSPP/ dentine sialoprotein
(DSP)/dentine phosphophoryn (DPP) system.

DSPP is a member of the non-collagenous small
integrin-binding ligand N-linked glycoprotein family
(SIBLING), which play critical roles in bone and dentine
mineralisation'®. Veis and Perry® discovered DPP pro-
tein in 1967, and Butler et al?® discovered DSP protein
in 1981. The two proteins were studied irrelevantly until
1997 when MacDougall et al?! found the DNA sequence
encoding DPP was right downstream of that encoding
DSP via cDNA cloning and mRNA sequencing, thus

Chinese Journal of Dental Research
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illustrating that DSP and DPP originated from a mutual
gene Dspp. Subsequently, Steiglitz et al??, Sun et al?®
and von Marschal et al?* found that DSPP was a non-
functional precursor protein that was cleaved into DSP
and DPP at the G447 | D448 site in odontoblasts, which
were then released into the extracellular matrix; how-
ever, the respective functions of DSP and DPP remained
ambiguous. With the help of prokaryotic microinjection
techniques, researchers used a stepwise approach to
explore the function of DSP and DPP in dentine devel-
opment.

Zhang et al?® constructed a cDNA encoding DPP and
haemagglutinin (HA-DPP cDNA) as the target gene, in
which HA was present as a tag to detect DPP expres-
sion. The pBC-KS vector containing the HA-DPP with
a 3.6 kb Collal promoter was constructed, and the lin-
earised plasmid vector was injected into the pronucleus
of fertilised C57BL/6] mouse eggs, and Collal-HA-Dpp
transgenic mice were generated after embryo transfer.
Subsequently, this strain of mice was crossed with
Dspp’ mice (Dsp-;Dpp- mice) to obtain Dspp*"; Dpp's
mice, which were then crossed with Dspp” mice (Dsp-
;Dpp- mice) to obtain Dspp’; Dpp'™® mice (Dsp-;Dpp+
mice) that expressed only the Collal-HA-Dpp gene but
not endogenous Dspp. Compared to Dsp-;Dpp- mice that
manifested abnormal widening of predentine, irregu-
lar dentinal tubules and decreased mineralisation,
the Dsp-;Dpp+ mice possessed dentine with relatively
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increased thickness, volume and mineralised density.
Moreover, scanning electron microscopy (SEM) exam-
ination and calcein-alizarin red double labelling assays
in the Dsp-;Dpp+ mice showed that the unmineralised
and hypo-mineralised areas of dentine decreased, and
the dentinal tubules were more regularly aligned and
dispersed. Thus, this all implied that the expression
of DPP exerted reparative effects on dentine dysplasia
caused by Dspp deletion.

Based on the aforementioned and relevant studies,
researchers inferred that after DPP was synthesised in
mature odontoblasts and secreted towards the mineral-
isation front, it bound not only to collagen fibres but
also to large amounts of calcium ions owing to their
high content of aspartic acid and serine?l, and as a re-
sult, the crystal nucleus of mineralising hydroxyapatite
was formed?¢. Thus, DPP played a role in the initial
mineralisation of the dentine matrix and the matura-
tion of mineralised dentine by adjusting the size and
morphology of the crystal.

In the meantime, the functions of DSP remain rela-
tively ambiguous. Gibson et al?’ injected the pBC KS+
plasmid vector containing DSP ¢cDNA into the pronucleus
of fertilized C57BL/6] mouse eggs and obtained Dspp”
;Dsp™8 mice (Dsp+;Dpp- mice) expressing only the Dsp
gene but not endogenous Dspp. Radiographic, micro-
computed tomography (microCT), SEM and histological
analysis showed that compared to Dsp-;Dpp- mice, the
Dsp+;Dpp- mice possessed larger pulp chambers, thinner
dentine and thicker predentine; meanwhile, the dentinal
tubules were more disorganised, irregularly dispersed
and in a significantly smaller amount. Besides, biglycan,
which was supposed to be found solely in predentine in
normal mice, was shown to be expressed in the whole
predentine-dentine layer?®, implying that dentine min-
eralisation barely occurred in Dsp+;Dpp- mice. Thus, this
work indicated that DSP functioned as a suppressor of
the early mineralisation of predentine.

However, in another study that also used prokary-
otic microinjection to study the role of DSP, Suzuki et
al?® drew an opposite conclusion. They enzymatically
linearised the pIRES-DsRed vector containing the DSP
expression fragment to obtain the corresponding target
DNA solution and injected it into the fertilized eggs of
FVB/NJ mice to obtain Dsp™ mice, and then crossed
them as described above to obtain Dspp”;Dsp™ mice
(Dsp+; Dpp- mice). SEM and microCT showed that com-
pared to Dsp-;Dpp- mice, the Dsp+;Dpp- mice displayed
thinner predentine and thicker dentine and were thus
more resistant to abrasion and unlikely to have pulp
exposure. Therefore, the detailed roles of DSP need to
be explored further.

198

Although prokaryotic microinjection techniques can
be used to generate transgenic mice effectively, they
also possess disadvantages including the need for
expensive and sophisticated equipment, high sensitiv-
ity to personnel and technology, and uncontrollable
integration sites or copy numbers of exogenous genes,
which often result in mutations such as the deletion or
misrecombination of DNA fragments and cause serious
pathological defects®. In recent years, precise gene
editing technologies such as Cre/LoxP, CRISPR/Cas9,
ZFN and TALEN have flourished and have addressed
these challenges to some extent.

Cre/LoxP

The Cre/LoxP system is a powerful method for manipu-
lating biological genetic information, and transgenic
animal models based on this technique have become
one of the most commonly used tools for tooth devel-
opment studies3:32, The Cre/LoxP system is composed
of two LoxP sites, which are 34bp DNA segments com-
prising two 13bp palindromic sequences and an 8bp
core sequence, and a Cre-recombinase that identi-
fies loxP sites and mediates the deletion of DNA seg-
ments between the adjacent homotropic LoxP sites®3.
Two mice are required to breed a Cre/LoxP mouse, one
with the expression of Cre-recombinase and one with
two LoxP sites inserted upstream and downstream of
the target gene. When the two types of mice mate, the
DNA segments between the LoxP sites are sheared and
deleted in cells or tissues expressing Cre-recombinase.
Since Cre-recombinase is expressed under the control
of promoters, by selecting promoters that are uniquely
expressed in specific cells or at specific developmental
stages, the Cre-recombinase is intentionally activated
and deletion of target genes is achieved3!,

Growth factors play critical roles in the development
of individuals, and the TGF-8 superfamily®*, which
includes TGF-B, activin, BMPs and growth differentia-
tion factors (GDFs), has received increasing attention
in recent years. Among these, BMPs are reported to
be most closely related to dentine development3>36,
The present authors described the application of the
Cre-LoxP system in studies on dentine development by
introducing the BMP-Smad signalling pathway.

When odontoblasts start to differentiate, BMP2 is
expressed in the dental mesenchyme. Malik et al®” con-
ditionally knocked out Bmp2 in neural crest cells based
on the Cre-LoxP system using Wnt1 as the promoter to
investigate the role of BMP2 in early odontogenesis. In
Wntl-cre;Bmp2f/fl mice, thinner dentine, disorganised
dentinal tubules and ectopic mineralisation in the pulp
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cavity were observed via microCT and SEM. Meanwhile,
DSPP expression was significantly downregulated as
shown by immunofluorescence staining and poly-
merase chain reaction (PCR), suggesting that a BMP2
deficiency caused abnormalities during early tooth
development and resulted in dentine dysplasia.

BMP receptors are classified as type I and type II
according to their cytoplasmic regions. Type I recep-
tors include BMPR1A, ACVR1 and BMPR1B, and type
11 receptors include BMPR-II, ACVR-II and ACVR-IIB3.
Among them, the roles of BMPR1A and ACVR1 in tooth
development have been investigated to the best of the
present authors’ knowledge, whereas the effects of
other receptors such as BMPR1B and BMPR-II have only
been explored in osteogenesis. For example, Zhang et
al®® used the Cre-LoxP system to conditionally knock
out Acvrl in mesenchymal cells using Osterix as the
promoter, and generated Osterix-Cre;Acvrlf” mice.
Haematoxylin and eosin (HE) staining and microCT
displayed thinner crown dentine and thicker preden-
tine in the molars and osteodentine in the incisors,
in which a transition from Dsp to Bsp expression was
detected. Moreover, Wnt antagonists Dkkl and Sost
were downregulated, and B-catenin was upregulated in
the cKO incisors but remained unchanged in molars.
Therefore, it was suggested that ACVRI1 played different
roles, promoting the differentiation of dental mesen-
chyme to odontoblasts in molars but inducing a cell fate
shift of odontoblasts to osteoblasts in incisors. Feng et
al* and Liu et al*! used Glil, Nestin and OC as promot-
ers to knock out Bmprla, and found that all mice lines
exhibited dentine defects including thinner dentine
and changed morphologies of odontoblasts, although
the degree of defect varied.

Smad4 is the only Co-Smad protein that has been dis-
covered to date, which is one of the downstream signal-
ling factors of the TGF-/BMP signalling pathway*2. Since
previous studies had identified Coll and Osteocalcin (OC)
as early marker genes and Dspp as a late marker gene in
odontogenesis*®* Kim et al* used Coll, OC and Dspp
as promoters and knocked out Smad4 at different stages
to obtain Smad4-cKO mouse lines. In all three strains,
the mice were found to exhibit dwarf odontoblasts,
thinning coronal dentine and decreased expression
of Collal, OC and Dsp by HE, immunohistochemistry
(THC) and microCT. Among them, the phenotypes were
more significant in the Smad4°C and Smad4<! mice and
relatively mild in Smad4PsPP mice. These results suggest
that Smad4 is required during dentine development in a
stage- and site-dependent manner.

Using the same techniques, researchers also explored
the roles of numerous other factors including DMP146,
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D1X3*” and TGF-B*, and found that knockout or knock-
down of these factors usually led to similar phenotypes,
such as disrupted odontoblast polarity and thinner den-
tine, implying the participation of various signalling
pathways in dentine development.

Compared with the knockout mice constructed via
traditional prokaryotic microinjection, the conditional
knockout mice constructed via the Cre-loxP system can
largely avoid embryonic or neonatal death of mice and
effectively decrease the chances of blind or random
integration of gene fragments. Moreover, genes can
be removed in specific tissues or at particular stages,
which is crucial for studying the spatial and temporal
expression pattern of target genes.

CRISPR/Cas9

In 2012, Jinek et al*’ integrated the crRNA (CRISPR RNA)
and tra-crRNA (trans-activating crRNA) from the natural
CRISPR/Cas system into a single strand (single guide
RNA, sgRNA) and developed the CRISPR/Cas9 technique.
With this advanced approach, accurate DNA editing was
achieved successively in both animals and cells®. From
then on, the CRISPR/Cas9 technique received a blowout
spurt and has become one of the most popular tools in
gene editing.

The CRISPR/Cas9 system is composed of two com-
ponents: the gRNA that recognises a specific DNA
sequence and the Cas9 protein that cuts the DNA
sequence®l. The gRNA and Cas9 bind and form a ribo-
nucleoprotein (RNP) complex. The customised gRNA
recognises the protospacer adjacent motif (PAM) and
binds to the target DNA sequence, which enables Cas9
to cut the double-stranded DNA efficiently. Afterwards,
DNA recombination via non-homologous end join-
ing (NHE]) or homology-dependent repair (HDR) is
achieved, leading to targeted gene editing. Generally,
cells will repair the broken DNA via NHE]; however,
mismatches such as base insertions or losses occur
frequently. As a result, the downstream sequence of the
cut site loses its function and gene deletion is obtained.
Moreover, by introducing an extra gene repair template
that contains the target gene sequence to be inserted
and corresponding homologous arms at either side, the
DNA double-strand can also be repaired via HDR and
the target sequence can be inserted.

Because of its non-absolute specificity, gRNA may
recognise other similar sequences in the genome,
leading to off-target editing. Still, compared to the trad-
itional Cre/LoxP system that requires gene targeting
and is full of complexities and uncertainties, CRISPR/
Cas9 possesses higher targeting accuracy and other
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advantages including simple construction, easy oper-
ation, short trial cycle, low expense, high adaptability,
efficient capability and simultaneous targeting of mul-
tiple genes. Itis a revolutionary technique that has been
employed successfully in various biomedical studies®2.
For example, this novel technique has made it possible
to explore the role of Dspp in dentine development fur-
ther in a more precise and competent way.

Based on clinical and radiographic appearance,
hereditary dentine disorders can be divided into two
types: dentinogenesis imperfect (DGI), which is further
divided into DGI-I, DGI-II and DGI-III, and dentine
dysplasia (DD), which is further divided into DD-I and
DD-II. Among them, DGI-II is the most common. It
is known that Dspp is the gene responsible for these
diseases except for DGI-I. Further analysis of the muta-
tions in Dspp that lead to hereditary dentine disorders
suggests that they can be generally divided into two
types: missense or nonsense mutations at the 5’ end
that encodes DSP segment, and frameshift mutations at
the 3’ end that encodes the DPP segment°3,

The missense mutation of Dspp at site 17 where
leucine replaces proline (c.50C>T,p.P17L, g.50C>T) was
found to lead to both DGI-II>* and DGI-III*° phenotypes.
To identify the underlying mechanism, Liang et al®®
designed an sgRNA that was located on the antisense
strand directly opposite to codon 19 of the mouse Dspp
gene, which was equivalent to codon 17 of the human
Dspp gene, and a typical PAM sequence (AGG) was imme-
diately adjacent to its 3’ end, as well as a single-stranded
oligodeoxynucleotide as a repair template that con-
tained the centrally located desired pathogenic muta-
tion (CCG>CTG) as well as a silent mutation (GCC>GCG)
flanked by two arms of homologous genomic sequence,
respectively. Radiographic, microCT and SEM exami-
nations showed that young DsppPl mice displayed
phenotypes similar to those of DGI-III, including larger
pulp chambers, thinner dentine at the chamber roof
and thicker dentine at the chamber floor. In contrast,
aged DsppPl mice exhibited phenotypes similar to
those of DGI-II, including smaller pulp chambers and
heavier abrasion. Moreover, the odontoblast processes
in DsppP!°L mice retracted and peritubular dentine was
deposited continuously with aging. Thus, mutations of
the Dspp gene at different stages present with different
phenotypes.

In addition, it was found that compared to nor-
mal mice, DSP/DSPP signals increased significantly
in odontoblasts but were weakly expressed in dentine
extracellular matrix in Dspp?™° mice. Besides, DSPP
normally colocalises with GM130, a Golgi apparatus
matrix protein, whereas the P19L-DSPP colocalised
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mainly with calreticulin, an ER matrix protein, indicat-
ing that P19L-DSPP failed to be efficiently transported
from ER to Golgi, leading to its accumulation in ER
and damage in DSPP secretion. Moreover, considering
that DSPP contains large amounts of aspartic acid and
glutamate residues, its accumulation may result in ER
stress and pathological unfolded protein responses®’.

Two years later, Liang et al®® again employed the
CRISPR/Cas9 technique to knock out the guanine right
after the fourth amino acid in the DPP coding sequence
and generated DSPP S mice with a -1 frameshift.
Compared to Dspp’'® mice in which the morph-
ology of odontoblasts remained normal while dentine
became thinner with a rough inner surface, SEM,
nanohardness testing and histological staining revealed
that the DSPPMfs mice displayed more severe dentine
abnormalities. Phenotypes observed in the DSPP-1fs
mice included the loss of the columnar morphology
of odontoblasts and the dentinal tubules, which were
similar to the appearance of reparative dentine formed
after odontoblast death.

The development of CRISPR/Cas9 enables precise
editing of Dspp. By illustrating the changes resulting
from mutations of single base pairs, researchers are
gaining a much deeper understanding of dentine dys-
plasia caused by Dspp mutations, which offers enor-
mous potential and hope of clarifying the underlying
mechanism and preventing the occurrence of these
diseases.

Zinc finger nucleases (ZFN) and transcription activa-
tor-like effector nucleases (TALEN)

Unlike the CRISPR/Cas9 system that relies on sgRNA to
recognise target sequences, the zinc finger nucleases
(ZFN) technique and transcription activator-like effec-
tor nucleases (TALEN) technique recognise proteins.

ZFN is composed of two parts: the zinc finger pro-
teins (ZFs) that recognise and bind to specific gene
sequences, and the Fok I endonucleases that cut the
genes. ZFs have three independent repeats that each
recognise three bases; thus, a ZF DNA binding motif
can recognise a 9bp gene sequence, and two ZFs recog-
nise an 18bp gene sequence®. After either ZF recognis-
es the specific sequence on one of the two DNA strands,
Fok I endonucleases cut the target gene by forming a
dimer®?, leading to the breakage of DNA strands at par-
ticular sites, followed by DNA reparation via NHE] or
HDR®. In this way, the genome is manipulated.

Chiba et al®! cut a base pair at specific sites via the
ZFN technique, leading to a frameshift mutation of
AmeloD, a transcription factor of the bHLH family,
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and bringing the stop codon forward, which generated
conditional AmeloD knockout mice. MicroCT exam-
ination in combination with HE staining showed that
its deletion caused decreases in dentine volume and
thickness, and dysplasia in the development of both the
crown and root®L.

The merits of ZFN include the lack of exogenous DNA
introduction and wide application in various models, as
NHE] and HDR exist in basically all species®®; however,
since the assembly of the ZFN sequence relies on cur-
rent databases, its application is limited. Furthermore,
the design of ZFN is intricate. Off-target effects also
occur because of the low specificity and affinity of
ZF motif when binding with DNA. When there are
extensive off-target occurrences that DNA breakage
overweighs repair, cells or animals may die, and these
problems need to be solved in further studies®?.

Similar to ZFN, TALEN is formed by Fok I and a
protein that recognises and binds to specific DNA
sequences, the transcription activator-like (TAL) effec-
tor. Similarly, Fok I cuts the DNA strands, which get
repaired by NHE] and HDR®. The difference lies in
the DNA-binding motifs. The recognition motif of TAL
contains 34 amino acids with conservative sequences
except for the twelfth and thirteenth ones, which are
called repeat variable diresidue (RVD)®4%5, Each RVD
corresponds to four different types of base pairs®®:¢7,
as a result, the specific TAL recognises and binds to
target DNA bases. Thus, by connecting different TAL
motifs based on target sequences, and the sequence
that encodes Fokloendonuclease, a customised TALEN
is constructed.

SIX1 (Sine Oculis Homeobox 1) is a transcription
factor and belongs to the homologous box gene fam-
ily. It plays a critical role in the development of sen-
sory organs and craniofacial tissue. Takahashi et al®®
employed the TALEN technique and generated SixI-
cKO mice. It was observed that odontoblast differen-
tiation in mandibular incisors was damaged and DSPP
expression in dentine matrix was decreased. Besides,
the pre-odontoblast marker DKK1 which is normally
expressed only in the labial side was observed at both
labial and lingual sides in SixI-cKO mice. These phe-
notypes indicated that Six1/DKK1 participated in odon-
togenesis and dentine formation.

Although the TALEN technique also has off-tar-
get effects, it is easier to design compared to ZFN.
Theoretically, it is possible to design and construct a
specific TALEN nuclease for a random DNA sequence.
Besides, the cytotoxicity and expense are lower.
However, since a TALEN recognition motif is required
for each base pair on the target sequence, significant
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work needs to be performed for TALEN construction,
and the delivery into cells is also challenging®3:6%70,

From the abovementioned examples, it can be seen
that animal models play fundamental roles in studies
relating to dentine development; however, dentine
development is such an intricate process that it is
regulated by thousands of genes and proteins among
which extremely complicated interactions exist within
the niche. This intricacy has made it somewhat chal-
lenging to identify and explore the role of one single
component using only animal models. Thus, ex vivo or
in vitro examinations are generally required following
in vivo studies to confirm the conclusions. Compared
to animal models, ex vivo or in vitro approaches have
outstanding merits like relative simplicity, convenience
of use, quick response to stimuli and the capacity to
explore specific genes or regulatory molecules. Since
such work has been thoroughly summarised previously,
an in-depth discussion was not included in the present
study.

Biophysical cues: ex vivo/in vitro approaches

It is not only various biochemical factors participate in
dentine development and regeneration; so too do bio-
physical factors. In particular, the importance of mech-
anical stimuli from inherent or exogenous microenvir-
onmentshasbeenincreasingly proveninrecentdecades.
Due to the limitations of current in vivo techniques,
using them to explore the effects of biophysical factors
remains an overwhelming challenge. Thus, researchers
have turned to ex vivo and in vitro approaches. Tradi-
tionally, scaffolds or substrates of specific features are
designed to explore the role of a concerned biophysi-
cal factor, and numerous scaffolding systems have been
developed in recent decades. Excellent reviews summa-
rising these systems based on scaffold types or features
have been published previously, to which the present
group also contributed’’72. Therefore, in the present
study, ex vivo and in vitro approaches will not be redun-
dantly reviewed according to scaffold types.

In recent years, researchers have increasingly come
to the agreement that biophysical factors indeed func-
tion by exerting mechanical forces on cells or tissues
cultured within the niches. Cells respond to the forces
via transmembrane mechanosensation receptors and
intracellular mechanotransduction signalling path-
ways. Thus, in this section, approaches commonly used
to identify biophysical factors in studies related to den-
tine development or regeneration were systematically
interpreted according to the interactive forces between
the scaffolds and cells (Fig 2).
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Fig2 Ex vivo or in vitro approaches commonly used in the
identification of biophysical cues in studies relating to den-
tine development and regeneration. Approaches are illustrated
according to the interactive forces.

Stationary force

Surface topography

The surface topography of a scaffold indicates the fea-
tures it presents to the accommodating cells, and it has
been proven to play critical roles in cell fate determina-
tion. Of these, two inseparable features, the superficial
morphology and the residing area/volume of a scaffold,
have mainly been explored with regard to the regulation
of dental stem cell behaviours.

Concerning the residing area/volume, Bachhuka et
al’3 constructed gradients of different-sized gold nano-
particles to simultaneously examine the influence of
nanoparticle density and size on dental pulp stem cells
(DPSCs) on a single substrate and found the density
of nanotopography features was positively correlated
to DPSC adherence and proliferation. In addition, Du
et al’* constructed a bilayer poly(lactide-co-glycolide)
(PLGA) scaffold with small pores on the closed side
(1 to 5 um) and large pores on the open side (45 um)
via the diffusion-induced phase separation technique
and found that DPSCs showed improved F-actin stress
fibre alignment, increased spreading area, elongated
appearance, predominant nuclear YAP localisation and
spontaneous osteogenic differentiation on the closed
side. Graziano et al”® generated PLGA membranes
and treated them with N-metil-pyrrolidone to create
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hierarchic concave pits (primary pits: 80 to 120 pm in
diameter and 40 to 100 pm in depth, and secondary
pits: 10 to 20 um in diameter and 3 to 10 pm in depth)
where cell-matrix interactions increased. They found
that DPSCs seeded on the concave-rich PLGA substrates
exhibited nuclear polarity, released greater amounts of
BMP-2 and vascular endothelial growth factor (VEGF),
expressed higher alkaline phosphatase (ALP) activ-
ity, and resulted in better osteogenesis compared to
smooth substrates.

As to superficial morphology, DPSCs are generally
believed to exert better differentiation potential on
rough or extrusive surfaces. For example, Dspp was
upregulated on the printed (rough) polylactic acid (PLA)
scaffold compared to moulded (smooth) substrates’®.
Portone et al’’ generated graphene oxide-coated poly-
caprolactone (PCL) nanofibres (mean diameter 500 nm)
with different orientations, and found that randomly
orientated nanofibres were able to revert neuronal pre-
commitment and trigger osteoblastic differentiation,
whereas uniaxially aligned fibres were fibroblast-direct-
ed. Similarly, Ha et al’® generated gelatine methacry-
loyl hydrogels with microgrooves and ridges of 60 um
and 120 um via photolithography. They found that the
micropatterned hydrogels guided the self-alignment of
SCAPs and promoted a higher degree of odontogenic dif-
ferentiation than non-patterned hydrogels’®. In addition,
Alksne et al”® fabricated 3D printed scaffolds with wavy
and porous topographies. The wavy ones were formed
by closely assembled PLA threads (188 pum in diameter)
with grooves, whereas the porous ones were formed
by PLA threads (500 pm in diameter) with 300-um-wide
pores”®. DPSC morphology was modulated and spontan-
eous osteogenic differentiation was observed on both
surfaces without biochemical induction”.

In tooth development, odontogenesis is comprised
of an odontoblast polarisation (morphology transfor-
mation) process and an odontoblast differentiation
(function maturation) process. Nowadays, most work
is focused on the differentiation process, whereas the
polarisation process, which determines the formation
of the tubular architecture of dentine, remains largely
unclear due to the lack of appropriate research models.

To address this challenge, a series of studies were
conducted recently in an attempt to solve this mys-
tery®0-82_ First, Ma et al®® created bioinspired 3D nanofi-
brous matrices with highly organised tubular architec-
ture via a laser-drilling technique. With the maskless
micropatterning technology, this 3D tubular hierar-
chical scaffold successfully induced the regeneration
of tubular dentine that possessed a well-organised
microstructure as its natural counterpart®. In contrast,
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the non-tubular control group only induced osteoden-
tine formation, indicating the decisive role of the 3D
tubular structure®?. Chang et al®' further improved
this system by establishing a nanofibrous tubular 3D
micropatterning system that confined one single cell
on each microisland for single DPSC polarisation.
They found that DPSC polarisation was a dynamic and
sequential process and that the nanofibrous tubular
architecture was another critical factor in initiating
DPSC polarisation®!. Furthermore, cytoskeletal rear-
rangements were found to modulate DPSC polarisation
and cell tension was involved. Chang et al®? continued
to employ this scaffold as a platform and proved that
nanofibrous architecture, tubule size and microisland
area all contributed to the initiation of DPSC polarisa-
tion by regulating the formation of DPSC processes and
the translocation of Golgi apparatus, while microisland
geometry exerted negligible effects and gravity acceler-
ated the polarisation process.

Niu et al®3 obtained similar conclusions with a dis-
tinct approach. They developed a microfluidic chip with
microchannels that mimicked dentinal tubules and
interconnected sites that were used to culture odonto-
blasts. The 2-pm channels were found to successfully
induce the growth of odontoblast processes, while the
4-um or larger channels only promoted the migration
of odontoblasts into the microchannels, confirming the
role of tubule size in odontoblast polarisation.

Mechanical properties

The stiffness of the substrate also plays an important
role in regulating the behaviour of DPSCs. Qu et al®
showed that DPSCs on nanofibrous gelatine scaffold of
high stiffness had a more organised cytoskeleton, larger
spreading area, higher expression of odontogenic dif-
ferentiation marker genes and more mineral deposi-
tion than those of low stiffness. By further integrating
matrices of the two stiffness into a single scaffold for
pulp-dentine regeneration, they observed that biomin-
eralisation only occurred in the high-stiffness periph-
eral area and formed a ring-like structure that surround-
ed the non-mineralised central area; thus, a complete
construct similar to natural pulp-dentine complex was
regenerated successfully®*.

Chuang et al® found that adjustment in the modu-
lus of polyisoprene substrates by changing coating
thickness or incorporating inorganic particles influ-
enced DPSC differentiation. Upregulation of osteocal-
cin (OCN) and COL1al and increased biomineralisation
without the induction of dexamethasone were observed
on hard substrates, including both spun-cast thin poly-
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isoprene substrates and filled thick polyisoprene sub-
strates®>. Minerals were aggregated into large clusters
on thin substrates and uniformly distributed on filled
thick substrates, and intracellular modulus of DPSCs
also changed to accommodate to changes in the modu-
lus of interactive substrates®. Similarly, a study showed
that DPSCs were more likely to undergo osteoblastic/
odontogenic differentiation and proliferation when
seeded on stiff substrates, which involved the Wnt sig-
nalling pathway®®.

Compressive force

During embryo development, mesenchyme condensa-
tion triggers the organogenesis of many tissues includ-
ing cartilage, bone, muscles, kidneys and lungs. It was
believed that mesenchyme condensation also initiated
odontogenesis. Researchers proposed that odontoblast
polarisation and differentiation were the result of rapid
proliferation and condensation of dental papilla mesen-
chymal cells, which generated mechanical compaction
among the cells; however, this hypothesis could hardly
be verified via in vivo approaches. The rapid develop-
ment of ex vivo tissue culture methods, bioengineering
techniques and mathematic models have recently made
it possible to explore the role of compression on dentine
development.

Mammoto et al® created a mechanical compression
device to explore the effect of compaction on the mes-
enchyme. The polydimethylsiloxane (PDMS) device had
a soft base and piston and was permeable to air and
water, and thus created a suitable microenvironment
for ex vivo culture. Mesenchymal tissues from the first
pharyngeal arch freshly isolated from embryonic day
10 were placed within the chamber of the device and
compacted with a force of 1 kPa by a 30-g metal cube
on the PDMS piston®. Compared to the uncompacted
group, the mRNA expression of Pax9, MsxI and BMP4
of the compacted tissues was significantly increased,
indicating that mechanical compression enhanced
mesenchyme differentiation®.

Miyashita et al®” cultured hDPSCs on a custom-
ised silicone membrane with microchannels that were
10pm in depth,5um in diameter and10pm in pitch,
resembling the morphology of dentinal tubules, and
employed a compression bioreactor to exert cyclic load-
ing force on the membrane. They found that the odon-
togenic markers Bmp7 and Wnt10 were upregulated
and the phosphorylation levels of ERK1/2 and p38 were
increased, implying that the MAPK signalling pathway
was involved in promoting odontogenesis by mechan-
ical compaction®”. They also found that DPSCs formed
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odontoblast-like cellular processes within the micro-
channels, displaying a polarised morphology similar to
in vivo conditions8”. Together, these results proved that
mechanical compaction was capable of directing the
odontogenic differentiation and polarisation of DPSCs.

Mammoto et al®® confirmed the effect of mechanical
compaction on odontogenesis based on micropatterning
method. To recapitulate the mesenchyme condensa-
tion process of the dental papilla in the initial stage of
dentine development, they generated micropatterns
via a photolithography technique and cultured undif-
ferentiated dental mesenchymal cells (E10) within the
fibronectin-coated micropatterns in different densi-
ties®8. They found that Pax9 was highly expressed on the
high-density micropatterns compared to the low-density
group, and that when the cells originally cultured with
a high density were replated in a low density, Pax9 was
downregulated, indicating that the maintenance of mes-
enchyme condensation was a prerequisite for odonto-
blast differentiation®. In addition, they proved that
the microfilament cytoskeleton played a critical role in
regulating dental mesenchyme condensation and noted
that cell condensation led to changes in intracellular
microfilament arrangement and activation of p38/MAPK
pathway, which subsequently activated the SP1 tran-
scriptional factor and promoted the synthesis of type VI
collagen®. As a result, the condensed status of cells was
maintained and odontogenesis was stabilised®.

Hashmi et al® reinforced this conclusion by employ-
ing a bioengineering scaffold. They generated a 3D
thermosensitive GRGDS-modified PNIPAAm hydrogel
that shrank in volume and displayed smaller intercon-
nected micropores when heated from 34°C to 37°C,
and cultured BMSCs within the hydrogel®®. Afterwards,
the cell-scaffold complex was implanted under the
mice subrenal capsules®®. ALP activity, calcium nodule
formation and DSP expression were improved in the
experimental group, and the mineralisation level of
the newly formed tissues was significantly higher as
examined by elemental map and SEM scanning®. This
indicated that compressive force generated from the
scaffold transition induced odontogenic differentiation
and mineralisation of BMSCs®.

Tensile force

Clinical studies have found that tensile forces gener-
ated by orthodontic treatment induce ectopic dentine
mineralisation in the pulp chamber®. To understand
the underlying mechanisms, researchers have adopted
devices like Flexcell to explore the relationship between
odontogenesis and tensile stress.
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Liao et al’! employed the Flexcell system to exert
tensile force on human pulp-derived odontoblast-like
cells (hOBs) and found that while the odontogenic
markers including Dspp, Opn, Ocn and Runx2 were
upregulated, the expression level of intracellular scle-
rostin was decreased. To further identify the influence
of tension-relevant sclerostin on odontogenesis, they
overexpressed sclerostin in hOB cells via plasmid trans-
fection and found the odontogenic markers were down-
regulated with the STAT3 pathway involved, indicating
that sclerostin impacted odontogenic differentiation®!.
When inhibitors that specifically target the ERK1/2
and proteasome pathways were utilised, tensile stress
downregulated sclerostin via ERK1/2 and proteasome
pathways, respectively®l. Other researchers also gener-
ated Sost’ mice using the Cre/LoxP technique®?, which
displayed lower pulp volume and accelerated reparative
dentine formation; meanwhile, the DPCs derived from
Sost’” mice had increased mineralisation. These results
further confirmed the effect of tensile force and scle-
rostin on odontogenic differentiation.

With a similar Flexcell approach, Lee et al®® con-
cluded that tension promoted the odontogenic differ-
entiation of hDPCs via the HO-1 pathway. Compared to
the control group, hDPCs that underwent tensile stress
within the Flexcell system exhibited increased expres-
sion of Ho-1, Dspp, Dmp-1 and Opn, and this increase
disappeared when a HO-1 siRNA was used”®. Moreover,
tensile force induced the nuclear translocation of Nrf2,
which was hindered when hDPCs were processed with
inhibitors targeting PI3K and NF-xB, implying that
mechanical tension induced odontogenic differentia-
tion via Nrf2 and HO-1%3.

Cai et al®* drew a contrasting conclusion regard-
ing the role of tension on odontogenesis. Applying a
uniaxial circulating tensile force of 2000 pe and 1 Hz
on isolated DPSCs, they detected decreased expression
of DSPP and BSP via q-PCR and immunocytochemis-
try staining, suggesting tension played an inhibitory
role on odontogenesis®. The reason for such discrep-
ancy remains unclear, and further in-depth studies are
required.

Apart from Flexcell, other appliances were also used.
For example, Chen et al®® generated aligned polygly-
colic acid (PGA) fibrous scaffolds that were applied with
static tension via a dental arch expansion appliance
and observed that when DPSCs were seeded into the
scaffolds, tendon-related markers were significantly
upregulated and tendon-like constructs were formed in
a mouse model, implying that tensile force also encour-
aged DPSCs to differentiate towards tenocytes.
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Shear force

Within dentinal tubules, odontoblast processes are con-
stantly immersed in dentinal fluids. When exogenous
stimuli like sudden temperature changes or mechanical
operations are exerted on dentine, dentinal fluid flow
occurs instantaneously®®. Thus, odontoblasts undergo
shear stress frequently.

Sun et al’ constructed a model that stimulated odonto-
blasts with fluid flow shear stress within a customized
parallel plate flow chamber. With the shear force, the
intracellular calcium content increased rapidly within
odontoblasts, whereas this phenomenon disappeared
when GsMTx4, a specific blocker of the mechanosensitive
Piezol ion channel, was added to the culture system®’.
When cells were cultured in an extracellular microenvir-
onment where calcium ions were deprived, the shear
force failed to trigger increase in calcium content; this
indicated that shear stress promoted calcium influx via
Piezol and confirmed the mechanosensation function
of odontoblasts®’. Moreover, it was shown that odonto-
blasts released adenosine triphosphate (ATP) under fluid
flow, which activated not only trigeminal neurons but
also adjacent odontoblasts via P2Y and phospholipases
C-coupled ATP/ADP receptors, modulating both mecha-
notransduction and odontogenesis of odontoblasts®.
Thus, a signalling network that enabled rapid communi-
cation was generated at the dentine-pulp complex.

Honda et al®® further confirmed the effect of shear
stress in tooth development with heterogenous cell
clusters. They isolated, minced and enzymatically dis-
sociated developing tooth tissues including dental epi-
thelium, dental papilla and dental follicle into pieces,
then cultured the heterogenous cells on PGA fibrous
mesh pre-coated with type I collagen®. The cell-PGA
complex was placed on a Bio-shaker where the two-way
flow of the culture medium produced shear stress, then
the complex was implanted under the submentum of
immune-deficient rats®®. In the experimental group,
the protein levels of BSP and Vimentin and the mRNA
expression of Runx2, Colla, Opn, Ocn and Dspp were
enhanced significantly®. Organised columnar cells and
mineralised structures resembling dentinal tubules,
enamel and bone were detected, and tooth develop-
ment was much faster than in the control group®. All
these results indicated that shear stress promoted tooth
development.

Other forces

With advancements in physics, recent years have wit-
nessed the creation and development of many novel
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machines and technologies. Some of these technologies,
for example ultrasound and lasers, have been adopted in
the dental field and shown great potential in the treat-
ment and therapy of dental diseases. They have also
influenced dental tissues or dental stem cells via forc-
es, but since these forces cannot be simply described
as compression, tension or shear forces, they are only
summarised briefly in the present study.

Low-intensity pulsed ultrasound (LIPUS)

Asamild physiotherapy, low-intensity pulsed ultrasound
(LIPUS) has been reported to accelerate wound healing
and tissue regeneration by generating continuous and
superposed shockwaves. In the dental field, LIPUS has
been widely explored in dentine reparation. Zuo et a1
treated mice molar defects with LIPUS and found that
the disrupted odontoblast layer was repaired and ter-
tiary dentine with orderly aligned, spindle odontoblast-
like cells in the periphery was formed, indicating that
LIPUS possessed the capacity to repair early dentine
defects.

Low-level laser irradiation (LLLI)

Compared to other types of lasers that generate enor-
mous amounts of heat and traumatise tissues, low-level
laser irradiation (LLLI) barely causes any photother-
mal phenomena owing to its low capacity. Currently,
LLLI is widely used in dental clinics to treat wounds,
temporomandibular disorder, pain and swelling after
tooth extraction, dentine hypersensitivity and mucosal
diseases. With regard to odontogenesis, Theocharidou
et al'® found that LLLI promoted the expression of
biomarkers including DSP, BMP-2 and Runx2 in DPSCs,
and increased cell proliferation on porous Mg?*-based
bioceramic scaffolds.

Magnetic forces

The precise assembly of cytoskeletons is a prerequisite
for cell polarisation and tissue regeneration. In recent
years, researchers have managed to modulate cell
polarisation by controlling the organisation of cytoskel-
etal elements intracellularly. For example, Zhang et
all%? constructed a MS-ABPAdacHACD complex that
promoted the directional polymerisation of microfila-
ments. This complex was comprised of - CD-modified
hyaluronic acid polymers and magnetic nanospheres
that were modified with actin-binding peptides (ABPs)
and adamantane (Ada). The ABPs could efficiently target
actin, whereas - CD and Ada promoted self-assembly
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of the nanofibres via non-covalent forces. It was shown
by a confocal microscope and transmission electron
microscope that this complex determined the organisa-
tion of microfilaments by promoting actin self-assem-
bly in parallel to the magnetic field, and thus induced
the directional extension of DPSC processes and cell
polarisation.

Conclusion

Commonly used animal models including prokaryotic
microinjection, Cre/LoxP, CRISPR/Cas9 and ZFN and
TALEN were described in detail in the present study.
However, in vivo models are complex systems consider-
ing that signalling factors interact with and compensate
each other intimately, and it is impossible to isolate one
signalling factor and explore its role. Meanwhile, the
effects of biophysical factors cannot be studied using
these models. Ex vivo or in vitro models present advan-
tages in overcoming limitations of in vivo models; how-
ever, ex vivo or in vitro models also have unavoidable
deficiencies. A major one is that cells or tissues used in
vitro or ex vivo are often artificially modulated or trans-
formed, leading to unpredictable changes in biological
functions. To summarise, although each model has its
own merits and disadvantages, they all contribute enor-
mously to studies relating to dentine development and
regeneration.
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Mouse Models of Orofacial Clefts: SHH and TGF-f3 Pathways

Yu Chen LI'¥) Le Ran LI'¥) Zi Han GAO!, Yi Ran YANG!, Qian Chen WANG,
Wei Yu ZHANG!, Li Qi ZHANG!, Tian Song XU?, Feng CHEN!

Birth defects have always been one of the most important diseases in medical research as they
affect the quality of the birth population. Orofacial clefts (OFCs) are common birth defects
that place a huge burden on families and society. Early screening and prevention of OFCs can
promote better natal and prenatal care and help to solve the problem of birth defects. OFCs are
the result of genetic and environmental interactions; many genes are involved, but the current
research has not clarified the specific pathogenesis. The mouse animal model is commonly used
for research into OFCs; common methods of constructing OFC mouse models include transgenic,
chemical induction, gene knockout, gene knock-in and conditional gene knockout models. Sev-
eral main signal pathways are involved in the pathogenesis of OFCs, including the Sonic hedge-
hog (SHH) and transforming growth factor (TGF)-3 pathways. The genes and proteins in each
molecular pathway form a complex network to jointly regulate the formation and development
of the lip and palate. When one or more genes, proteins or interactions is abnormal, OFCs will
form. This paper summarises the mouse models of OFCs formed by different modelling methods,
as well as the key pathogenic genes from the SHH and TGF-[3 pathways, to help to clarify the
pathogenesis of OFCs and develop targets for early screening and prevention.

Key words: mouse models, orofacial clefts, Sonic hedgehog pathway, transforming growth

factor-f3 pathway.

Chin J Dent Res 2023;26(4):209-226; doi: 10.3290/j.cjdr.b4784053

As aresult of socioeconomic progress and development,
the mean age of the childbearing population is gradually
increasing, leading to a rise in the incidence of birth
defects and placing huge burdens on families and soci-
ety for medical care as well as other influences!-3. Orofa-
cial clefts (OFCs) account for a large proportion of birth
defects, with an average of 1 in 600 to 800 newborns
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suffering from cleft lip and palate*. OFCs not only ser-
iously affect the appearance of the face, but also directly
impact development of the mouth and nose, often lead-
ing to upper respiratory tract infections and otitis media
and causing serious psychological trauma to children
and parents. It is therefore important to screen for and
prevent birth defects.

OFCs are the most common congenital malforma-
tion in the oral and maxillofacial region. They can be
regarded as a symptom of many syndromes or can
occur independently and can be divided into two types:
cleft lip with or without cleft palate (CL/P) and cleft pal-
ate only (CPO). An OFC is a gap formed by the improper
fusion of facial prominences during early embryonic
development. Studies have found that a combination of
genetic and environmental factors lead to this occur-
rence, which is regulated by complex mechanisms®.
Multiple signalling pathways and genes are involved.
Lip and palatal development involve a series of highly
coordinated, genetically programmed morphogenetic
events. Gene mutations lead to palate shelf elevation,
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epithelial-mesenchymal transformation and epithe-
lial apoptosis abnormalities, which result in abnormal
development of the lip and palate. In addition, an
increasing number of studies have found that epige-
netic mechanisms may be involved in the pathogenesis
of OFCs, mainly including deoxyribonucleic acid (DNA)
methylation, non-coding ribonucleic acid (ncRNA) and
histone modification®8. MicroRNAs (miRNAs) play
a crucial role in silencing the expression of specific
genes®?, Environmental factors such as nutrition and
smoking have a significant impact on DNA methylation
patternsi®,

Animal models are important for understanding the
pathogenesis of OFCs. Because the early embryonic
craniomaxillofacial development of Xenopus, zebrafish
and mice is very similar to that of humans, they are suit-
able animal models for the study of OFCs. The mouse
is the most commonly used animal model in OFC stud-
ies; advantages include its small size, rapid reproduc-
tion, high similarity with human genes, stable genetic
background and clear gene sequencel!, which make
it suitable for a variety of experiments. The existing
methods for constructing OFC mouse models include
transgenesis, chemical induction, gene knockout (KO),
gene knock-in and conditional gene knockout (CKO).

In the existing mouse model of OFCs, hundreds of
genes have been studied. The pathogenesis of OFCs is
complex, and multiple genes and signalling pathways
are involved, such as fibroblast growth factor (FGF),
bone morphogenetic protein (BMP), Wnt, Sonic hedge-
hog (SHH) and transforming growth factor (TGF)-f
signalling'?. Of the many different pathways, SHH and
TGF-B play an important role in growth and develop-
ment. These signalling pathways affect embryonic
differentiation, tissue development and organ forma-
tion in early developmental stages, and perturbation of
signalling pathways may underlie many human crani-
ofacial abnormalities'?14, The mouse models of CL/P
and CPO have been introduced in detail in previous
reviews!>16, This paper focuses on the mouse models
of the SHH and TGF-B pathways and provides supple-
ments and updates to the previous models. Research
on the genes and mechanisms involved in cleft lip and
palate is conducive to understanding its pathogenesis
and further developing methods for prevention and
treatment, thus reducing its incidence rate.

SHH signalling pathway

Hedgehog proteins are a family of secreted signal
proteins that jointly regulate many aspects of animal
development, tissue homeostasis and regeneration!’.
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The persistently activated SHH signalling pathway is
involved in lung cancer cell proliferation, apoptosis, epi-
thelial-mesenchymal transformation, angiogenesis and
drug resistance recurrence. The pathway is composed of
the Shh, Ptc, Smo, PKA and Gli proteins. Shh ligand can
be produced by secretory cells of multiple organs and is
an extracellular ligand (Fig 1).

The hedgehog pathway is relevant to many con-
genital diseases. Shh and Indian hedgehog (Ihh) are
closely related to craniofacial development. Shh is
expressed in the craniofacial ectoderm and regulates
the development of the neural crest. It is significant for
formation of the upper lip and secondary palate!-20,
Downregulation of this signal in the palate and medial
nasal processes (MNPs) will lead to CL/P. During palatal
fusion, however, if the signal is not downregulated in
time, the medial marginal epithelium will fail to fuse,
causing cleft palate (Fig 1).

Transgenic

In the early stage, transgenesis (the use of vectors
to transfer specific foreign genes into a genome to
increase, prevent or change the expression of a gene to
study its functions) was widely used in the construction
of OFC mouse models?! (Table 1). Transgenesis used in
the SHH pathway mainly targets Ptchl and Hedgehog
acyltransferase (Hhat).

As an important factor in the initial transmembrane
process of SHH signalling, Ptch1 is a negative regulator
that inhibits the transmembrane protein Smo. Upon
binding to Shh, Ptchl is degraded. Ptchl expression is
essential for formation of the primitive nose and upper
lip. Transfer of K14-Shh into embryos leads to over-
expression of Shh in epithelial cells, similar to Ptchl
knockout. This model results in CPO?2,

In addition to the important role played by Ptchl in
transmembrane processes, multimerisation, distribu-
tion and activity of Hedgehog protein are also signifi-
cant. Autoproteolytic cleavage of Hedgehog (Hh) precur-
sor molecules generates an N-terminal fragment (Hh-N)
referred to as the mature form. Hh-N is then modified
via the addition of a cholesterol moiety to its C-terminus,
and then a palmitoyl moiety to its N-terminus. These
lipid modifications are required for Hh protein multim-
erisation, distribution and activity. Mouse embryos engi-
neered with AP2-Cre inserted into Hedgehog acyltrans-
ferase (Hhat) showed small size, craniofacial hypoplasia
and limb defects. The mice displayed a defect in vertical
extension and medial growth of the palatal shelves
towards the midline, resulting in cleft palate. Hhat loss-
of-function should disrupt the palmitoylation of Shh. The
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Fig1 Genesassociated with orofacial clefts in the
SHH pathway.
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signal gradient of Shh in the tissue is destroyed, resulting
in abnormal SHH signal strength?3,

Chemical induction

Chemical induction methods use chemicals such as reti-
noic acid to induce an OFC phenotype in mice?*. Com-
mon chemical inducers include retinoic acid, cyclopa-
mine and vismodegib (Table 1).

Retinoic acid-induced embryos show frontonasal
process (FNP) and maxillary process (MXP) fusion dys-
function, which is caused by retinoic acid inhibition
of the expression of SHH molecules. The lack of SHH
causes the FNP and MXP to stop growing, resulting in
bilateral cleft lip and palate?®.

Other SHH pathway-associated chemical inducers
that cause OFCs in mice include cyclopamine and vis-
modegib. Both are antagonists of the SHH pathway and
the induced mouse phenotype is CL/P. Cyclopamine
directly binds Smo, changing its conformation to inhib-
it Hh pathway activation. Vismodegib can be chemi-
cally modified by cyclopamine; its principle is the same
as cyclopamine but with a greater effect?%?7,

In addition to chemical modifications, transcrip-
tion of target genes can also be blocked. Glil, as the
most common transcriptional activator activated by
Smo, participates in the transcription of target genes
and functions in craniofacial and finger development,
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as well as central nervous system and gastrointestinal
development, and is also involved in cell prolifera-
tion and differentiation through its role in SHH sig-
nalling, while cyclopamine is its common blocker.
Stimulation of cranial neural crest cells (CNCCs) with
SHH ligands causes significant upregulation of GliI and
Foxf2 expression, which can be blocked completely by
the addition of cyclopamine; outgrowth of the MNP is
attenuated after blockade, leading to deficient fronto-
nasal prominence-derived MNP, preventing contact
with the MXP and subsequent fusion, which causes the
CL/P phenotype?8.

Gene KO

KO techniques are used to construct OFC mouse mod-
els via deletion of target genes in mice by homologous
recombination (Table 2).

The SHH-based mouse model of OFCs includes genes
such as Gli2, Gli3, Ihh, Ick and Tmeml107; the mouse
phenotype is dominated by incomplete penetrant CPO.

Ihh is a ligand in the HH pathway that plays an im-
portant role in craniofacial development. It can form
a negative feedback loop with parathyroid hormone-
associated protein to indirectly regulate chondrocyte
differentiation and affect chondrocyte proliferation and
osteoblast specification. Ihh KO mice have the CPO phe-
notype3%3l. The proteins encoded by Cdo and Boc are
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Table 1 Transgenic and chemical induction in SHH.

Approach

Phenotype Embryonic

Gene/protein expres- Cause of

Model generation

Studies

and pen- development sion death method
etrance period
E13.5: oral epithelium EcoRI/Hindlll double
of the palatal shelves, digest and pronu-
with a correspond- Perinatal clear DNA injection Cobourne
Ptch1 Transgenic | CPO EN4%62111585 ing gradient of Ptch1 . of CBA/C56 BL6 29
L lethality etal
expression in the embryos on EO.5.
underlying mesen- Isolating K14-SHH
chyme transgene
The pharyngeal and Lymphatic
Transgenic | CPO £9.5-145 m|~dfaC|r?1I hypoplasia | and vascu- Hhat+/Creface Dignls et
evident in the form of | lar anoma- al
a single nasal slit lies
Endoderm of the first,
Chemical Bilateral second and third phar- Retinoic acid induc- | Helms et
. . NR yngeal pouches,and | NR . 25
Hedgehog acyltrans- | induction CLP tion al
ectodermal-endoder-
ferase (Hhat) .
mal boundaries
Decreased snout Chen
i i inei . 26
.Cheml.cal CcL/P GD17 length and mandlble NR (?yclopamlne induc eF ?I 2
induction length and increased tion Lipinski
interocular distance et al?®
Chemical ¢, /p GD7.0-8.25  |Highly arched palate | NR e
induction tion al
Cycloparamide
. . induction of female
Gli1 ﬁgi’:t';a: cL/P GD11.0-14.0 Zﬂsefh'ﬂa;l;z)sa' PTOCeSS™ | NR mice on GD8.25~ E;’:ff"
9.375, 120 mg/kg/
day

NR, not reported.

located in the cell membrane and both proteins act as
SHH signal coreceptors to promote signal transduction.
Cdo/Boc double heterozygous mice showed decreased
SHH signalling, CPO and forebrain malformation pheno-
types®2. The protein encoded by GasI, located in the cell
membrane, can bind Shh together with Ptch and play an
antagonistic role in the SHH pathway; however, Gasl can
enhance the effect of SHH in early facial development.
When the gene was knocked out, the mice developed
CPO and miniature forebrain malformation3334,

Gli is another important transcriptional factor after
Ihh. In the presence of Shh, Smo activation generates
intracellular signals that induce dissociation of the Gli-
Sufu complex and facilitate translocation of transcrip-
tional activator Gli into the nucleus. Gli2 is expressed in
the palatal epithelium and mesenchyme; when knocked
out, it blocks the SHH pathway, resulting in impaired
palatal elevation (no elevation or partial elevation) or
delayed fusion®. Gli3 functions as both an activator and
arepressor; the phosphorylated full-length form acts as
an activator, while Gli3R, a C-terminal truncated form,
acts as a repressor. There is a proper balance between
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Gli3 activator and inhibitor Gli3R. An imbalance will
cause over- or underexpression of the SHH pathway,
resulting in extensive separation of the palatal shelves
from the underlying sphenoid bone, defects and incom-
plete mineralisation of the maxillary ramus, elevated
palatal shelves and fusion disorders®.

In addition to the above, cilia also have an impact
on downstream genes. Tmem107, Ick, Ift144, Bbs and
Fuz are related to the formation and function of cilia.
Knockout of these genes causes changes in downstream
genes, leading to the CPO model. Tmem107 combined
with Gli2 and Gli3 also plays a role in ciliogenesis and
embryogenesis®’. Ick regulates intra-flagellar trans-
port velocity and negatively regulates ciliary length.
Knockout of Ick results in abnormal primary cilia and
distribution of Smo, which affects conduction of the
SHH pathway, resulting in CPO and other malforma-
tions38, Ift144, which is related to ciliary transport, may
mediate bone migration during development, such as
fusion of the MNP and lateral nasal process as well
as fusion with the MXP3°, Bbs can reduce the level of
Smo in cilia but can also regulate the transformation
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Table 2 Gene knockout in SHH.

Phenotype Embryonic

Gene/protein

Model generation method

Studies

and pen-  development expression
etrance period
Developing pala- | Murine lethality _ Levi et al3?,
Ihh P E13.5-17. Ihh*/~; Ptc-lacZ
cPO 8.5717.5 tine bone not mentioned  Pielac Ohba?!
Cdo*/": gene targeting in embryonic stem
Dorsal regions of | Perinatal E)Iisr;:rellljr g:lexr;toégﬁw 2:2 '?adrd:l?: Zhang et
Cdo, Boc |CPO E11.5-15.5 the developing death, cause gme 9 geting al32, Cole and
) of ES cells, deletion of exon 1 fragment 16
CNS not mentioned n Krauss
and addition of marker gene fragment to
exon 2
Early craniofacial Almost died ::: 1eg(:ec>r§t:/:::nl;niil§33eo:élllz svsefee"s' Las el
Gas1 CPO,60% |E13.5-15.5 Y within the first SRR Seppala et
region . screened out to establish chimeric blas- a1
3 days of life al
tocysts
Gli2 zinc finger domain was isolated from
e a 129/Sv genomic library.Genomic DNA
Epithelium and was digested with EcoRV and hybridised
} % 5-14. 35
Gli2 CPO, 64% | 13.5-14.5dpc Zjvie(z)r:;hyme of |NR with a 0.7 kb Xbal-BamHI 5' probe, or with Mo et al
] BamHI and hybridised with a 1.0-kb Xbal-
EcoRI 3' probe
Mesenchyma . . . .
6li3 CPO E13.5-140 |and epithelium of |NR Gli3+/~ mice with C57/BL6 genetic back- | g et als
ground
palatal shelves
The front and Tmem107-/- mice (all 5 exons of
Tmem107 | CPO E13.5-15.5 middle of the NR Tmem107 were replaced with a targeting | Cela et al37
palatal shelves cassette via homologous recombination)
tmia tm1a
Third trimester ::C:ntairf: ca)r’:/I :r)nl\s:cF:da;:Ise (I:zﬁ rec<)e tor
Ick CPO E15.5 Epithelial cells embryonic - . Moon et al®8
sequence and a B-galactosidase reporter
death
gene located between exons 5 and 6
FVB/C57BL6 F1 twt*/" intercross or FVB/
% 5-15. 39
Ift144 CL/P, 84 13.5-15.5dpc | Palatal shelves NR C57BL6 E1 twi*" x FVB twit*- backcross Ashe et al
S:ﬁ;ﬁ’f;:gg'.'a' z:)iﬁ;ar:i(::::' Knockout of Bbs7 combined with a hypo-
Bbs CPO E12.5 o . | morphic Ift88 allele (orpk as a model for | Zhang et al*?
bronchial epithe- | embryos, peri- .
. . SHH dysfuction)
lial cells, etc cardial oedema
Brain, spinal cord, | Death after . .
Fuz CPO E18.5 eye, craniofacial, | birth, cause not Gene trap cassette inserted in the second Gray et al4!
’ exon of the Fuz gene
etc mentioned

NR, not reported.

Table 3 Gene knock-in in SHH.

Phenotype and Embryonic devel-

Gene/protein

Cause of death

Model generation

Studies

penetrance

opment period

expression

method

Posterior region

and mesenchyme FGF-R1 recombinant

Fgf CPO 185 of the developing | NR virus with a hemag- Crisera et al4®
palate or nasal epi- glutinin epitope tag
thelium
The mice died
smo 100% CPO E14.5-15.5 Epithelial cells | Shortly afterbirth | K14-Cre; R26SmoM- |, 1 144

for an undis- 2fl/+; Gli1l-LacZ+/-

closed reason

NR, not reported.
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Table 4 CKO in SHH.

Gene/protein Cause of death Studies

expression

Model generation
method

Phenotype and pen-

Embryonic

etrance development

period
A reading frame of
mouse Shh cloned
Complete cleft of the Palate shelves downstream of a human
P E13.5-16.5 |and developing NR Cobourne et al?2
Ptchi secondary palate mandibles K-14 promoter. EcoRI/
Hindlll double digest
and pronuclear injection
CPO E11.5-13.5 |Fadaimesen o K14-Cre Lan and Jiang*®
chyme
. CPO E13.5 Palate shelves NR Wnt1-Cre; Kif3afl/fl Li et al®"
CPO E11.5 Neural crest cells | NR Wnt1-Cre; Kif3afl/fl Liu et al52
Embryonic lethality
at E12.0 (ubiquitous
Ptch1 | CL E10.5-11,5 | ubfacialmesen- jinactivation of PIChT |\ oy oo patch il | Metzis et al®®
chyme in mice leads to early
embryonic lethality
after 9.5 DPC)
cL/P E10.5-new- | Palatal epithelium | Death after bll’ﬂ:l, Wnt1-Cre; Ift88 fl/fl Tian et alt?
born and mesenchyme | cause not mentioned
Ift88 | CPO E12.5-new- | Palatal epithelium o Osr2-Cre; Ift88 fi/f Tian et al4?
born and mesenchyme
CPO E18.5 Palate shelves NR Wnt1-Cre; Ift88 fl/fl Watanabe et al48
CPO E14.5 Palatal rugae NR Shh-Cre; Ift88 fl/fl Nakaniwa et al®3

NR, not reported.

of Smo from the inactive state to the activated state.
SHH pathway activation in mouse embryonic fibroblast
cells of Bbs7 knockout and Ift88/orpk homozygous mice
decreased by 20% to 30% in a study, showing the CPO
phenotype*’. Fuz encodes a planar cell polarity protein
involved in ciliogenesis and cargo transport between
the base and the tip of the cilium. Knockout of this gene
can lead to disorder of cilia development, downregula-
tion of HH signalling and cilia malformation*L42,

Gene knock-in

Gene knock-in, similar to knockout, involves the intro-
duction of foreign functional genes into homologous
sequences in cells and genomes via homologous recom-
bination*34* (Table 3).

FGF can induce epithelial cell proliferation and Shh
expression at the very beginning of SHH signalling;
the latter can lead to mesenchymal cell proliferation,
thus FGF and SHH signalling have a synergistic effect.
Recombinant FGF-R1 virus was transfected into mouse
palatal shelf cells cut from E13.5 to induce CPO in this
tissue in vitro®.

HH signalling is gained in epithelial cells in the K14-
Cre; R26SmoM2 mouse model, which exhibits CPO.
Normally, during palatal fusion, SHH signalling in MEE
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cells must be downregulated to ensure palatal shelf
fusion. This mouse model enhances HH signalling, lead-
ing to maintenance of p63, upregulation of p63 target
genes, cell adhesion-associated genes and epithelial pro-
genitor cell-associated genes, and persistence of MEE*+,

CKO

CKO can modify specific genes in certain development
stages, tissues, and cells of mice, thereby improving
specificity*’>*8. Many OFC models are created in this
way (Table 4).

The CKO mouse models of OFCs are relatively few,
involving Kif3a, Ift88 and Ptchl. Ptchl is a membrane
receptor for Shh. Activation of the SHH pathway can be
regulated by changing the expression levels of Shh or
Ptchl. Kif3a and Ift88 are both cilia-associated proteins
that also regulate the SHH pathway.

Excessive activation of the SHH pathway leads to fail-
ure of secondary palate fusion. A mouse model of K14-
induced overexpression of Shh in epithelial cells can be
used to mimic the CKO model of Ptchl. Upregulation
of Shh signals in epithelial cells of these mice results
in severe bone and skin defects, as well as severe crani-
ofacial deformities: a complete cleft of the secondary
palate but an intact primary palate in K14-Shh mice.
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Fig2 Genes associated with orofacial clefts in

the TGF-B pathway. 7
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K14 can also be used to induce Shh gene knockout in
epithelial cells?>%,

Besides K14-induced overexpression of Shh in epi-
thelial cells, overactivation of the SHH pathway can also
be achieved by direct CKO of Ptchl. Conditional Ptchl
knockout mice in facial mesenchyme derived from
neural crest cells were obtained using Wntl-Cre, and
exhibited cleft lip. Inhibitory signalling of Hedgehog by
Ptchl is essential for formation of the nose and upper
lip™.

The bind of Shh and Ptchl is crucial for the forma-
tion and function of cilia. When Shh binds Ptch1l, the
latter loses its inhibitory effect on Smo. Smo localises to
cilia to mediate downstream molecules. Thus, the SHH
pathway can be regulated by altering cilia-associated
proteins or inhibiting cilia-material transport. Kif3a
is a microtubule-based anterograde transporter that
functions in primary ciliogenesis; it is also required for
ciliary basal formation and microtubule anchoring to
centrioles. CKO mice show broad midface processes
and nasal pits separated by fissures because of ciliary
dyskinesia. At the same time, CNCCs do not extend
primary cilia, and the bones of the palatal and ventral
cranial midline (maxilla, trabecular lamina, palatal
and sphenoid) are either laterally displaced or absent,
exhibiting the CPO phenotype®-°2. Kif3a establishes
crosstalk between the SHH and WNT pathways. After
primary cilia are established, midline CNCCs require
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Kif3a function to integrate and respond to WNT signals
from the surrounding epithelium®?,

Ift88 is involved in primary ciliogenesis and apop-
tosis and limits bone formation in the MXP. In SHH
signalling, Ift88 is located downstream of Smo and
upstream of Glil. In Wntl-Cre-mediated Ift88 knock-
out mice, the FNP was widened, the distance between
nasal pits was increased, the medial nasal depression
was rotated, proliferation of cells in the palatal shelves
was decreased, proliferation of neural crest cells in
the FNP was significantly decreased, apoptosis of cells
in the palatal shelves was significantly increased, and
proliferation was decreased. The mice showed the CL/P
phenotype*’#8:53,54 Qsr2 is specifically expressed in the
palatal shelves and mesenchyme from E12.5 to birth;
Osr2KI-Cre; Ift881/fl mice exhibited CPO*.

TGF-f signalling pathway

The TGF-B signalling pathway is believed to have
emerged early in multicellular evolution. TGF- main-
ly mediates a variety of embryonic and adult signal
functions, providing differentiation, proliferation and
control of cell- or tissue-specific movement®®. In most
cells, TGF-f combines with TGF- receptor II and initi-
ates downstream Smad protein-mediated signal trans-
duction. Smad?2 and Smad3 transcription factors in the
cytoplasm form heteropolymer complexes and enter

215



Lletal

Table 5 Transgenic and chemical induction in TGF-8.

Approach Phenotype Embryonic  Gene/protein Model generation method Studies
and development expression
penetrance period
Epithelium and | All binary
mesenchyme of | transgenic
BmpRIA/ . ) y ) g‘ I Wnt1-Cre mice were mated to )
Transgenic | CL/P PO anterior palate, | mice died ) Li et al%8
Alk3 L pMes-caBmpRla mice
epithelium of shortly after
posterior palate | birth
Submucosal . Mice carrying the caACVR1 allele
. Palatal epithe- . . ) 5
Acvrl Transgenic | cleft palate, NR lium NR were mated with mice carrying the | Noda et al®
100% K14-Cre allele
GD12.5, Pregnant mice were given tetrachlo
Chemical GD13.5, Pre-fusion rodiienzo dioxin og GD10 with or
TGF-83 ) ) CPO GD14.5, palatal midline | NR : p i ) Li et al®0
induction o without folic acid. The control mice
GD15.5, epithelium received sesame oil on GD10
GD16.5
Partial anter- Pregnant C57BI/6J mice were
BMP Ire- | Chemical |ior cleft palate intraperitoneally injected with LDN- .
E16.5 NR NR Lai et al®’
ceptor induction | or complete 193189 from E10.5t0o E15.5ata areta
cleft palate dose of 3, 6 or 9 mg/kg twice a day
) Many regions of ) L
Bmp2,4,5 |Ch | . BALB/c mice exposed to retinoic
P Znemea 0po, 100% | E14-16 the developing | NR [T ) NOIC 1) | et als2
mRNA induction acid in E12
embryo
- — 53
Smad7 pheml.cal CPO E145 NR NR Re.t|n0|c acid induced C57BL/6 Yu et al®3,
induction mice Shu et al®®
e F:hemiF:aI G = . T Rgtinoic acid induced C57BL/6 Yu et al53;;5
induction mice Shu et al
; 64
smadz | "e™@! | opg E105145  |NR NR Retinoic acid induction Kang etal*
induction Shu et al
Chemical K t al®%;
Hdacd |- o |cpo E10.5145  |NR NR Retinoic acid induction I
induction Shu et al®®

NR, not reported.

the nucleus, thus participating in various physiological
and pathological processes (Fig 2).

TGF-B signalling regulates the proliferation, dif-
ferentiation, migration and apoptosis of epithelial and
mesenchymal cells in the lip and palate, thus affecting
the fusion of facial prominences, the elevation and
fusion of palatal shelves and the development of car-
tilage and bone®%>’. Pathway conduction disorder will
lead to CPO and other abnormalities (Fig 2).

Transgenic

Transgenesis used in the TGF-$ pathway mainly targets
BmpRIA and Acvrl, which are receptors in this path-
way (Table 5). OFC mouse models have been created
using transgenic technology to overexpress BmpRIA
and Acvrl in the TGF-p signalling pathway. Overexpres-
sion of BmpRIA in the cranial neural crest mediated by
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WNT1-Cre leads to CL/P in mice. BMP signalling can
regulate cell proliferation in the anterior palatal mesen-
chyme and maintain the integrity of the posterior palatal
epithelium. BmpRIA-mediated BMP signalling activity
is enhanced, the cell proliferation rate of the anterior
palatal mesenchyme is changed, and ectopic expression
of MsxI and Shox2 in the posterior palatal mesenchyme
leads to ectopic chondrogenesis and delayed palatal ele-
vation, resulting in cleft palate formation®. K14-Cre-
mediated Acvrl overexpression in palatal epithelium
also specifically enhances Smad-dependent BMP signal-
ling, resulting in submucosal cleft palate®.

Chemical induction

Chemical induction mainly targets TGF-B3 and Bmp,
which are ligands in the TGF- pathway (Table 5). TGF-33,
an important ligand of the TGF- pathway, plays a domi-
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nant role in palatogenesis and its fine-tuned expression
is temporally and spatially correlated with the critical
events surrounding palatal shelf adhesion. Tetrachlorod-
ibenzo-p-dioxin can inhibit the expression of TGF-S3 dur-
ing palatine development and induce abnormal apopto-
sis in medial edge epithelial (MEE) cells, leading to CPO.
Folic acid has no protective effect on 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin-induced cleft palate®®. Ldn-193189
can manipulate BMP signalling by selectively targeting
the BMP/Smad signalling pathway, resulting in a signifi-
cant reduction of BMP/Smad signalling (p-Smad1/5/8)
and unchanged BMP noncanonical signalling (p-p38,
p-Erk1/2); the palatal shelves thus fail to adhere properly,
resulting in partial anterior or complete cleft palate®?.
Bmp is also a ligand of the TGF-8 pathway. Smads are
signal transduction molecules downstream of the Bpm
receptor. Following induction with retinoic acid, mice
showed a CPO phenotype that was related to Bmp-2/4/5,
Smad7, Smad3 and Hdac4. The content of Bmp-2/4/5
mRNA in both condensed and dispersed mesenchyme
is reduced, and the ability of undifferentiated mesen-
chyme to differentiate into osteoblasts is also reduced,
resulting in abnormal bone shape development®?,
Smad7 is an inhibitory signal transduction molecule
downstream of TGF-f family receptors. Lefl is a cofac-
tor of the TGF-B pathway that forms a complex with
Smad2/Smad4, corresponding to the TGF-B signal®.
Hdac4 acts as a co-repressor of TGF-f/Smad3-mediated
Runx2 functional transcriptional repression in osteo-
blasts64. Retinoic acid-induced reduction of Smad7
and Lefl expression®® and cis-element methylation of
Smad3 and Hdac4% may be involved in CPO formation.

Gene knockout

Inthe TGF-B signalling pathway, knockout mouse models
generally affect the elevation of mouse palatal shelves,
leading to the occurrence of OFCs. The genes involved
include TGF-f2, Prdm16, Ctgf and Bmp7 (Table 6).

TGF-B2 is a ligand of the TGF-f family and plays a
role in the epithelial-mesenchymal transition. Bmp7
is a ligand of the BMP pathway. Ctgf mediates Smad-
dependent TGF-B signalling to regulate mesenchymal
cell proliferation during palatal development. At the
same time, Ctgf is a downstream target of TGF-f3 signal-
ling. The mechanism of CPO after Tgf-82, Bmp7 or Ctgf
knockout is similar to that of Prdm16%.

Prdm16 can bind Smads linked to TGF-f3 and BMP to
regulate the transcription of downstream genes such as
Gdfé6 and Gsc. Following knockout of Prdm16, the arch
development of mice is defective, the tongue cannot be
properly repositioned and the palatal shelves cannot
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be properly elevated, leading to CPO (this gene model
was also found in CKO, with a complete secondary cleft
palate phenotype)®s.

Transcriptional repressors also work in the TGF-f3
pathway. Ski is a transcriptional repressor of the TGF-f3
pathway that can bind the Smad2/3/4 signal com-
plex activated by TGF-f signalling and recruit nuclear
receptor co-repressor (N-CoR) and the transcription
corepressor Hdac. Hdac interacts directly with N-CoR/
mSin3A to promote histone deacetylation; this leads to
transcription shutdown®. Loss of Ski function may lead
to dysregulation of TGF-3 pathway transcription, result-
ing in defects in craniofacial morphogenesis, abnormal
neural tube and skeletal muscle formation and the CL/P
phenotype”°.

In Myf5/~;MyoD™/~ mice, Tgfbr2 and Bmp7 are down-
regulated. Myf5 and MyoD are expressed in muscle
tissue and participate in muscle paracrine signal-
ling during palate development, affecting palatal shelf
fusion. Knockout of Myf5 and MyoD results in CPO.
Furthermore, downregulation of Gdf11 expression after
Myf5 and MyoD knockout may affect downstream
genes, leading to CPO’1.

Normal palatal development requires multiple
mechanisms to balance the effects of agonists and
antagonists on BMP signalling. Smocl encodes a BMP
antagonist, and knockout will affect stability of the BMP
gradient. There may be an interaction between Smocl
and BMP4 leading to the cleft palate phenotype, but this
will require experimental verification”?.

Msx1 is a target of the WNT/B-catenin pathway and
also regulates Bmp473. In Msx1 knockdown mutants,
angiogenesis of the MXP is disrupted and its growth
is inhibited, which may lead to the cleft palate phe-
notype’®7. Knockdown of MsxI also results in de-
fective proliferation of anterior palatal mesenchymal
cells, causing CPO. Several growth factors, including
Bmp2, Bmp4 and Shh, can be downregulated. Ectopic
expression of Bmp4 in palatal mesenchyme can restore
normal cell proliferation and rescue the cleft palate
phenotype. The authors hypothesised that Msx1 regu-
lates epithelial-mesenchymal interactions through a
network of growth factors: in the anterior palatal
shelves, Msx1, which is induced by Bmp4, is required
for mesenchymal Bmp4 expression, which in turn func-
tions upstream of Shh and Bmp2, thereby regulating
mammalian palate development’®. Frameshift muta-
tions in Msx homeodomain 6 (MH6, the highly con-
served C-terminal domain of Msx1) cause hypoplasia
of mandibular incisor teeth with or without cleft palate
in mice at embryonic day 16.5 (E16.5), highlighting the
role of MH6 in tooth and palate development”’.
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Table 6 Gene knockout in TGF-B.

Phenotype and

penetrance

Embryonic
develop-

Gene/protein
expression

Cause of
death

Model generation method

Studies

ment period
Prdm16 expression was inactivated by Warmer et
Prdm16 CPO GD14.5 Widely expressed NR a gene-trap that inserted the gene for al68
B-galactosidase between exons 1 and 2
Blastocysts were prepared from C57BL/6J
mice and the E14.1 ES cells were derived
Heart defect, .
CPOQ, 23%; skeletal E14 Widely expressed ulmonar from 129/0la blastocysts. Male germline Sanford et
abnormalities y exp p . y chimeras were bred to outbred Black Swiss | al85
insufficiency ) .
females (Taconic) to produce F1 offspring
heterozygous for the TGF-B2 locus
Palate, tongue, -
Delete a conditional Bmp7wt/flx allele b Kouskoura
Bmp7 CPO, 100% E15.5 lower lip and other | NR \ ez y
X Cre-mediated recombination in the germline | et al®’
orofacial structures
Replace a 500-bp Smal fragment containin
Lung, adipocyte, ex:))n 1, the TATApbox and tﬁe transcription ’ Ivkovic et
Ctgf CPO, 100% E15.5 kidney, spleenand | NR T ) ] P 86
thyroid start site with the neomycin resistance al
y gene under the control of a PGK promoter
Facial fissures with
abnlormlal :orm:\\:ion Death after
. ) Thyroid and pan- birth, cause | Specific mutation of the exon by targeted Luo et al®’,
Ski of fingers and eyes; | E14 0
creas not men- vector Berk et al”
skeletal muscle X
tioned
defects
Myf5cre allele is used to ablate Myf5- Rot and
Myf5, MyoD | CPO E18.5 Muscle NR expressing cells in Myf5-NN/R-DTA Kablar”"
embryos.
Maxillary, mandible, : . Rot and

Gdf11 CPO E15.5 . NR Gdf11-/- mice (null mutation) -

palate Kablar

Died at or

Developing pharynx shortly after Mice with a targeted pre-conditional muta- Rainger et
Smoc1 CPO E14.5 arch and frontal X y . tion in Smoc1 containing a LacZ reporter g

nasal region birth, possibly allele al’

9 related to CP
1. Msx17-mice (null mutation)
NSCP, 100%(cleft Anteri latal Zh t
Msx1 secondar (acl:te) E14.5 mr;:;:)(:hpe:naea NR 2. Msx1-Bmp4 transgenic mice al;;ng €
Jle Y 3. Msx17/Tg
Hypopplasia of Developing limb
Msx homol- | lower incisors with buds and crani- R
| R E18.5, . . " Mitsui et
ogy domain | or without cleft pal- d-week-old ofacial structures, | NR CRISPR/Cas-mediated genome editing al??

6 (MH6) ate; hypoplasia of dental papilla and

molars follicle
ActRcll-deficient mice. Mutating the ActRcll
CPO, 22%, Other Mandibular com- ctRe X eficient mice. Mutating the ActRc
i § gene using ES cell technology to delete Matzuk et
ActRcell deformities as man- | E18.5 ponent of the first NR o 78
dibular dvstrooh branchial arch exon |, hybridisation of mutant heterozy- al
ySHOPnY gotes. (activin-BA/BB double-mutant mice)
1. Disrupted activin-BA allele by embry-
Missing whiskers Mesenchymal cells | Developed ) P B y . Ay
o ) onic stem cell technology, hybridisation of
and lower incisors, of the developing toterm but mutant heterozygotes. (Activin-BA-deficient | Matzuk et
Activin defective second NR face, whiskers, hair | died within mice) yo ’ al”
palate, including follicles, heartand | 24 hours of . .
. . . 2. Activin-BA/BB double-mutant mice
cleft palate digestive tract birth o
(hybridisation of mutant heterozygotes)
CPO with skeletal Died after Mutatio.ns .in ES cells v'vere produced using | Lee et al®°,
i . a substitutional targeting vector. The cor- Afzal et
abnormalities, den- Dental mesen- birth due to X . -

Runx2 PO . rect targeted G418-resistant colonies were | al®!, Aberg
tal defects and chyme respiratory ) . ) -
failed evelid fusion failure identified by southern blot analysis of the et al®?, Otto

& genomic DNA of SACC-digested ES cells et al®’

NR, not reported.
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Table 7 Gene knock-in in TGF-B.

Gene Phenotype and penetrance Embryonic devel-

Gene/protein

Model genera-  Studies

opment period

CPO, with abnormal mandibu-
Pitx2 | lar prominence and develop- |E14.5 chyme
mental arrest of the teeth

expression
Palatal mesen-

tion method
Gene target.lng by lwata et al®?
NR phage-mediated a4
. Lu et al
targeting vector

NR, not reported.

Activin is a TGF-B family ligand and a TGF-f3 pathway
receptor. Knockdown of ActRcll results in mandibular
dystrophy, Meckel cartilage abnormalities, craniofa-
cial skeletal abnormalities, secondary cleft palate and
loss of incisors in 22% of mice, but the main defect in
most mice is in reproduction’8. By contrast, knockout
of Activin leads to primary defects in the beard, lower
incisors, eyelids and palate’. The different pheno-
types suggest that ActRcll is likely not a receptor in the
Activin-mediated pathway.

Homozygous mutation of Runx2 causes loss of func-
tion of Runx2, which is manifested as cleft palate
accompanied by skeletal abnormalities, dental defects,
eyelid fusion failure and death after birth. Runx2 is
a downstream transcription factor of the TGF-§ path-
way®0. It can mediate the transcription of correspond-
ing effector genes, and thus promotes the differentia-
tion of mesenchymal precursor cells and induces the
differentiation of osteoblasts and bone formation®!.
Loss of function of Runx2 leads to the inhibition of
transcription of downstream effector genes of TGF-f/
BMP2- and MAPK-dependent signals, as well as the
blockage of signal transmission, which leads to inhibi-
tion of osteoblast differentiation and bone formation,
failure of palatal fusion and CPO#%2,

Gene knock-in

Gene knock-in in the TGF-B pathway mainly targets
Pitx2 (Table 7). Gene targeting of Pitx2 with phage-medi-
ated targeting vectors results in gene loss; correspond-
ing mouse models can be established, resulting in cleft
palate with abnormal cardiac morphogenesis, abnor-
mal maxillary and mandibular facial prominences and
arrested tooth development. As a downstream tran-
scription factor of the TGF-B pathway, Pitx2 is widely
expressed in epithelium and mesenchyme. The TGF-f-
Fgf9-Pitx2 signalling cascade involving Pitx2 promotes
the proliferation of mesenchymal cells in the process
of palatal formation. As a downstream target of Fgf9,
Pitx2 can regulate cell proliferation by directly activat-
ing expression of the genes cyclin DI and D3%. Loss of
function of Pitx2 may inhibit cell proliferation during
palatal formation by blocking the TGF-B-Fgf9-Pitx2 sig-

Chinese Journal of Dental Research

nalling cascade, leading to delayed palatal shelf eleva-
tion, extension failure and ultimately, CPO3*,

CKO

In CKO mouse models, dysfunctions of related genes
affect various palatal development stages and finally
lead to cleft palate and other OFCs (Table 8).

BmpRIA knockout in the MXP epithelium and stroma
mediated by Nestin-Cre results in cleft lip, cleft palate
and arrest of tooth development. BmpRIA is a receptor
of the TGF-f pathway. Its deletion leads to downregula-
tion of Fgf8, P63 and Pitxl expression, and premature
apoptosis of epithelial cells at the MNP margin results
in cleft lip. Abnormal spatiotemporal expression of
Barxl and Pax9, increased apoptosis of mesonasal
ectoderm and mesenchymal cells, and defects in prolif-
eration and anterior posterior patterning of maxillary
mesenchymal cells lead to cleft palate®®. The growth
and merger of the MNPs with each other and the MXP
create the maxillomandibular segment consisting of
the upper lip, maxilla and primary palate. Failure of
adequate growth or fusion between the processes gen-
erates a spectrum of OFCs. Nestin-Cre-mediated knock-
down of Bmp4 in the marginal epithelium of the MNP
and MXP results in delayed fusion of bilateral MNPs
and the MXP, which leads to cleft lip. Eventually, how-
ever, most mutants spontaneously repair the cleft lip.
Bmp4 functions in the ectoderm of the nasal processes,
and the authors hypothesised that Bmp4-BmpRIA sig-
nalling plays an important role in lip fusion®®.

AIKS5 is a receptor of the TGF-f pathway. Wnt1-Cre-
mediated knockout of Alk5 results in craniomaxillo-
facial deformities including cleft palate. The authors
observed significant changes in the expression of
downstream genes Msx1, Fgf8 and Tgif, abnormal apop-
tosis and cell proliferation in the palatal shelves, and
abnormalities in other skeletal craniofacial structures
that may also contribute to CPO®°.

Prdm16 is a transcriptional corepressor of TGF-f3
signalling that partly inhibits the differentiation of
osteoblasts into osteocytes?®. Prdm16 is also a Smads-
binding protein that can form a complex with Smads2/3
and recruit Hdacl, thereby inhibiting TGF-$ pathway
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Table 8 CKO in TGF-B.

Phenotype and pen-

etrance

Embryonic
development

Gene/protein expression

Cause of death

Model genera-
tion method

Studies

period

Complete removal of BmpRIA from
10.5dpc, 11.5 the epitheli d h f
BmpRIA/ | 100% bilateral CLP; den- pe © epiieliim anc mesenchyme o Nestin-Cre; -
dpc, 14.5 dpc, the MXP by 10.5 dpc, and mosaic NR /A Liu et al
Alk3 tal arrest o o BmpRIA null/flox
18.5 dpc deletion in the epithelium of the
mandibular and nasal processes
Bmp4 deleted by 10.5 dpc i
12.0 dpc, 14.5 P Was CEIsted Ry . pein Nestin-Cre; Bmp-| -
Bmp4 CL dpc the edge epithelium of the MNP NR gnullflox(n/f) Liu et al
and MXP
Complete secondary CP,
66%; middle ear defect Transducing
i i ; ) ) Zeng et al®,
with severe dysplasia of The anterior part of the secondary mice with a pIn- Warner et
Prdm16 | the tympanic ring, abnor- | E18.5 palate, pharyngeal arch and head NR ducer20 lentivi- al®" Shull et
mal sex blastoid forma- fold rus23 express- aI92’
tion, and dysplasia of the ing Prdm16
incus and malleus, 100%
Death at birth
Bmpl E14, mutant pala- of:horatl ;rfter
P CPO; Mandibular dys- tal shelves fail to . . y . Alk2/Wnt1-Cre-
receptor/ . The first two pharyngeal arches birth with multi- ) Dudas et al®3
trophy elevate, unilater- ) . mediated
Alk2 allv or bilaterall ple craniofacial
Y y defects
E9.5-E12.5: ectoderm of the crani-
ofacial region, with spatiotemporal
: ) I , S i Death after birth, &
Fafo Obvious secondary CP, E18.5 variation cause not men- | Ddxa-Cre Iwata et al®3,
g 100% : E13.5: palatal epithelium , Li et al9*
S tioned
E14.5: epithelium and mesen-
chyme
Defects of yolk
Cleft d lat
aned c?:r?i(;rll haryopfaziz E14.516.5 (pala- Palatal mesenchyme sac hematopoie- | Wint1-Cre; Ito et al®s
100% YPOPIESIA, ) fusion failure) 4 sis and vasculo- | TGFbr2/f
’ genesis
TGFbr2 E14.5 (cell pro-
Cleft soft palate, submu- | _( i ;
. liferation rate Died shortly after
cosal cleft, and primary . L . . K14-Cre; TGF- &7
and Cyclin D1 Palatal epithelium birth, lack of milk 1 Xu et al
and secondary palate L i br2fl/
. . were significantly in the stomach
fusion failure, 100%
reduced)
CPO, 100% iall Died shortly aft )
100% (especially 010 e14 5 15, .y 1ec SOTEY ATTET |\ 14 Cre-medi- .
anterior and posterior to E17 Palatal epithelium birth, lack of milk ated Dudas et al®
AlKS the second palate) in the stomach
Cranial hypoplasia; orona- Severely disfig- Wnt1-Cre-medi-
sal cleft; micromandible; [E10,E11,E14 Palatal mesenchyme ured, died shortly Dudas et al8®
) ated
uvula; CPO after birth
Cleft palate pups
are unable to
generate suction
E9.5-10: widel dinth d suckling, and )
. wi .ey expressed in the and suckling aﬁ Wnti-Cre-medi- | .
Hdac3 CPO E17.5 head, including neural crest, ecto- | subsequently die Singh et al%
ated
derm and endoderm at PO from dehy-
dration and air ac-
cumulation in the
digestive tract
— Complete secondary CP, Wnt1-Cre; Guo et al®,
(Umjd3) 66% NR Cranial neural crest-derived cells NR Kdm6b/fiKrt14- | Fueyo et al®®,
d No CL/P Cre; Kdmebf/fl | Lee et al100

NR, not reported.
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signalling®. Prdm16 deficiency results in the failure of
palatal shelf elevation to meet and fuse at the midline,
eventually leading to CPO%2. Wntl-Cre-mediated knock-
out of Alk2 leads to hypoplasia of the jaw; a smaller
mouth obstructs normal movement of the tongue,
which in turn results in delayed and unsynchronised
palatal shelf elevation and secondary cleft palate®.

Ddx4-Cre-mediated specific knockout of Fgf9 in
germ cells results in significant secondary cleft palate
and death shortly after birth. Fgf9 is widely expressed
in epithelial and mesenchymal cells®*. It promotes
palatal growth and timely elevation by regulating cell
proliferation and accumulation of hyaluronic acid. By
influencing tongue descent and morphology and man-
dibular growth, it ensures there is sufficient space for
the process of palate elevation®. TGF-B regulates cell
proliferation through the Fgf9-Pitx2 signalling cascade
during palate formation®. The germ-specific knock-
down of Fgf9 may lead to obstruction of the Fgf9-Pitx2
signalling cascade and inhibition of palatal formation.
At E18.5, the vertical growth of palatal shelves is small,
elevation is delayed and contact fails, ultimately leading
to CPO%,

Loss of Tgfbr2 in palatal mesenchyme inhibited
cyclin D1 expression and affected the proliferation
of CNCCs in palatal mesenchyme and palatogenesis,
resulting in impaired palatal shelf extension and failure
of palatal shelf fusion. The mutant mice presented with
cleft secondary palate and skull hypoplasia®.

Neural crest cells show a demand for class I histone
deacetylase Hdac3 during craniofacial development.
Following Hdac3 knockout, G1/S arrest is caused by
abnormal cell cycle regulation in mouse neural crest
cells. Upregulation of Msx1 and Msx2 in the precranial
mesenchyme leads to a marked increase in apoptosis
and a decrease in proliferation without proper migra-
tion or proliferation. In addition, Bmp4 upregulation
results in failure of palatal shelf expansion and ulti-
mately, cleft palate®®.

Progressive disintegration of the midline epithe-
lial seam as well as removal of the transient epithelial
seams begin following contact of the palatal shelves!®.
A mouse model of K14-Cre-mediated ectodermal epi-
thelial-specific knockout of Alk5 showed cleft palate.
Loss of Alk5 leads to the failure of palatal epithelial
seam disappearance®®. TGF-BR2 is a receptor of the
TGF-B pathway. K14-Cre-mediated knockout leads to
the downregulation of Irf6 and Mmp13, interfering with
apoptosis in MEE®’,

Wntl-Cre-mediated specific knockout of Kdm6b
results in complete cleft palate with defects in the soft
palate and death shortly after birth. Kdméb is widely
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expressed in the palate, but K14-Cre-mediated epithe-
lial-specific knockout of Kdmé6b did not cause CL/P,
indicating that palate development depends on Kdmé6b
in CNCCs rather than epithelial cells®. Kdm6b (Jmjd3)
is a cofactor of the TGF-B pathway and is required for
enhancer activation when TGF-f is stimulated®. Ras-
activated Kdmeé6b contributes to TGF-BI-induced Smad2
and Smad3 activation by promoting syntenin-mediated
TGF-BRI/Smad2/3 complex formation, thereby pro-
moting TGF-f-induced epithelial-mesenchymal transi-
tion1%, A lack of Kdméb leads to inhibition of the epi-
thelial-mesenchymal transition, limited proliferation
and differentiation of CNCCs and development failure,
resulting in CPO®%.

Discussion

The present review offers a systematic summary of vari-
ous mouse models of OFCs and focuses on elucidating
the roles of defective genes involved in the SHH and
TGF-B signalling pathways and the genetic aetiology of
corresponding phenotypes.

Shh, Ihh, Smo, Ptch1, Cdo, Boc and Glis are among the
Hedgehog signalling genes. Except for loss of Glil and
Ptchl, all mice defective in these genes exhibit CPO.
Gli1 knockout mice show CL/P, while PtchI loss causes
cleft lip. Deletion of Ihh affects osteogenesis of the
secondary palate. Deletion of Smo leads to upregula-
tion of p63 and its target gene. Deletion of Gli is mainly
related to failure of elevation and fusion of the palatal
shelves. Ptchl is crucial to the formation of the ori-
ginal nose and upper lip. Hedgehog signalling during
embryogenesis depends on primary cilia function and
intra-flagellar transport. Ick, Tmeml107, Ift144, Ift88,
Fuz and Kif3a are closely related to the development of
cilia. Deletion of these genes leads to a disorder of cilia
development and blocks normal Hedgehog signalling.
Except for Ift144 deletion and Wnt-1-Cre-mediated Ift88
CKO, other deletions lead to CPO. Ablation of Gasl, FGF
and Bbs, which regulate Hedgehog signalling, results
in CPO (Fig 1).

Among the TGF-$ signalling molecules, members of
the Smads family are important molecules that trans-
mit extracellular signals to the nucleus. Ctgf, Prdm16,
Myf5, MyoD, Gdfll, Smocl, Msx1l, Kdmé6b and Fgf9
regulate the signalling pathway. Pitx2, Runx2, Ski and
Hdac3 are targets. The loss of most molecules leads to
CPO (Fig 2).

Conditional activation of BmpR1A mediated by Wnt1-
Cre leads to CL/P. The Bmp4-BmpRIA pathway plays
an important role in lip fusion. Nestin-Cre-mediated
CKO of BmpRIA leads to CL and CP, while Bmp4 leads
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MyoD Kdm6b

Gdf11 Fig 3 Phenotypic classification

of OFC mouse models in the SHH

to CL, both causing MNP and MXP proliferation defect
and fusion delay. Knockout of Tgf-S2, Bmp7, Pitx2,
Fgf9, Prdm16 and Alk2 result in CPO due to delay or
obstruction of palatal shelf elevation. Among these,
loss of Prdm16 and Alk2 lead to mandibular develop-
ment defects, resulting in an inability to reposition the
tongue properly. In Acvrl, TGF-$3 and Alk5 KO mice
and K14-Cre; TGF-SR2 CKO mice, MEE cells fail to disap-
pear. Wntl-Cre; TGFf3-R2 CKO and Hdac3 defects affect
the proliferation of CNCCs in the palatal mesenchyme,
leading to failure of palatal shelf extension and fusion.
Although the different TGF-SR2 CKO models both show
cleft palate, the affected stages differ because the
knockout happens in the epithelium and mesenchyme,
respectively. The loss of Bmp-2/4/5, Ctgf, Runx2, Prdm16
and Kdmé6b is related to the abnormal development of
cartilage and bone, thus leading to CPO.

Knockout of different genes in the two pathways
may lead to OFCs through similar mechanisms (such
as palatal shelf elevation disorder or abnormal fusion
of facial prominences) (Fig 3). The same gene can also
function in multiple pathways. These signalling path-
ways do not act in isolation during lip and palate devel-
opment; instead, they interact with each other through
several important molecules including p63, Fgfs, Msx1
and Kif3a.

Different modelling methods have their own char-
acteristics. As the earliest method used in this field,
chemical induction is relatively simple and intuitive,
but the impact of the environment cannot be excluded,
and the specific mechanism involved cannot be proven.
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and TGF-B pathways.

As in the TGF-B pathway, retinoic acid induction can
lead to changes in several molecules, thereby weaken-
ing the correlation between any single molecule and
OFCs. Knockout mice have improved these problems,
but the important genes related to morphogenesis
often play multiple roles in embryonic development.
Even in the lip and palate, they may also have dif-
ferent functions in different parts and types of cells.
Moreover, complete knockout in the embryo may lead
to serious embryonic lethality and severe syndromes,
which hampers in-depth research. As an improvement,
knock-in enhances pertinence through site-directed
mutagenesis; however, the abnormal phenotype may
be hidden due to compensation. In recent years, CKO
has solved the obstacle of early embryo lethality and
greatly improved accuracy through tissue-specific gene
knockout, thus gradually becoming the most powerful
and most commonly used method.

The present study is not without limitations. Certain
genes might possess multiple functions across both
the lip/palate and other regions of the body, leading
to severe syndromes and fatal malformations. This
complexity hampers our ability to distinctly elucidate
the specific mechanisms driving OFCs. Additionally,
distinguishing primary OFCs from those secondary
to other craniomaxillofacial malformations can pose
challenges. The redundancy in gene function can
also obscure certain abnormalities. While the present
authors have comprehensively summarised gene muta-
tion sites within the TGF-Bs, SHH and WNT pathways
in recent years, numerous mutation sites outside these
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pathways remain unexplored. Other pathways relevant
to OFCs, not discussed in this article, are also waiting
to be uncovered and consolidated. Furthermore, our
understanding of the intricate interconnections among
genes in specific pathways is still incomplete, and we
have yet to fully elucidate how, when and where sig-
nalling pathways intersect and converge. To advance
our research, a more profound grasp of the intricate
interactions governing lip/palate development through
these signalling pathways is crucial.

The integration of single-cell multiomics into the
study of mouse models of OFCs presents an innova-
tive avenue for unravelling the complex pathogenic
mechanisms underlying these congenital anomalies.
By enabling high-resolution characterisation of gene
expression patterns at the level of individual cells,
single-cell multiomics techniques have the potential
to offer unparalleled insights into the molecular and
cellular events that contribute to the development of
OFCs. The recent use of single-cell RNA sequencing
(scRNA-seq) datasets in craniofacial research under-
scores the potency of this approach in deciphering the
heterogeneity of cell populations during critical palate
formation stages. This encompasses the identification
of specific cell types, exploration of shared expression
patterns across datasets and unveiling of potential reg-
ulatory networks involving pivotal candidate genes!0l,
As we navigate the era of single-cell multiomics, future
research should concentrate on refining data analysis
methodologies to ensure precise cluster resolution and
cross-dataset comparisons. Tackling technical chal-
lenges related to data integration, cell type annotation
and noise reduction will be pivotal in unlocking the
full potential of this technology. Additionally, coupling
the application of single-cell multiomics with spatial
transcriptomic analyses will help unveil the spatial
organisation of gene expression within tissue struc-
tures, offering a holistic perspective on how molecular
events impact tissue architecture during craniofacial
development. Collaborative efforts between bioinfor-
maticians, developmental biologists and clinicians will
play a crucial role in translating these findings into
clinically relevant insights, ultimately advancing our
comprehension of the aetiology of CL/P and facilitating
the development of targeted therapeutic interventions.

Currently, most mouse models primarily target func-
tional gene regions. While the majority of attention
has historically been directed towards protein-coding
genes, emerging evidence underscores the pivotal role
of ncRNA, particularly miRNA, in orchestrating gene
expression networks that govern tissue development
and differentiation, and homeostasis of the lip and pal-
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ate!?l, Moving forward, the creation of mouse models
for OFCs based on miRNA and other ncRNA mutations
should be explored. Furthermore, given the growing
recognition that non-coding RNAs often exhibit tissue-
and developmental stage-specific expression patterns,
mouse models offer a unique opportunity to investi-
gate the context-dependent roles of miRNA in palate
formation. By manipulating miRNA expression during
distinct developmental stages, researchers can pinpoint
critical windows of vulnerability and better understand
how miRNA dysregulation contributes to the aetiology
of OFCs. These insights hold promise for the develop-
ment of targeted interventions that aim to normalise
miRNA expression and restore proper craniofacial
development. Additionally, innovative strategies for
modulating miRNA activity, such as miRNA mimics or
inhibitors, can be explored in mouse models to assess
their potential as therapeutic interventions.

At present, clinical application of OFC pathogenic
genes is mainly used to provide a basis for early screen-
ing of familial genetic disorders, and the treatment of
OFCs is still mainly focused on traditional repair sur-
gery. In the future, the application of small molecule
inhibitors or specialised nutritional elements during
early embryonic development could hold the potential
to reverse the occurrence of OFCs. By targeting key
signalling pathways and molecular processes impli-
cated in craniofacial development, these interventions
could potentially mitigate the disruptions that give rise
to OFCs. This approach could address the underlying
molecular and cellular disruptions that lead to cleft
formation, offering the advantage of avoiding surgical
procedures and their associated risks. Additionally,
intervening at the embryonic stage might allow for
more natural and holistic corrections in tissue devel-
opment, potentially yielding better functional and
aesthetic outcomes. However, while this concept holds
great promise, its implementation requires careful
consideration and extensive research. The precise iden-
tification of critical developmental time windows and
the specific signalling pathways amenable to modula-
tion are essential to maximise the effectiveness of such
interventions. Rigorous preclinical studies using mouse
models should be conducted to validate the safety, effi-
cacy and potential long-term consequences of employ-
ing small molecule inhibitors or nutritional elements in
altering embryonic development.

Conclusion

In summary, the horizon of research into OFCs is under-
going a transformative shift, propelled by the innovative
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potential of mouse models. Alongside the traditional
paradigms of functional gene targeting, emerging ave-
nues such as single-cell multiomics and the exploration
of ncRNA mutations are set to reshape the landscape
of our understanding. The integration of single-cell
multiomics techniques promises an unprecedented
resolution in characterising gene expression patterns
across individual cells, unravelling the intricate molecu-
lar events that shape CL/P development. Furthermore,
the recognition of the role of miRNA and other ncRNA
in the aetiology of CL/P has opened up a compelling
avenue. Researchers will increasingly zero in on core
target molecules within pathways, striving to elucidate
comprehensive chains of events and crosstalk across
diverse pathways. Having a deeper understanding of
the intricate mechanisms and complex interactions that
underpin OFCs will enhance prospects for treatment
and prevention, ultimately fostering improved natal and
prenatal care as well as nurturing practices. As a piv-
otal genetic disorder within the maxillofacial domain,
OFC-related research has the potential to substantially
mitigate the profound impact of birth defects on both
individuals and society as a whole.
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Effect of Intact Periosteum on Alveolar Ridge Contour
Stability after Horizontal Guided Bone Regeneration in
the Posterior Region: a Retrospective and Radiographical

Cohort Study

Deng Hui DUAN', Hom Lay WANG?, En Bo WANG!

Objective: To radiographically evaluate the effect of intact periosteum in guided bone regener-
ation (GBR) for the treatment of peri-implant ridge defects in posterior region.

Methods: Twenty-eight patients who satisfied the criteria were included in this study. Buccal
dehiscence defects were regenerated using demineralised bovine bone mineral (DBBM). Subjects
were divided into two groups: the control group (conventional GBR, buccal trapezoidal flap and
DBBM with collagen membrane coverage, n = 14) and the test group (modified GBR, buccal
pouch and DBBM with collagen membrane coverage, n = 14). CBCT images obtained immedi-
ately after and 3 to 7 months following GBR were used to assess buccal bone thickness (BBT) at
alevel of 0, 2, 4 and 6 mm below the implant platform.

Results: Immediately after surgery, BBT at 0 mm and 2 mm below the implant platform
presented a significant difference between the two groups (P < 0.05) with significantly thicker
buccal bone in the control group in terms of BBT-0 (3.83 + 1.01 mm) and BBT-2 (4.88 + 1.15
mm) than in the test group (2.33 + 0.66 mm and 3.60 + 1.10 mm, P = 0.000 and P = 0.008,
respectively). After 3 to 7 months of healing, the BBT at all levels showed no significant differ-
ence between the two groups (P > 0.05), but more bone graft resorption (BBR) in the control
group in terms of BBR-0 (2.45 + 1.14 mm), BBR-2 (2.09 + 0.94 mm) and BBR-0% (65.37% +
26.62%) than the test group (BBR-0 1.07 + 0.51 mm, P = 0.001; BBR-2, 1.22 + 0.63 mm, P =
0.008; BBR-0% 45.70% + 15.52%, P = 0.024).

Conclusion: In the short term, all treatment modalities achieved similar coronal BBT and the

intact periosteumn had a positive effect on keeping ridge dimensions even.
Key words: alveolar ridge augmentation, bone regeneration, CBCT, dental implants
Chin J Dent Res 2023;26(4):227-233; doi: 10.3290/j.cjdr.b4784067

Guided bone regeneration (GBR) using particulate bone
graft with a collagen membrane is commonly employed
to resolve peri-implant ridge defects'3; however, the sta-
bility of alveolar ridge contour after GBR surgery is unpre-
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dictable, as up to 68.9% of the augmented alveolar ridge
dimension may collapse horizontally.*” The potential
mechanisms were apical displacement of bone graft>%°
and its accelerated resorption!%!! for an unstable mech-
anical environment in the augmented implant sites gen-
erated due to pressure from the perioral muscles.

The periosteum is a specialised, vascularised con-
nective tissue anchored to the surface of bone and has
two distinct layers: the outer fibrous layer containing
fibroblasts, nerves, vessels and Sharpey fibres, and
the inner cambium layer containing the osteopro-
genitors!'?1>. Due to the lower elasticity of its fibrous
layer, a buccal trapezoidal mucoperiosteal flap with
a periosteal incision at the mesial, distal and apical
sites is needed to achieve primary tension-free wound
closure in GBR surgery'®!7. Consequently, the buccal
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trapezoidal flap cannot withstand the pressure from
the perioral muscles, forcing the bone graft materials
to be displaced apically during healing®%°. In addition,
the mesio, distal and apical tension-releasing incisions
not only increase the postoperative reaction and nerve
injury complications'®, but also reduce the blood sup-
ply from the buccal soft tissue flap to the bone graft
material underneath.

The application of a buccal trapezoidal mucoperi-
osteal flap has been challenged recently by the subperi-
osteal tunnelling technique!®-?? and the intrabony defect
reconstruction associated with peri-implantitis?3-2,
through which successful bone regeneration has been
achieved with a punch flap!%2%23-25 Successful bone
regeneration may be attributed to the intact periosteal
fibrous layer in the tunnelling technique and the intra-
bony defect within peri-implantitis to confine the bone
graft within the pocket or defect.

To take advantage of the properties of the perios-
teum to perform GBR in a minimally invasive manner,
this study proposes a modified GBR procedure: after
making an incision at the bone crest, a mucoperiosteal
flap is elevated buccally to form a pouch between the
buccal bone plate and the elevated periosteum. The
particulate bone graft with collagen membrane is
grafted into the pocket after implant placement. The
mucoperiosteal flap is sutured with a transmucosal
healing abutment. The purpose of the present study
was to retrospectively and radiographically investigate
the role of the intact periosteum on the stability of al-
veolar ridge contour after GBR; that is, whether there
were differences in ridge contour between the conven-
tional GBR procedure (control group) and the modified
GBR procedure (test group).

Materials and methods

Patient selection

All patients were informed of the treatment protocol
and signed an informed consent form. The study was
conducted in accordance with the 1975 Declaration
of Helsinki as revised in 2013. The study protocol was
approved by the Institutional Review Board of Peking
University School and Hospital of Stomatology, Beijing,
China (approval no. PKUSSIRB-202385015), and the
Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) guidelines were followed.

A total of 61 consecutive patients who underwent
GBR during implant placement at the Department of
Oral and Maxillofacial Surgery of Peking University
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School and Hospital of Stomatology in Beijing, China
from January 2019 to April 2023 were included in this
retrospective study. The inclusion criteria were as fol-
lows:

+ aged 19 years or older;

+ a single missing maxillary or mandibular posterior
tooth with intact mesial and distal adjacent teeth;

+ a buccal dehiscence defect at the time of implant
placement;

« three sets of CBCT data available (T0, preoperative;
T1, immediately after dental implantation and GBR
surgery; and T2, 3 to 7 months after surgery).

The exclusion criteria were as follows:

« more than one missing tooth at the surgical site;

« combined horizontal and vertical peri-implant defect
at the buccal site;

« palatal or lingual peri-implant bone defect;

« CBCT data with severe artifacts or not available;

+ ongoing use of immunosuppressants, corticosteroids
or bisphosphonates;

+ smoking more than 10 cigarettes per day.

GBR procedures

All surgical procedures in this study were performed by
one oral surgeon (Duan DH). In the control group, GBR
was performed using a conventional trapezoidal flap
with vertical and periosteal releasing incisions. After
local infiltration anaesthesia, a mid-crestal incision
was made at the edentulous site, and vertical releasing
incisions were placed at the line angles of the imme-
diately adjacent mesial and distal teeth. Full-thickness
buccal and oral flaps were raised. According to the
manufacturer’s instructions, a 10-mm-long tissue-level
implant (Standard Plus, Straumann, Basel, Switzerland)
was placed in a prosthetically driven position with a
cover screw placed. A collagen membrane (Bio-Gide,
Geistlich, Wolhusen, Switzerland) was trimmed, placed
buccal to the ridge and fixed apically with a minimum of
two titanium tacks. Deproteinised bovine bone mineral
(DBBM) (Bio-Oss, Geistlich) was placed over the buccal
dehiscence defect up to the smooth-rough implant inter-
face. The membrane was stretched tightly over the graft
and fixed with titanium pins. Periosteal releasing inci-
sions were made along the buccal flap to achieve passive
primary wound closure along with resorbable sutures
(Jiahe Medical Materials, Changsha, China) (Fig 1).

In the test group, a buccal pouch design without
periosteal or vertical releasing incisions was used.
After administering local infiltration anaesthesia, a
mid-crestal incision was made at the edentulous site,
and a minimally invasive full-thickness buccal flap was
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Fig 1 Surgical protocol for the control group. (a) Occlusal view of the mandibular left first molar implant site. (b) Thin buccal bone
plate after implant osteotomy site preparation. (c) Buccal dehiscence defect after implant placement. (d) Bone graft covered by
collagen membrane. (e) Buccal trapezoidal flap with periosteal releasing incision. (f) Primary wound closure with resorptive suture.

Fig 2 Surgical protocol for the test group. (a) Occlusal view of the mandibular left first molar implant site. (b) Buccal bone defect
after implant osteotomy site preparation. (c) Buccal dehiscence defect after implant placement. (d) Collagen membrane inserted
into the buccal pouch. (e) Bone graft covered with collagen membrane and restricted within the buccal pouch. (f) Non-primary wound

closure with resorbable suture.

elevated mesially, distally and apically to form a pouch
with an approximate dimension of 12 mm (apicocoro-
nal) by 15 mm (mesiodistal). Following the manufac-
turer’s instructions, a 10-mm-long tissue-level implant
was placed in a prosthetically driven position (Standard
Plus), and a 3-mm-tall healing abutment was placed.
The buccal dehiscence defect was grafted over with
DBBM up to the smooth-rough implant interface. A col-
lagen membrane (Bio-Gide) was inserted between the
flap and the graft. The site was sutured (Vicryl Rapide,
Ethicon, Somerville, MA, USA), leaving the healing
abutment exposed (Fig 2).

Following surgery, patients were prescribed an anti-
biotic (500 mg amoxicillin, p.o, b.i.d) and an analgesic
(600 mg ibuprofen p.o, t.i.d) for 7 days. They were
instructed to rinse twice daily for 30 seconds with 0.12%
chlorhexidine gluconate. Sutures were removed 7 to 14
days after surgery. Patients were recalled on a monthly
basis after implantation to monitor healing. In the con-
trol group, re-entry surgery was performed after 3 to 7
months, and taller healing abutments were placed as
needed. All patients were referred to their prosthetic
dental practitioner for restoration 3 to 7 months after
surgery.

Radiographic evaluation

CBCT scans were taken of all sites using a CBCT machine
(3DX Accuitomo, Morita, Kyoto, Japan) with a field of
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view (FOV) with a diameter of 10 cm and height of 5.6
cm, acceleration voltage of 90 kV, beam currency of
8.0 mA and voxel size of 0.2 mm at three different time
points: preoperatively (T0), immediately after implant
placement/GBR (T1) and 3 to 7 months after implant
placement/GBR (T2) (Fig 3). The data were exported as
DICOM files and a CBCT measurement protocol was
established. To determine the preoperative alveolar
ridge contour with respect to the implant position, the
T1 DICOM data set was transferred to Mimics software
(version 15.0, Materialise, Leuven, Belgium). After seg-
mentation, the 3D models of the arch and implant were
exported as stereolithography (STL) files and superim-
posed with the T0O DICOM data to calculate the implant-
relative buccal contour at TO. A reference plane was set
at the smooth-rough implant interface (Fig 4).

The following variables were measured on the buc-
co-oral cross-section perpendicular to the central axis
of the implant?6:27:

+ Buccal bone thickness (BBT-0 to BBT-6), which was
the bone thickness buccal to the implant surface at 0,
2, 4 and 6 mm coronal to the reference plane), meas-
ured at TO, T1 and T2. Negative values were used for
alveolar positions palatal or lingual to the buccal im-
plant surface at TO.

+ Buccal bone level (BBL), which was the vertical dis-
tance from the reference plane to the alveolar crest at
the mid-buccal implant surface, measured at TO, T1
and T2. The virtually derived implant was used for the
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Fig 3 Alveolar ridge contour on the bucco-oral section at TO
(aand d), T1 (b and e) and T2 (c and f) in the control group
(ato c) and test group (d to f).

T0 measurement. Negative values were used for hard
tissue levels coronal to the reference plane.

+ Buccal bone resorption (BBR-0 to BBR-6), which was
the change in BBT from T1 to T2 at 0, 2, 4 and 6 mm
coronal to the reference plane.

« BBL change (BBLC), which was the change in BBL
from T1 to T2.

An experienced and calibrated assessor (Duan DH) per-

formed the CBCT measurements, which were repeated

twice and then averaged. Calibration was performed
using 20 implant sites. The coefficients of intra-examin-

er repeatability for BBT and BBL were at least 0.90.

Statistical evaluation

Data from a previous study?® were used to calculate
the necessary sample size. In that study, the final hori-
zontal bone thickness at 6 months was 1.66 mm in the
membrane group and 1.02 mm in the non-membrane
group?®. Using a free online calculator (http://powerand-
samplesize.com/Calculators/Compare-2-Means/2-Sam-
ple-Equality) with a significance level of 0.05, standard
deviation of 0.59 and a power of 80%, the number of
patients per group required in this study was deter-
mined to be 14, to give a total of 28 patients.

Statistical analysis was performed using SPSS soft-
ware (version 22.0, IBM, Armonk, NY, USA). The mean
and standard deviation (SD) for each parameter were
calculated for each of the three treatment groups.
Parametric (Student t test, one-way analysis of variance
[ANOVA]) or non-parametric tests (Mann-Whitney) were
used to test the differences between the two groups,
depending on the normal distribution of data. For cat-

230

Fig4 Measurement of the thickness of the buccal bone plate
at different levels below the smooth-rough implant interface.
(a) Measurement before surgery (registration with the CBCT
mandible and implant model immediately after surgery).
(b) measurement immediately and 5 months after surgery.

egorical variables, a chi-square analysis was used. The
level of statistical significance was set at P < 0.05.

Results

The flowchart for the experiment is shown in Fig 5. A
total of 61 patients were included in the initial screen-
ing, but 33 were excluded due to incompatibility with
the eligibility criteria. A total of 28 patients with 28
implants were included for statistical analysis (control
group, n = 14; test group, n = 14). The study population
included 10 men (35.71%) and 18 women (64.29%),
with a mean age of 44.11 + 11.91 years (range 24 to 74
years) and a mean T1 to T2 interval of 5.21 + 1.50 months
(range 3 to 7 months) showing no significant differences
between the two groups (P > 0.05). There were no sig-
nificant differences in age, sex or healing time between
the two groups (P > 0.05). Of the 28 dental implants, two
were placed in maxillary molar sites (control group, n =
0; test group, n = 2), four in mandibular premolar sites
(control group, n = 1; test group, n = 3), and 22 in man-
dibular molar sites (control group, n = 13; test group, n
=9); there were no significant differences in implant site
distribution between the groups.

Table 1 presents the outcomes at each time point. At
baseline (T0), there were no significant differences in
BBT at any level or in BBL (P > 0.05) between the groups.
The mean BBT-0 was -1.28 + 0.91 mm in the control
group and —1.37 + 1.38 mm in the test group. The corre-
sponding values for BBT-2 were 0.62 + 0.90 mm and -0.30
+1.50 mm, respectively. The BBL, equivalent to the dehis-
cence length (apicocoronally), was -2.15 + 2.45 mm in
the control group and —1.53 + 4.56 mm in the test group.
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Fig5 Experimental flowchart.

61 cases

GBR together with implant placement in
posterior area from January 2019 to April 2023

38 cases: Conventional GBR ]

Excluded (n=24)

« CBCT with severe artifacts (n=2)

* > 1 consecutive missing teeth (n=9)

* CBCT non-available (n=1)

« combined both horizontal and vertical
peri-implant bone defect (n=10)

« oral bone defect (n=2)

‘ 23 cases: Modified GBR

Excluded (n=9)

= oral bone defect (n=1)

{Control group: 14 cases }

= CBCT with severe artifacts (n=1)

« > 1 consecutive missing teeth (n=4)

» combined both horizontal and vertical
peri-implant bone defect (n=3)

(Test group: 14 cases

Table 1 Mean alveolar ridge dimensions at different time points.
e po ariable O ol group group D D group P va

BBT-0, mm -1.28+0.91 -1.37+1.38 0.10 0.828
BBT-2, mm 0.62+0.90 -0.30£1.50 0.91 0.063

TO BBT-4, mm 1.67 +1.29 0.94 +1.58 0.72 0.197
BBT-6, mm 2.70+1.61 1.74+1.84 0.96 0.156
BBL, mm -2.15+2.45 -1.53 £ 4.56 -0.62 0.661
BBT-0, mm 3.83+1.01 2.33+0.66 1.50 0.000**
BBT-2, mm 4.88+1.15 3.60+1.10 1.28 0.006**

T1 BBT-4, mm 5.34+1.34 4.40+1.44 0.93 0.088
BBT-6, mm 5.18 +1.67 4.51+1.63 0.67 0.292
BBL, mm 1.80 £1.22 1.38+£0.59 0.42 0.266
BBT-0, mm 1.38+1.24 1.26 £ 0.55 0.11 0.755
BBT-2, mm 2.79+1.16 2.38+0.94 0.41 0.318

T2 BBT-4, mm 3.97+1.43 3.51+1.32 0.46 0.388
BBT-6, mm 4.39 +1.80 3.91+1.48 0.48 0.450
BBL, mm 0.49 +£0.76 0.77 £0.71 -0.27 0.335
BBR-0, mm 245+1.14 1.07 £0.51 1.38 0.0071**
BBR-2, mm 2.09 £0.94 1.22+0.63 0.87 0.008**
BBR-4, mm 1.36+1.14 0.89+0.75 0.48 0.202
BBR-6, mm 0.79+1.46 0.60 + 0.55 0.19 0.649

T1-T2 BBLC, mm 1.31+1.10 0.62+0.67 0.69 0.057
BBR-0% 65.37 £ 26.62 4570 £ 15.52 19.67 0.024*
BBR-2% 43.49 +15.55 34.86 +15.39 8.62 0.152
BBR-4% 25.56 £ 19.22 20.75+15.43 4.81 0.472
BBR-6% 12.46 + 33.63 12.74+11.54 -0.29 0.976

*P <0.05,**P <0.01
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Immediately after surgery (T1), BBT-0 and BBT-2
were significantly different between groups (P < 0.05),
with the control group showing statistically significant-
ly greater BBT-0 (3.83 + 1.01 mm) and BBT-2 (4.88 £ 1.15
mm) than the test group (2.33 £ 0.66 mm and 3.60 + 1.10
mm, respectively). There was no significant difference
in BBL between the groups at T1.

After 3 to 7 months (T2), there were no differences in
BBT at any level or BBL between the groups (P > 0.05).
From T1 to T2, the control group demonstrated statis-
tically greater graft resorption in millimetres (BBR-0,
2.45 + 1.14 mm and BBR-2, 2.09 + 0.94 mm) and as a
percentage (BBR-0% 65.37% + 26.62%) than the test
group (BBR-0 1.07 + 0.51 mm, BBR-2 1.22 + 0.63 mm,
BBR-0% 45.70% + 15.52%; P = 0.001, 0.008 and 0.024,
respectively); however, there were no differences in
the percentage of buccal graft resorption or in BBLC
between the groups.

Discussion

This retrospective cohort study investigated the impact
of intact periosteum on buccal ridge dimensions in the
short term after simultaneous GBR and implant place-
ment in single posterior sites. The conservative buccal
pouch approach, introduced in this study, successfully
increased BBT and resolved dehiscence defects, similar
to the conventional flap design.

Designing flaps with vertical and periosteal releasing
incisions for the purpose of achieving primary wound
closure has been the preferred approach to GBR%17;
however, incising the periosteum may have negative
effects on GBR as it is composed of two layers: an
inner cambium layer containing vascular and osteo-
genic cells, and an outer inelastic fibrous layer!?1,
Additionally, violating the periosteal outer layer can
result in a flap that is too weak to withstand pressure
from the perioral muscles, potentially leading to apical
graft displacement>%°. Thus, surgeons may try to over-
augment sites to compensate for bone graft resorption
or use rigid support structures such as tenting screws,
titanium plates and titanium mesh to mitigate bone
graft displacement!%,2%,30,

In the present study, over-augmentation in the test
group was restricted due to the taut nature of the intact
periosteal fibrous layer compared with the control
group. This was reflected by significantly thicker buccal
bone in the control group in terms of BBT-0 (3.83 + 1.01
mm) and BBT-2 (4.88 + 1.15 mm) than in the test group
(2.33 £ 0.66 mm and 3.60 + 1.10 mm, P = 0.0000 and P
= 0.006, respectively); however, after 3 to 7 months of
healing (T2), the BBT at all levels showed no significant
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difference between the two groups with BBT-0 of less
than 2 mm (1.38 + 1.24 mm and 1.26 + 0.55 mm in the
control group and test group, respectively) and BBT-2
more of than 2 mm (2.79 + 1.16 and 2.38 + 0.94 mm in
the control group and test group, respectively). From
T1 to T2, patients with periosteal tension-reducing
incisions (control group) showed more bone graft re-
sorption in terms of BBR-0 (2.45 + 1.14 mm), BBR-2
(2.09 + 0.94 mm) and BBR-0% (65.37 + 26.62%) than
the test group (BBR-0 1.07 + 0.51 mm, P = 0.001; BBR-2
1.22 + 0.63 mm, P = 0.008; BBR-0% 45.70 £+ 15.52%, P =
0.024), These results indicated that the modified GBR
technique could achieve comparable BBT, with less
over-augmentation but in a minimally invasive man-
ner, compared with the conventional approach. This
difference in resorption could be due to the greater
vascularisation and protection of the graft from the ele-
ments provided by an intact and inflexible periosteum.

As the present study was retrospective and non-
randomised, with a limited number of patients, vary-
ing healing time intervals due to a delay in follow-ups
caused by the COVID-19 pandemic and a dispropor-
tionate distribution of mandibular versus maxillary
sites, caution is advised when interpreting the results.
Additionally, the short follow-up period and lack of
evaluation after re-entry further limit the study’s find-
ings. Thus, future randomised controlled trials with
larger sample sizes and longer follow-up periods are
needed to validate these findings and provide more
conclusive evidence.

Conclusion

GBR can be performed using a surgically simple buc-
cal pouch to treat dehiscence defects during implant
placement in single posterior sites, and this technique
may augment sites as well as GBR using a conventional
flap; however, before recommending this technique for
daily practice, long-term data after functional loading
are necessary.
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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.
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Sixteen Cellular Senescence-associated DNA Methylation
Signature Predicts Overall Survival in Patients with Head
and Neck Squamous Cell Carcinoma

Ming Han YE!, Xin Yi HUANG?, Chun Jie LI%3, Qian Ju WU*?°, Fei LIU!

Objective: To construct a cellular senescence-related DNA methylation model to act as an
independent prognosis predictor for patients with head and neck squamous cell carcinoma
(HNSCC).

Methods: Methylome, transcriptome and clinical information for 499 HNSCC patients were
received from The Cancer Genome Atlas (TCGA) as a training set. An extra independent meth-
ylation dataset of 54 patients with oral squamous cell carcinoma (OSCC) was downloaded
from the NCBI Gene Expression Omnibus (GEO) database as the validation set. To assess the
cellular senescence level of each sample, the senescence score (SS) of each patient was calculated
using the transcriptome data via single-sample gene set enrichment analysis (ssGSEA). Least
absolute shrinkage and selection operator (LASSO) Cox regression analyses were conducted to
confirm Cytosine, phosphoric acid and Guanine (CpG) sites for the development of a cellular
senescence-related DNA methylation signature.

Results: Based on the SS of each HNSCC patient in the TCGA cohort, the patients were divided
into high- and low-SS subgroups. The high-SS group showed a better prognosis than the low-SS
group. Moreover, 3,261 differentially methylated CpG sites (DMCs) were confirmed between the
two groups. Among them, 16 DMCs were included to develop a 16-DNA methylation signature
for evaluation of HNSCC prognosis using LASSO and multivariate Cox regression analysis.
Conclusion: A novel cellular senescence-related 16-DNA methylation signature was deter-
mined, which can be used as an independent index to evaluate the prognosis of HNSCC patients
and select appropriate treatment strategies.

Key words: cellular senescence, diagnostic predictor, DNA methylation signature, head and

neck squamous cell carcinoma, oral squamous cell carcinoma
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Head and neck squamous cell carcinoma (HNSCC) is the
sixth most common malignancy worldwide with a sig-
nificant death rate and originates from the oral cavity,
larynx and pharynx!. According to the 2020 Global Can-
cer Report, there more than 600,000 new HNSCC cases
are diagnosed each year?. HNSCC is characterised as a
heterogeneous malignancy with inter- and intra-tumour
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differences®°. Nowadays, although multiple therapies
for HNSCC have developed significantly, the overall
5-year survival rate for HNSCC is still around 50%, which
is far from satisfactory®. Accumulated evidence proved
that early diagnosis of HNSCC leads to a higher 5-year
survival rate and a better prognosis®. Hence, the discov-
ery of trustworthy prognostic biomarkers is crucial to
identify HNSCC at an early stage, offer patients effective
therapy and improve their prognosis.

Cellular senescence is a permanent process of cell
proliferation termination. It plays a pertinent role
in tumour initiation growth, and metastasis, which
is related to the activation of senescence-associated
secretory phenotype (SASP), a key parameter generated
by senescent cells’®. Cellular senescence and SASP
are a Jekyll and Hyde alteration, which means they
facilitate suppression of the division of abnormal cells
transforming into tumours while activating tumour cell
growth and distant metastasis, particularly in tumours
with higher SASP®19. Studies have described how cel-
lular senescence also plays a vital role in the resistance
of HNSCC against radiotherapy and chemotherapy!!-13,
Investigating the particular mechanism underlying the
regulation of cellular senescence on the HNSCC could
lead to a new way of detecting HNSCC at an early stage
and offering timely therapy. Thus, further research on
cellular senescence in HNSCC is urgently needed.

DNA methylation is one of the most widely explored
epigenetic modifications, exhibiting a tight correla-
tion to tumours!®. Recently, emerging evidence has
supported the idea that DNA methylation regulates cel-
lular senescence and expression level of cellular senes-
cence-related genes (CSRGs) in HNSCC patients!?15,
Accordingly, the exploration of DNA methylation and
cellular senescence in HNSCC is potentially worth-
while.

Machine learning-based models show giant poten-
tial in evaluating tumour prognosis and improving
the efficiency of immunotherapy in the treatment of
tumours like HNSCC!®. Recently, Wang et al'’ devel-
oped a cellular senescence-related prognosis model to
predict the HNSCC survival rate. Nevertheless, to the
best of the present authors’ acknowledge, there is no
HNSCC cellular senescence-related prognosis model
constructed based on the methylome data.

The flowchart of the study workflow is shown in
Fig 1. In the present study, in order to construct a cel-
lular senescence-related DNA methylation model as a
biomarker for the prediction of the prognosis of HNSCC
patients, the methylome, transcriptome and clinical
data for HNSCC patients were downloaded from the
Cancer Genome Atlas (TCGA) to construct a prediction
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model of HNSCC prognosis. Sixteen DMCs were deter-
mined to develop a 16-DNA methylation signature for
HNSCC prognosis evaluation by way of a least absolute
shrinkage and selection operator (LASSO) and multivar-
iate Cox regression analysis. This cellular senescence-
related DNA methylation signature has been proven to
be a significant independent prediction factor in the
prognosis of HNSCC patients and the identification of
a subgroup that is more suited for immunotherapy. The
discoverymade in the present study may offer a better
understanding of the role that cellular senescence plays
in the prognosis of HNSCC and provide new strategies
to identify subgroups and offer accurate therapy for
HNSCC.

Materials and methods

Data collection and pre-processing

The data of HNSCC patients included in this study were
obtained from UNSC Xena (https://xena.ucsc.edu/).
The online database provided the transcriptome (RNA-
seq, HTSeq-Counts/FPKMs) and methylome (Illumina
Human Methylation 450, HM450) data containing 566
samples along with corresponding phenotype infor-
mation. A total of 499 HNSCC patients and 44 normal
controls with complete corresponding survival data
were selected as the training set. The expression value
(FPKM) was then normalised by quantile normalisa-
tion. An extra independent methylation dataset includ-
ing 54 OSCC samples was downloaded from the NCBI
Gene Expression Omnibus (GEO) database (access no.
GSE75537)18. The GEO dataset was downloaded for
external verification as a validation set.

Inference of senescence score (SS) and survival
analysis investigating the relationship between SS
and HNSCC prognosis

A total of 279 cellular senescence-related genes (CSRGs)
were collected from the CellAge database including 28
oncogene-induced, 232 replicative and 34 stress-induced
genes'. Five of these were both oncogene-induced and
replicative, and ten were both stress-induced and repli-
cative. To further understand the role played by cellular
senescence in HNSCC and to investigate the methyla-
tion sites associated with cellular senescence and the
relationship between cellular senescence and patient
prognosis, the SS model was introduced. Firstly, a uni-
variate Cox survival analysis was performed to confirm
the CSRGs of which the expression level showed positive
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Data aquisition of the training
set from the TCGA database

Calculation of SS

Construction and evaluation
of the DNA-methylation
predictive prognosis model

Data aquisition of the validation
set from the GEO database

Validation of the DNA-
methylation predictive
prognosis model

l

Development of the nomogram
based on the DNA-methylation
predictive prognosis model

Pathway enrichment analysis
including GO, KEGG, and GSVA

l

Tumor immune infiltration
and immunecheckpoint
analysis

Fig1 Flowchart for the present study.

and negative correlations with HNSCC patient progno-
sis, which were then defined as the senescence-positive
and negative gene sets, respectively. The SSs were then
inferred according to the method described in two pre-
vious reports?>-2!, Enriched SSs based on the two gene
sets above were computed by applying ssGSEA in the
Gene Set Variation Analysis (GSVA) R package??, and
the enriched score of senescence-positive components
minus that of senescence-negative components was
calculated and defined as the SS for each HNSCC indi-
vidual. To verify the relationship between SS and HNSCC
prognosis, patients in the training set were divided into
high- and low-SS groups, which were confirmed by the
median SS of the 499 TCGA HNSCC patients. In this
study, a higher SS represented higher cellular senes-
cence activity.

The survival status, survival time and phenotype
data including the age, gender, sex and race of TCGA
HNSCC patients were extracted to determine whether
cellular senescence is related to the prognosis of
patients with HNSCC via univariate and multivariate
Cox proportional hazards analyses using the survival
R package. Kaplan-Meier (KM) survival curves were
drawn using the “survfit” function of the survminer
R package to show the difference in the prognosis of
HNSCC patients between the high- and low-SS groups.

Analysis of DMCs related to tumorigenesis and
HNSCC prognosis

DMCs between tumour and normal samples in the
training set were initially extracted using the limma R

Chinese Journal of Dental Research

package, then the DMCs between the high- and low-SS
subgroups were confirmed. The DMCs between HNSCC
samples and normal samples were determined with a P
value < 0.01 and |logFC| > 1.2. The DMCs between high-
and low-SS groups were determined with a Pvalue <0.01
and |logFC| > 1.1.

Construction and validation of the predictive model
of HNSCC prognosis

To develop a prognosis signature, the survival time, sur-
vival status and methylome data of DMCs included in
the previous section were integrated to conducta LASSO
Cox regression analysis using the glmnet R package. By
way of 10-fold cross-validation, the appropriate coeffi-
cient value was calculated to create the following predic-
tive model of HNSCC prognosis:

Risk score = ).7; coef (i) * expr(i).

coef was the coefficient value of each corresponding
DMC, and expr was the expression level of each cor-
responding DMC. To validate the prediction efficacy of
the predictive model, the validation set from the GEO
database was selected. Specifically, the risk score for
each patient in the validation set was calculated and
divided into high- and low-risk score groups according
to the median risk score. In both the training set and the
validation set, KM and ROC analyses were performed to
examine the prediction ability. ROC analysis was car-
ried out based on the pROC R package to obtain the area
under the ROC curve (AUC) at 1, 3 and 5 years.
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Development of a nomogram

Using the “rms” R package, the survival time, surviv-
al status and eight clinical features were integrated to
develop anomogram and calibration curves. The nomo-
gram is available when evaluating the prognosis signifi-
cance of each variable. Total points can be calculated by
adding up all the values of the corresponding features
in this nomogram to evaluate patients’ prognoses. ROC
curves were drawn to confirm the prediction ability of
this nomogram to act as an independent predictor. The
method of ROC analysis was described in the previous
section.

Gene function enrichment analysis

To explore the potential biomolecular mechanisms
underlying the regulation of the CSRGs on the progno-
sis of HNSCC patients, GO, KEGG and GSVA analyses
were performed. First, differential expression analys-
is was conducted to identify differentially expressed
genes (DEGs) between the high- and low-risk groups.
Genes with P < 0.01 and [logFC| > 1.5 met the criteria. To
extract essential pathways that were closely correlated
to the DEGs, GO and KEGG gene function enrichment
analysis were performed in clusterProfiler. GO analysis
is a widely popular method that annotates genes and
downstream products with three groups: molecular
function (MF), biological pathways (BP) and cellular
components (CCs)?%. GO annotation information was
extracted from org.Hs.eg.db. KEGG is a powerful and
comprehensive database developed for the systematic
investigation of gene function pathways**?> based on
the newest KEGG pathway annotation from KEGG rest
API (https://www.kegg.jp/kegg/rest/keggapi.html). To
evaluate the influence of the expression level of each
DEG, GSVA analysis?? was performed based on GO and
KEGG terms downloaded from the Molecular Signatures
Database separately?®.

Assessment of tumour immune infiltration and
immune checkpoints in HNSCC

To clarify the tumour immune purity in HNSCC, the
tumour microenvironment in each TCGA HNSCC sam-
ple was then explored. ESTIMATE?” and TIMER?® meth-
ods were used to clarify tumour immune purity in detail
via the IOBR R package?’.

Considering the potential prospect of immune
checkpoints in immunotherapy for HNSCC, a list of
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known immune checkpoints were made according to
the previous literature®, and their expression level in
high- and low-risk groups was detected to identify pos-
sible therapeutic targets.

Statistical analysis

In the current research, the online data analysis plat-
form Sangerbox 3.0 (http://vip.sangerbox.com/) was
used to conduct the aforementioned statistical analysis
and result visualisation. Sangerbox 3.0 is a comprehen-
sive, interaction-friendly website platform for bioin-
formatics analysis that makes it possible to perform a
series of customized bioinformatics analyses and visu-
alisation mapping based on the R packages mentioned
above, and corresponding results can be downloaded
from the platform3!,

Results

SSs of HNSCC patients were associated with their
prognosis

To investigate the role of cellular senescence in the
genesis of HNSCC, the CSRGs were retrieved from the
CellAge database!®. Next, 11 and 9 genes (Table 1) were
distinguished showing better and worse overall survival
in the TCGA cohort, respectively, between expression
level and overall survival (P<0.01). The two gene sets
were defined as senescence-positive and senescence-
negative. Based on the expression levels of the two gene
sets using ssGSEA, the SSs of HNSCC patients were cal-
culated. SS represents the cellular senescence activ-
ity of different individuals to assess whether there is a
relationship between cellular senescence and HNSCC
patients, and was used in the subsequent section for
screening of differentially expressed DNA methylation
sites. The SSs ranged between —0.61 and 1.00 and the
median was 0.16. Next, the HNSCC patients were sepa-
rated into high- and low-SS groups by the median SS and
a KM survival analysis was conducted. Using a log-rank
test, the findings indicated that low-SS HNSCC patients
had poor overall survival (P < 0.01; Fig 2a). After adjust-
ing for the effects of variables, such as age, sex, race
and clinical stage, a multivariate Cox model analysis was
performed and the relationship between SSs and sur-
vival of patients with HNSCC was verified (Fig 2b). These
results revealed that SSs of the TCGA HNSCC samples
were associated with their prognosis.
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Table 1 CSRGs related to HNSCC survival confirmed by the training set.
Dle ID azard ratio 9 0 R P va <
MAP2K7 (ENSG00000076984.16) 0.895 (0.843-0.951) 0.0003729
MXD4 (ENSG00000123933.13) 0.937 (0.905-0.971) 0.0006764
MAP3K6 (ENSG00000142733.13) 0.967 (0.948-0.986) 0.0009821
CDKN2A (ENSG00000147889.15) 0.982 (0.971-0.992) 0.0010847
MAP4K1 (ENSG00000104814.11) 0.877 (0.807-0.952) 0.0017620
Senescence-positive gene sets | BTG3 (ENSG00000154640.13) 0.974 (0.956-0.990) 0.0021045
LGALS3 (ENSG00000131981.14) 0.995 (0.991-0.998) 0.0021653
DUSP16 (ENSG00000111266.7) 0.943 (0.907-0.981) 0.0037633
BLK (ENSG00000136573.11) 0.600 (0.420-0.857) 0.0038601
MOB3A (ENSG00000172081.12) 0.976 (0.959-0.993) 0.0068108
EHF (ENSG00000135373.11) 0.991 (0.984-0.998) 0.0091848
PCGF2 (ENSG00000277258.3) 1.055 (1.025-1.086) 0.0003175
FXR1 (ENSG00000114416.16) 1.035(1.015-1.055) 0.0004351
MAP2K1 (ENSG00000169032.8) 1.038 (1.015-1.061) 0.0011761
SLC13A3 (ENSG00000158296.12) 1.484 (1.147-1.921) 0.0026281
Senescence-negative gene sets | PSMD14 (ENSG00000115233.10) 1.050 (1.016-1.085) 0.0037126
SMURF2 (ENSG00000108854.14) 1.130 (1.040-1.228) 0.0037972
AURKA (ENSG00000087586.16) 1.031 (1.009-1.053) 0.0062148
ERRFI1 (ENSG00000116285.11) 1.013 (1.003-1.022) 0.0075066
TERF2 (ENSG00000132604.9) 1.123 (1.029-1.226) 0.0093966
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The predictive prognosis model based on 16 cellular
senescence-related DMCs was developed based on
HNSCC overall survival

In the TCGA cohort, 12,046 DMCs were initially uncov-
ered between HNSCC patients and normal samples (P
< 0.01 and [logFC| > 1.2). Ulteriorly, 3,261 DMCs were
identified between high- and low-SS subgroups (P< 0.01
and |logFC| > 1.1).

Next, the prognosis value of the 3,261 DMCs in the train-
ing set was evaluated using the LASSO Cox regression
model. Through ten-fold cross-validation, the opti-
mal lambda value was selected and then the range of
DMCs was condensed in order to find a DNA methyla-
tion signature for the prediction of overall survival in
HNSCC. As a result, a total of 16 CpG sites were included
to construct the predictive prognosis model (Figs 3a
and b). Using each CpG site’s coefficient value and
methylation status, a risk score model was developed
as follows: RiskScore = (0.4921997969551*cg01995815)
+ (0.24140263854671*cg02409878) + (-0.074692525763
4289*cg03424345) + (-0.185126888295284*cg06459070)
+ (-0.084858590961658*cg06879746) + (0.024014297893
4278*cg06903569) + (-0.4051941 67436796*cg07768107)
+ (-0.061251172529722*%cg08106706) + (-0.049130588721
8784%cg12298745) + (0.430730131248078%cg12389461) +
(0.153090807571048*cg13757826) + (-0.0119448628610
951*cg14170959) + (0.301928975546258%cg16123269) +
(0.243110636620704*cg19239041) + (-0.07440882137424
15*cg20711812) + (-0.978573233155824*¢cg21230425). To
elucidate the efficacy of the influence of each CpG site
included in the predictive prognosis model in the over-
all survival of HNSCC, multivariate and univariate Cox
analyses were conducted. The multivariate Cox model
was then used to compute the coefficient values of these
16 CpG sites (Fig 3c). Additionally, using univariate Cox
regression, the relationship between each CpG site and
HNSCC survival was assessed (Fig 3d). Based on the
results of the multivariate and univariate Cox models,
the methylation of the 16 CpG sites was strongly linked
with HNSCC survival. A Pearson correlation analysis
was also performed to investigate whether risk scores
and SSs of the HNSCC patients in the training set were
significantly related. A significant negative correlation
was observed between the risk scores calculated by the
16-DNA methylation predictive prognosis model and SSs
in the TCGA dataset (P = 4.2e-37; Fig 3e).

The potential impact of the 16 CpG sites of the DNA
methylation signature on the 20 CSRGs associated
with HNSCC survival was also investigated. A Pearson
correlation analysis was conducted to investigate the
relationship between the 16 CpG sites and 20 CSRGs
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impacting HNSCC prognosis. The results revealed that
all the DMCs selected were significantly correlated
with several CSRGs (P < 0.01; Fig 3f). Among them, the
methylation level of cg21230425 significantly correlated
with the maximum number of CSRGs amounted to 16,
whereas that of cg14170959 correlated with the min-
imum of the CSRGs amounted to 2. These results imply
that the 16 DMCs probably regulate CSRG transcription
either directly or mediately.

The 16-DMC predictive prognosis model is an
independent predictor for the prognosis of HNSCC
patients

Each HNSCC patient’s risk score was calculated and then
the patients were separated into high- and low-risk sub-
groups according to the median score to analyse the
survival prognosis model. Following this, a KM survival
analysis was performed, and found that HNSCC patients
in the high-risk subgroup had a significantly worse
probability of survival (P = 3.4e-12; Fig 4a), suggesting
that the risk score model could be a reliable prognostic
predictor. As shown in Fig 4b, compared to the low-risk
subgroup, more deaths occurred in the high-risk sub-
group. The heatmap visualised the methylation value
of the 16 DMCs in the risk score signature. To assess the
prediction ability of the predictive prognosis model, an
ROC analysis was conducted. For patients with HNSCC
from the training set, this model was quite effective
at predicting survival, with AUC of 0.69, 0.73 and 0.75
for predicting 1-, 3- and 5-year survival rate, respect-
ively (Fig 4c). In summary, using the TCGA cohort, the
16-DMC predictive prognosis model was confirmed
to be an independent parameter for the prognosis of
HNSCC patients.

16-DMC predictive prognosis model is validated in
the OSCC GEO dataset

As described above, a 16-DNA methylation signature
with an authentic effect in predicting the prognosis of
HNSCC patients was constructed based on the TCGA
database. Since OSCCis the main disease type of HNSCC,
methylation and survival data from the OSCC dataset
GSE75537 were downloaded from the GEO database
(https://www.ncbi.nlm.nih.gov/geo/) to further verify
the risk model. As expected, OSCC patients in the GEO
dataset with higher risk scores had a worse prognosis (P
<0.01; Fig 5a). Based on the developed prognostic mod-
el, heatmap visualisation of different DMCs for patients
and survival distribution in the GEO dataset also showed
asimilar pattern as in the TCGA dataset (Fig 5b), with an
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Fig 3 Constructing a prog-
nostic model. (a) LASSO
regression coefficients.
(b) Lambda value was selected
to identify genes and develop
a prognosis model. (c) A mul-
tivariate Cox analysis showed
the correlation between meth-
ylation values. (d) A univariate
Cox analysis showed the cor-
relation between the methyla-
tion value of the 16 DMCs and
TCGA HNSCC patients’ sur-
vival. (e) A Pearson correlation
analysis showed the relevance
between SS and risk score in
the training set. (f) Relevance
between methylation value of
the 16 DMCs selected to con-
struct the prognosis signature
and expression level of CSRGs
impacting HNSCC survival.

Fig4 Development of cellu-
lar senescence-related DNA
methylation prognosis model
based on methylation level of
16 DMCs in the training set.
(@) KM curves for high- and
low-risk subgroups in the train-
ing set. (b) Risk survival status
plot and heatmap of the meth-
ylation level of the 16 DMCs
model in TCGA HNSCC patients
with high- and low-risk scores.
(c) AUCs for the prediction of
1-, 3-and 5-year overall survival
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methylation prognosis model
based on methylation level of
16 DMCs in the validation set.
(@) KM curves for high- and
low-risk subgroups in the GEO
cohort. (b) Risk survival sta-
tus plot and heatmap of the
methylation level of 16 DMCs
model in GEO OSCC patients
with high- and low-risk scores.
(c) AUCs for the prediction of
1-, 3- and 5-year overall survival
of OSCC.

AUC of 0.77 at 1 year, 0.78 at 3 years and 0.70 at 5 years,
respectively (Fig 5c). Thus, the validation results indi-
cate that the model is sufficiently stable to be applicable
to a broader HNSCC population.

Establishment of a nomogram based on the model
with predictive efficacy in HNSCC prognosis

To thoroughly predict HNSCC patients’ survival based
on both risk score and clinical factors, a nomogram was
developed by age, sex, grade, clinical stage, clinical T
stage, clinical M stage, clinical N stage and risk score
(Fig 6a). When the total points were 53.06, the predicted
survival probability was more than 0.90 at 1 year, more
than 0.80 at 3 years and more than 0.75 at 5 years. Sub-
sequently, it was proved that the observed survival prob-
ability and predicted survival probability were almost
in congruity on the 3- and 5-year calibration curves
(Fig 6b). The result proved that this nomogram is highly
accurate in predicting the survival probability of HNSCC
patients. ROC curves were then depicted (Fig 6¢). The 1-,
3- and 5- year AUCs were 0.69, 0.75 and 0.77, respective-
ly. This validated the excellent survival rate prediction
ability of the nomogram.
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Discovery of differential pathways related to immune
function between the high- and low-risk subgroups of
HNSCC

Subsequently, differential expression analysis using the
limma package was conducted; thus, 4,673 DEGs were
uncovered in the two subgroups (P < 0.01, |logFC| > 1.5).
GO and KEGG enrichment analyses were performed to
crystallise the function and mechanisms of the preceding
DEGs. The enrichment results were visualised in bubble
plots and the findings of the GO analysis included three
different function types: BP, CC and MF (Figs 7a to d).

In the BP sections, the previous DEGs exhibited
enrichment in “response to stress”, “immune system
process” and “immune response”. For CC, the most
significantly enriched terms contained “cytosol”, “endo-
membrane system” and “vesicle”. In MF terms, the
DEGs were significantly enriched in “catalytic activity”
and “enzyme binding” along with “identical protein
binding”. Additionally, the bubble plot for the KEGG
analysis revealed that these genes were enriched in
the top 10 pathways, among which “cell adhesion mol-
ecules (CAMs) signalling pathway”, “Th17 cell differen-

b 1s

tiation signalling pathway”, “hematopoietic cell lineage
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signalling pathway” and “primary immunodeficiency
signalling pathway” were closely related to immunity
function.

Considering the expression level of DEGs may influ-
ence the enrichment results, GSVA analysis was per-
formed to further clarify the role these DEGs played
in the HNSCC patients. The heatmap contained the
top 20 KEGG signalling pathways enriched by GSVA
(Fig 7e). According to the analysis, signalling path-
ways such as “Glycosphingolipid biosynthesis-ganglio
series”, “Glycosaminoglycan biosynthesis-chondroitin
sulphate”, “Glycosaminoglycan biosynthesis-keratan
sulphate” and “Glycosaminoglycan biosynthesis-hep-
aran sulphate” were significantly active in HNSCC
patients in the high-risk subgroup, suggesting the
genesis and development of HNSCC were accompa-
nied by an abnormal change in glycan biosynthesis
and metabolism. Meanwhile, pathways related to the
immune system, such as the “B cell receptor signalling
pathway” and “intestinal immune network for IgA pro-
duction and T cell receptor signalling pathway” were
significantly suppressed. All the pathway enrichment
results indicated the possibility that abnormal immune
system function plays an important role in the progno-
sis of HNSCC patients.
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Immune infiltration CSRG transcription/DNA meth-
ylation is correlated with HNSCC

Given the crosstalk between cellular senescence and
tumour immune infiltration, the authors then investi-
gated whether the cellular senescence-related 16-DMCs
model played arole inimmune cell infiltration of HNSCC
patients. ESTIMATE and TIMER algorithms were used
to clarify the tumour purity and immune infiltration
level in the HNSCC tumour microenvironment. The
immune infiltration level between the high- and low-
risk subgroups was compared and violin plots were
drawn to elucidate whether the discrepancies found in
ESTIMATE and TIMER immune scores existed between
the two groups (Figs 8a and 8b). As shown in Fig 8a, the
immune score and ESTIMATE score were significantly
lower in the high-risk group compared to the low-risk
group (P<0.01). Meanwhile, there was no significant dif-
ference in the stromal score found in the two groups (P
=0.77). These findings revealed that immune cell infil-
tration may decrease in the tumour microenvironment
in HNSCC patients. These results were in accordance
with the TIMER analysis. As shown in Fig 8b, five types
of immune cells except macrophages exhibited signifi-
cantly lower infiltration in the high-risk subgroup (P <
0.01). These indications supported the possibility that
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Fig7 GO and KEGG analys-
is of the DEGs. (a) Results of
GO-BP. (b) Results of GO-CC.

(c) Results of GO-MF.
(d) Results of KEGG. (e) Results
of GSVA.

immune infiltration influences the prognosis of HNSCC
patients.

To further confirm this, a Pearson correlation analys-
is was performed to evaluate the relationship between
risk score and immune infiltration level (Figs 8c and
8d). With the exception of the stromal score calculated
using the ESTIMATE algorithm and the macrophage
infiltration score calculated using the TIMER algo-
rithm, the results demonstrated a significantly negative
relationship between risk score and all the immune
scores (P < 0.01). Thus, the present research proved that
the 16-DMCs prognosis signature played an indispensa-
ble role in decreasing the infiltration level of immune
cells in the tumour microenvironment in HNSCC,
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which shed a light on immune therapy for HNSCC.

The variation in immune checkpoint expression
between the two subgroups was also investigated in
light of the significance of checkpoint-based immuno-
therapies. A list of immune checkpoints was retrieved
from previous studies to compare their expression
levels in the two groups (Fig 8€)%. Of the 11 immune
checkpoints, 9 checkpoints (BTLA, HAVCR2, LAGS3,
LILRB2, PDCD1, SIGLEC7, SIRPA, TIGHT and VSIR)
were confirmed to express significantly lower levels
in the high-risk subgroup, which may provide a new
immunotherapy strategy that involves choosing effec-
tive targeted medicine.
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Discussion

Since the discovery of cellular senescence!®, the phe-
nomenon has been widely investigated and has been
proven to be involved in oncogene activation and tumour
suppression3233, The most recent research has demon-
strated that senescent cancer cells are heterogeneous
due to various variables, manifesting both pro- and anti-
tumour effects, suggesting that cellular senescence may
lead to novel treatment strategies3*3°, DNA methylation,
awell-studied form of epigenetic modification involving
the attachment of a methyl group onto the C5 position
of the cytosine to synthesize 5-methylcytosine, influ-
ences the transcription of corresponding genes (like
lysine methyltransferases [KMTs]) in various tumour
types, which alter cellular senescence in tumour tissue
and may serve as biomarkers in HNSCC prognosis®6-38,
In the present study, the 16-DNA methylation HNSCC
predictive prognosis model was first developed based
on the SS and was further validated. Further analys-
is showed that immune system function change and
tumour immune microenvironment alteration occur
in HNSCC, which is related to HNSCC prognosis and
cellular senescence. The results indicate that the 16
DMCs related to cellular senescence may regulate the
local lesion by affecting immune function. The present
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results could be profound in the HNSCC therapy area.

First, the methylome and transcriptome data were
collected from the TCGA database for HNSCC patients.
Based on the expression of 20 CSRGs and HNSCC sur-
vival, a unique SS was first derived for each HNSCC
patient. The method used to infer sample scores fol-
lowed that employed in previous articles on the rela-
tionship between cancer and another biological pro-
cess®»*0, Among the CSRGs involved, several genes have
been confirmed that participate in cellular senescence
and tumorigenesis. For instance, FXR1 is considered a
promoter for enhancing cellular senescence, and its
regulation activity is conducive to tumour growth in
different cancer tissues including HNSCC*>**4; CDKN2A
is commonly altered in human tumours, which influ-
ences tumour-immune microenvironments* and plays
an important role in in vivo aging via the p19(Arf)-p53
pathway*®. The KM survival analysis revealed that
HNSCC patients with higher SS had a poorer prognosis
(P < 0.01), indicating a strong correlation between SS
and HNSCC survival.

To create a DNA methylation predictive prognosis
model for the diagnosis and prediction of HNSCC,
3,261 DMCs were next identified between the high- and
low-SS groups in the TCGA. Ultimately, 16 DMCs were
included via the LASSO Cox regression method. Based
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on this model, the risk score for each HNSCC patient was
calculated. The Pearson correlation analysis showed a
significant negative relationship between SS and risk
score. ROC curves revealed that the DNA methylation
model was able to predict HNSCC prognosis reliably.
Its prediction accuracy and stability were validated
via a further investigation in the dataset GSE7553718.
Furthermore, the DMCs used in model construction
were proven to be closely related to the expression of
the aforementioned CSRGs, thus indicating the possible
interaction with CSRGs in cancer tissue. To include the
effect of clinical variables and increase the accuracy
in prognosis prediction, a nomogram was constructed
based on the 16-DNA methylation risk model. ROC
curves and calibration curves both confirmed the accu-
rate evaluation ability in HNSCC patients.

To further clarify the concrete mechanism in HNSCC,
GO?% and KEGG?*?° analyses were conducted to enrich
signaling pathways using DEGs in high- and low-risk
subgroups. The results proved that immune system
function change may be involved in tumorigenesis and
disease development, like “immune system process”,
and “immune response” in GO terms. Through GO
enrichment, several terms were identified, some of
which have been reported in the previous literature to
regulate cellular senescence in tumours. For instance,
extracellular vesicle (EV) has been discovered that
expresses higher in tumour tissue than adjacent nor-
mal tissue*’” and can capture cell-free DNA*8, which
is essential in the tumour microenvironment, thus EV
may be a biomarker in tumour senescence detection*.
KEGG analysis also suggested that there is a difference
in immune function between the two risk groups identi-
fied by the risk model, as immunity-related KEGG sig-
nalling pathways like “Proteoglycans in cancer”, “Th17
cell differentiation” and “Primary immunodeficiency”
were significantly enriched. To assess the expression
level of the DEGs additionally, GSVA analysis?> was
conducted and the heatmap revealed the top 20 KEGG
signalling pathways. The result of the analysis was
consistent with the GO and KEGG analyses, suggesting
change in immune function plays an important role in
the prognosis of HNSCC. Several immune system-relat-
ed KEGG signalling pathways, such as “Primary immu-
nodeficiency”, “T cell receptor signalling pathway”,
“Intestinal immune network for IgA production” and
“B cell receptor signalling pathway”, were found to be
significantly suppressed in the high-risk group. Among
them, “Primary immunodeficiency” was evaluated with
the top absolute value of fold change, which was identi-
fied in an autography-related HNSCC prognosis model
by Ren et al®®. Interestingly, KEGG analysis strongly
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inhibits the upregulation of glycan biosynthesis and
metabolism, indicating that active glycan metabolism
levels may be a positive factor in the prognosis of
HNSCC. This opinion was corroborated by previous
studies®1->4,

Research in the present study indicated that immune
system function influences the prognosis of HNSCC
patients, suggesting the potential participation of the
tumour microenvironment. The tumour microenvir-
onment plays a pivotal role in tumour progression
and metastasis. Its unique composition and subtype in
individuals result in different therapeutic outcomes®.
Thus, the evaluation of immune cell infiltration in the
HNSCC tumour microenvironment was valuable. The
IOBR package by R? was used to evaluate the tumour
immune purity of each sample via ESTIMATE?’ and
TIMER?®. According to the ESTIMATE analysis, the
HNSCC patients in the high-risk group presented with
significantly lower immune scores and ESTIMATE
scores, indicating that higher immune scores and
ESTIMATE scores are distinct positive predictors of
HNSCC prognosis, which is not consistent with other
cancer types like lung adenocarcinoma®®, gastric can-
cer® and clear cell renal cell carcinoma®®. Next, the
infiltration level of six immune cells was evaluated via
the TIMER algorithm. Significantly decreasing infiltra-
tion levels were noted in the high-risk group of each
immune cell type except macrophage. In summary, the
integrated evaluation suggested immunotherapy may
benefit low-risk HNSCC patients, but may not be suit-
able for high-risk patients.

The present study has some limitations. First, the
analysis was retrospective and dependent on publicly
accessible databases, and it was challenging to account
for the regional difference, which limited the applica-
tion of the risk model in the clinic. Second, it is favour-
able to evaluate immune and stromal components sys-
tematically in the centre of the tumour and at the inva-
sive margin given that the microenvironment may vary
in each individual and tumour site. The various tumour
regions could not be considered because the transcrip-
tome profiles employed in the present investigation
were all generated from a core sample of tumour tissue.
Thus, there is a lack of consideration of the heterogene-
ity of different tumour sites within an individual, which
may weaken the accuracy of the prognostic model to
some extent. Therefore, further validation of cellular
or animal models in the future will help to increase the
credibility of the study. Meanwhile, a carefully planned,
prospective, multicentre clinical trial that is conducted
internationally is anticipated. Third, the authors used a
GEO dataset for validation. Although having more data-
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sets for validation would increase the persuasiveness
of the findings, eligible validation sets are difficult to
obtain. In the future, further tests on HNSCC clinical
samples are needed to assess methylation site changes
in HNSCC more comprehensively.

Conclusion

In conclusion, the present authors first established a
16-DNA methylation predictive HNSCC prognosis model
associated with cellular senescence that may be utilised
to select treatment for HNSCC patients. The selected 16
CpGsites that were identified as participating in cellular
senescence were potential biofunction targets, reveal-
ing anovel research direction in the strategy for tumour
therapy.
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Evaluation of Sealer Remnants Using a Bioceramic Sealer
Single-cone Technique after Post Space Preparation and its
Influence on the Adhesion of Fibre Posts in vitro

Di QIAO?, Meng Meng ZHU!, Jie PAN!

Objective: To compare calcium silicate-based endodontic sealer and epoxy resin-based sealer
remnants on root canal walls after post space preparation and their influence on the bond
strength of fibre posts fixed with a dual-cured resin cement.

Methods: Thirty-six extracted single-root mandibular premolars were instrumented and
divided randomly into two equal groups with different endodontic sealers. iRoot SP (Innova-
tive BioCeramix, Vancouver, Canada) was employed in the experimental group and AH Plus
(Dentsply Sirona, Charlotte, NC, USA) was used in the control group. Sealer remnants were
observed under an endodontic microscope after root canal therapy and post space preparation.
Fibre posts were fixed with dual-cured resin cement. Specimens were taken at each third of the
post space. The push-out bond strength was measured using a universal testing machine and
fracture modes were assessed. Statistical analysis was performed using an independent samples
t test and one-way analysis of variance.

Results: There was no statistically significant difference in bond strength of fibre posts between
the control and experimental group (P > 0.05); however, sealer remnants were observed in
38.9% of the samples treated with iRoot SP and none of the samples treated with AH Plus. The
major fracture mode in samples treated with iRoot SP was adhesive failure between the resin
cement and the post, and no adhesive failure between the resin cement and dentine occurred at
the site of the sealer remnant. The presence of iRoot SP remnants on the root canal walls after
post space preparation did not interfere with bonding.

Conclusion: iRoot SP is a viable option for root canal obturation before fibre post cementation.
Key words: AH Plus, bond strength, calcium silicate-based sealer, endodontic sealer, fibre

post, iRoot SP

Chin J Dent Res 2023;26(4):249-256; doi: 10.3290/j.cjdr.b4784043

Fibre posts are recommended for ensuring retention of
teeth that have been compromised by extensive coronal
destruction and treated endodontically’2. Resin cement
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is commonly used to fix fibre posts in place; however,
one of the main concerns with this technique is the
uncertain nature of the bond strength between the fibre
post and dentine, which is closely related to the high
sensitivity of the adhesive technique®.

Endodontic sealer is commonly used during root
canal obturation; thus, careful consideration of the
endodontic sealer used during the obturation process
but before fibre post cementation is required, as adhe-
sion of the resin cement to the root dentine may be
affected by the endodontic sealer, which may impact
retention of the fibre post after treatment*°. It is com-
monly accepted that eugenol-based sealers should be
avoided because the eugenol may inhibit polymerisa-
tion of the resin-based cement or modify the surface of
the polymerised resin®, decreasing the bond strength of
fibre posts to the root dentine®1. In addition, sealers
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containing calcium hydroxide are difficult to remove
from dentinal walls, and can also reduce the bond
strength!112,

AH Plus (Dentsply Sirona, Charlotte, NC, USA) is an
epoxy resin-based sealer that is considered the gold
standard due to its excellent adhesive properties, seal-
ing ability and non-interference with the bond strength
of fibre posts fixed using adhesive resin cements!3!4,
For this reason, the performance of new endodontic
sealers is often compared against that of AH Plus.
In recent years, iRoot SP (Innovative BioCeramix,
Vancouver, Canada), a calcium silicate-containing,
injectable, premixed sealer with good physicochemi-
cal and biological properties, has become an increas-
ingly popular alternative sealant for root canal obtura-
tion!>17,

During the setting process, iRoot SP can form tag-like
structures consisting of either sealer itself, or crystals
formed by the reaction of calcium hydroxide present in
iRoot SP with phosphate ions present in the dentine!820,
producing a high bonding capacity between the dentine
and the filling material, which consequently means
removal is more difficult?’:22, It has been shown that
iRoot SP can penetrate dentine tubules to a depth of
more than 1 mm®%?23, and any sealer remnants in the
dentine tubules might affect the bond strength since
bonding is mainly based on micromechanical retention
through the diffusion of monomers into the dentinal tu-
bule?*. Besides the sealer in the dentine tubules, large
amounts of sealer may still remain on the root canal
walls even after fibre post preparation, because the
material becomes very hard when set and is difficult to
remove?®. Thus, the influence of sealer remnants on the
adhesion of fibre posts must be evaluated.

Few studies have examined the influence of iRoot SP
sealer on the adhesion of fibre posts*%19:26; however,
the results were conflicting. Some studies found that
fibre posts displayed lower bond strength when iRoot
SP was used compared with AH Plus*%10, whereas
others found that both sealers showed equal bond
strength?%2?7, These conflicting results may be due to
the different morphology of the root canals, differences
in treatment and the use of different cement resins.
Therefore, whether the bond strength of fibre posts can
reach the same level of bond strength after using iRoot
SP or AH Plus as endodontic sealer remains inconclu-
sive. There have also not been any reports on whether
large amounts of sealer remnants on the root canal
walls after post space preparation affects the adhesion
of fibre posts.

The purpose of this in vitro study was to assess the
effect of the calcium silicate-based endodontic sealer
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iRoot SP on the push-out bond strength of fibre posts
cemented with a dual-cured resin cement and observe
the relationship between the sealer remnants and the
debonding of fibre posts. The null hypothesis was that
the type of endodontic sealer would have no influence
on the adhesion of fibre posts, even if there might be
large amounts of sealer remnants on the root canal
wall.

Materials and methods

Experimental design

This study was approved by the Biomedical Ethics
Committee of Peking University School of Stomatology
under the protocol PKUSSIRB-201734051. The sample
size was calculated based on the following formulae:
n=f(a, B/2) x 2 x 02 / d2, where o is the standard devia-
tion, and f(a, B) = [®-1(a) + ®-1(B)]2, where ®-1 is the
cumulative distribution function of a standardised nor-
mal deviate. The power was set at 80% and the level of
statistical significance was set at 0.05. The minimum
sample size was determined to be 18 samples in each
group. Each procedure in the study was performed by a
trained operator.

A total of 36 human permanent mandibular pre-
molars extracted for orthodontic reasons were col-
lected and immersed in 0.1% thymol solution. All the
selected teeth had a straight root with a single canal
with a fully formed apical foramen and were free
of caries lesions and cracks (Fig 1a). The teeth were
decoronated below the cementoenamel junction with
a high-speed bur (TR-13; MANI, Utsunomiya, Japan)
under water to obtain a standard root length of 14 mm
(Fig 1b). The roots were observed under an endodontic
microscope (Carl Zeiss, Gottingen, Germany) to make
sure there were no cracks. The initial apical width was
no more than the diameter of a size 20 K-file (MANTI)
in order to reduce the variation in size between the
root canals. The diameters (buccal-lingual and mesial-
distal) of the root canals at orifice level were measured
with digital calipers (Mitutoyo, Kawasaki, Kanagawa,
Japan) and the length-width ratio was calculated for
each specimen.

The specimens were divided randomly into two
groups by way of a coin toss according to different
endodontic sealers and corresponding obturation tech-
niques. Group 1 (n = 18, experimental group) used iRoot
SP sealer with the single-cone technique (Fig 1c), and
Group 2 (n =18, control group) used AH Plus sealer with
the warm vertical condensation technique (Fig 1d).
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Fig 1 Operation procedure. (a) Mandibular premolar; (b) decoronated; (c) root canal obturation with iRoot SP using the single-cone
technique; (d) root canal obturation with AH Plus using the warm vertical condensation technique; (e) coronal access cavity sealed
with resin; (f) radiographs showing buccal-lingual (B-L) and mesial-distal (M-D) expansion; (g) post space preparation; (h) fibre post
adhesion; (i) three specimens for each tooth.

Both groups had several round (length-width ratio <
1.2) and oval root canals (length-width ratio > 1.2). In
Group 1, there were 7 round root canals and 11 oval root
canals, and in Group 2, there were 6 round root canals
and 12 oval root canals.

Endodontic treatment

The working length was set as 1 mm shorter than the
length of a size 10 K-file (MANTI) in the tooth when its tip
is placed at the apical foramen. The canals were instru-
mented with ProTaper Next rotary instruments (Dent-
sply Sirona) up to X3, with 2.5% sodium hypochlorite
(NaOCl) irrigation (1 ml, after using each file) through a
side-vented needle (239; Paikedun, Suzhou, China), fol-
lowed by treatment in an ultrasonic bath (P5 Newtron;
Satelec, Merignac, France) with 2.5% NaOCl for 20
seconds, three times. Subsequently, the canals were
immersed in 17% ethylenediaminetetraacetic acid for 1
minute, followed by a final flush with 5 ml of 2.5% NaO-
Cl, and then dried with absorbent paper points (Dayad-
ing, Beijing, China).

In Group 1, iRoot SP was inserted with the syringe
provided by the manufacturer in the middle third of
the canal, and then one 35#/0.04 gutta-percha point
(Dayading) was covered with a thin layer of sealer and
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slowly inserted. The gutta-percha point was cut off at
the root canal orifice with a heat carrier (B&L Biotech,
Ansan, South Korea). In Group 2, AH Plus was prepared
according to the manufacturer’s recommendations and
the warm vertical condensation technique was applied.
Each root canal was obturated with one 35#/0.04 gutta-
percha point covered with AH Plus and several 25#/0.02
gutta-percha points (Dayading) if necessary to ensure
that the apical 4 mm was tightly filled. The gutta-percha
points were removed 4 mm from the apical foramen
with a heat carrier, and then the root canal was back-
filled with warm gutta-percha.

Finally, for all specimens, Clearfil SE Bond (Kuraray
Medical, Tokyo, Japan) and P60 resin (3M ESPE, St Paul,
MN, USA) were used to seal the coronal access cav-
ity (Fig le), and radiographs were taken from both the
buccal-lingual and mesial-distal expansions to ensure
there was no vacuole within the root filling materials
(Fig 1f). The specimens were stored at 37°C under 100%
humidity for 7 days.

Fibre post cementation

After storage, the P60 resin was removed with a dia-
mond bur. The gutta-percha and its surrounding seal-
er material was removed with 1# to 3# Peeso reamers
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(MANTI), leaving 4 mm of filling material in the apical
third. Post spaces were prepared to a depth of 9 mm with
a blue size (diameter of 1.2 mm) post space preparation
drill (RTD, St Egeven, France) (Fig 1g). The post spaces
were then observed under an endodontic microscope,
and if sealer remained in the canals, this was recorded.
Before cementation, the post spaces were treated in an
ultrasonic water bath for 1 minute and then dried with
absorbent paper points. The CORECEM adhesive resin
cement system (RTD) was injected into the post spaces
with a syringe until the resin cement spilled out of the
root canal orifice. Fibre posts (RTD) with a diameter of
1.2 mm were inserted to full depth with bulldog forceps
and finger pressure. Excess cement was removed and
the cement was cured for 40 seconds with an ultravio-
let-light-emitting diode (UV-LED) curing light (Fig 1h).
The roots were then incubated in 100% humidity at 37°C
for 24 hours.

Push-out test

Each root specimen was sectioned transversally with a
cutting machine (Isomet 1000 Precision Saw; South Bay
Technology, San Clemente, CA, USA) under water irriga-
tion, and slices with a thickness of 1 mm at the cervical,
middle and apical thirds of the created post space were
obtained at depths of 2.0, 4.5 and 7.0 mm from the root
canal orifice, respectively (Fig 1i). Images of both sides
of the slice were captured with a camera attached to an
endodontic microscope. Slices with evident bubbles or
voids were discarded from the study.

The push-out bond strength was measured using
a universal testing machine (Instron 5969; Instron,
Norwood, MA, USA). Loading was performed at a cross-
head speed of 0.5 mm/min, with a metallic plunger with
a diameter of 0.8 mm in the crown-to-apex direction
until the post was completely dislodged from the slice,
which is in line with a previous study?®. The maximum
force at failure (F) was recorded in Newtons (N), and
the thickness of the slice (H) was measured in mm
with digital calipers. The push-out bond strength (P) in
megapascals (MPa) of each slice was calculated using
the following equations: P =F/S; S=C x H and C = 1t x
D, where S is the area of the bonded interface (mm?); C
is the periphery of the post (mm) and D is the diameter
of the post (mm).

Fracture mode analysis

All push-out specimens were assessed under 16X magni-
fication with an endodontic microscope for the fracture
analysis. The fracture modes were divided into four cat-

252

egories (Figs 2a to d): adhesive failure between resin
cement and dentine (the post was enveloped by resin
cement); adhesive failure between resin cement and
the post (no cement visible around the post); cohesive
failure in the post, i.e., the fracture occurred in the fibre
post; and mixed failure i.e. post, cement and dentine
visible on the debonded area.

Scanning electron microscopy (SEM) (S-4800;
Hitachi, Tokyo, Japan) was used to observe the bond-
ing interface and fracture surface. The specimens were
immersed in 2.5% glutaraldehyde for 24 hours at 4°C
and a gradient of dehydration in 30%, 50%, 70% and
90% ethanol for 10 minutes each and finally immersed
in 100% ethanol for 30 minutes. Subsequently, the sam-
ples were dried naturally and fixed with electrically
conductive silicone for examining.

Statistical analysis

Statistical analysis was conducted with an independent
samples t test and one-way analysis of variance (ANO-
VA), using a factorial design with the type of sealer (AH
Plus and iRoot SP) and the root canal region (cervical,
middle and apical), followed by post-hoc Tukey multi-
ple comparisons using SPSS statistics software (version
20.0; SPSS, Armonk, NY, USA) for Windows. The level of
significance was set at a = 0.05. The results were consid-
ered statistically significant when P < 0.05.

Results

The mean bond strength values (in MPa) and standard
deviation values for fibre posts that were cemented
in the root canals previously obturated with different
sealers at the cervical, middle and apical regions were
determined (Table 1). Within the same root canal re-
gion, there was no statistically significant difference in
bond strength between the two sealers, whether in the
cervical, middle or apical portion (P=0.67, P=0.14 and
P =0.78 for the cervical, middle and apical portions,
respectively). When using the same sealer, the highest
bond strength was obtained in the cervical portion for
both AH Plus and iRoot SP (22.78 + 3.80 MPa and 23.88 +
4.15 MPa, respectively), which was significantly higher
than for the middle portion (19.74 + 3.49 MPa and 20.90
+4.03 MPa, respectively) (P=0.030 and P=0.048 for AH
Plus and iRoot SP, respectively) and the apical portion
(18.96 + 4.86 MPa and 18.82 + 4.55 MPa, respectively)
(P=0.07 and P < 0.001 for AH Plus and iRoot SP, respect-
ively).

In the AH Plus group, there were two major fracture
modes: adhesive failure between the resin cement and
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Table 1 Mean bond strengths (MPa) and standard deviations for the sealers in different canal regions.
Group Root canal region Overall
Cervical Middle Apical
AH Plus 22.78 + 3.802A 19.74 + 3.4938 18.96 + 4.8638 20.49 + 4.342
iRoot SP 23.88 + 4.152A 20.90 + 4.032B 18.82 + 45538 21.24 + 4.642

Uppercase letters correspond to the comparison in the rows (among root canal regions) and lowercase letters correspond to the
comparison in the columns (among sealers). The same letters indicate no significant differences between the compared groups

(P >0.05) and vice versa.

Table 2 Mode failure percentages for each group (n = 18).

Sealer Region Failure mode
Adhesive cement—dentine Adhesive cement—post Cohesive in post
Cervical 0.0% 33.3% 27.8% 38.9%
AH Plus Middle 5.6% 44.4% 16.7% 33.3%
Apical 16.7% 38.9% 5.6% 38.9%
Cervical 0.0% 50.0% 33.3% 16.7%
iRoot SP Middle 0.0% 50.0% 27.8% 22.2%
Apical 5.6% 50.0% 5.6% 38.9%

Fig2 Fracture mode
categories. (a) Adhesive
failure between resin ce-
ment and dentine. (b)
Adhesive failure between
resin cement and the
post. (¢) Cohesive fail-
ure in the post. (d) Mixed
failure (arrows indicate
the location for debond-
ing between the adhesive
resin and dentine).

the post, and mixed failure. In the iRoot SP group, the
major fracture mode was adhesive failure between the
resin cement and the post (Table 2). In both the AH Plus
and iRoot SP groups, compared with the cervical and
middle specimens, there were more adhesive failures
between the cement and dentine and fewer cohesive
failures in the post in the apical specimens. In the
specimens that showed mixed failure, the most com-
mon location for debonding between the adhesive resin
and the dentine was where the adhesive resin was thin
and weak, as shown by the arrows in Fig 2d.
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After post space preparation, sealer could still be
seen on the root canal walls in 38.9% (7/18) of root
canals with iRoot SP obturation (Fig 3a), whereas no
sealer was seen in the AH Plus group. All seven of the
root canals containing sealer remnants were oval, with
the location of the remnants being near the vertex of
the long axis of the ellipse. Of these seven root canals,
six had sealer remnants in the cervical portion, seven
in the middle portion, and three in the apical portion.
The adhesive resin was also found to combine tightly
with the sealer (Fig 3b), and there was no debonding
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of adhesive resin on the root canal wall where sealer
remnants were present.

Discussion

To evaluate the bond strength of materials, several
techniques can be used, including conventional tensile
strength testing, as well as pull-out and push-out tests.
The push-out test is widely used when evaluating the
bond strength of fibre posts and was employed in the
present study, since it can be used in confined areas
such as root canal walls and give a precise indication of
the location(s) in which failures occurred® 2°.

The present study has shown that it is difficult to
remove excess iRoot SP completely from the root canal
system after post space preparation, whereas all excess
AH Plus can be removed. iRoot SP was seen in each
third of the root canal, mainly in the cervical and mid-
dle regions. From the cervical to the apical region, the
shape of the cross-section of the root canal changes
gradually from oval to circular, the diameter of the root
canal becomes progressively smaller and the penetra-
tion depth of the sealer in the dentine tubule gradually
becomes less®, making it easier to remove the sealer
in the apical region.

Most previous studies have demonstrated that iRoot
SP has a negative influence on the bond strength of fibre
posts®10:3L32 " and that any sealer remnants could pre-
vent contact between the resin cement and the collagen
matrix in dentine and change the wettability, permeabil-
ity, pH and reactivity of the dentine, affecting the resin-
dentine bond strength®; however, this was not shown to
be the case in the present study, and the authors did not
observe any difference in the bond strength to root den-
tine whether iRoot SP or AH Plus sealer was used, which
is in line with the findings reported by He et al?® and
Ozcan et al?’. One possible explanation for this could be
the use of different study designs and methodologies in
the present study and others, for example in relation to
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Fig 3 Sealer remnants
on root canal walls after
post space preparation in
the iRoot SP group.

(a) Sealer remnants were
located near the vertex of
the long axis of the ellipse
(arrow point).

(b) The adhesive resin (R),
the sealer (S) and the den-
tine (D) were bound tightly
together after push-out
testing.

the obturation technique, post space irrigation methods,
and brand of cement and fibre post used®. The reten-
tion of fibre posts depends mainly on adhesion, includ-
ing the adhesion between cement and dentine and
between cement and the post. In the present study, most
dislocations occurred between cement and the post,
which means that as long as the bond strength between
the cement and dentine was greater than that between
the cement and the post, there would be no difference
in bond strength of fibre posts between the iRoot SP
and AH Plus groups, even if there was some difference
in bond strength between cement and dentine between
the two groups. Although sealer remnants were found
along the root canal walls, it may not be enough to have
an impact on the bond strength of fibre posts cemented
with the CORECEM adhesive resin system.

This study showed that the bond strength of the
fibre posts in the cervical portion was higher than that
in the middle and apical portions when both AH Plus
and iRoot SP were used, which is consistent with pre-
vious studies®10:3435 One possible explanation for this
is the morphological differences within the dentine
along the canal, such as the reduction in the number,
density and diameter of dentine tubules from the cer-
vical to the apical portion3%37, Since adhesion relies
mainly upon micromechanical retention, higher bond
strength is expected to be achieved in the cervical por-
tion'%?7. Another factor that may explain the lower
bond strength in the deepest portion of the root canal
is the difficulty accessing this area. For example, inser-
tion of the acid etching solution and adhesive system
was impaired® and there was likely poor UV curing of
the resin composite in regions distant from the light
source, with incomplete curing likely contributing to
the diminished bond strength of fibre posts>26:38,

Finally, the major fracture modes with AH Plus were
found to be adhesive failure between the resin cement
and the post and mixed failure, whereas with iRoot SP,
half of the specimens experienced adhesive fracture
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between the resin cement and the post, implying that
this group had better adhesion with the dentine walls,
which is in accordance with Ozcan et al?’ but in contrast
with the majority of previous studies, where most fail-
ures were either of the adhesive at the cement-dentine
interface®%2% or mixed failure®’. The possible explana-
tions for the different distribution of fracture mode
include the type of luting cements used, the approach
taken to treatment of the post space, and difference
in the pre-treatment of the fibre post. Fibre posts that
have been airborne-particle abraded and pre-treated
with silane might experience fewer adhesive failures
between the cement and posts, although this warrants
further investigation3>-41,

The main limitation of the present study was the
fact that different obturation techniques were used for
different sealers; however, the study design is based
on clinical application. AH Plus with the warm verti-
cal condensation technique is considered the gold
standard!®14, whereas warm vertical condensation
was not advised in conjunction with iRoot SP by some
researchers*?. The single-cone technique is employed
by most dental practitioners when iRoot SP is used!’,
as the technique is easy and fast and the most import-
ant is the clinical success rate. The success rate of root
canal therapy using a single-cone technique with iRoot
SP was 90.9%, which fell within the range found in
previous studies®. To eliminate the influence of dif-
ferent obturation techniques, another group with the
use of iRoot SP in conjunction with the warm vertical
condensation technique could be added; however, this
approach is rarely used in clinical settings and might
have limited clinical significance.

Conclusion

Within the limitations of the present in vitro study, it can
be concluded that the presence of remnants of iRoot SP
sealer after post space preparation has a limited effect
on the bond strength of fibre posts to dentine. iRoot SP
used with the single-cone technique is a viable option
for root canal obturation before fibre post cementation.
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Comparison of Powered versus Manual Tooth Brushing
for Safety and Efficacy in Patients with Gingivitis: A

Randomised, Multicentre Clinical Trial in China

Dan Ying TAO!, Yan SI?, Tao HU?, Shu Guo ZHENG?, Han JIANG*, Ye TAO®, Yan ZHOU?,

Fang Zhi ZHU3, Bao Jun TAI*, Xi Ping FENG!

Objective: To evaluate the effects of powered and manual tooth brushing on gingival inflam-
mation in a Chinese population with mild to moderate gingivitis.

Methods: The present randomised, single-blind, parallel clinical trial was conducted in five
cities in China. Generally healthy participants aged 18 to 65 years, who were non-smokers and
had at least 20 sites of gingival bleeding, were included as eligible subjects. The subjects were
randomly assigned to either the powered tooth brushing (PTB) group or standard manual tooth
brushing (MTB) group. All subjects were supplied with a fluoride-containing toothpaste, Gin-
gival Bleeding Index (GBI), Modified Gingival Index (MGI) and the Turesky modification of
the Quigley-Hein Plaque Index (MPI) were used to evaluate the outcomes.

Results: A total of 235 subjects completed the study, 118 in the PTB group and 117 in the MTB
group. The mean age and sex distribution for the PTB and MTB groups were 34.40 + 9.99
years, 89 women and 29 men, and 34.20 + 10.14 years, 82 women and 35 men, respectively.
After 6 months, the percentage decrease in MGI was 26.150% + 26.897% for the PTB group
and 14.768% + 38.544% for the MTB group (P = 0.0092). Statistically significant differences
between types of tooth brushing were also observed at 6 months for GBI, and at all time points
for MPIL

Conclusion: Tooth brushing with a powered toothbrush twice a day was shown to be more
effective than use of a manual toothbrush in reducing gingival inflammation, gingival bleed-
ing and surface plaque after a 6-month period. Both kinds of toothbrushes were safe for the

oral tissues.
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The role of home oral hygiene practices has been stud-
ied extensively, with the efficacy and safety of home-
use methods, toothbrushes and interproximal cleaning
devices being well-documented!; however, there is
limited evidence from clinical trials available to evalu-
ate their impact with a multicentre design and a longer
duration. The Fourth National Oral Health Survey of
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China showed a high prevalence of periodontal disease
in China, with reported rates of 52.8%, 69.3% and 64.6%
in the age groups of 35 to 44 years, 55 to 64 years and 65
to 74 years, respectively®. This is important across the
entire spectrum of periodontal status, as adequate pre-
vention may reduce the prevalence of periodontal dis-
ease and adequate maintenance may minimise its sever-
ity. It is important to evaluate thepreventative effects of
tooth brushing in patients who have not yet experienced
periodontitis®. The present study aimed to compare the
effects of powered versus manual toothbrush use on
gingivitis to provide valuable information to help pre-
vent periodontitis.

Materials and methods

Subjects

This was a multicentre study conducted on generally

healthy adult volunteers aged 18 to 65 years. The Clin-

ical Study Ethics Committee of Shanghai Ninth Peo-
ple’s Hospital, Shanghai, China, approved the protocol

(SH9H-2018-T60-1) and the trial was registered at chictr.

org (ChiCTR2100050706). Subjects’ rights were protected

by the Ethics Committee and written informed consent
was obtained.
The inclusion criteria were as follows:

« routine manual toothbrush users;

+ non-smokers;

+ atleast 20 natural teeth;

«+ informed consent provided voluntarily with agree-
ment to fulfil study visits and complete procedures
over a 12-month period;

+ mild to moderate gingivitis with at least 20 sites of
gingival bleeding as assessed by the Gingival Bleed-
ing Index (GBI);

+ minimum plaque score of at least 1.5 according to
the Turesky modification of the Quigley-Hein Plaque
Index (MPI) following an oral hygiene abstention
period lasting 8 to 16 hours®-19,

The exclusion criteria were as follows:

« fixed orthodontic appliances;

« removable dentures;

+ untreated caries lesions;

+ significant evidence of periodontal disease and gen-
eral health problems;

+ dental students, dental professionals and others with
potential conflicts of interest.
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Study sites and examiners

The study was conducted in five cities in China: Beijing,
Shanghai, Chengdu, Wuhan and Guangzhou. All the
investigators were oral clinicians with at least 2 years’
practice experience.

Interventions and home hygiene instructions

Two interventions were planned in this home oral
hygiene study. The subjects were divided randomly into
two groups and provided with either a powered tooth-
brush (Sonicare DiamondClean Smart used in Gum
Health mode with Premium Gum Care brush head [both
Philips, Amsterdam, The Netherlands], PTB group) or a
manual toothbrush (American Dental Association ref-
erence toothbrush with flat-trim nylon bristles, MTB
group). All subjects used the assigned toothbrush
twice daily, once in the morning and once in the even-
ing, with a standardised fluoride-containing toothpaste.
The subjects assigned to the PTB group brushed their
teeth according to the instructions provided by the prod-
uct manufacturer, whereas those assigned to the MTB
group brushed their teeth according to their routine
habits. All other oral hygiene measures were prohibited.
Compliance with the assigned tooth brushing regimen
was tracked in a home diary record that was supplied to
each subject and reviewed at each study visit by desig-
nated staff.

Outcome measurement

Modified Gingival Index (MGI) was evaluated at four
sites on the gingival margin and papillary units of each
tooth, with severity rated on a scale of 0 to 4. Gingival
Bleeding was assessed using a Community Periodon-
tal Index (CPI) probe. Severity was rated as binary, i.e.,
bleeding present or not. GBI is part of the empirical
clinical algorithm!. MPI was scored at six sites, includ-
ing the labial and lingual side (mesial/centric/distal).
All teeth were stained with plaque disclosing dye and
then scored.

Description of study procedures

The subjects attended eight visits to complete the study
over a 12-month follow-up period and were enrolled
from February 2019 to July 2020. Table 1 presents the
study visit intervals and the procedures conducted at
each visit.

Volume 26, Number 4, 2023



TAO et al

Table 1 Timing of study visits and procedures carried out.

Visit 1: Screening (up to day 14)

Informed consent, medical and dental history, concomitant medications, oral examination, prelimi-
nary eligibility assessment, enrolment

Visit 2: Baseline/day 0

Oral examination, adverse events/concomitant medications, MGI, GBI and MPI? for final eligibility
determination, randomisation, product dispensation and instruction, issuing diary

Visit 3: Day 5 new diary

Oral examination, adverse events/concomitant medications, compliance review, MPI, dispensing

Visit 4: Week 6

Oral examination, adverse events/concomitant medications, compliance review, MGI, GBI, MPI, dis-
pensing new diary, product use questionnaire

Visit 5: Month 3

Oral examination, adverse events/concomitant medications, compliance review, MGI, GBI, MPI, dis-
pensing new diary, dispensing new brush head or MTB, product use questionnaire

Visit 6: Month 6

Oral examination, adverse events//concomitant medications, compliance review, MGI, GBI, MP],
dispensing new diary, dispensing new brush head or MTB, product use questionnaire

Visit 7: Month 9 new brush head or MTB

Adverse events/concomitant medications, compliance review, dispensing new diary, dispensing

Visit 8: Month 12P

product use questionnaire

Oral examination, adverse events//concomitant medications, compliance review, MGI, GBI, MP],

aSubjects were required to abstain from administering oral hygiene between 8 and 16 hours prior to each visit at which MPI was

assessed.

bThe clinical measurements of MG, GBI and MPI were not collected due to the COVID-19 outbreak preceding the scheduled visit.

Sample size determination

The sample size determination was based on the results
of a prior study with similar eligibility criteria in which
the primary efficacy endpoint, MGI, was measured in
a comparison between a powered toothbrush and a
manual toothbrush!?, After adjustment according to
the linear model, the difference in percentage decrease
between treatments at week 6 was 46.50%2.

In the absence of pilot data for any of the planned
clinical sites used, the present authors adopted a con-
servative estimate of a difference between products of
10% at month 3 (standard deviation 20%, 0.05 signifi-
cance level, with 90% power). Based on these assump-
tions, the minimum sample size required to detect the
proposed difference was 86 subjects per group, to give
a total of 172 subjects. To allow for a 15% dropout rate,
the sample size was increased conservatively to enrol
240 subjects (120 per group).

Randomisation

Subjects were randomised at visit 2 by designated
unblinded study personnel. These personnel were not
responsible for any efficacy and safety endpoint assess-
ment. As this was a multicentre study, enrolment and
randomisation were independent among sites. Each site
aimed to enrol 50 subjects (25 per group), except for one
site, where the target was 40 subjects (20 per group).
Each site’s randomisation schedule was paper-based
and was provided by a third-party research organisa-

Chinese Journal of Dental Research

tion. Randomisation was stratified by age: 18 to 34 years
and 35 to 65 years.

Explanation of any interim analyses or withdrawal/
termination criteria

There were no planned interim analyses for this study.
All subjects were able to withdraw voluntarily at any
time. In addition, the principal investigator at each site
was able to terminate a subject’s participation for any
intercurrent concerning safety issue, or as related to
significant non-compliance. Withdrawn subjects were
not replaced.

Blinding

Given the nature of the test products, this was a single-
blind study. All examiners of the clinical indices were
blinded to the treatment assignment of subjects. Desig-
nated unblinded study personnel performed randomi-
sation, product dispensing and instruction, and diary
dispensing and review. The study data were merged
with randomisation following database lock. Statistical
analysis was conducted thereafter.

Repeatability

Repeat examinations for MGI assessments of three
participants were carried out by examiners at each site
and a reference examiner at baseline and during the
visit at month 3 to evaluate inter-examiner repeatabil-
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Screened subjects (N=579)

Enrolled subjects Screen failures

(N=241) (N=338)

Randomized Randomized Lost follow

to PTB to MTB up or
(N=121) I.(N=120) | withdraw
Completion  Completion (N=6) |
PTB (N=118) MTB (N=117)

Fig1 Subject screening, enrolment and completion.

ity. Replicate GBI examinations were not conducted for
the influence of the first examination on the replica-
tion. Assessments of each tooth performed at each visit
were cross-tabulated and a Kappa coefficient (k) was
calculated. Repeatability was compared according to
pre-defined values as fair to good if it was between 0.40
and 0.75. The Kappa scores for MGI with regard to five
examiners were 0.56-0.62 at baseline and 0.57-0.61 at
the 3-month visit.

Statistical methods

The primary efficacy analysis was conducted including
all randomised subjects with a baseline and MGI evalu-
ation at month 3 (modified intention to treat [MITT]).
The safety analysis included all randomised subjects
who were exposed to treatment. All variables were
summarised by descriptive statistics. Standard subject
demographics (e.g., age, sex, ethnicity) and baseline
characteristics were summarised for all randomised
subjects, and for MITT subjects. For continuous subject
characteristics, means were compared using a one-way
analysis of variance (ANOVA). The incidence of categori-
cal variables was compared using a chi-square test or
Fisher exact test, where appropriate.

For each visit, an ANOVA model was used to evaluate
product comparisons for efficacy variables. The re-
duction from the baseline percentage of each efficacy
variable (MPI, MGI and GBI) was used as the response
variable of the model; the group was used as the inde-
pendent variable. A sensitivity analysis was performed
for central effects. In addition, the time effect of ef-
ficacy was tested using a linear mixed-effect model,
which considered both time effect and time-group
interaction effect.
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Deviations from the planned protocol and analysis

Clinical examinations were not performed at any of the
five clinical sites at month 12 due to the COVID-19 pan-
demic at that time. Thus, the final efficacy endpoints
for MPI, GBI and MGI were analysed with outcomes
as recorded at month 6. A telephone interview was
completed at month 12 to assess safety. These data are
included in the final analysis.

Results

Study subjects: enrolment, randomisation and
completion

Atotal of 579 subjects were screened for inclusion in this
study. Of these, 338 did not meet the inclusion criteria
and 241 were enrolled, with 121 randomised to the PTB
group and 120 to the MTB group. Upon completion at
month 12, there were 118 subjects inthe PTB group and
117 in the MTB group. Figure 1 presents the flow of sub-
jects from screening to completion. The baseline values
depicting the distribution of age, sex, ethnicity, MGI,
GBI and MPI between treatment groups, across all five
sites, are presented in Table 2.

Efficacy outcomes

Gingival inflammation was found to improve for both
treatment groups over the study period. At week 6, both
treatment groups had made amodestimprovement com-
pared to baseline; however, no statistical intergroup dif-
ference was observed, with mean percentage decrease
values 0of 7.206% + 17.310% and 7.184% + 22.2329% for the
PTB and MTB group, respectively. At month 3, the reduc-
tion trend continued, with percentage decrease values
of 17.490% =+ 33.525% for the PTB group and 11.260% +
35.725% for the MTB group (P =0.1693). In month 6, the
reduction trend continued and a statistically significant
intergroup difference was observed, with outcomes of
26.150% + 26.897% for the PTB group and 14.770% +
38.544 for the MTB group (P =0.0092).

GBI was also found to reduce compared to baseline
for both treatment groups. No statistical difference
was observed between groups, however, until month
6, as was also the case for MGI, above. At month 6, the
percentage decrease outcomes were 48.660% + 31.849%
for the PTB group and 31.750% + 39.960% for the MTB
group (P =0.0004).

As is customary in Chinese dental practice, an early
indication of product efficacy for plaque reduction was
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Table 2 Baseline demographics and clinical values.

0.8778

Mean + standard deviation | 34.40 + 9.99 34.20+10.14
Age,y Median 33.5 33.0
Range 18-63 18-59
Sex Female 89 (75.4%) 82 (70.1%) 0.3580
Male 29 (24.6%) 35 (29.9%)
Han Chinese 115 (97.5%) 112 (95.7%)
Manchu 0(0.0%) 3(2.6%)
Ethnic group Hui 2(1.7%) 1(0.9%) 0.3135
Nakhi 0(0.0%) 1(0.9%)
Mongol 1(0.8%) 0(0.0%)
Mean * standard deviation | 1.8264 + 0.4223 1.8237 £ 0.4328 0.9617
Baseline MGl Median 1.7464 1.8018
Range 0.7755-2.9196 0.6667-2.8661
Mean  standard deviation |0.4676 +0.2140 0.4530+0.2138 0.6016
Baseline GBI Median 0.4073 0.3929
Range 0.1818-0.9811 0.1786-0.9107
Mean + standard deviation |3.3110+0.6758 3.3347 +0.6704 07875
Baseline MPI Median 3.3097 3.3286 ’
Range 1.7357-4.8053 1.7071-4.9643

evaluated on day 5. A reduction from baseline plaque
levels was observed at all time points for both groups.
In addition, between-group differences were observed
to be statistically significant at each time point. The
mean percentage decreases were 11.320% + 14.212%
for the PTB group and 6.287% + 12.904% for the MTB
group (P = 0.0049) at day 5; 7.030% +14.929% for the
PTB group and 3.208% =+ 14.171% for the MTB group (P
=0.045) at week 6; 13.576% + 20.842% for the PTB group
and 7.792% + 18.472% for the MTB group (P = 0.0253)
at month 3; and 16.777% + 20.151% for the PTB group
and 5.469% = 19.409% for the MTB group (P < 0.0001)
at month 6. Figure 2 presents the trend for the three
outcome variables over time.

Sensitivity and correlation analysis

Sensitivity analysis was conducted for the percentage
reduction in MGI, GBI and MPI to investigate the impact
of multiple factors, such as age, time and clinical site.
There was no statistical difference between the two age
groups (18 to 34 years and 35 to 65 years) for reductions
in MGI, GBI and MPI at any of the visits, except for MPI
reduction at 5 days. The interaction between time and
study group was statistically significant (P < 0.05), with
both groups exhibiting different trends at each visit.
Additionally, an interaction was observed between site
and group (P < 0.05), with the clinical efficacy of both
treatment groups in Wuhan found to be inconsistent
with those at the other four sites.

Chinese Journal of Dental Research

Further, correlation analysis of the percentage re-
duction in MGI, GBI and MPI with the Pearson method
indicates that there was a positive correlation among
these three efficacy variables at 3 and 6 months. The
correlation coefficient among MGI, GBI and MPI reduc-
tion was between 0.25 and 0.45 (P < 0.0001) (Table 3).
At 6 weeks, the percentage reduction in MPI appeared
to correlate with the percentage reduction in GBI, but
not MGI.

Safety outcomes

Over the 12-month period, one adverse event occurred
that was possibly related to the study product in each
treatment group, both indicated as mild in severity. Nei-
ther group reported a severe or greater adverse event
possibly related to the study products. A total of 55 sub-
jects reported 69 adverse events that were not related to
the study: 27 subjects in the PTB group had 32 adverse
events, and 28 subjects in the MTB group had 37 adverse
events. There was no statistically significant difference
between the two groups.

Subject deviations

In general, subjects were highly compliant. The most
common deviation reported was incidents of missed
brushing. Such incidents were infrequent, and there-
fore deemed insufficiently serious to interfere with the
efficacy or safety endpoints.
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Discussion

The fourth National Oral Health Survey of China report-
ed high prevalence and severity of periodontal disease
among adults in mainland China®3. The constituents of
biofilm are implicated as the source of pathogenesis
of periodontal inflammation and disease!*'°. Adequate
home oral hygiene care, such as regular and effective
tooth brushing, is necessary for primary periodontal
disease prevention. Many individuals use manual tooth-
brushes as part of their standard home care regimen.
Recently published long-term epidemiological research
conducted in Germany has shown that use of powered
toothbrushes, compared to manual toothbrushes, was
found to be significantly associated with a greater num-
ber of retained teeth (19.5%), reduced progression of
mean pocket depth and reduced clinical attachment
level, over an 11-year study period®.

The design attributes of powered toothbrushes may
help to account for the differences observed in long-
term outcomes. In the present study, the PTB group
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was found to have gained substantial benefits regarding
plaque levels as early as day 5, compared to the MTB
group, with gingival inflammatory status observed to
improve as well, up to month 6. It is important to note
the positive correlation between reduction in dental
plaque and gingival bleeding or in dental plaque and
gingival inflammation.

The present study corroborates previously published
clinical trial outcomes and meta-analyses that show
that powered tooth brushing has a clinically measur-
able benefit on gingival health and plaque management
compared to manual tooth brushing!’-2%, In addition to
corroborating previously observed effectiveness out-
comes, the low incidence of adverse events also adds
important evidence to demonstrate that powered tooth
brushing is safe for long-term use.

Many of the published prospective trials compar-
ing powered and manual toothbrushes are single-
centre?!-23, The present study had a multicentre design.
The five sites involved in the study represent distinct
regions of mainland China. Indeed, there may be
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Table 3 Correlation analysis results of percentage reduction in MGI, GBI and MPI.

MGI 1.00000 0.04829 0.06468
Week 6 | GBI 0.04829 (P = 0.4613) 1.00000 0.25984
MPI 0.06468 (P = 0.3235) 0.25984 (P < 0.0001) 1.00000
MGI 1.00000 0.26167 0.40981
Month 3 | GBI 0.26167 (P < 0.0001) 1.00000 0.29966
MPI 0.40981 (P < 0.0001) 0.29966 (P < 0.0001) 1.00000
MGI 1.00000 0.42481 0.39357
Month 6 | GBI 0.42481 (P < 0.0001) 1.00000 0.31771
MPI 0.39357 (P < 0.0001) 0.31771 (P < 0.0001) 1.00000

Note: The correlation analysis of percentage reduction in MGI, GBI and MPI at 6 weeks, 3 months and 6 months was conducted using

the Pearson method.

population-based differences between sites, but inter-
examiner variation must also be considered. We recom-
mend that subsequent multicentre study designs plan
to conduct periodic recalibration exercises during the
study period to minimise elements of bias or variation.

However, while the multicentre nature of the study
may have presented its own challenges and limitations,
the present authors are confident in the value of the
generalisability of the observed results. Intragroup stat-
istical differences were observed compared to baseline
and intergroup statistical differences were evident.
While the control available in a single-centre study may
limit variation, such a model may lack the generalis-
ability that a multicentre study affords.

Finally, we acknowledge the limitation presented
by the interruption caused to this study by the COVID-
19 pandemic. Lacking the data for month 12 makes it
difficult to fully capture the drivers of the observed
differences. Looking at the study data trends, between-
group differences were more marked over time. The
difference may also reflect that there is a delay between
sustained lowered plaque levels introduced by powered
tooth brushing and a subsequent reduction in gingival
inflammatory status.

Conclusion

Within the limits and design of the present study, per-
forming oral hygiene twice a day with a powered tooth-
brush was shown to reduce plaque levels significantly
in the short and long term compared to use of a manual
toothbrush. There was a positive correlation among the
three efficacy variables (MPI, GBI and MGI) at months 3
and 6. There was a very low incidence of adverse events
across all sites, demonstrating the long-term safety of
the use of powered and manual toothbrushes among
the population.
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Clear Cell Renal Cell Carcinoma Metastatic to the Mandible:
a Unique Case Report and Literature Review

Xiao Fei HUANG!, Zi Li YU?

Renal cell carcinoma (RCC) is often diagnosed in advanced stages and a third of patients
have distant metastasis at diagnosis. Metastasis may be the first evidence of clear cell RCC in
many cases. RCC most often metastasises to the lung, liver, bone, brain and thyroid; however,
metastatic disease to the oral cavity, especially the mandible, is rare. The purpose of this study
is to report a case of clear cell RCC metastatic to the mandible and review the literature. The
mandible lesion underwent radical excision in this case. Notably, no metastatic lesions were
detected in the lungs and liver in this patient until 15 months after the mandibulectomy. The
patient lived for around 2.5 years after the diagnosis of RCC.

Key words: mandible, mandibular metastasis, renal cell carcinoma (RCC)
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Renal cell carcinoma (RCC) is a cause of significant mor-
bidity and mortality that accounts for 2% to 3% of all
adult cancers, with 77,410 new cases and 46,345 deaths
in China in 202252, A severe smoking habit has been
associated with its development?. Clear cell RCC, which
represents 85% to 90% of all RCC cases, is the predomi-
nant histological type»*®. Since RCC is resistant to both
traditional chemotherapy and radiation therapy and a
third of patients have distant metastatic disease at diag-
nosis®8, the prognosis for RCC is usually unfavourable
and the median overall survival time is approximately
12 months. Clear cell RCC accounts for 94% of cases of
metastatic RCC1-2. The most common sites of metastasis
are the lung (50% to 70%), liver (30% to 40%), bone (30%
to 40%), brain (9% to 17%) and thyroid (25%)?; however,
metastasis of RCC to the oral cavity is relatively rare,
with a reported incidence of 15%°. The present case
report describes a 48-year-old man who suffered meta-
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static clear cell RCC to the left mandible and lived for 2.5
years after his diagnosis.

Case presentation

This study was approved by the review board of the Eth-
ics Committee of Hospital of Stomatology, Wuhan Uni-
versity, Wuhan, China. The use of human tissues was in
accordance with the National Institutes of Health guide-
lines, and written consent to publish this information
was obtained from the study participants.

In August 2016, a 48-year-old man was admitted
to the Department of Oral and Maxillofacial Surgery,
School and Hospital of Stomatology, Wuhan University,
with a chief complaint of swelling of the gingiva and
mobility of molars in the left mandible. The gingival
masses were noticed 4 years previously and he had
experienced fluctuations in size for 4 years. One month
previously, the gingival swelling and numbness of his
left lower lip had become increasingly severe. He had
a history of smoking 2.5 packs of cigarettes per day
for 30 years, and alcohol consumption of 250 ml every
day for 30 years. The patient denied experiencing any
odontogenic symptoms before the appearance of the
mandibular swelling. His medical history showed that
he had had clear cell renal cell carcinoma (RCC) in the
right kidney and had undergone a right nephrectomy
to treat it in September 2015. He attended follow-up
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Fig1 CBCT images of
mandible lesion. The arrow
indicates the location of the
lesion.

visits for nearly 1 year and no metastasis was detected
in the lungs, liver or left kidney. The physical examin-
ation showed a mass measuring 2 cm X 1 cm x 1 cm on
the gingiva on the buccal side in the mandibular left
molar region with no trismus. The mass was soft to the
touch, fluctuant and tender. The mandibular left first
and second molars displayed significant mobility. No
ulceration was observed on the mass, and no cervical
lymph node was palpable.

On the CBCT examination, a radiolucent, ill-defined
lesion with dimensions of around 3.1 cm x 1.7 cm X 2.3
cm with no clear margin was observed at the apex of
the mandibular left second premolar to second molar
(Fig 1). The bone cortex on the buccal side of these
teeth had disappeared and the bone continuity of the
lingual side was interrupted. The chest radiograph did
not show any abnormalities. The laboratory examin-
ation revealed no abnormalities except for increased
uric acid (UA, 579 pmol/L). Considering the aforemen-
tioned clinical features, the patient was presumptively
diagnosed with a malignant tumour of the left mandi-
ble. A biopsy specimen was taken of the gingival mass
to identify the pathological nature of the mandible
lesion. To the present authors’ surprise, inflammatory
cell infiltration was observed in the gingival swelling
(Fig 2a) and there were no carcinoma cells in the gin-
gival lesion. Confronted with this contradiction, we
realised that the result of the biopsy specimen taken
of the gingival mass might not represent the pathologi-
cal nature of the mandibular lesion. After considering
the results of the CBCT examination (a radiolucent,
ill-defined lesion) and symptoms, such as numbness
of the left lower lip, a decision was made to take an
excisional biopsy specimen. The mandibular lesion was
excised surgically in its entirety via mandibulectomy.
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The surgical steps were as follows:

1. Extraction of the mandibular right central incisor;

. Sectioning of the mandible near the extraction site;
. Cutting of the associated muscles;

. Opening of the temporomandibular joint capsule;

. Complete removal of the patient’s left mandible.

a A~ W N

The patient was discharged 8 days after surgery forhome
care. Six months after the diagnosis of the mandible
metastasis, he did not present any signs of recurrence.
Haematoxylin and eosin (H&E) staining showed that
the lesions were composed of extensive areas of car-
cinoma cells forming small nests or clusters (Fig 2b).
These cells have clear intracytoplasmic vacuoles and
are arranged in nests that are invested by fibrous tis-
sue, frequently small-calibre blood vessels and a small
lake of erythrocytes. The nuclei of carcinoma cells are
small, hyperchromatic and round. The histological
characteristics of the left mandibular lesion met the
diagnostic criteria for clear cell RCC!°. Moreover, the
lesion was located in the cancellous supporting bone
and did not involve alveolar bone proper, compact sup-
porting bone, periodontium or mucosa (Fig 2c).
Additional immunohistochemistry (IHC) staining
revealed that the carcinoma cells were positive for
vimentin, CD10, cytokeratin-19 (CK-19) and PCK but
negative for CK-5/6, CK-7, CK-20, P63, smooth muscle
actin (SMA) and calponin (Fig 3). The Ki-67 prolifera-
tion index was 30%. Considering these findings, this
lesion was diagnosed as clear cell RCC metastasis to the
left mandible. H&E staining was also used to evaluate
the relationship between the gingival mass and meta-
static carcinoma. As shown in Fig 4, inflammatory cell
infiltration was observed in the gingival swelling. The
inflammatory lesions and metastatic clear cell RCC
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Fig2 Results of the
biopsy specimens taken
of the gingival mass and
mandibular lesion. The
pathological nature of the
(a) gingival mass and
(b) mandibular lesion was
determined by H&E stain-
ing. (c) Mandibular lesion
located in the cancellous
supporting bone.

were separated by compact supporting bone, indicating
that the gingival inflammation had no direct connec-
tion with metastatic carcinoma.

Discussion

Metastatic cancer of the oral cavity is extremely rare'l,
estimated to account for only around 1% of all diagnosed
oral malignancies'>!3, and only 16% of these report-
ed cases originate from the kidneys!*. In many cases,
metastasis is the first indication of clear cell RCC'2.
Approximately one-third of clear cell RCC patients
have distant metastatic disease at diagnosis. The most
common sites of metastasis are the lung, liver, bone,
brain and thyroid. Metastatic disease of the oral cavity
is rare, but in the present patient, no metastasis was
detected in the lungs, and a live, metastatic lesion was
only observed in the left mandible. A severe smoking
habit has been associated with the development of RCC.
The present patient had a history of consistent smoking,

Chinese Journal of Dental Research

having consumed 2.5 packs of cigarettes per day for 30
years. The present authors speculate that the patient’s
mandibular metastatic cancer may be associated with
his long-term history of heavy smoking.

A review of the scientific literature published in
English reported five cases of metastatic clear cell RCC
in the mandible (Table 1). The present authors report
one more case. In the six cases, patients’ age ranged
from 48 to 71 years (mean 56.3 years). Oral metastasis
was more frequent in men (four cases) than women (two
cases), with a male/female ratio of 2:1. Among these six
cases, three patients were identified to have simultane-
ous metastasis in the ribs, femur and ilium, along with
metastasis in the mandible!®; however, in two patients,
including the patient in the present study, no metasta-
sis was found in any bones apart from the mandible.
Carcinoma cells were found in the gingival lesion in
only one patient, indicating that mandibular metasta-
sis does not typically involve the gingiva. According to
the existing literature, metastasis of RCC to the gingiva
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Fig3 [IHC stainingimages
of the mandibular lesion.

is extremely rare, and the exact mechanism behind
this phenomenon remains unclear. The phenomenon
is that cancer cells are mainly located in the cancel-
lous bone. First, tumour cells disseminate through
the bloodstream and reach the trabecular bone. Once
they reach the trabecular bone, they become trapped,
which hinders their ability to reach the gingival tissue.
Second, in contrast to the trabecular bone, the gingival
mucosa is regularly exposed to external stimuli, leading
to a more active mucosal immune system. This height-
ened immune activity is unfavourable for metastatic
tumour growth in the gingival mucosa.

The diagnosis of metastatic RCC should ideally
involve a comparison of the tissue acquired outside
the site of primary disease to the primary histology.
Histological evaluation should include common mark-
ers of RCC, including paired box gene 8 (PAX8) and
carbonic anhydrase IX (CAIX). Clear cell RCC consists
predominantly of clear cells, and these carcinomas can
be difficult to distinguish from a wide variety of other
clear cell tumours that may also involve the arches,
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such as salivary gland (mucoepidermoid tumour, acinic
cell tumour) and odontogenic tumours (calcifying epi-
thelial odontogenic tumour, clear cell odontogenic
carcinoma). IHC staining helps in this distinction. Clear
cell odontogenic carcinoma immunohistochemically
showed positive staining for CK-19 and epithelial mem-
brane antigen (EMA), but negative for vimentin, SMA
and S-100 protein. CK-19 has been proven to react with
all kinds of odontogenic epithelial cells'®. Both clear
cell odontogenic carcinoma and clear cell RCC showed
positive immunoreactivities in the cytoplasm for CK-19
and negative for SMA; however, most clear cell RCCs
are positive for vimentin!2, CK-7 staining became
negative and there was a strong reaction for vimentin,
which rules out salivary gland tumours!’. Additionally,
the previous medical history of clear cell RCC was very
helpful for diagnosing a metastatic lesion to the man-
dible of renal origin.

Tissue biopsy specimens are extremely useful for
disease diagnosis. Because the gingival mass was in
the region of the mandibular lesion, it would have
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been easy to assume that the gingival mass originated
from the mandibular lesion and thus had the same
pathological characteristics; however, the pathological
characteristic of the gingival mass was chronic inflam-
matory cell infiltration. The biopsy specimen taken of
the gingival mass does not represent the pathological
characteristics of the mandibular lesion and may even
lead to misdiagnosis of such lesions. The present case
shows that the biopsy sites play a crucial role in the
diagnosis of lesions. As a result, multiple biopsy sites
are encouraged!8.

The prognosis for patients with oral metastases of
RCC is usually poor!?. Most patients diagnosed with
metastatic RCC to the oral cavity succumb to the dis-
ease within the first year, highlighting the fact that
oral metastases often imply the presence of multiple
metastatic sites!; however, no metastatic lesions were
detected in the present patient’s lungs or liver. To opti-
mise the therapeutic effect and improve the survival
rate, the mandibular lesion was excised radically in
this case. After surgery, the patient was monitored
diligently for 6 months, with three essential follow-up
appointments scheduled. No complications or local
oral recurrence were found. Regrettably, the patient
chose not to attend any further examinations at the
hospital. To ensure his well-being, the present authors
maintained regular communication with him via phone
to inquire about his condition and provide necessary
support. The patient was still alive 1 year after diagnosis
of the mandibular metastasis. Subsequently, metasta-
sis was detected in the left leg and the patient died 15
months after mandibulectomy, having lived for around
2.5 years after the diagnosis of RCC.

According to the ASCO Guideline, all patients with
metastatic RCC who require systemic therapy in the
first-line setting should undergo risk stratification into
risk grade: favourable (0), intermediate (1 to 2) and poor
(3+) risk groups?. For first-line systemic treatment of
metastatic RCC, patients with intermediate- or poor-
risk disease should be offered combination treatment
with two immune checkpoint inhibitors (ICIs) or an
ICI in combination with a vascular endothelial growth
factor receptor r (VEGFR) tyrosine kinase inhibitor
(TKI). Patients with favourable-risk disease who require
systemic therapy may be offered an ICI in combination
with a VEGFR TKI. For optimal second- or later-line
systemic treatment, nivolumab or cabozantinib should
be offered to patients who experienced progression on
a VEGFR TKI alone. Patients progressing on combina-
tion immunotherapy should be offered a VEGFR TKI,
and those who progress after initial therapy combin-
ing VEGFR TKI with an ICI may be offered an alter-
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Fig 4 Pathological characteristics of the gingival mass.

nate VEGFR TKI as a single agent. Patients with bone
metastases from metastatic RCC should be offered a
bone resorption inhibitor when clinical concern for
fracture or skeletal-related events is present. In the
present case, the metastatic mandibular lesion was
excised completely, which is in accordance with the
ASCO guideline that recommends surgical resection
for patients with low-volume metastatic RCC. There is
no recommendation regarding optimal systemic treat-
ment for metastatic RCC patients with bone metastasis.
The present patient did not receive postoperative anti-
tumour medication treatment.

Conclusion

Although oral metastatic tumours only represent
approximately 1% of oral tumours, oral oncologists
should be aware of and fully understand the patient’s
medical history.

Conflicts of interest

The authors declare no conflicts of interest related to
this study.

Author contribution

Drs Xiao Fei HUANG and Zi Li YU analysed the data, per-
formed the reference search, and drafted and revised
the manuscript. Both authors read and approved the
final manuscript.

(Received May 14, 2023; accepted Aug 10, 2023)

269



HUANG et al

Table 1 Data on cases of clear cell RCC in the mandible.
Pick et al'® RCCC Male 71 Left mandible Ribs/cervical lymph node
Jones et al'4 CCRC Female |62 Right mandible and gingiva Femur/brain
Jones et al'4 CCRC Female |52 Right mandible llium
Van der Waal et al'3 RCCC Male 48 Mandible Not available
Ahmadnia et a8 RCCC Male 57 Right mandible No
Huang et al (present study) RCCC Male 48 Left mandible No

CCRC, clear cell renal carcinoma; RCCC, renal clear cell carcinoma.
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Guideline for the Diagnosis and Clinical Management

of Oral Submucous Fibrosis

Society of Oral Medicine, Chinese Stomatological Association

Oral submucous fibrosis (OSF) is a chronic, progressive and potentially malignant oral mucosal
disease. Patients often have a habit of chewing betel nuts. Areca catechu has been listed as a Class
1 carcinogen by the International Agency for Research on Cancer (IARC), and its main active
component, arecoline, is classified as a Group 2B carcinogen by the IARC. The World Health
Organization (WHO) categorises OSF as an oral potentially malignant disorder (OPMD). The
present guideline describes the risk factors, clinical symptoms and clinical signs of OSF. Clinic-
al staging, auxiliary examination methods, basis for diagnosis and differential diagnosis and
the need to improve bad lifestyle habits are proposed and addressed, and local treatment drugs,
therapies, dosage and course of treatment, possible adverse reactions, and oral treatment drugs,
dosage and course of treatment are proposed. The guideline also addresses the indications for
surgical treatment, alternative non-drug treatment methods, selection of treatment plans for
different clinical stages, criteria for efficacy evaluation, and preventive measures.

Key words: carcinogenic, chewing betel nut, oral potentially malignant disorders, oral sub-

mucous fibrosis, risk factors
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Preface

This document was prepared in accordance with the
GB/T 1.1-2020 Structure and Drafting Rules for Stand-
ardisation Documents. It was proposed by the Chinese
Society of Oral Medicine and is under the jurisdiction of
the Chinese Stomatological Association.

Oral submucous fibrosis (OSF) is a chronic, progres-
sive and potentially malignant oral mucosal disease. It
is associated with various factors, and most patients
who suffer from it have a habit of chewing betel nut, a
chewing stimulant that is used widely in regions such
as Hunan, Hainan and Taiwan in China, as well as
in Southeast Asian countries like India, Pakistan and
Vietnam. It has been classified as a Class 1 carcinogen
by the International Agency for Research on Cancer
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(IARC), and its main active component, arecoline, is
classified as a Group 2B carcinogen by the IARC. The
World Health Organization (WHO) categorises OSF as
an oral potentially malignant disorder (OPMD)?.

The clinical manifestations of OSF mainly include
burning pain when eating, formation of oral submu-
cous fibrous cords and limited mouth opening. At pre-
sent, no evidence-based guidelines relating to OSF have
been published in the field of stomatology in China.
To standardise the diagnosis and clinical management
of OSF, an expert group and working group for the
development of guidelines for the diagnosis and clin-
ical management of OSF were established under the
leadership of Peking University School and Hospital
of Stomatology and Xiangya Hospital of Central South
University in conjunction with 22 colleges and univer-
sities and units nationwide after the approval of the
group standard development project of the Chinese
Stomatological Association (CHSA approval number:
T/CHSA 044-2022). The working group followed the
methodological system design of the second edition of
the WHO handbook for guideline development issued
in 2014, conducted a comprehensive search and care-
ful evaluation of the relevant literature on OSF at home
and abroad based on the Grading of Recommendations
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Table 1 GRADE quality of evidence grading system description.

High () Very confident, the observed value is close to the true value and further study will not change the credibility of the
assessment results of this intervention.
Moderate power for an observed value; the observed value is likely to be close to the true value but may vary
Medium (B) widely; further research is likely to affect the credibility of the assessment results of this intervention and may
alter them.
The power for an observation is limited and it is likely that the observation is very different from the true value;
Low (C) further research is very likely to affect the credibility of the assessment results of this intervention and is likely to
change them.
Very low (D) Little power is given to the observed value, which can be very different from the true value; any assessment is
very uncertain.

Assessment, Development and Evaluation (GRADE)
evidence quality grading system, and developed the
exposure draft of the Guidelines for the Diagnosis and
Clinical Management of OSF over 2 years. The guideline
development process refers to the specifications of the
Appraisal of Guidelines for Research and Evaluation
(AGREE)-China quality evaluation standard system for
clinical practice guidelines; the writing process refers
to the requirements set out in the Reporting Items for
Practice Guidelines in Health Care (RIGHT) guideline
writing specifications to meet the trend of methodolog-
ical development of current clinical practice guidelines.

The recommendations set out in the guidelines are
divided into two major parts: the first concerns diag-
nosis of OSF, and the second part addresses its clinical
management.

Scope

The target population of this guideline is patients in
China who meet the diagnosis set out in the fifth edi-
tion of the 13th Five-Year Plan textbook “Oral Mucosal
Diseases”?. The International Classification of Diseases
(ICD) code for the disease is ICD-11 DA02.2.

This guideline gives recommendations for the clinic-
al diagnosis and treatment of OSF, and the user popula-
tion comprises clinicians, dental practitioners, nursing
staff, laboratory personnel, policy formulation and
management personnel and other relevant profession-
als in various medical institutions at all levels in China.

Normative references

There are no normative references to this document.
Terms and definitions

The following terms and definitions are applicable to
this document.
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Abbreviation

OSF: this is a chronic, progressive oral mucosal disease
with a tendency to become cancerous that is due to are-
ca nut chewing, and is clinically characterised by burn-
ing pain in the oral mucosa, pain when eating irritating
foods, loss of elasticity of the oral mucosa or formation
of submucous fibrous cords, progressive limited mouth
opening and dysphagia. The WHO lists OSF as a poten-
tial malignant disease of the oral cavity.

Coefficient of variation (CV)

The absolute value reflecting the degree of data disper-
sion; taking the coefficient of variation (CV) = stand-
ard deviation/mean value in this Delphi method, it is
believed that CV > 0.3 indicates that there is disagree-
ment in expert opinions.

Guideline recommendations

General

The literature was screened according to the inclu-
sion and exclusion criteria and the GRADE system was
used as the evaluation criteria. The quality of evidence
is shown in Table 1, in which systematic reviews and
randomised controlled trials were used as high-quality
evidence (downgraded as appropriate); cohort studies
were considered medium-quality evidence (upgraded or
downgraded as appropriate); case-control studies and
case series analyses were used as low-quality evidence;
and individual case reports and expert opinions were
listed as very low-quality evidence. This guideline did
not use the results of animal and in vitro experiments
as evidence.

The recommendations for intervention measures
are based on the Evidence to Decision (EtD) framework
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Table 2 Evidence to Recommendation (EtD) framework.
O e De ptic

Prioritisation of issues Prioritisation of issues

Benefit or risk

Degree of potential benefit (efficacy) to patients and the degree of possible risks (side effects,
adverse reactions, etc.) to patients

Credibility of evidence

How credible the evidence population is

Importance of outcome measures | Whether there is significant uncertainty or variability in the judgment of primary outcome measures

Pros and cons balance

Judge whether the results tend to support the intervention or control from the perspective of the
benefits and risks of the recommended intervention

Resource utilisation
strong recommendation

How resource-intense an option is, if it is cost-effective and if there is incremental benefit. The
more advantageous or clearly disadvantageous these resource implications are, the more likely is a

Equity Impact on health-related equity

Acceptability the target population

Whether the intervention is acceptable to stakeholders and meets the values or general wishes of

Feasibility

necessary prerequisites

Whether the intervention is possible to implement or whether the implementation process has the

Table 3 Recommendation strength description.

Recommended strength Description

Clear support for the intervention, showing that the benefits outweigh the risks, and expert voting in

0.4

Strong Delphi, i.e., mean score >7 and CV < 0.3
The pros and cons of interventions are uncertain, or are comparable regardless of the quality of evi-
Weak dence, which may outweigh the pros and cons, with expert voting in Delphi averaging 5to 7 and CV <

Good practice statement (GPS)

Recommendations based on non-direct evidence or expert opinion/experience, expert voting in Del-
phi, mean score 4 to 5 or CV > 0.4 with limited clinical reference

(Table 2), taking into account factors such as literature
quality, socio-economic costs, values and willingness of
users and target populations, feasibility and accessibil-
ity. Three rounds of Delphi questionnaire surveys, one
face-to-face expert discussion and two online expert
discussions were used to form recommendations. The
recommendation strength of the intervention was
based on the evaluation results of the body of evidence
using the GRADE system and on the recommendations
formed using the above EtD framework, referring to the
mean score from the expert recommendation voting
in the Delphi method questionnaire survey to form a
graded recommendation intensity. (Table 3).

Guidelines for the diagnosis and treatment of
OSF, part 1: Diagnosis

Risk factors for OSF
Recommendation

Areca nut chewing is a major risk factor for OSF (level
of evidence, high; strength of recommendation, strong),
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and the occurrence of OSF may also be related to genet-
ics, smoking and autoimmunity (level of evidence, very
low; strength of recommendation, good practice state-
ment [GPS]).

Evidence overview

Previous reviews!2 and results of four epidemiological
surveys!316 showed that the prevalence of OSF in people
who chew areca nut was higher than that in the normal
population; from the above review, potential risk factors
for OSF were selected and included in the two rounds of
Delphi analysis by 52 experts.

Recommendation notes

The present recommendation is based on previous
reviews, epidemiological surveys, and expert opinions
and experience, because OSF mainly occurs in people
with an areca nut chewing habit and in regions where
this is common, and the incidence is higher in people
who chew areca nut, so the history of this habit is one
of the important foundations for the diagnosis of OSF.

273



Society of Oral Medicine, Chinese Stomatological Association

Genetics, smoking, autoimmunity and other factors
may also promote the occurrence of OSF.

Clinical symptoms of OSF

Recommendation

The clinical symptoms of OSF mainly include burning
pain in the oral mucosa and when eating irritating food,
inability to bulge the cheeks or whistle due to mucosal
tightness (evidence level, very low; recommendation
intensity, strong). Possible symptoms include limited
tongue movement with dysphagia, dysphonia, dry mouth,
hypogeusia and tongue numbness (evidence level, very
low; recommendation intensity, weak).

Evidence overview

Clinical symptoms that may occur in OSF were screened
from previous systematic reviews 3,12,17-20 and clin-
ical physician recommendations. After two rounds of
Delphi analysis by 52 experts, the above symptoms were
included.

Recommendation notes

This recommendation is based mainly on the comments
from the expert group involved in the development of
previous reviews and guidelines. Patients with OSF may
present with different clinical symptoms at different
stages of the disease, which has certain value for diag-
nosis.

Clinical signs of OSF

Recommendation

Clinical signs of OSF mainly include pale mucosa,
decreased mucosal elasticity and hardening, fibrous
strip formation, reduced mouth opening, mucosal blis-
ter or ulcer formation, impaired secretion of minor
salivary glands (“blisters” when eating irritating foods,
which can gradually subside; mucocele formation in
severe cases) (level of evidence, high; strength of rec-
ommendation, strong). Possible signs of OSF include
atrophy of the lingual papillae, shortening of the lingual
palatal arch/pharyngeal palatal arch, uvula shrinkage,
lip tissue atrophy (lip redness thinning, scar contrac-
ture, mouth fissure narrowing), fibrosis of the soft pal-
ate and uvula (may be associated with velopharyngeal
insufficiency, mild nasal sounds or language disorders),
narrowing of the tongue morphology or atrophy of the
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lingual muscle (level of evidence, very low; strength of
recommendation, weak).

Evidence overview

Clinical signs that may appear in OSF were selected
from previous systematic reviews®1%17-20 and clinicians'
recommendations and included in the aforementioned
clinical signs by two rounds of Delphi analysis by 52
experts.

Recommendation notes

This recommendation is mainly based on the comments
of the guideline development expert group. Patients
with OSF with lesions at different stages may present
with different clinical signs, which has certain value for
diagnosis. When measuring mouth opening, it is advis-
able to use the distance between the incisal edges of the
central incisors as the standard. The reference measure-
ment method is to ask the patient to actively open their
mouth as wide as possible and use a vernier caliper to
measure the distance between the incisal edges of the
maxillary and mandibular central incisors. If there is a
dentition defect, measure the interdental distance clos-
est to the middle and with the occlusal relationship.

Clinical staging of OSF

Recommendations

See Table 4 for details (level of evidence, high; strength
of recommendation, strong).

Evidence overview

The clinical staging criteria refer to Professor Jian Xin-
chun's 2009 OSF diagnostic criteria published in 20092
and Khanna-Andrade?? staging, from which several rep-
resentative clinical symptoms or signs were selected and
summarised into clinical stages with mouth opening as
the main reference standard, which was statistically
passed by Delphi method in two rounds by 52 experts.

Recommendation notes

The clinical staging of OSF has guiding significance for
treatment. Defining the clinical stages of OSF can pro-
vide an objective reference standard for future clinical
research and treatment.
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Table 4 Clinical staging criteria for OSF.

Phase | When mouth opening is = 30 mm, the oral mucosa shows local or scattered white changes; the
texture is not changed or rough, and the elasticity is not significantly changed

Phase II Mouth opening is 20 to 30 mm, the colour of mucosa shows a flaky white appearance or strip
formation; the texture becomes hard and the elasticity decreases
Mouth opening is 10 to 20 mm, the oral mucosa is widely white changed and stripes are formed;

Phase Il the texture becomes hard, with a plate- or leather-like appearance upon palpation, and poor
elasticity

Stage IV Mouth opening = 10 mm, with leucoplakia or oral squamous cell carcinoma

Note: 1. The symptoms and signs that may occur in each phase include burning sensation, pain and ulceration (if there are no other
symptoms or signs, it is classified as phase I). One of the manifestations listed in each stage can be classified as phase I.

2. Scope of lesions: The oral mucosa is divided into five regions: lip and perioral; buccal mucosa and transitional sulcus; tongue; floor
of mouth; and soft palate, tongue and palate arch, and uvula. Stage | involves one to two regions; phase Il involves three regions; and

phase Il involves four to five regions.

3. Patients with leucoplakia/oral squamous cell carcinoma, regardless of the above findings, are classified as phase IV.

4. If the clinical manifestations in different regions are in different phases, diagnose according to more advanced phases.

Auxiliary examination method for OSF

Recommendation

Histopathological examination is the gold standard for
the diagnosis of OSF (level of evidence, high; strength
of recommendation, strong). For patients with leuco-
plakia/epithelial dysplasia, histopathological examin-
ation is recommended. At the same time, the results of
autofluorescence examination, toluidine blue staining,
exfoliative cell smear and other precancerous lesion
examinations can be referred to diagnosis of leucopla-
kia/epithelial dysplasia (level of evidence, high; strength
of recommendation, weak).

Evidence overview

Auxiliary examination methods that may be used for
OSF were selected from previous systematic reviews?2-20
and clinician recommendations and passed two rounds
of Delphi analysis by 52 experts.

Recommended statement

Histopathological examination is the most reliable
method for the diagnosis of OSF in clinical practice
and has been widely used in previous randomised con-
trolled trials, cohort studies and case-control studies.
For patients with leucoplakia/epithelial dysplasia, his-
topathological examination is required to determine the
progression status of the disease and the need for early
surgical intervention.
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Differential diagnosis of OSF

Recommendation

OSF needs to be differentiated from leucoplakia of
oral mucosa (level of evidence, low; strength of rec-
ommendation, weak), lichen planus (level of evidence,
low; strength of recommendation, weak), keratosis
alba (level of evidence, low; strength of recommenda-
tion, weak) and white oedema (level of evidence, low;
strength of recommendation, GPS).

Evidence overview

Diseases that may require differential diagnosis with
OSF were selected from previous systematic reviews?%2
and clinician recommendations and passed two rounds
of Delphi analysis by 52 experts.

Recommendation notes

This recommendation is based on previous
reviews3,12,17-20 and the comments from the expert
group that developed the guideline. The main diseases
that need to be differentiated from OSF are those char-
acterised primarily by white lesions.

Diagnosis basis of OSF

Recommendation

The diagnosis of OSF should be based on the following
criteria:
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+ history of areca nut chewing (level of evidence, high;
strength of recommendation: strong);

« typical clinical symptoms or signs (level of evidence,
high; strength of recommendation, strong);

+ histopathological findings (level of evidence, high;
strength of recommendation: strong);

+ auxiliary examinations suggestive of carcinogenesis:
autofluorescence examination, toluidine blue stain-
ing, exfoliated cell smear (level of evidence, low;
strength of recommendation, weak).

Evidence overview

Taking into account aforementioned the risk factors,
clinical symptoms, clinical signs, and auxiliary exam-
ination methods for OSF, the items that may be used
as the basis for the diagnosis of OSF were selected and
52 experts conducted and passed two rounds of Delphi
analysis.

Recommendation notes

This recommendation is based on the opinion of the
guideline development panel. A diagnosis of OSF can
be made mainly with reference to the patient’s history
of areca nut chewing, typical clinical symptoms or signs
and histopathological examination results.

Part 2: Clinical management

Patients with OSF need to improve their bad lifestyle
habits

Recommendations

Patients need to abstain from areca nut chewing (level
of evidence, high; strength of recommendation, strong),
stop smoking (level of evidence, moderate; strength
of recommendation, strong) and abstain from alcohol
prior to treatment (level of evidence, moderate; strength
of recommendation, weak). Stopping consuming betel
nuts, smoking and drinking alcohol and reducing intake
of spicy, irritating and rough foods are effective preven-
tive measures against OSF (level of evidence, moderate;
strength of recommendation, weak).

Evidence overview

Based on the above-mentioned risk factors for OSF com-
bined with clinicians’ suggestions, the measures that
may be taken for the management of patients with OSF
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were selected and 52 experts conducted and passed two
rounds of Delphi analysis.

Recommendation notes

This recommendation is based primarily on the opinion
of the Expert Group on Epidemiological Surveys, Cohort
Studies and Guideline Development. OSF is one of the
potential malignant diseases of the oral cavity, and bad
habits that are not conducive to treatment such as areca
nut chewing, smoking and alcohol consumption can be
first corrected in patients prior to treatment. Abstaining
from these and reducing intake of spicy, irritating and
rough foods are effective preventive measures for OSF.

Drugs and therapies, dose and course of treatment
available for local treatment of OSF

Recommendations

+ Local injection of triamcinolone acetonide + lido-
caine (10 mg/ml triamcinolone acetonide suspension
2to 3ml +1mllidocaine, bilateral submucosal multi-
point injection) (level of evidence, high; strength of
recommendation, strong);

+ Local injection of triamcinolone acetonide + lido-
caine + salvia miltiorrhiza or tanshinone (50 mg tri-
amcinolone acetonide + 2 ml lidocaine, 4 ml after
shaking, 2 ml bilateral submucosal multi-point injec-
tion, followed by 2 mg salvia miltiorrhiza or tanshi-
none solution on each side) (level of evidence, high;
strength of recommendation, strong);

+ Local injection of triamcinolone acetonide (2 to 40
mg, bilateral submucosal multi-pointinjection) (level
of evidence, high; strength of recommendation,
weak);

+ Hyaluronidase + triamcinolone acetonide injection
(topical injection of 1500 IU hyaluronidase every 1 to
2 weeks, mixed with 10 mg triamcinolone acetonide)
(level of evidence, high; strength of recommenda-
tion, weak).

Local injection treatment should be administered once
every 1 to 2 weeks, with a treatment course lasting 4 to
10 weeks. The specific dosage and number of courses
of treatment should be determined based on the indi-
vidual patient’s condition. There should be an interval
of 1 to 2 months between each treatment course (level
of evidence, high; strength of recommendation, strong).
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Evidence overview

Two meta-analyses?’?® and 14 randomised controlled
studies?*#?2 showed that Danshen injection combined
with steroid therapy could increase maximum mouth
opening significantly and reduce the burning sensation
of the oral mucosa in patients and reduce the area of
oral mucosal lesions without increasing adverse reac-
tions. According to the aforementioned literature and
based on clinical experience, the local injection drugs
and treatment courses that may be used for OSF were
selected and passed by Delphi method in two rounds by
52 experts.

Recommendation description

This recommendation is mainly based on meta-anal-
ysis, randomised controlled trials and the opinions of
expert groups in guideline development. The above
operation mode and dose are only used as references,
and the clinical operation should be adjusted according
to patients’ specific circumstances. In addition to the
above recommendations, the local therapeutic drugs
recommended by experts for OSF include compound
Danshen tablets made into sublingual paste, topical
application of epidermal growth factor, topical applica-
tion of triamcinolone acetonide oral ointment and other
doses for treatment. Due to insufficient evidence or a
lack of consensus among experts, they are not included
in this guideline.

Possible adverse reactions to drugs for topical treat-
ment of OSF

Recommendations

Possible adverse reactions to tanshinone injection
include allergy (shock, laryngeal oedema, dyspnoea,
palpitation), transient elevated blood pressure, local
pain and headache (level of evidence, high; strength of
recommendation, weak). Potential reactions to triamci-
nolone acetonide include glucocorticoid-related adverse
reactions (Cushing syndrome, calcium and potassium
loss, induced or aggravated infection, or neurological
symptoms such as agitation, insomnia and seizures)
(level of evidence, high; strength of recommendation,
weak).

Evidence overview

The adverse reactions that may occur in the use of relat-
ed drugs were summarised from the drug instructions
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and expert experience, which were passed by Delphi
method in 2 rounds by 52 experts.

Recommendation notes

This recommendation is based mainly on the comments
from the expert group for the development of drug
instructions and guidelines. Adverse reactions shall be
based on those indicated in the package insert. The pos-
sible adverse reactions should be explained to patients
priortolocal treatment. Patients’ medical history should
be taken before treatment to determine whether they
have any systemic diseases or general conditions that
may affect treatment or lead to an intolerance to treat-
ment. For patients with poor control of hypertension
and diabetes, glucocorticoids can be used with caution.

Drugs, dosage and course available for oral treatment
of OSF

Recommendations

Danshen dripping pills can be used for systemic treat-
ment of OSF. The recommended dose is 540 mg daily
for 12 weeks (level of evidence, high; strength of recom-
mendation, strong), and lycopene can be employed at a
recommended dose of 6 to 24 mg daily for 3 to 6 months
(level of evidence, high; strength of recommendation,
weak).

Traditional Chinese medicine (TCM) can be used to
treat OSF, which is differentiated according to individ-
ual conditions (level of evidence, moderate; strength of
recommendation, weak). Vitamins and trace elements
can be used for adjuvant treatment of OSF, and the
recommended dose is vitamin A (25,000 IU once daily)
combined with zinc agents (such as zinc gluconate,
used with reference to the instructions) for 4 months
(level of evidence, moderate; strength of recommen-
dation, weak).

Evidence overview

A randomised controlled trial found that multi-point
injection of triamcinolone acetonide acetate along with
use of sublingual compound Danshen dripping pills
was more effective than local injection of hormones
only®. Combined with the above literature, relevant
reviews*>7 and clinicians’ suggestions, the drugs that
may be used for oral treatment of OSF were selected and
passed by Delphi method in two rounds by 52 experts.
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Recommended instructions

This recommendation is based mainly on randomised
controlled clinical studies and was formed in combina-
tion with the comments of an expert group. In the afore-
mentioned studies, oral drugs except TCM were used in
combination with local injection drugs, and few clin-
ical studies used oral drugs alone, suggesting that the
treatment of OSF can focus mainly on local treatment
at present and be supplemented by oral medication.
Vitamins and trace elements may be used as adjunctive
therapeutic agents.

Indications for surgical treatment of OSF

Recommendations

Indications include pooled heterogeneous leucoplakia
(level of evidence, moderate; strength of recommenda-
tion, strong) and other symptoms that seriously affect
patients’ quality of life (such as pharyngeal arch adhe-
sion affecting eating) (level of evidence, moderate;
strength of recommendation, strong).
Histopathological examination revealed epithelial
dysplasia (level of evidence, moderate; strength of
recommendation, strong). This was combined with
impacted third molars, recurrent ulcers and a wound
surface higher than the mucosal surface (level of evi-
dence, moderate; strength of recommendation, strong).
Limited mouth opening affects oral therapy (e.g.,
extraction of impacted the third molar, implant restor-
ations) (level of evidence, moderate; strength of recom-
mendation, weak). Mouth opening is less than 10 mm
(level of evidence, medium; strength of recommen-
dation, weak). Patients needed rapid improvement in
mouth opening limitation (level of evidence, moderate;
strength of recommendation: weak) and requested sur-
gery and signed an informed consent (level of evidence,
moderate; strength of recommendation, weak).

Evidence overview

Seven case reports®®3 and six reviews®° showed that
surgical treatment improved mouth opening signifi-
cantly and rapidly in patients with OSF.

Recommendation description

This recommendation is mainly based on case reports
and expert opinions. Surgical treatment is an effective
means to relieve the limitation of mouth opening in
patients with OSF, but because it was reported at the
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end of the last century that patients with OSF had lim-
ited mouth opening again after surgical treatment due to
scar contracture, implantation of artificial skin mater-
ials and other reasons, the exploration of surgical treat-
ment of OSF gradually slowed down. In recent years,
due to the development of surgical techniques and
artificial skin materials, the incidence of postoperative
recurrence of limited mouth opening has been reduced
compared with in the past. After expert discussion, it is
believed that patients with heterogeneous leucoplakia,
severely impacted quality of life, epithelial dysplasia
and third molar impaction are recommended for sur-
gical treatment, and patients with limited mouth open-
ing affecting oral treatment, mouth opening < 10 mm,
and who need rapid improvement of mouth opening
undergo surgical treatment as appropriate. An informed
consent form was required before surgery, and the risk
of recurrence of limited mouth opening was explained
to the patient.

Other non-pharmacological treatments for OSF

Recommendations

Other treatments for OSF include mouth opening train-
ing (level of evidence, high; strength of recommen-
dation, strong), hyperbaric oxygen therapy (level of
evidence, low; strength of recommendation, weak),
photodynamic therapy (level of evidence, very low;
strength of recommendation, weak) and laser therapy
(level of evidence, very low; strength of recommenda-
tion, weak).

Evidence overview

One case observation7l and one systematic
review72 showed that mouth opening training has
an effect on improving mouth opening and main-
taining therapeutic effects in patients with OSF.
(numbers in superscript) Five case observations showed
an effect of hyperbaric oxygen therapy helps to improve
symptoms of OSF’%7%, It was passed by Delphi method
by 52 experts.

Recommendation notes

This recommendation is mainly based on the opinions
of randomised controlled studies, case observations and
consensus of expert groups. Mouth opening training is
an effective way to improve mouth opening in patients
with OSF and has a significant effect on the mainten-
ance of therapeutic effects. Hyperbaric oxygen therapy,
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photodynamic therapy and laser therapy play a role in
relieving the symptoms of OSF and can be used as an
adjunct to treatment.

Selection of treatment plans for different clinical
stages of OSF

Recommendations

+ Phase I: observation after education, local injection
drug therapy, oral drug therapy (combined with local
injection or used alone) and other therapies (such as
hyperbaric oxygen therapy);

« Phase II: education, local injection drug therapy
(can be combined with oral drug therapy) and other
therapies (photodynamic therapy, hyperbaric oxygen
therapy, mouth opening training, laser therapy, etc.);

+ PhaseIll: education, local injection drug therapy (can
be combined with oral drug therapy), other therapies
(photodynamic therapy, hyperbaric oxygen therapy,
mouth opening training, laser therapy, etc.), surgery
as appropriate;

+ Phase IV: education, surgical treatment, local injec-
tion drug therapy (can be combined with oral drug
therapy) and other treatments (photodynamic thera-
Py, hyperbaric oxygen therapy, mouth opening train-
ing, laser therapy, etc.).

Evidence overview

Referring to the above clinical symptoms, signs, staging
and treatment options for OSF combined with clinician
recommendations, 52 experts passed two rounds of Del-
phi method analysis.

Recommended instructions

The treatment options for patients with different stages
of OSF may vary. Clinicians need to select the treatment
that is appropriate to patients’ specific circumstances.
Some experts believe that patients without obvious
symptoms in the first stage can only be educated, and
if the lesion progresses, further treatment with medica-
tion, surgery and so on can be performed.

Efficacy criteria for the treatment of patients with
OSF

Recommendations

+ Recovered: mouth opening returned to > 30 mm or
normal, oral mucosal elasticity recovered, pale mu-
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cosa disappeared, oral submucosal fibrous cords dis-
appeared, burning pain in general and when eating
disappeared, symptoms of mucosal “tightness” disap-
peared (bulging cheeks or whistling were possible)
(level of evidence, high; strength of recommenda-
tion, strong);

- Significantly effective (or significantly improved):
partial recovery of mouth opening (amount recov-
ered > 20 mm or recovered to > 25 mm), increased
elasticity of oral mucosa, reduction/disappearance of
mucosal pallor, reduction/disappearance of oral sub-
mucosal fibrous cords, reduction/disappearance of
burning pain in general and when eating, reduction/
disappearance of symptoms of mucosal “tightness”
(level of evidence, high; strength of recommenda-
tion, strong);

« Improvement: minimal recovery of mouth opening
(recovery > 10 mm or to > 20 mm), increased elastic-
ity of oral mucosa, decreased paleness of mucosa,
decreased fibrous cords in oral submucosa, reduced
burning pain in general and when eating, reduced
symptoms of mucosal “tightness” (level of evidence,
high; strength of recommendation, strong);

+ Ineffective: no improvement in limitation of mouth
opening (amount recovered < 10 mm or recovered to
< 15 mm), carcinogenesis, no improvement in oral
mucosal elasticity, no improvement in the degree
of mucosal pallor, no reduction in oral submucosal
fibrous cords, no relief of burning pain in general and
when eating, and no improvement in symptoms of
mucosal “tightness” (level of evidence, high; strength
of recommendation, strong).

Evidence overview

Referring to the above clinical symptoms, signs and
staging of OSF combined with clinicians’ suggestions,
four criteria for the efficacy of treatment of OSF were
proposed and passed by Delphi method in two rounds
by 52 experts.

Recommendation notes

This recommendation is mainly based on the comments
from the guideline development expert group. The
objective evaluation of the therapeutic effect takes the
degree of mouth opening as the main standard, which
referred to other indicators. If the items are in different
classifications, the grade with the best efficacy should
prevail (if there are both recovered and significantly
effective items, the final treatment efficacy is recov-
ered).
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Prevention of OSF

Suggestions for stopping areca nut chewing
Recommendations

Suggestions for stopping areca nut chewing for the pub-

lic include:

+ Strengthening popular science and education: publi-
cising the harm that areca nut chewing can cause and
resisting the transmission of areca nut;

+ Controlling the placement of betel nuts: prohibiting
placing them in easily accessible locations and adver-
tising them;

« Not adding opioids, nicotine, ephedra and other
addictive substances to areca nut;

+ Placing a warning on products regarding the con-
sumption of areca nut (for example, warning: chew-
ing areca nut may cause oral cancer).

Summary of evidence

Based on expert opinions and referring to relevant poli-
cies and measures for stopping smoking, the evidence
was discussed and adopted by Delphi method.

Recommendation notes

This recommendation is mainly based on the comments
from the guideline development expert group. Experts
believe that areca nut can cause substance dependence,
but there is still disagreement regarding whether it is a
psychoactive substance. The State Radio and Television
Administration of China issued a notice in September
2021 to stop radio and television and online audiovisual
programmes being used to publicise and promote areca
nut and its products. Experts did not achieve a consen-
sus on whether increasing the price of areca nut prod-
ucts helps individuals to stop consuming them.

Measures for stopping areca nut chewing

Recommendations

The measures to quit areca nut that can be used for indi-

viduals are as follows:

+ Identifying the hazards of areca nut chewing: recog-
nising that areca nut chewing may lead to OSF and/
or oral cancer;

+ Stopping chewing areca nut and using chewing sub-
stitutes, such as gum and liquorice;

« Diverting attention, exercising when wanting to chew
areca nut, etc.;
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+ Being supervised by relatives and friends: asking
family members, relatives and friends to offer super-
vision and dissuade from chewing areca nut.

Summary of evidence

Based on expert opinion, relevant policies and meas-
ures for stopping smoking were discussed and evidence
was adopted by Delphi method.

Recommendation notes

This recommendation is mainly based on the comments
from the guideline development expert group. The
above measures can be used as a reference for people
who need to stop chewing areca nut. In addition, with
regard to the possible reactions during withdrawal from
chewing areca nut, the large differences between indi-
viduals mean that more clinical observation is required.
There are also significant differences in expert opin-
ions, which are not included in this guideline for the
time being.

Advantages and disadvantages of guideline
implementation

Favourable factors

Further attention will be paid to the standardised diag-
nosis and treatment of OSF; medical institutions at all
levelsin all regions can select a reasonable clinical man-
agement plan according to their own actual situation
and patients’ wishes, values and preferences.

Adverse factors

As a chronic progressive disease, OSF may have a car-
cinogenic outcome, and this guideline does not discuss
the relevant parts of malignancy. There are relatively
few references in some parts of this guideline, and rec-
ommendations are formed based on the opinions of the
expert group.

Limitations and deficiencies of the guideline

This guideline is intended for the Chinese population,
but does not distinguish the ethnic characteristics of
the population. There may be some deviations in the
application process for the guideline of different eth-
nic groups. The clinical data derived from the Chinese
population are concentrated in Hunan and Taiwan, and
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there may be some deviations in the application process
in other regions.

Appendix

Specific method for preparing the guidelines:
Guideline development methodology

This guideline was prepared by referring to the rele-
vant methodological standards in the WHO handbook
for guideline development issued in 2015, as well as
the contents of the guideline for developing the Report
Checklist of AGREE-China, and according to the RIGHT
Items statement.

Composition of the working group on guidelines

A guideline development expert group and working group
were formed in April 2019. The working group is com-
posed of young and middle-aged physicians engaged in
the clinical diagnosis and treatment of oral mucosal dis-
eases in Hunan, Hainan, Beijing and other regions who
are especially familiar with the diagnosis and treatment
of OSF, and the group leader is Professor Wu Yingfang.
The expert group is composed of the members superior
to the standing committee level of the Specialised Com-
mittee of Oral Mucosal Diseases, Chinese Stomatological
Association and senior experts familiar with the diagno-
sis and treatment of OSF in China. The members special-
ise in oral mucosal diseases, oral and maxillofacial sur-
gery and TCM, and the leader is Professor Liu Hongwei.
Patients’ values and wishes (for example, acceptance of
invasive testing methods) were considered in the devel-
opment of clinical questions and recommendations.

Collection and selection of clinical questions

Through systematic inquiry into published literature
and systematic reviews on OSF, based on the popula-
tion, intervention, control and outcome (PICO) princi-
ple of clinical study and combined with interviews with
intended users of guidelines such as clinicians, this
working group preliminarily drafted a list of clinical
problems of interest and created a list of clinical prob-
lems in this guideline through analysis, classification
and combination, with a total of seven diagnostic prob-
lems and ten clinical management problems.

Evidence retrieval, synthesis and evaluation

This guideline deconstructs the clinical questions and
outcome measures included according to the PICO prin-
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ciples, develops inclusion and exclusion criteria and
conducts the relevant literature search.

Inclusion and exclusion criteria

The inclusion criteria were as follows:

+ Study subjects: patients with OSF or OSF accompa-
nied by oral leucoplakia and/or oral squamous cell
carcinoma;

+ Interventions and comparative measures: not lim-
ited;

+ Outcome measures: not limited;

+ Type of study: retrieval of case reports, observational
studies, clinical studies, systematic reviews, meta-
analyses and consensus or guidelines related to OSF.

The exclusion criteria were duplicate publications and
proposals.

Data sources

The data sources were Chinese databases (CNKI, Wan-
fang Database, Chinese Biomedical Literature Data-
base and VIP Database), English databases (PubMed,
Cochrane Library and EMBASE) and data resources
related to guidelines (American Clinical Guideline Cent-
er, National Institute for Health and Clinical Excellence,
Scottish Intercollegiate Guideline Network and Yimai-
tong), and supplementary searching was performed
using Baidu Scholar, Google Scholar, etc. The search
period spanned from 1968 to 2021.

Search keywords

The search keywords included oral submucosal fibrosis,
diagnosis, treatment or management. Foreign language
databases searched the MeSH vocabulary for relevant
topics, listing the following subject headings/keywords
and their combined forms: oral submucous fibrosis,
oral; oral submucous fibrosis; disease management;
management; therapeutic; therapy; clinic; treatment;
treatments; examinations; examinations; diagnosis,
diagnosis; diagnosis.

Quality assessment

This guideline uses A Measurement Tool to Assess Sys-
tematic Reviews (AMSTAR)”’, Cochrane Risk of Bias
(ROB)”® and Quality Assessment of Diagnostic Accuracy
Studies (QUADAS-2)” to evaluate the methodological
quality of the included systematic reviews/meta-anal-
yses, randomised controlled trials, diagnostic studies
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and observational studies. The evaluation process was
completed independently by two individuals, and any
disagreements were resolved through discussion or con-
sultation with a third party. Evidence and recommenda-
tions were graded using the GRADE Quality of Evidence
Evaluation System®0-82 (Tables 1 and 3).

Form recommendation

Based on the evidence bodies related to various clinic-
al problems, and with reference to relevant guideline
evidence and expert opinions for some problems, the
guideline working group also considered the diagnosis
and treatment wishes of the Chinese patient population,
human and economic costs, and the actual situation of
medical institutions at all levels in all regions, focused
on the risks/benefits of intervention measures, univer-
sal accessibility and feasibility in China, and formulated
17 recommendation opinions. The recommendations of
this guideline were finally formed after three rounds of
a Delphi questionnaire, one face-to-face expert discus-
sion and two expert discussions.

Dissemination and implementation

The exposure draft of the guidelines was improved and

revised, and then submitted to the expert steering com-

mittee for review. After further review and approval by
the relevant administrative authorities of the Chinese

Society of Stomatology, the formal release version will be

created and released to the public. After the issuance of

the formal version, the sponsor of these guidelines will
disseminate and promote them in the following ways:

+ By introducing and interpreting the guidelines at
relevant academic conferences;

+ By published the guidelines in professional academic
journals and guideline databases;

+ By disseminating the guidelines through the official
publicity platform of each initiator (such as public
number);

+ By publicising the guidelines in all types of contin-
uing education training at all levels so they can be
interpreted by dental practitioners nationwide.

Update of guidelines

The guideline working group plans to update these
guidelines 3 to 5 years after they are issued, or based
on actual clinical needs and major research progress
in this field at home and abroad. The updated method
is performed according to the updated process of the
guidelines.
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This document was drafted by experts from Peking Uni-
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Hospital of Central South University; Beijing Hospital;
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experience, valuable insights
are shared through close
collaboration with experts from
various fields of dentistry and
medicine. The integration of
intraoral distraction surgery
into orthognathic procedures

is explored with a special focus
on severe cases. The wealth of
treatment strategies and solutions
presented will navigate readers
through the intricate pathways of
managing complex craniofacial
malformations.
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