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Abstract

Precise and efficient genetic manipulations have enabled researchers to understand gene functions in disease and development, providing
a platform to search for molecular cures. Over the past decade, the unprecedented advancement of genome editing techniques has
revolutionized the biological research fields. Early genome editing strategies involved many naturally occurring nucleases, including
meganucleases, zinc finger nucleases, and transcription activator-like effector-based nucleases. More recently, the clustered regularly
interspaced short palindromic repeats (CRISPR) / CRISPR-associated nucleases (CRISPR/Cas) system has greatly enriched genetic
manipulation methods in conducting research. Those nucleases generate double-strand breaks in the target gene sequences and then
utilize DNA repair mechanisms to permit precise yet versatile genetic manipulations. The oral and craniofacial field harbors a plethora
of diseases and developmental defects that require genetic models that can exploit these genome editing techniques. This review
provides an overview of the genome editing techniques, particularly the CRISPR/Cas9 technique, for the oral and craniofacial research

community. We also discuss the details about the emerging applications of genome editing in oral and craniofacial biology.
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Introduction: A Historical View of the
Importance of Sequence-Specific DNA
Cleavage

Classically, genetic manipulation methods received rapid
attention due to their profound impacts on research opportuni-
ties and the highly translational potential to address clinical
genetic conditions. The first precise genetic manipulation
method was recombinant DNA technology, which encom-
passed components such as restriction enzymes, plasmid DNA
vectors, donor DNA fragments, and DNA ligases. Restriction
enzymes such as EcoRI cut the donor and plasmid DNA at
defined sites. Ligases such as T4 DNA ligase then rejoin the
modified donor and plasmid DNA to facilitate the propagation
and analyses of the newly constructed DNA fragments (Fig.
1A). Thanks to the evolutional applications of the restriction
enzymes, researchers subverted the nonspecific genetic manip-
ulation method using random shearing. For the first time, spe-
cific recognition sites were introduced into the research field to
understand the functions of genetic materials.

The second precise genetic manipulation method was the
gene-targeting technology. A gene-targeting vector contains a
selection marker flanked by 2 homologous arms. The target
locus is flanked by the same arms. Through the homologous
recombination, the selection marker replaces the target locus,
knocking out the gene functions (Fig. 1B). The precise mecha-
nisms of homologous pairing, DNA cleavage, and rejoining in
mammalian cells are poorly understood. The subsequent tar-
geting efficiency is quite low (i.e., 1 targeting event out of

1 million cells). Powerful screening strategies for these rare
targeting events have therefore become an important key to
success. The establishment of embryonic stem cells (ESCs) is
a milestone in the screening strategy because researchers can
now screen 1 million cultured ESCs other than 1 million fertil-
ized eggs. Those epoch-making technologies generated thou-
sands of genetically modified animals to enrich our
understanding of gene functions. Until now, the mouse is one
of very few species that were able to generate ESCs. A lack of
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Figure 1. A historical view of genetic modification. (A) Recombinant DNA technology. The restriction enzyme EcoRI cuts the donor DNA and
plasmid vector. Modified plasmid vector and donor DNA are annealed and ligated to facilitate the propagation and analyses of the newly constructed
DNA fragment. (B) Gene targeting. A gene-targeting vector contains a selection marker flanked by 2 homologous arms; the target gene is flanked by
the same arms. Through a homologous recombination, the selection marker replaces the target locus. The exact mechanisms of homology search,
DNA cleavage, and ligation are poorly understood in gene targeting and are therefore labeled as “unknown.” Gene targeting also presents with low
frequency and requires powerful screening methods for embryonic stem cells. (C) Genome editing. Cas9 enzyme and sgRNA containing crRNA and
tracrRNA can cleave DNA at the specific sites. In this method, the homology search relies on the guide RNA, and DNA cleavage relies on Cas9
enzyme; the ligation mechanism is still unknown. This genetic manipulation method presents with high frequency and the accuracy of DNA cleavage. It
also surpasses the need to use the embryonic stem cells. crRNA, CRISPR RNA; sgRNA, single-guide RNA; tracrRNA, transactivating crRNA.

information about enzymes to specifically and efficiently
cleave genomic DNA leads to a long-awaited desire of the field
to establish more efficient and precise genetic manipulation tools.

Over the past decade, the discovery of clustered regularly
interspaced short palindromic repeats (CRISPR) / CRISPR-
associated nucleases (CRISPR/Cas) has represented the third
generation of precise genetic manipulation technology, often
referred to as genome editing. This CRISPR/Cas technology is
to borrow the DNA sequence—dependent DNA endonuclease
systems found in the lower organisms to introduce specific dou-
ble-strand breaks (DSBs) in the host genomes. Endogenous
DNA repair pathways succeed DSBs and lead to the desired
genetic manipulations. Within the CRISPR/Cas9 system, single-
guide RNA (sgRNA) drives the homology search for specific
recognition sites, and the Cas9 enzyme leads DNA cleavages
(Fig. 1C). Such sequence-specific cleavages greatly improved
the precision in genetic manipulation. In 2015, CRISPR/Cas9
was named by Science as the “breakthrough of the year,” given
that this system revolutionized the biological research field
(Travis 2015). CRISPR/Cas9 offers an easy, inexpensive, and
much faster genome-editing strategy. Therefore, as stated by Dr.
Jennifer Doudna, who published the first report of CRISPR,
CRISPR technology would be “like PCR, a tool in the toolbox.”
In line with this worldwide recognition, a race in utilizing and
improving the CRISPR technique quickly began. When the key-
word “CRISPR” was searched on PubMed, we found that >80%
of the articles were published after 2015. This expanding interest
has underscored the importance and immediacy of the

genome-editing field. The oral and craniofacial field harbors a
plethora of diseases and developmental defects that require
researchers to explore gene functions on a genome scale and to
search for gene therapies. Furthermore, genome editing dem-
onstrates significant translational and clinical potential.

This review provides an overview of major genome-editing
nucleases, focusing on the recent advances of CRISPR/Cas9.
We also address the applications of genome editing techniques
in the oral and craniofacial research. We finally discuss the
advantages, limitations, and ethical issues associated with the
CRISPR technique. A goal of this work is to stimulate research
initiatives in applying genome editing to oral and craniofacial
diseases and developmental conditions.

Early Genome Editing Strategies

Prior to the discovery of the CRISPR/Cas system, 3 early
genome-editing nucleases had been intensively explored:
meganucleases (MNs), zinc finger nucleases (ZFNs), and tran-
scription activator—like effector-based nucleases (TALENS).
MNss are homing endonucleases with a 14— to 40-base pair
(bp) DNA recognition site length; therefore, the recognition
sites for MNs are rare in the genome (Fig. 2, top row). MNs
create DSBs by mimicking the splicing mechanisms of introns
and inteins. However, MNs work most efficiently on a known
cleavage site, which might not always exist at the region of
interest (Silva et al. 2011). Therefore, engineered MNs have
failed to be adopted as a popular genome editing method.
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Figure 2. Engineered early genome editing nucleases. Top row: Meganucleases. The oval shapes symbolize a pair of nucleases; the scissors symbolize
DNA cleavage. Middle row: ZFNs are composed of a Fokl nuclease domain (oval shapes) and a ZFP domain (a tandem of rectangular shapes). Each ZFP
recognizes 3—base pair DNA. Four ZFPs are illustrated on | DNA strand. Bottom row: TALENSs are composed of a Fokl nuclease domain and a tandem
of DNA-binding domain (rectangular shapes). Each rectangular shape symbolizes | protein repeat that contains 3 amino acids. Each protein repeat
binds to | nucleotide. TALEN, transcription activator—like effector-based nuclease; ZFN, zinc finger nuclease; ZFP, zinc finger protein.

The drawbacks of MNs leave room for other nucleases to
grow. ZFNs are one of them, and they are composed of a DNA-
binding motif—zinc finger protein domain and an endonuclease
motif—Fokl nuclease domain. The zinc finger protein domain
contains an array of 3 to 6 zinc finger proteins, each of which
recognizes 3-bp DNA; the FokI nuclease domain is responsible
for the DNA cleavages. Two ZFNs on the opposite DNA
strands dimerize and create DSBs (Gaj et al. 2013; Fig. 2, mid-
dle row). Engineering these 3 to 6 zinc finger proteins there-
fore becomes a key for ZFNs binding to the target DNA
sequences. One disadvantage of ZFNs is the lack of known
cleavage sites corresponding to the zinc finger proteins. The
other disadvantage is that protein engineering is a lengthy and
challenging process. Finally, ZFNs exhibit high off-target
effects (Gupta and Musunuru 2014).

While optimizing the ZFNs, researchers developed a third
genome-editing technique: TALENs. TALENSs contain a Fokl
nuclease domain and a transcription activator-like effector
(TALE) domain. The TALE domain is a group of protein
repeats, each of which recognizes 1 nucleotide (Fig. 2, bottom
row). Each protein repeat has 33— to 35—-amino acid repeats,
and it is the 12th and 13th amino acids that drive the nucleotide
correspondence; therefore, they are referred to as repeat-vari-
able diresidue. Four repeat-variable diresidues—Asn-Asn,
Asn-Ile, His-ASP, and Asn-Gly—recognize guanine (G), ade-
nine (A), cytosine (C), and thymine (T), respectively. Because
of this feature, TALENs are almost able to target any given
DNA sequence, and engineering TALENs is much easier than
ZFNs. However, the large size of TALENs makes packaging
and delivery into cells difficult, which hinders the broader
applications of TALENSs (Gupta and Musunuru 2014).

CRISPR System

The early genome editing nucleases rely on protein-DNA inter-
actions to achieve the binding specificities; the CRISPR sys-
tem simply utilizes RNA-DNA base-pairing mechanisms.
CRISPR systems were discovered in bacteria and archaea, as
part of the adaptive immunity to defend against foreign DNA
invasions (Barrangou and Marraffini 2014). In the bacterial
genome, each CRISPR locus consists of a CRISPR gene array
and a CRISPR-associated (Cas) gene array (Doudna and
Charpentier 2014). The CRISPR array encodes for CRISPR
RNA (crRNA) to direct the DNA-binding specificity; the Cas
gene arrays are translated into Cas proteins to act as endonucle-
ases. These naturally occurring CRISPR systems have been
engineered to facilitate many research endeavors. The most
used one is the CRISPR/Cas9 derived from Streptococcus pyo-
genes (SpCas9). In 2013, the first report of using CRISPR/
Cas9 in human cells was considered a “game changer” in the
research community (Cong et al. 2013).

Engineered CRISPR/Cas9 System
and DNA Repair Pathways

An engineered CRISPR/Cas9 system has 2 components: a
single-guide RNA (sgRNA) and a Cas9 enzyme. sgRNA is a
fusion of a crRNA and a transactivating crRNA (Jinek et al.
2012). crRNA are ~20-bp RNA sequences that specifically
bind to the target DNA region; transactivating crRNAs are
fixed RNA sequences that form hairpin loops to stabilize an
otherwise unstable single-strand RNA structure (Hsu et al.
2013; Nishimasu et al. 2014; Fig. 3A, top row).
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Figure 3. Mechanisms of the CRISPR/Cas9 system. (A) Top row: Engineered CRISPR/Cas9 is composed of a sgRNA that contains ~20-bp crRNA
(red sequence) fused with a tracrRNA (blue sequence) and a Cas9 enzyme component (beige irregular circle). Bottom row: sgRNA binds to the specific
target DNA sequences, and Cas9 makes a double-strand break (DSB) at 3 bp upstream of a conserved protospacer-adjacent motif (PAM) region
(highlighted in green). Cas9 requires a PAM sequence of 5'-NGG-3’ sequence (N represents any nucleotide base). (B) Repair mechanisms after DSB.
Two DNA repair pathways—nonhomologous end-joining (NHEJ) or homology-directed repair (HDR)— kick in after DSB. The NHE] mechanism is
further divided into a canonical (C-NHEJ) or alternative (alt-NHE]J) pathway. C-NHE]J results in no deletion or a small deletion; alt-NHE] results in the
large deletions. Ligase IV inhibitor SCR7 inhibits the C-NHE] pathway. The HDR pathway is promoted with the presence of a donor template DNA
leading to precise replacement of genomic sequences. (C) The application of CRISPR/Cas9 in genome editing. Top row: NHE] after DSB results in
insertion/deletion (indel) mutations; HDR after DSB prompted by a double-stranded donor template DNA results in precise insertion/replacement.
Middle row: NHE] results in a large deletion (pink sequence) when 2 distant DSBs are created by CRISPR/Cas9 systems containing sgRNAI and
sgRNAZ2. Bottom row: CRISPR/Cas9 with a mutation in the RuvC domain generates nick instead of DSB. DNA repair from a nick with a single-stranded
donor template is highly accurate. bp, base pair; crRNA, CRISPR RNA; sgRNA, single-guide RNA; tracrRNA, transactivating crRNA.

In a homology search for the target DNA sequences that
form complementary base pairings with the crRNAs, it is criti-
cal to find a conserved protospacer-adjacent motif (PAM)
sequence at 3’ of the target DNA sequences. The Cas9 enzyme
makes DSBs at the exact 3 bp upstream of the PAM sequence
(Fig. 3A, bottom row). Different Cas enzymes require specific
PAM sequences. The classical 5'-NGG-3" PAM sequence (N
represents any nucleotide followed by 2 guanines) is associ-
ated with SpCas9; another Cas enzyme, Cpfl, requires a PAM
sequence of 5'-TTTV-3’, where V can be A, C, or G (Gao et al.
2017). Cas9 enzyme adopts a bilobed architecture that contains
2 nuclease domains: RuvC and HNH. Cas9 undergoes confor-
mational changes when it interacts with sgRNA, allowing the
target DNA to have access between the 2 lobes of Cas9. Each
lobe then engages and nicks 1 DNA strand, therefore generat-
ing a composite DSB (Jinek et al. 2012; Jinek et al. 2014; Fig.
3C, top row, left panel).

Two DNA repair pathways then are initiated to correct the
DSBs, including a nonhomologous end-joining (NHEJ) path-
way or a homology-directed repair (HDR) pathway. The NHEJ
mechanism is a “quick-fix” but error-prone DSB repair path-
way. The core components of the NHEJ pathway coordinate to
sense the DSBs, clean the DNA ends, recruit kinases and
ligases (and other factors), and eventually ligate the broken
DNA ends (Betermier et al. 2014). NHEJ is further divided into
a “canonical” subclass (C-NHEJ) and an “alternative” subclass
(alt-NHEJ). C-NHEJ often leads to precise end joining (no
deletions) or small deletions; alt-NHEJ results in larger dele-
tions. In contrast to NHEJ, the HDR mechanism leads to more
precise DNA repairs promoted by a double-stranded donor
template. Depending on the donor templates’ sequences, HDR
can either reestablish the original DNA contents or lead to pre-
cise replacements such as point mutations or gene insertions.
Inhibition of C-NHEJ (e.g., NHEJ-deficient embryos, ligase
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Figure 4. Application of CRISPR beyond genome editing. (A) dCas9 fused with effector domains reveals gene activation/inactivation or chromatin or
DNA modification of these effectors. (B) dCas9 fused with enhanced green fluorescent protein (EGFP) illuminates genomic loci. (C) CRISPR/Cas|3 can
edit RNA precisely. Mutation-specific crRNA can bind to the mutant mRNA and disrupt its functions.

IV inhibitor SCR7) increases the frequency of alt-NHEJ and
HDR events (Hu et al. 2018; Fig. 3B). These DNA repair
mechanisms lay the foundation for the biological applications
of CRISPR/Cas9.

The NHEJ mechanism results in a small insertion/deletion at
a single DSB site or large deletions when 2 distant DSBs are
created by CRISPR/Cas9 systems containing 2 sgRNAs (Fig.
3C). The HDR mechanism facilitates CRISPR/Cas9 to create
gene insertions or replacements (Fig. 3C), which could be point
mutations in coding exons or conditional alleles by inserting
loxP sites to the target genes. loxP sites are 34-bp-long recogni-
tion sequences that were discovered in P1 bacteriophage. When
2 loxP sites are inserted to the genome to flank the target genes
(the process is referred as floxing; these genes are referred to as
floxed alleles), specific gene manipulation can occur in combi-
nations with the Cre enzyme that specifically recombines DNA
between 2 loP sites. Making floxed alleles/animals is much sim-
plified by the CRISPR/Cas9 technique.

Either naturally occurring or mutant Cas enzymes have
been intensively studied, aiming to expand CRISPR’s biologi-
cal applications. For Cas9, mutations in either the RuvC or
HNH domain generate a nickase Cas9 (nCas9), which cuts 1
DNA strand instead of 2 strands (Jinek et al. 2012; Qi et al.
2013). nCas9 edits the genomic sequence with reduced off-
target effects, since DNA repairs succeeding nicking have
higher fidelities (Ran et al. 2013; Fig. 3C). When mutating
RuvC and HNH domains simultaneously, we can utilize a new
dead Cas9 (dCas9) to bind to specific DNA sequences without
cutting them. Therefore, dCas9 can be fused with effectors
such as transcription activator (CRISPRa), repressor (CRISPR1i),
chromatin, or DNA modifiers to study their transcriptional

effects on the gene of interests (Fig. 4A). dCas9 fused with
fluorescent tags illuminates specific genomic loci (Fig. 4B).
Recently, a newly discovered Casl3 enzyme demonstrated an
RNA-editing ability, whereas mRNAs can be knocked down or
altered specifically (Abudayyeh et al. 2017; Cox et al. 2017).
RNA editing offers additional benefits over DNA editing due
to its short-acting and reversible nature, which makes the ther-
apeutic effects safer.

Applications of CRISPR/Cas9
Preclinically and Clinically

Applications of CRISPR/Cas9 in generating mutant animals
have been widely adopted by the research community. The
scheme of generating mutant mice involves the microinjection
of nucleotides encoding Cas9 and sgRNA into the pronuclei of
the fertilized eggs. To generate knockout mice, CRISPR com-
ponents alone (Cas9 and sgRNA) are adequate to create inser-
tion/deletions to disrupt gene functions through the NHEJ
pathway. To generate knock-in mice, additional template
DNAs are microinjected simultaneously to permit gene inser-
tion/replacement through the HDR pathway. These genome-
edited zygotes are subsequently reimplanted to the oviduct of
pseudo-pregnant surrogate mice that will give birth to mutant
offspring in 19 gestational days (Fig. 5A). Experimental pro-
cesses are similar to the ones to generate transgenic mice by
random insertion (i.e., no need to screen correctly targeted
ESCs). The time length of making mutant animal models is
therefore significantly reduced to several weeks, while the tra-
ditional gene targeting methods may take 1 to 2y (Heidenreich
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Figure 5. Applications of CRISPR/Cas9 to generate mutant animals. (A) General scheme to generate mutant mouse models. DNAs or RNAs
encoding Cas9 and single-guide RNA (sgRNA) with or without template DNA are microinjected into the pronuclei of the fertilized egg. These modified
zygotes are reimplanted to the oviduct of pseudo-pregnant surrogate mice. After 19 gestational days, mutant mice offspring are born. (B) Generation
of floxed animal models. The left arm represents the simultaneous method. This method involves coinjecting nucleotides encoding Cas9, 2 sgRNAs,
and 2 individual loxP template DNAs to zygote. It simultaneously knocks in 2 loxP alleles to flank the target exon gene. However, large deletions can
occur as a result. The right arm represents the sequential method. This method involves coinjecting Cas9, first sgRNA, and first loxP template DNA at
|—cell stage embryo to knock in the first loxP allele. On the next day, the second group of Cas9, second sgRNA, and second loxP template DNA are
injected into 2—cell stage embryos, leading to knock-in of the second loxP allele.

and Zhang 2016). Moreover, CRISPR/Cas9 can edit multiple
loci simultaneously, which largely increases the editing effi-
ciency. Due to these benefits, CRISPR/Cas9 has led to a con-
siderable number of novel genetically modified animal models,
including some unique nonhuman primate models (Niu et al.
2014).

CRISPR/Cas9 is useful in generating floxed animal models,
therefore resulting in conditional knockout animals. There are
2 methods to make floxed animals (Fig. 5B). The first is a
simultaneous method. Coinjecting nucleotides encoding Cas9,
2 sgRNAs, and 2 individual loxP template DNAs to zygote can
introduce 2 loxP alleles to flank the target exons. The second is
a sequential method. In this model, the first loxP allele is
inserted by coinjecting 1 sgRNA and 1 template DNA with
Cas9 at the 1—cell stage embryos. At 2—cell stage embryos the
following day, the second loxP allele is inserted by using
another pair of sgRNA and template DNA with Cas9 (Horii et al.
2017). The sequential method overcomes a frequent deletion of
the target exons that may occur in the simultaneous method.

More exciting applications of CRISPR/Cas9 came from
preclinical and clinical models. CRISPR/Cas9 demonstrated
prominent effectiveness in correcting monogenic diseases such
as Duchenne muscular dystrophy through either germline
deliveries or direct muscular injections in mice (Long et al.
2014; Xu et al. 2016). In October 2016, the first CRISPR/Cas9

human clinical trial was proposed in China (Cyranoski 2016).
Ten patients with lung cancer are planned to receive injections
of their own immune cells, in which program death 1 gene
(PD1I) s edited by CRISPR/Cas9. Primarily a phase 1 trial, this
study would be mainly related to the safety side rather than the
efficacy side. However, this clinical trial has opened the door
for CRISPR/Cas9 to test its clinical applications. At the same
time, the first CRISPR clinical trial in the United States was
initiated, where both PD1 and T-cell receptor gene (TCR) will
be disrupted in cancer patients (ClinicalTrials.gov NCT0279
3856). Motivated by these 2 pioneering trials, many more clin-
ical trials were approved globally in 2017. It is noteworthy that
in April 2017, Nanjing University in China started a CRISPR/
Cas9 clinical trial in treating patients with aggressive gastric
cancer, lymphoma, and nasopharyngeal carcinoma (Normile
2017), which represented the first application of CRISPR/Cas9
in the oral and craniofacial field.

Applications of Genome Editing
Techniques in the Oral

and Craniofacial Field

Genome editing techniques have emerged over a period of only

a few years; therefore, literature reporting their applications in
oral and craniofacial biology is limited. In this section, we
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pathogen-specific antibiotics.

focus on the applications of CRISPR/Cas9 in the domains of
head and neck cancer (HNC), craniofacial defect/tissue engi-
neering, and infectious diseases. We illustrate in Figure 6 the
current applications and potential future applications of
CRISPR in oral and craniofacial research.

Head and Neck Cancer

HNC is a common malignant neoplasm, with an estimated
incidence of 50,000 cases in the United States in 2017
(American Cancer Society 2017). As a genetically complex
disease, cancer arises from a sequence of genetic and epigene-
tic alterations; therefore, cancer research benefits tremen-
dously from the CRIPSR/Cas9 techniques. As summarized in
the Appendix Table, CRISPR/Cas9 has been used to knock out
several genes in several HNC cell lines. Those attempts con-
firm the involvements of fibronectin and LDB1 for cancer cell
and invasiveness (Wang et al. 2015; Simonik et al. 2016) and
identify novel therapeutic targets such as p7SNTR and MUL1-
HSPAS axis (Huang et al. 2017; Kim et al. 2018). However,

CRISPR may provide greater breakthroughs in treating HNC.
The ongoing clinical trials use CRISPR/Cas9-edited immune
cells to fight against cancer cells, which could be applied to
treat HNC. Lessons learned from treating monogenic diseases
such as Duchenne muscular dystrophy by direct local injection
also highlight a possibility of utilizing the same strategy to
treat HNC.

Craniofacial Defects and Tissue Engineering

Craniofacial development in vertebrates involves the coordi-
nated patterning of tissues from all 3 germ layers and the neu-
ral crest, governed by strict genetic controls. A failure in any of
the precise spatiotemporal sequences of events leads to oral
and craniofacial anomalies, such as cleft lip and palate (Dixon
et al. 2011). Using the CRISPR technique to study the genes
involved in craniofacial development enriched the current
understandings of how craniofacial defects form. Willems et al.
(2015) utilized the CRISPR technique to disrupt wnt-associ-
ated gene /rp5 in zebrafish, and found that a lack of this gene
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led to impaired migrations of cranial neural crestal cells.
Through in vitro CRISPR-targeted disruptions, smchdl and
kinesin-1 genes were found to be critical in craniofacial carti-
lage formation (Shaw et al. 2017; Santos-Ledo et al. 2017).
Knockout mice generated by CRISPR/Cas9 revealed the
important roles of Golghl and Msx! in tooth and palate devel-
opment (Lan et al. 2016; Mitsui et al. 2016). CRISPR also
facilitates the creations of reporter murine models (i.e., tamox-
ifen-inducible Pax9-CreER mice, Axin2-mTurquoise2 mice)
to investigate craniofacial development (Feng et al. 2016; de
Roo et al. 2017).

Various tissue engineering efforts have been given to cor-
rect the craniofacial defects. Within the tissue engineering
triad, cells (especially stem cells) can be profoundly affected
by the advancements in the CRISPR technique. Currently, 2
types of stem cells serve as research tools: one is pluripotent
stem cells featuring ESCs and induced pluripotent stem cells
(iPSCs); the other is multipotent tissue-specific stem cells that
reside in native tissues such as hematopoietic stem cells and
mesenchymal stem cells (MSCs). ESCs and iPSCs are ideal
targets for CRISPR, as they repopulate easily after the editing
(Zhang et al. 2017). CRISPR-edited ESCs contributed greatly
to generations of mutant animals. Many craniofacial abnor-
malities occur early in the embryonic phase, making geneti-
cally modifying the embryonic tissues very attractive.
However, we understand the controversy associated with this
topic. Therefore, substantial preclinical studies are needed
prior to clinical applications. CRISPR also participates in gen-
erating iPSCs, which can be established by ectopic expression
of master transcription factors (i.e., OCT4, SOX2, KFL4,
MYC) in somatic cells to activate the pluripotency network. The
conventional transfection system associated with iPSC induc-
tion presented a low efficiency and a high cytotoxicity. The
CRISPR activation system has been proven to boost the endog-
enous Oct4 or Sox2 expression that is sufficient to trigger the
pluripotency reprogramming (Liu et al. 2018). In recent years,
MSCs have gained increased attention in clinical therapies for
oral and craniofacial diseases. Alveolar bone, periodontal liga-
ment, and dental pulp all have been demonstrated to contain sub-
sets of MSCs. CRISPR/Cas9-edited MSCs could be a valuable tool
in correcting oral, periodontal, and craniofacial defects.

Infectious Diseases

Caries and periodontal diseases represent the most prevalent
infectious diseases affecting humans. Both diseases are etio-
logically attributed to bacterial plaque. Naturally occurring
CRISPR loci can be found in most human oral microbiota (Rho
et al. 2012). Serbanescu et al. (2015) reported that the
Streptococcus mutans CRISPR system played a role in pre-
venting the uptake and dissemination of the antibiotic resis-
tance genes. This finding raised a possibility to harness the
antibiotic resistance of S. mutans by targeting its CRISPR sys-
tem. Comparisons of the CRISPR loci within the dental plaque
biofilm between healthy and periodontitis subjects revealed
that the CRISPR components were more similar to each other

within healthy patients, assembling a robust and functional
bacterial community to resist the invasion from bacteriophages
(Zhou et al. 2015). It is reasonable to predict that the CRISPR
system is associated with the equilibrium of the oral microbial
community and therefore could be a target to modulate the oral
microbiome for disease control. Alternatively, CRISPR may
harness the infectious diseases by modifying the host regula-
tory genes.

In addition to the genetic influence, epigenetic dysregula-
tion has become a putative cause for HNC, craniofacial abnor-
mality, and periodontal diseases (Barros and Offenbacher
2014; Hu et al. 2014; Castilho et al. 2017). As discussed previ-
ously, dCas9 fused with epigenetic modifiers can be used to
investigate the transcriptional regulations. This methodology
could certainly be applied to study the epigenetic regulations in
the oral and craniofacial diseases.

Advantages, Limitations,
and Ethical Issues of CRISPR/Cas9

CRISPR/Cas9 demonstrates superior simplicity over the early
genome-editing nucleases. The CRISPR technique requires
only an alteration of its ~20-bp crRNA sequences to adapt to
the sequence specificity. Researchers have access to ample
commercially available CRISPR-related vectors and bioinfor-
matics tools to design the crRNA sequences and templates (Liu
etal. 2015; Park et al. 2015). Another advantage is that CRISPR
can simultaneously target multiple genes, highlighting its
strength in studying multigenic diseases (Wang et al. 2013).

The major limitation for CRISPR/Cas9 technology is the
off-target effects—that is, when nucleases bind to and cut unin-
tended DNA sites, resulting in unwanted genomic changes.
Schaefer, Wu, Colgan, et al. (2017) reported that a significantly
high number of deleterious mutations were found in 2 CRISPR/
Cas9-modified mice, raising concerns of the use of CRISPR/
Cas9 in clinical settings. The same group, however, later pub-
lished a follow-up report to declare no excess mutations in the
same samples (Schaefer, Wu, Darbro, et al. 2017). Nonetheless,
it is critical to minimize the off-target effects with various strat-
egies (Zhang et al. 2015). Improving the design of sgRNAs
remains the most important strategy. Web-based software tools
such as the Cas9 Activator Tool and ZiFiT Targeter have been
developed to facilitate the designs of the sgRNA sequences and
off-target validations (Hsu et al. 2013; Hwang et al. 2013).
Titrating Cas9 enzyme concentration and the amount of sgRNA
DNA delivery reduces nonspecific targeting as well (Hsu et al.
2013). Kleinstiver et al. (2016) reported that a modified Cas9
enzyme (referred to as high-fidelity Cas9) could result in no
detectable off-target effects on a genome-wide scale. Finally,
adding a fluorescent reporter to the donor DNA sequence
assists in observing whether the donor DNA successfully inte-
grates to the target DNA region. It is equally important to
familiarize with assays to identify the off-target effect (Hendel
etal. 2015).

CRISPR/Cas9 technology has raised some valid ethical
concerns. In the United States, genome editing—related clinical
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research requires approvals from the Recombinant DNA
Advisory Committee of the National Institutes of Health. In
June 2016, the advisory committee approved the first proposal
to use CRISPR/Cas9 to treat cancer patients at the University
of Pennsylvania. One particular concern from the committee
was a potential conflict of interest when investigators who had
ties to a pharmaceutical company led the clinical trial.
However, the immediacy and importance of the trial led to the
final approval from the panel (“First-in-Human CRISPR Trial”
2016). The other concern arises from the controversy of germ-
line genome editing. To overcome this barrier, current clinical
trials tend to focus on CRISPR-driven cell therapies (Bosley
et al. 2015). Scientists will gain more in-depth knowledge of
genome editing from the ongoing clinical trials and continue
facing new challenges. Therefore, new ethical issues will
appear and require more careful scrutiny.

Emerging Evidence
and Future Perspectives

More novel and versatile genome-editing systems are under
development at an unprecedented speed in the community. In
addition to Cas9, many other CRISPR-associated enzymes are
being studied. Cpfl enzyme mimics Cas9 in cutting DNA and
has many deactivated forms that can be used in studying the
transcriptional effects (Li et al. 2018). Csm6 enzyme shares the
similar ribonucleases activity as Cas13 (Niewoehner et al.
2017). Microbial whole genome sequencing and advanced
structural biology will greatly facilitate the search for novel
CRISPR-associated nucleases. Nevertheless, there are
approaches that utilize enzymes to directly convert nucleotide
bases on the genome level. Transfer RNA adenosine deami-
nase editors fused with nCas9 can convert an A-T bp to a G-C
pair at the targeted position in the genome without DSB
(Gaudelli et al. 2017). It is still necessary to develop fused
enzymes to catalyze other conversions, but this finding is cer-
tainly a big leap toward the next level of the genome-editing
technology that does not require DSBs.

Genome editing techniques, particularly CRISPR/Cas9,
have greatly enhanced biological research. There is strong
potential to take advantage of this technology to apply it into
the oral and craniofacial field. Simple yet precise manipula-
tions of genome editing techniques will enable us to gain
deeper insight into the genes involved in oral diseases and cra-
niofacial malformations. The future of applying CRISPR/Cas9
to treat oral and craniofacial disorders is now.
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