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Abstract

Currently, regenerative medicine and cellular-
based therapy have been in the center of atten-
tion worldwide in advanced medical technol-
ogy. Mesenchymal stem cell (MSC) as a
suitable stem cell source for cell-based therapy
has been shown to be safe and effective in
multiple clinical trial studies (CTSs) of several
diseases. Despite the advantages, MSC needs
more investigation to enhance its therapeutic
application. The CRISPR/Cas system is a
novel technique for editing of genes that is
being explored as a means to improve MSCs
therapeutic usage. In this study, we review the
recent studies that explore CRISPR potency in
gene engineering of MSCs, which have great

relevance in MSC-based therapies. However,
CRISPR/Cas technology make possible spe-
cific targeting of loci in target genes, but
next-generation MSC-based therapies to
achieve extensive clinical application need
dedicated efforts.
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Abbreviations

CRISPR/
Cas9

Clustered Regularly Interspaced
Short Palindromic Repeats-
associated-9

crRNAs CRISPR RNAs
CTSs Clinical Trial Studies
DSBs Double-Strand Breaks
hESC human Embryonic Stem Cell
iPS Induced Pluripotent Stem Cells
IVF in vitro Fertilization
MSC Mesenchymal Stem Cell
PAM Proto-spacer Adjacent Motif
SCNT Somatic-cell Nuclear Transfer
TALEN Transcription Activator-like Effec-

tor Nucleases
tracrRNAs Trans-activating crRNAs
ZNFs Zinc-Finger nucleases
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1 Introduction

Cellular therapy has been defined as using healthy
and effective cells for therapeutic purposes. How-
ever, is placed cell and tissue-based therapy
together to introduce a new field of medicine
that is called regenerative medicine. Cell and
tissue-based therapies involve the transplantation
of cells, tissues or their products developed for the
purpose of repairing and/or restoring the function
of diseased or dysfunctional cells or tissues.
Therefore, there are different types of cells that
are the candidate for using in cell therapy
approach. These different types of cells can be
categorized into three main groups include in
stem cells, somatic cells, and genetically
engineered cells (Golchin and Farahany 2019).
As the introduction of regenerative medicine,
the unique characteristics and potency of various
source of stem cells have drawn a great deal of
attention with many promises in the field of cell-
tissue based therapy (Golchin et al. 2019).
Among different source of stem cells, mesenchy-
mal stem cells (MSCs) due to their suitable
features and accessibility have been more com-
monly used in cell-based therapy research and
clinical applications (Golchin et al. 2018a).

Gene therapy, that provides an innovative
treatment option, is defined as introducing genetic
material into living cells to compensate for abnor-
mal genes or to express a beneficial protein for
treating or preventing of certain diseases
(Kohlscheen et al. 2017; Golchin and Farahany
2019). Transfer of gene-corrected auto/allogeneic
stem cells in some patients has emerged as a new
therapeutic approach. As mentioned, MSCs are
primordial, unspecialized and undifferentiated
cells containing the potential of self-renewal
through continuous cell division and differentia-
tion into various other types of cells We discussed
the MSCs underlying advantages and limitations
and reviewed the genetically engineering guide-
line for clinical MSC therapy to improve their
therapeutic efficacy in a separate study (Golchin
et al. 2018b). In order to overcome the technical
challenge of MSCs for therapeutic applications,
gene engineering provides several gene editing

systems include meganucleases, zinc-finger
nucleases (ZNFs) system, Transcription
activator-like effector nucleases (TALEN) system
and clustered regularly interspaced short palin-
dromic repeats (CRISPR)-associated-9
(CRISPR/Cas9 system). In this study, we focused
on CRISPR/Cas9-engineered MSCs (Fig. 1) as a
new and effective tool for developing cell-based
therapy.

2 Clinical Advantages of MSCs
in Regenerative Medicine

Mesenchymal stem cells (MSCs) are used in
many types of research because of self-renewing
and multipotent adult stem cells of mesodermal
origin with a considerable potency to differentiate
into several cell types like chondrocytes,
adipocytes, osteoblasts, and other cell types
(Ardeshirylajimi et al. 2014, 2017). As mesen-
chymal stem cells (MSCs) reside are placed
mainly within the stromal portion of bone mar-
row, have multiple differentiation potentials
under appropriate conditions (Shen et al. 2018).
The International Society for Cellular Therapy
(ISCT), as a global society with a shared vision
to translate cellular therapy into safe and effective
therapies, listed the minimum criteria and markers
of MSCs that include (Dominici et al. 2006):

1. Plastic-adherent cells isolated from different
tissues in the standard culture conditions;

2. Specific surface antigen (Ag) expression: pos-
itive expression for CD105, CD73, CD90, and
negative for markers including CD45, CD34,
CD14 or CD11b, CD79α, CD19, and
HLA-DR;

3. In vitro differentiation into three cell types
including osteoblasts, adipocytes, and
chondrocytes.

There are several special advantages for MSCs
in comparison other stem cells, for instance, lack
of their ethical issue, easily accessible and
isolated from different tissues (such as bone mar-
row (Friedenstein et al. 1987), adipose tissues
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(Zuk et al. 2002), umbilical cord (McElreavey
et al. 1991) and etc), suitable differentiation
potential (differentiated to adipocytes,
osteoblasts, chondrocytes, myoblasts, and etc.
(Chamberlain et al. 2007)), good proliferation
rate, and safety for clinical application (Golchin
et al. 2018a). MSCs can migrate to the injury sites
and carry out immune regulation, site-specific
differentiation, support hematopoiesis (Ullah
et al. 2015). Therefore, they are perfect candida
ting cells in widely applied in experimental and
clinical researches and gene engineering for
regeneration of bone, heart, cartilage, central ner-
vous, skin and so on that possessing a great appli-
cation landscape in the field of tissue repair
(Reiser et al. 2005).

As mentioned, MSCs are present in several
tissues such as liver, skin, bone marrow, dental
pulp, brain, adipose tissue and skeletal muscle
and are associated in processes like immunosup-
pression and have an ability to migrate towards
sites of tumors and inflammation zones. Hence,
owing to their differentiation capabilities, easily
isolation, and immunomodulatory features, the
therapeutic potential of mesenchymal stem cells
(MSCs) has been determined in many pre-clinical
and clinical settings (Zhang et al. 2017). All of
these reasons and most importantly high self-
renewal potential makes them a great candidate

for delivering genes and restituting organ systems
function (Shen et al. 2018).

Alongside advantages of MSCs, there are sev-
eral limitations that decrease the efficacy of ther-
apeutic properties of MSCs. For instance, the low
potency in biological (in vivo) condition compar-
ison in vitro condition (Samsonraj et al. 2015), the
low homing rate in the target site, insufficient
expression of some factors and low cell viability
after transplantation (Golchin et al. 2018b).
Forasmuch as gene therapy and gene-engineering
allow the addition of new functions to cells, this
opportunity is provided to enhance MSCs
features and applications.

3 Gene-Engineering for Stem Cell
Therapy

In recent years, the appearance of varied genome-
editing technologies has provided the ability to
economically and rapidly introduce sequence-
specific modifications into the genomes of a
wide range of cell types for biologist and
researchers (Gaj et al. 2016). For this purpose,
different methods such as physical and chemical
non-viral methods and viral vector-based methods
are used to introduce target genes to MSCs.

Fig. 1 Schematic illustration of cooperation between MSCs and CRISPR for improving MSC properties in stem cell-
based therapy field
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• Non-viral method: Physical (Electroporation,
microinjection, plasmid-injection, Ballistic
injection) and Chemical (Liposome-based
methods, calcium phosphate, DEAE dextran,
protein-based methods)

• Viral methods: RNA virus (Retrovirus, HIV
(lentivirus) and DNA virus (Adenovirus,
Adeno-associated virus (AAV), Herpes sim-
plex virus)

Genome editing with programmable nucleases
has opened a new way for various applications
from basic research in disease model via animal
and cellular models to regenerative medicine and
clinical trial studies (Barrangou et al. 2007). A
series of studies showed that genome editing
could greatly stimulate by targeted DNA
double-strand breaks (DSBs). Till now for
genome editing, four major classes of adjustable
DNA-binding proteins have been engineered
based on site-specific DNA DSBs:
meganucleases or homing endonucleases
obtained from microbial mobile genetic
components, zinc finger (ZF) nucleases based on
eukaryotic transcription factors, transcription
activator-like effectors (TALEs) from
Xanthomonas bacteria, and the RNA-guided
DNA endonuclease Cas9 from the type II bacte-
rial adaptive immune system CRISPR that found
recently (Cong et al. 2013). Genome editing
based on nuclease systems can be classified into
two groups via their mode of DNA identification-
TALEN, ZFN, and meganucleases attain specific
DNA binding by protein-DNA interactions.
While Cas9 is targeted to particular DNA
sequences by a short RNA guide molecule and
after that its targeting DNA, protein-DNA
interactions that have an important role (Bayes-
Genis et al. 2005). The modification of MSCs
properties is necessary to fully use their potential.
Gene-engineering with novel techniques to
induce gene expression in a correct and consider-
able manner is particularly attractive for stem
cell-based therapy purpose.

4 Meganucleases

The LAGLIDADG family is the largest class of
homing endonucleases, which contains the well-
characterized and generally used I-CreI and
I-SceI enzymes. They are the smallest class of
engineered nucleases with large (>14 bp) recog-
nition sites that help them potentially amenable to
all standard gene delivery methods (Bitinaite
et al. 1998). Although many studies suggest
using meganucleases in genome editing, an
important problem was reported about cleavage
domains of endonucleases and the DNA-binding
that are difficult to separate. For solving this limi-
tation, chimeric proteins consist of ZFs,
meganucleases and TALEs have been engineered
to generate novel monomeric enzymes. Forma-
tion of DSB by these enzymes results in a 30

overhang that can be more recombinogenic for
HDR than 50 overhang generated by FokI cleav-
age and this is one of the meganuclease technol-
ogy advantages. So, multiple meganuclease
monomers could be wrapped into single viral
vectors to make multiple DSBs simultaneously
(Bitinaite et al. 1998).

5 Zinc Finger

Zinc finger (ZF) proteins are the large class of
transcription factors and the Cys2-His2 zinc fin-
ger domain is one of the most current
DNA-binding domains encoded in the human
genome. By detection the independent function
of the DNA-binding domain and the cleavage
domain of the FokI restriction endonuclease, the
zinc finger nuclease (ZFN) technology was made.
As the FokI nuclease acting as a dimer, using two
ZFNs binding opposite strands of DNA are
needed for induction of a DSB. Since
ZFN-induced DSBs were used to modify the
genome through either NHEJ or HDR, this tech-
nology has been applied to modify genes in a
pluripotent stem and human somatic cells
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successfully (Sebastiano et al. 2011). One of the
great concern connected with the use of ZFNs for
genome editing is off-target mutations (Koo et al.
2015).

6 TALEN

The development of TALEN system is associated
with the study of the Xanthomonas genus bacteria
that secrete effector proteins (transcription
activator-like effectors) via capable of DNA bind-
ing and activating the expression of their target
genes by mimicking the eukaryotic transcription
factors (Hockemeyer et al. 2011). Like ZFNs,
TALENs consist of individual modules targeting
3 or 1 nucleotides (nt) of DNA, respectively. Also
like ZFNs, TALENs are modular in form and
dimerization of TALEN proteins is mediated by
the FokI cleavage domain, which cuts within a
12- to 19-bp spacer sequence that detaches each
TALE binding site. The DNA-binding domain
was indicated to contain monomers; each of
them binds one nucleotide in the target nucleotide
sequence. Monomers are tandem repeats of
34 amino acid residues, two of which are highly
variable located at 12 and 13 positions, and they
are responsible for the diagnosis of a particular
nucleotide (Nemudryi et al. 2014). Thymidine is
the target DNA molecule that affects the binding
efficiency and locates before the5’-end of a
sequence bound by a TALE monomer. A half-
repeat is the last tandem repeat that binds a nucle-
otide at the 30-end of the diagnosis site consists
only of 20 amino acid residues. There are two
distinct advantages for TALENs compared with
ZFNs in genome editing I: they have been
reported to indicate ameliorated specificity and
decreased toxicity compared to some ZFNs,
because of their increased affinity for target
DNA.II: There is no selection or directed evolu-
tion for engineering TALE arrays, so reducing the
amount of time and experience that needed to
collect a functional nuclease (Maeder and
Gersbach 2016). The absence of obvious corre-
spondence between meganuclease protein
residues and their target DNA sequence caused
that meganucleases have not been adopted as a

genome engineering platform. On the other hand,
ZF domains, because of interference between
neighbor modules when gathered into a larger
array, exhibit context-dependent binding priority.
Identically, although TALE DNA-binding
monomers are for the most part modular, they
can travail from context-dependent specificity
and their repetitive sequences provide a construc-
tion of novel TALE arrays labor intensive and
expensive (Hsu et al. 2014).

Multiple strategies have been developed to
account for these limitations one of them was
CRISPR nuclease Cas9. Because the Cas9 protein
is constant and can be retargeted to new DNA
sequences easily by changing a small portion of
the sequence of an accompanying RNA guide that
base-pairs with target DNA straightly. Also, an
important potential of Cas9 is its ability to dem-
onstrate multiple DSBs in the same cell via
expression of separate guide RNAs (Cong et al.
2013).

7 CRISPR/Cas Nucleases

CRISPR (clustered regularly interspaced short
palindromic repeat)-Cas RNA-guided nucleases
are derived from an adaptive immune system
that progressed in bacteria for preventing assault
of viruses, plasmids and exogenous genetic
elements (EGEs) that incorporate with Cas
proteins. After a decades, scientists could illumi-
nate a mechanism that short sequences of invad-
ing nucleic acids were consolidated into CRISPR
loci (Maeder and Gersbach 2016). Then these
sequences transcribe and process three main
components to cleave foreign nucleic acids
CRISPR RNAs (crRNAs), trans-activating
crRNAs (tracrRNAs) and CRISPR associated
(Cas9) endonuclease. crRNA sequences are com-
plementary to exogenous genetic elements and
acting as a target site-specific sequences which
will be cleaved by the Cas9 endonucleases. The
tracrRNA has homology regions and acts as a link
between the variable crRNAs and Cas9. For
simplifying laboratory applications the crRNA
and tracrRNA have been composed into a single
chimeric RNA sequence named short guide RNA

Advancing Mesenchymal Stem Cell Therapy with CRISPR/Cas9 for Clinical Trial Studies 93



(sgRNA) (Albitar et al. 2018). In order to ensure
DNA diagnosis and cleavage, six CRISPR
systems according to different mechanisms have
been identified. These systems are divided into
two classes: Class 1(types I, III, and IV), and
Class 2 (types II, V, and VI). Class 2 systems
due to their simplicity were appealing for genome
engineering and only type II that obtained from
Streptococcus pyogenes,has been used for
RNA-guided engineered nucleases (Koonin
et al. 2017). The effector protein of type II
CRISPR-Cas systems is Cas9 and this multi-task
protein has been engineered into a key tool for
genome editing. The guide RNA (sgRNA)
manages the CRISPR associated protein Cas9
duo to present a sequence specific DNA cleavage
by double-strand breaks (DSBs) in the target
DNA. NGG motif or proto-spacer adjacent motif
(PAM) is a short-conserved sequence that is
required for introducing a break. Hence,
CRISPR/Cas9 by utilizing sgRNA with Cas9
nuclease can recognize a variable 20-nucleotide
target sequence adjacent to a 5’-NGG-3’ PAM
and introduces a DSB in the target DNA three
base pairs upstream of the PAM sequence
(Li et al. 2018a, b). Since the induced DSB is a
lethal happening for cells, these cells need a
mechanism for DNA repair. These mechanisms
consist of the homology-direct repair (HDR)
pathways and the non-homologous end joining
(NHEJ). The HDR pathway of DNA damage
repair includes a precise strand-exchange process
based on existing homologous DNA formats,
which contain homology to sequences flanking
the DSB demonstrated by homology arms
(He et al. 2016). The mechanism of NHEJ repair
consists in joining of the free DNA ends via a
homology independent and mechanistically flexi-
ble process, which often produces random small
deletions or insertions (Albitar et al. 2018).

8 Advantages of CRISPR

The CRISPR/Cas9 genome-editing system
proposes several advantages over transcription
activator like effector nuclease (TALEN) and
the zinc-finger nucleases (ZFNs) in adult stem

cells (ASCs) and human pluripotent stem cells
(PSCs). First of all, CRISPR/Cas9 is more eco-
nomical because there is little related cost for
plasmid-mediated CRISPR/Cas9. Second, as the
fastest existing genome-editing technique,
because this system can typically be performed
in 2 weeks. Third, CRISPR/Cas9 is more user-
friendly than TALEN and ZNF (Zhang et al.
2017). Fourth, the capability of Cas9 to display
multiple DSBs in the same cell via expression of
separate guide RNAs is a potential advantage. At
last, CRISPR/Cas9 displays a higher editing effi-
ciency than TALEN and ZNF in human stem
cells. CRISPR can target multiple loci simulta-
neously in the genome with high efficiency and
without remarkably increasing the required dose.
As XL et al. demonstrated treatment with a BCL
inhibitor ABT-263 further improves HDR effi-
ciency by 70% and knockout (KO) efficiency by
40% via CRISPR-Cas9 in human pluripotent
stem cells. The increased efficiency of genome
editing is ascribed to higher expressions of Cas9
and sgRNA in surviving cells after electropora-
tion (Li et al. 2018a, b). Table 1 demonstrates
comparison of different programmable nuclease
platforms. However, CRISPR/Cas9 technology is
one of the great promises as a means to produce
biological products and especially therapeutic
cellular products.

9 Application of CRISPR/Cas9
in Mesenchymal Stem Cell
Studies

CRISPR/Cas9-based gene manipulation includ-
ing in gene knock-in, gene knockout, gene acti-
vation or interference, and other chromosome-
related usages, has been widely employed in
stem cell research and specially MSC research
(Table 2; Shen et al. 2018).

One of the main limitations of cell therapy is
the immune rejection of transplanted cells. Due to
no or low expression of MHC class II proteins,
MSCs prevent allogeneic rejection. However,
studies don’t refuse the role of MHC class 1 in
immune rejection completely (Fukami et al. 2009;
Ayala García et al. 2012). The result of a study

94 A. Golchin et al.



Table 1 A brief summary of comparison of different programmable nuclease platforms

Option Meganucleases ZFN TALEN CRISPR

Nuclease I-CreI, I-SceI FokI FokI Cas
DNA-binding
section

Protein Protein Protein RNA

Target site
size [bp]

14–40 18–36 30–40 22

Binding and
cleavage
domains

Non-modular Modular Modular Non-modular

Design
availability

More complex More complex Complex Simple

Cytotoxicity – Variable to high Low Low
Ease of
multiplexing

Low Low Low High

Targeting
constraints

Targeting novel sequences
frequently results in low
efficiency

Difficult to target
non-G-rich
sequences

50 targeted base must be a
T for each TALEN
monomer

Targeted
sequence must
precede a PAM

Table 2 Summary of CRISPR gene engineered-MSC studies

The source of mesenchymal
stem cells Gene Outcome Reference

Human MSCs that don’t
secrete CCL2

Monocyte
chemoattractant
protein-1 (MCP-1/
CCL2)

The CRISPR-Cas 9 approach was proved to be
successful in damaging the CCL2 gene in MSCs
better than the shRNA approach

Técnico
et al.
(2015)

Rabbit bone marrow
mesenchymal stem cells
(BMSC)

PTEN gene The PTEN-Knocking-out (PTEN-KO) strain
showed an increased proliferation capability but
decreased multi-directional differentiation
potential

Shen et al.
(2018)

Mouse bone marrow stromal
stem cells (mBMSCs)

SV40T into a safe
harboring site at
Rosa26 locus

CRISPR/Cas9 HDR-mediated immortalization
of BMSCs can be more effectively reversed than
that of retrovirus-mediated random integrations

Hu et al.
(2017)

UE7T-13 (JCRB) cells were
used as MSCs

PPARG, CEBPA,
and KLF5

Endogenous activation of adipogenic genes
through the dCas9-based transcription system,
and achieved efficient induction of different
types of adipocyte-like cells from MSCs

Furuhata
et al.
(2017)

H1 cell line & hMSCs (Lonza
PT-2501)

EWSR1–WT1 Model the EWSR1–WT1 translocation
associated with the rare DSRCT (Desmoplastic
small-round-cell tumor) using both
immortalized and non-immortalized human
mesenchymal stem cells

Vanoli
et al.
(2017)

Mesenchymal stem cells
derived from human bone
marrow (BM-MSCs)

Promotor of
ectodysplasin (EDA)

After transfection with sgRNA-guided dCas9-E,
the BM-MSCs acquired significantly higher
transcription and expression of EDA by
doxycycline (Dox) induction

Sun et al.
(2018)

Human adipose
mesenchymal stem cells
(hAMSCs)

Thymidine kinase2
(TK2)

The therapeutic capacity of the new CRISPR/
Cas9-engineered hAMSCs was equivalent to
that of therapeutic hAMSCs generated by
transduction with a lentiviral vector

Meca-
Cortés
et al.
(2017)

(continued)
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has reported that hMSC with B2M (the light
chain of MHC class I molecule (Chen et al.
2017)) knockdown by CRISPR/Cas9 is a suitable
and useful stem cell source to treat myocardial
infarction without inducing immune rejection
(Li et al. 2018b). Another study has reported
that by knocking-out β2-microglobulin (B2M) in
primary hMSCs can be utilized to increase the
gene ablation rate in cells relevant to clinical
applications (Xu et al. 2018).

Both of viral and non-viral vectors could be
used in CRISPR/Cas9-engineered MSCs (Meca-
Cortés et al. 2017; Xu et al. 2018). Meca-Cortés
et al. report that the therapeutic capacity of the
electroporation as a transfection method for
CRISPR/Cas9-engineered hAMSCs is equivalent
to that of therapeutic hAMSCs generated by

introduction of the same therapeutic gene by
transduction with a lentivirus vector (Meca-
Cortés et al. 2017).

In recent years, the use of MSCs in both gene
and cell therapies especially as vehicles has
accelerated. For example, MSCs can be used as
vehicles to deliver anti-tumor agents and drugs to
tumor sites. Almeida demonstrated the genetic
edition of MSCs to be vehicles for drug delivery
of azurin into target sites due to their migration
potential towards tumors and unique immunomo-
dulation. The primary steps of this strategy were
the designing and testing of gRNAs to produce
DSBs in a genomic safe harbor, and the design of
a donor pattern that causes the interpolation of the
azurin gene that encodes this protein into safe
locus via CRISPR/Cas9 (Filipa and Almeida

Table 2 (continued)

The source of mesenchymal
stem cells Gene Outcome Reference

Human mesenchymal stem
cells

Exon of the five
R-SMAD genes

MSC stably expressing van den
Akker
et al.
(2016)

CRISPR/Cas9 exhibit
Normal differentiation
Characteristics efficient targeting of genes using
CRISPR/Cas9, leading to strongly decreased
protein expression in total cell populations, is
feasible without clonal election

Primary human mesenchymal
stem cells

β2-microglobulin
(B2M)

Electroporation method can deliver CRISPR/
Cas9 RNP components without or without single
stranded DNA oligonucleotide (ssODNs) at
ribonucleoprotein (RNP) remarkably high
efficiency into various human stem cells and
primary cells that are hard-to-transfect

Xu et al.
(2018)

Human Mesenchymal stem
cells

First intron of the
PPP1R12C gene

The test in MSCs was not finished. Carpenter
et al.
(2015)

Bone marrow-derived MSCs Notch1 or COX2 MSCs was reprogram host macrophage
differentiation towards an anti-inflammatory M2
phenotype via a Notch/COX2/PGE2-dependent
manner.

Li et al.
(2016)

Immortalized MSC cell line
(hTERT MSCs)

Runx2 and Sox9 Genome editing of Runx2 did not appear to
absolve osteogenic potential in the hTERT
MSCs and targeting of Sox9 via the CRISPR/
Cas9 technology demonstrated an apparent
increase in adipogenesis.

Carstairs
(2017)

Human bone marrow (hBM)-
MSCs

Platelet derived
growth factor B
(PDGF-B)

Accelerated wound healing kinetics in wounds
treated with PDGFB-hBM-MSCs compared to
wounds in the other treatment groups as early as
day 13 after wounding, and this significant
difference in healing rate persisted through
23 days post-wounding

Kosaric
et al.
(2017)
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2017). According to azurin properties as an anti-
cancer protein and the tropism ability of the
MSCs towards tumor sites, the formulated strat-
egy of this work was to test the possibility of
steadily incorporating a gene coding for azurin
within the genome of MSCs. In this study, the
Cas9 guides were tested in MSCs and HEK293T
cells and selecting one guide for CRISPR/Cas9
technology in order to cleavage the selected safe
harbor AAVS1 locus in the intron 1 of
PPP1R12C gene was done. After the design of
the guides, these were tested in HEK293T cells
displaying that the Guide 3 was also the best
considering its cleavage efficiency observed in
the agarose gel. The best guide was Guide
3 because of its good score and the zero exonic
off-targets was tested in the second cell line
(MSCs). The producers of azurin in MSCs was
not done in this step because of problems in
designing the guides RNA and surveying the
off-targets while these items were done success-
fully. Hence, the next steps are the ligations
between azurin gene AAVS1 locus to produce a
donor template capable of repairing the DSB by
using MSCs in future experiments (Filipa and
Almeida 2017).

Considering the importance of mesenchymal
stem cells (MSCs) for curing type 1 diabetes
(T1D), Gerace et al. suggested utilization of clus-
tered regularly interspaced short palindromic
repeat (CRISPR) for performing the improved
clinical trial design for the future success of
T1D MSC derived therapies. Although islet or
pancreas transplantation is the only cure for peo-
ple with type 1 diabetes (T1D), MSCs have been
employed either natively or transdifferentiated
into insulin-producing cells (IPCs) as a second
treatment (Gerace et al. 2017). As some
researches showing the ability of MSCs to differ-
entiate into insulin-producing cells (IPCs) via
ex vivo chemical induction or different gene ther-
apy procedures describes them as ideal candidates
for cell transplantation. Gerace and colleague
displayed the success of MSC-derived therapies
in pre-clinical models and reflected the failure of
the translation of these studies into the clinical
setting. Hence, the limitations of common clinical
trials of MSCs for the treatment of T1D suggested

the novel clustered regularly interspaced short
palindromic repeat (CRISPR) gene-editing tech-
nology for ameliorating the clinical trial plan as
strategies to translate pre-clinical success to the
clinical setting (Gerace et al. 2017).

Another study done by Shen et al. was about
gene editing of PTEN in MSCs and its changes in
differentiation and proliferation in vivo (Shen
et al. 2018). As the tumor suppressor, PTEN is
associated with lineage determination, motility,
the regulation of cell proliferation, apoptosis and
adhesion. Mutation or loss of PTEN has existed in
several human cancers and diverse hereditary
disorders. Since PTEN was recognized to
increase MSCs migration ability, this study
clarifies the role of PTEN in the in vivo prolifera-
tion and differentiation via a gene-editing
approach. They used CRISPR/Cas9 to knockout
the PTEN gene in MSCs and obtained the PTEN-
KO BMSCs from rabbit. Results illustrated that
rabbit BMSCs are agreeable to accurate genetic
manipulations. By using this technology for
PTEN knockout cells, increased proliferation
capability and decreased osteogenic and
adipogenic differentiation ability was shown
compared with the WT. These results display
when BMSCs using as the seed cells for tissue
engineering, indicated a low expression of PTEN,
the findings suggest a spoiled differentiation and
tissue repair function (Shen et al. 2018). Recently,
a study was done by van den Akker and colleague
about CRISPR/Cas9 technique for inactivation of
genes in hMSC (van den Akker et al. 2016). They
determined the possibility of generating knock-
out cell populations from human mesenchymal
stem cells, without sub-cloning of cells. As
transforming Growth Factor (TGF-ß) signaling
is important for chondrogenic differentiation of
MSC and the conservation of the articular chon-
drocyte phenotype, CRISPR guide RNAs were
designed to target the second coding exon of the
five R-SMAD genes and cloned into a lentiviral
Cas9 expression system. The efficiency of
CRISPR was evaluated by using surveyor nucle-
ase assay on MSC and HEK293 cells. The sur-
veyor nuclease assay displayed a higher
percentage of genomic modification. This
targeting strategy reduced SMAD protein
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expression in HEK293T by 90% and MSC was
expected to be more unprotected to CRISPR/Cas9
genome engineering or high viral loads. Hence,
primary findings determine that MSC expressing
CRISPR/Cas9 steadily show normal differentia-
tion characteristics (van den Akker et al. 2016).
All these researches are in the early stages and
required more time for finding more acceptable
results and using them in clinical trials.

10 Conclusion and Outlook

The rise of powerful, effective and cost-effective
methods for the genetic manipulation of cells is
opening up wide prospects for cell-based therapy.
CRISPR/Cas has emerged as future technologies
due to the rapidity and specificity of gene delivery
using gene-editing techniques. MSCs as an acces-
sible and suitable source of stem cell confirmed
by extensive research. According to preclinical
and clinical trial studies, MSCs considered nearby
to approved clinical therapeutics (Golchin et al.
2018a). On the other hand, the ability to modify a
cell’s DNA with precision and achieve of gene-
engineered cells in biomedicine, enabled by
methods based on CRISPR, has paved the way
for a degree of appropriate cell customization for
clinical application. Therefore, combining the
stemness potential of MSCs with CRISPR/Cas9
technology has made to an interesting field that
made an accessible tool to clinical application.
Despite different research for using mesenchymal
stem cells (MSCs) via (CRISPR) gene-editing has
been registered only one in clinical trials in this
regard. Currently, a clinical trial is registered in
clinicaltrial.gov that combine the self-renewal
potential of MSCs with CRISPR/Cas9 technol-
ogy that will be developed an epigenome editing
approach as a therapeutic strategy to rescue the
activity of MLL4 (51). It is expected that the
number of clinical trials in this regards enhances.
However, CRISPR/Cas technology enables spe-
cific targeting of loci in target genes, but next-
generation stem cell-based therapies to achieve
widespread application need dedicated efforts.
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