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Abstract
Mesenchymal stem cells (MSCs), also known asmultipotent mesenchymal stromal stem cells, are found in the perivascular space
of several tissues. These cells have been subject of intense research in the last decade due to their low teratogenicity, as well as
their ability to differentiate into mature cells and to secrete immunomodulatory and trophic factors. However, they usually
promote only a modest benefit when transplanted in experimental disease models, one of the limitations for their clinical
application. The CRISPR-Cas system, in turn, is highlighted as a simple and effective tool for genetic engineering. This system
was tested in clinical trials over a relatively short period of time after establishing its applicability to the edition of the mammalian
cell genome. Similar to the research evolution in MSCs, the CRISPR-Cas system demonstrated inconsistencies that limited its
clinical application. In this review, we outline the evolution of MSC research and its applicability, and the progress of the
CRISPR-Cas system from its discovery to the most recent clinical trials. We also propose perspectives on how the CRISPR-
Cas system may improve the therapeutic potential of MSCs, making it more beneficial and long lasting.
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Mesenchymal Stem Cells and their
Therapeutic Potential

Mesenchymal stem cells (MSCs), also called mesenchy-
mal stromal cells, are multipotent cells located throughout
the body and coupled to the blood vessels walls [1] .
These medicinal signaling cells [2] can be found in almost
all organism tissue types, such as bone marrow, adipose
tissue, dental pulp, among other sources [3–6]. According
to The International Society for Cellular Therapy, a cell

defined as a MSC must show the ability to adhere to the
plastic under standard culture conditions, capacity for dif-
ferentiation into osteoblasts, chondrocytes and adipocytes,
and it must be positive for the surface markers CD105,
CD73 and CD90, and negative for CD45, CD34, CD14 or
CD11b, CD79 or CD19, and HLA-DR [7–9] .

MSCs have an important differentiating capacity [3–6].
Also, they secrete a large set of paracrine chemical factors
(secretome) [10] and have a remarkable homing ability, i.e.,
the ability to migrate to sites of tissue injury when
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systemically infused [11, 12] (Fig. 1). All these properties
make MSCs excellent candidates for cell therapy, justifying
preclinical and clinical studies involving the treatment with
such cells for different types of cardiac, neurological, and
bone dysfunctions, among others [13–19].

MSCs are multipotent cells, which means they have the
ability to differentiate both in vitro and in vivo into several
specific cell types. In addition to their typical ability to
differentiate into chondrogenic, adipogenic and osteogenic
lineages, studies have shown they also can differentiate
into cardiomyocytes [20], hepatocytes [21], steroidogenic
cells [22], skeletal muscle cells [23] smooth muscle cells
[24], motor neurons [25], endothelial cells [26], among
other cell types. These transdifferentiation ability is highly
controversial both in vitro and in vivo, with several studies
suggesting that the phenomenon occurs, whereas many
others demonstrate it does not [3, 4]. As examples of
well-succeeded transdifferentiations, the work of
Mendivil-Perez et al. [5] can be highlighted, where human
Wharton’s jelly MSCs were differentiated into cholinergic-
like neurons after incubation with Cholinergic-N-Run me-
dium for 4 days [5]. These controversies with regard to
MSCs transdifferentiation will be clarified when the cell
transdifferentiation phenomenon, as well as the intermedi-
ate differentiation states, the epigenetic factors and the sig-
naling pathways of this process are better understood.

The differentiation capacity of MSCs depends both on in-
trinsic cell conditions and on the microenvironment to which
they belong. Therefore, variations in differentiation rates may
be observed betweenMSCs from different tissue sources [27].
During the differentiation process, stem cells respond to stim-
ulatory and inhibitory factors to which they are subjected, and
through the inhibition and/or activation of certain molecular
pathways, MSCs give rise to new tissue-specific cells [28].
The comprehension of the precise differentiation process al-
lows the manipulation and control of important molecular
pathways, which may be relevant for cell therapy.

One of the main properties of MSCs regarding their use
for cell therapy is their ability to secrete a wide range of
bioactive factors [29, 30]. This paracrine function would
represent the main mechanism for the therapeutic action
of the MSCs. The released factors, acting in a paracrine
way on the microenvironment, would contribute to pro-
angiogenic, anti-fibrotic, anti-apoptotic, and immunomod-
ulatory functions [27, 29, 31, 32].

When systemically injected, MSCs respond to the cyto-
kines secreted by injured tissues. As a consequence of the
chemoattractant effect, MSCs move to these sites [33, 34].
When in the injured tissue, the cells make connections through
their receptors for chemokines, extracellular matrix proteins
and endothelial cells ligands [35, 36]. These connections con-
tribute to MSCs transmigration through the endothelium,

Fig. 1 Mesenquimal stem-cells (MSCs): functions and differentiation
process. Transdifferentiation is the ability of MSCs to differentiate in
various types of cells. Stem cells respond to stimulatory and inhibitory
factors which they are subjected to, and by the inhibition and/or activation
of certain molecular pathways, MSCs give rise to new tissue-specific
cells. Homing happens when the MSCs moves to an injured tissue
endothelium atracted by the chemoattractant effect from the citokynes
released by the tissue injuries. The release of paracrine factors are the
main mechanisms for the MSCs therapeutic action, since these factors
contribute for pro-angiogenic, anti-fibrotic, anti-apoptotic, and
immunomodulatory functions. Starting from the isolation of a tissue

specific MSCs – from skin, lungs, liver, placenta or adipose tissue –
from mouse or human, this cells can be expanded and enriched by
various methods in vitro. bFGF promotes the expansion of MSCs.
During the MSCs expansion, positive markers (CD105, CD73, CD90
and others) and negative markers (CD45, CD34, CD14 ou CD11b,
CD79 ou CD19, HLA-DR and others) are used to classify this cell
population. In addiction to self renewel in vitro, the MSCs can
differentiate between osteoblasts, chondrocytes, adipocytes and other cell
types. MSCs differentiation can be enhanced by specific-lineage
factors such as Sox-9 VEGF, TGF-β1, insulin, dexamethasone, acid
ascorbic, β-catenin and others factors
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characterizing their homing ability [35, 36]. When stablished
in the tissue, the MScs could interact with the resident cells,
promoting or intensifying therapeutic effects, and this idea is
reinforced by the ability of these cells to maintain the tissue
stem cell stemness, as already described [6].

Although encouraging results have been observed when
using MSCs to treat several diseases [13, 15, 17], some
studies have s t i l l shown a few frus t ra t ing da ta .
Considering the MSCs notorious therapeutic potential,
some alternatives can be explored to optimize their capacity
of generating beneficial effects in the treatment of many
dysfunction types. However, what alternative could be used
to intensify the differentiation capacity, the effects of the
secretome and the homing ability of such cells? Until re-
cently, this question would be lost in many different answers
which would not lead to significant results. Nonetheless,
biomedical science has acquired a valuable genetic editing
tool that certainly applies to MSCs: the CRISPR technique.

CRISPR: The Discovery

Although originally discovered in 1993 [7], the CRISPR
function took a long time to be fully understood. In 2007,
researchers from the dairy food company Danisco (based
in Copenhagen and now owned by DuPont) studying the
bacteria Streptococcus thermophilus found that CRISPR
groups observed in the DNA of these bacteria yield their
immunity against attacks of certain bacteriophages [8].
Testing the S. thermophilus strain DGCC7710 against
Phage 858 and Phage 2972 bacteriophage strains (simul-
taneously or separately), BARRANGOU et al. noted that
the bacteria integrated new spacers into CRISPR1 locus
derived from the phages DNA [8].

This fragments addition of viral DNA in the spacer regions
made the bacteria resistant to one or both viral strains. In
addition, bacteriophage attack resistance has been shown to
be altered by adding or deleting spacer sequences containing
Phage 858 and Phage 2972 DNAs.

In 2008, it was found that the transcription of CRISPR-
containing loci, as well as the maturation of the CRISPR
RNA (crRNA) fragment, depends on the Cas proteins
(CRISPR-associated endonucleases) [5]. Therefore, this
bacterial Badaptive immune system^ has been called
CRISPR-Cas System [9]. The CRISPR-Cas System
operates in 3 phases [10].

Every time a bacteriophage DNA infects a bacterial cell,
part of the viral genetic material is integrated into CRISPR
sequences in the form of spacers. The spacers remain inter-
spersed with the short repeat sequences of bacterial DNA in
the CRISPR regions (adaptation phase).

The crRNA transcribed from these CRISPR loci (biogene-
sis phase) associates with Cas9 protein, a nuclease enzyme
capable of cleaving DNA [11]. After that, the CrRNA-Cas9

associates with the trans-activating CRISPR RNA
(tracrRNA), transcribed from an sequence adjacent to
CRISPR. The tracrRNA and crRNA are combined to form a
single strand called the guide RNA (gRNA) during the assem-
bly of CRISPR-Cas system [12]. Due to gRNA complemen-
tarity to the sequence containing viral genome in the DNA,
CRISPR-Cas is accurately bound to the target (targeting
phase). The Cas enzyme opens the double strand of the
DNA in the region where gRNA is bound and extracts the
invading viral DNA [13]. (Fig. 2).

The CRISPR system is divided into two major classes
(which in turn present subclasses): class I, which con-
tains multiple effector subunits; and class II, which de-
pends on single effector proteins [14]. The class II mech-
anism was the one previously described in this article.
The CRISPR-Cas9 system, for instance, belongs to class
II, and it is the most studied in CRISPR genetic engi-
neering. This class II system was developed from
S. thermophilus [15] and S. pyogenes [12].

Genetic Engineering through the CRISPR-Cas System

Based on an article of Marraffini and Sontheimer [16] – who
clarified that CRISPR-Cas system includes a programmable
restriction enzyme – it was possible to observe that such sys-
tem might be the most efficient tool for gene editing [17].
Certainly, this finding explains the boom in publications in-
volving CRISPR from 2014 to 2016 [18]. However, the ge-
nome editing of human and mammalian cells with CRISPR
was only achieved in 2013 [19–22].

Unlike other genetic engineering technologies, such as site-
directed zinc finger nucleases (ZFNs) and transcription
activated-like effector nucleases (TALENS), CRISPR tech-
nology is affordable, efficient and can efficiently act on mul-
tiple gene targets (80% or more) [11, 23–25]. Therefore, the
CRISPR-Cas system would be safer for future clinical appli-
cations and it can present several other advantages when com-
pared to the other techniques [26, 27].

In order to use this new technology, a guide RNA
(gRNA) – complementary to the DNA sequence to be
modified – must be designed a priori. This gRNA will
direct the gRNA-Cas complex to the DNA target region.
The gRNA-Cas causes a double-strand DNA break in
the locus to be modified. After this break, the genome
edition can possibly occur through the non-homologous
end joining (NHEJ) or through the homology directed
repair (HDR). The NHEJ pathway usually leads to gene
silencing by the deletion of a target gene. On the other
hand, the HDR pathway occurs in the presence of a
repair model and it results in the insertion/correction of
a gene of interest [11, 25]. As noted by SANDER and
JOUNG [25], HDR mediated repair can be used to in-
troduce specific point mutations or to insert desired
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sequences by recombining the target locus with an ex-
ogenous model strand. The homologous pathway usually
occurs naturally in cells that are being divided, and the
efficiency of this pathway a lot depending on the cellu-
lar type and conditions [23].

Finally, it is observed that the ability to make highly accu-
rate modifications in the DNA (involving sequence change,
deletion or insertion) makes possible to use CRISPR-Cas sys-
tem for therapeutic purposes in many levels, from a cell to an
entire organism [22, 28].

Therapeutic Applications of the CRISPR-Cas System

Gene therapy represents an important and promising tool for
the effective treatment and cure of monogenic diseases by
correcting the underlying genetic cause. The CRISPR-Cas
system has emerged as a very promising tool for gene therapy
by enabling accurate genome editing. The use of such meth-
odology could include, for example, removing cells from an
unhealthy individual, editing the genome of injured cells
through the CRISPR-Cas system, and reintroducing the edited
cells back into the body via autologous transplantation. This
would make possible to replace injured cells and correct the
disease. In addition to its use in gene therapy, CRISPR-Cas
system may be used for disease modeling, drug screening
studies, and specific diseases diagnosis [29].

Several studies have been carried out on the use of the
CRISPR-Cas system for the treatment of different diseases,
both in animal and human models (Table 1) [27, 29, 30].
Such studies have shown great progress in the application
of CRISPR-Cas system in preclinical disease models and
in vitro culture of human cells. This is the reason for their
transition to therapeutic use and the development of clini-
cal trials (Table 2). However, evidence from animal models
is not fully sufficient to ensure that patients undergoing

Table 1 Examples of the CRISPR system application in diseases

Target Disease Specimen References

Viral infection Human Soppe and Lebbink, 2017 [33]

Cardiovascular diseases Mouse Xie et al., 2016 [34]

Hematologic disease Human Liu et al., 2017 [35]
Park et al., 2015 [36]

Immunological disorders Human Chang et al., 2015 [37]

Inborn errors of metabolism Mouse Pankowicz et al., 2016 [38]

Cancer Mouse Koo et al., 2017 [39]

Muscular dystrophy Human Li et al., 2015 [40]

Neurological disorders Human Wang et al., 2017 [41]

Respiratory disorders Human Firth et al., 2015 [42]

Skin disease Human Hainzl et al., 2017 [43]

Eye diseases Mouse Yu et al., 2017 [44]

Fig. 2 CRISPR immunity: acquisition, crDNA biogenesis and targeting.
CRISPR loci’s clusters of repeats (black diamonds) and spacers (colored
boxes) flanked by L (leader sequence) and CRISPR associated genes
(cas). Following a unknown mechanism, in adaptation phase, the virus
incorpores new spacers from his genome on the CRISPR array. The
synthesis of a new repeat is also required. The crRNA transcribed from
these CRISPR loci (biogenesis phase) associates with the Cas9 protein, a

nuclease enzyme capable of cleaving DNA, and then the CrRNA-Cas9
associates to the trans-activating CRISPR RNA (tracrRNA), transcribed
from an adjacent sequence to CRISPR. During the assembly of the
CRISPR-Cas system, the tracrRNA and the crRNA combine to form a
single strand called the guiding RNA (gRNA). Due to gRNA
complementarity to the sequence containing the viral genome in the
DNA, CRISPR-Cas binds accurately to the target (targeting phase)
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this approach are not exposed to risks without potential
benefit [27, 30].

The genome editing through the CRISPR-Cas system
shows great promise for therapeutic applications, al-
though several questions still need to be answered before
its use in clinical practice. First of all, some ethical is-
sues could be raised regarding the genetic manipulation
of cells, such as the extent to which CRISPR use should
be permitted, the establishment of a regulatory policy for
clinical research involving human subjects in order to
accommodate this modality of genome editing, and the
issue of genetic editing of germline cells [31]. Some of

the technical issues to be addressed include events pos-
sibly occurring outside the target sequences [27] and the
effective in vivo distribution of the genome-editing en-
zymes to the cells in need of correction [29]. The most
common strategies for this distribution include the use of
viral vectors and lipid nanoparticles, among others. Also,
the choice of the best method should consider the tissue
that needs correction, the route of administration, and the
type of editing needed [29]. Thus, there is a need of
optimizing this technology prior to its use in clinical
routine, especially in relation to its effectiveness, safety
and specificity [32].

Table 2 Clinical trials using CRISPR system (clinicaltrials.gov)

Clinical Trials Conditions Status Study Type Primary
Purpose

NCT03057912 Human Papillomavirus-Related Malignant Neoplasm Not yet
recruiting

Interventional
(Clinical Trial)

Treatment

NCT03164135 HIV-1-infection Recruiting Interventional
(Clinical Trial)

Treatment

NCT03655678, NCT03728322 Thalassemia Recruiting, Not yet
recruiting

Interventional
(Clinical Trial)

Treatment

NCT03167450 Sickle Cell Disease Recruiting Observational –

NCT03745287 Sickle Cell Disease Recruiting Interventional
(Clinical Trial)

Treatment

NCT03545815, NCT03747965 Solid tumor, Adult Recruiting Interventional
(Clinical Trial)

Treatment

NCT03399448 Multiple Myeloma
Synovial Sarcoma
Myxoid/Round Cell Liposarcoma

Recruiting Interventional
(Clinical Trial)

Other

NCT03342547 Gastrointestinal Infection Recruiting Observational Basic Science

NCT03166878, NCT03398967 B Cell Leukemia
B Cell Lymphoma

Recruiting Interventional
(Clinical Trial)

Treatment

NCT03606486 Ovarian Cancer Not yet
recruiting

Interventional
(Clinical Trial)

Diagnostic

NCT03081715 Esophageal Cancer Recruiting Interventional
(Clinical Trial)

Treatment

NCT03332030 Tumors of the Central Nervous System Recruiting Observational –

NCT03690011 T cell Acute Lymphoblastic Leukemia
T cell Acute Lymphoblastic Lymphoma
T-non-Hodgkin Lymphoma

Not yet
recruiting

Interventional
(Clinical Trial)

Treatment

NCT03681951 Neoplasms, Pancreatic Not yet
recruiting

Interventional
(Clinical Trial)

Treatment

NCT02863913 Invasive Bladder Cancer Stage IV Not yet
recruiting

Interventional
(Clinical Trial)

Treatment

NCT02867345 Hormone Refractory
Prostate Cancer

Not yet
recruiting

Interventional
(Clinical Trial)

Treatment

NCT02867332 Metastatic Renal Cell
Carcinoma

Not yet
recruiting

Interventional
(Clinical Trial)

Treatment

NCT02793856 Metastatic Non-small Cell Lung Cancer Active, not
recruiting

Interventional
(Clinical Trial)

Treatment

NCT03044743 Stage IV Gastric
Carcinoma
Stage IV Nasopharyngeal Carcinoma
T cell Lymphoma Stage IV
Stage IVAdult Hodgkin
Lymphoma
Stage IV Diffuse Large B Cell Lymphoma

Recruiting Interventional
(Clinical Trial)

Treatment

NCT02964481 Malignant Hyperthermia Recruiting Observational –
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Genetic Engineering of MSCs through CRISPR-Cas 9
System

Osteoblasts, chondrocytes, and adipocytes are just some of the
cell types in which MSCs have proven to be able to be differ-
entiated [45]. Among the many cell types originated from
MSCs, myocardiocytes [46], hepatocytes [47, 48] pancreatic
cells [49] and neurons and glial cells [50, 51] have already
been described. For the occurrence of the differentiation pro-
cess, MSCs need to be maintained in a suitable culture medi-
um and be subjected to the addition of certain hormones and
growth factors according to the cell type to be reached.

Due to the diversity of cell types already described and
originated by MSCs, they have been employed in a large
number of therapeutic studies involving a wide range of dis-
eases. Some of them include muscular dystrophy [52–54],
bone defects [55–57], myocardial infarction [58–60], liver
diseases [61–63], diabetes mellitus type 1 [64–66], spinal cord
injuries [67–70], Parkinson’s disease [71–73], cancer [74–77],
and many other conditions. The therapeutic effect of MSCs,
within the scope of their multipotentiality, is based on their
integration into the target tissue by replacing the diseased
cells, with no generation of an immune response [78]. Apart
from the therapeutic potential and the progress in the clinical
employment of the MSCs, the poor engraftment and the low
survival rate of the MSCs in the organ receiving the transplant
are among the main obstacles to be surpassed so that the
cellular therapy with MSCs brings significant benefits [79].

Works using genome-editing in human cells with
CRISPR/Cas9 suggest how this technology can be applied
to the MSCs, for instance, interrupting the self-renewal
and committing these cells with certain lineage [8–83] –
which would contribute to increase the engraftment. In
order to increase therapeutic capacity through MSCs dif-
ferentiation using the CRISPR-Cas9 system, it is neces-
sary to interfere in certain points of the differentiation
process by directing them according to the therapeutic
objective. PAM (Protospacer Adjacent Motifs) sequences
are DNA sequences containing on average 4 base pairs
followed by two guanosines and located at the 5 ‘end of
the CRISPR-Cas system target sequence. Apparently, al-
most all loci adjacent to the PAM sequences can be edited
by this system, provided that a specific gRNA is present.
Therefore, it is reasonable to believe that virtually all
genes are editable by CRISPR-Cas, given the frequency
of PAMs in the genomes of several species – including
the human species [80].

As previously discussed in this article, the genetic editing
through class II of CRISPR-Cas (in which Cas9 acts) has been
the most used. This edition occurs with the intracellular inser-
tion and/or expression of Cas9 and the gRNA designed ac-
cording to the target sequence – jointly called RGN (RNA-
guided nucleases). This insertion/expression occurs through

electroporation, nucleofection, lentiviral vectors or by lipofec-
tamine mediated transfection [21, 24, 25, 79, 81]. In addition,
so the RGN can perform the editing, the MSC can be subject-
ed to plasmids viral transfection containing the coding se-
quence of the CRISPR-Cas9 system, or the gRNA and Cas9
can be singly inserted [18].

Once expressed within the MSC, the RGN can act in sev-
eral ways. According to the purpose of the genetic engineer-
ing, in addition to deletion (knockout via the NHEJ path) and
insertion (knock-in, via HDR having an exogenous template
tape), the CRISPR-Cas system can be used to promote rear-
rangements, gene expression activation/increment, or even
histonesmodification [25]. Consequently, it also can influence
the transcription speed/rate of a given locus (Fig. 3).

For the occurrence of the differentiation, MSCs must
commit to a specific lineage: by transforming themselves
into progenitor cells of that lineage. This commitment
depends on physical (extracellular matrix components
and mechanical forces, for example); chemical (such as
signaling molecules); and biological factors (such as cel-
lular metabolism) [82, 83].

After being committed with a lineage, progenitor cells orig-
inated in MSCs must undergo a maturation process which
results in differentiated cells and therefore adapted to a specif-
ic histological niche. During this differentiation process, sev-
eral genes, micro RNAs, transcription factors and signaling
pathways are activated or repressed according to the lineage
to which MSCs have committed [83].

Once the differentiation starts, transcription factors neces-
sary for the process are expressed [84]. For example, Sox9 is
the main transcription factor involved in the MSCs differenti-
ating ability into chondrocytes [85], although other genes also
play important roles. Regarding the generation of osteoblasts,
several transcription factors have been described as differen-
tiation regulators, such as Runx2, osterix, and β-catenin [84].
Likewise, many transcription factors have already been stud-
ied and reported as fundamental for adipogenic differentiation,
and the PPARy is among them [86].

The CRISPR-Cas9 system has already been used in as-
sociation with stem cells, with the purpose of treating sev-
eral dysfunctions [87–89]. For β-thalassemia, the use of the
CRISPR-Cas9 system in induced pluripotent stem cells
(iPS) caused a correction of the gene involved in the disease,
the β-globin gene (HBB) [83]. Also, it led to an increase in
the rate of hematopoietic differentiation [89]. Thus, the
study of the genes involved in the MSCs (multipotent stem
cells and therefore therapeutically safer than the iPS) differ-
entiation into specific cells and the genetic manipulation
through the CRISPR-Cas9 technique represent a way of
magnifying its potential as a cell therapy.

Regarding the homing and the differentiation ability, it
is well documented in the literature that most of the ther-
apeutic effects of MSCs comes from their secretome
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[90–92]. Therefore, studies aiming to enhance the MSCs
therapeutic potential should always consider the crucial
role of bioactive molecules secreted by such cells.

Any modifications via CRISPR-Cas9 to increase/
diversify the production of the secretome constituents –
pro-angiogenic, anti-fibrotic, anti-apoptotic, and immuno-
modulatory factors – should be adapted to each study
model and clinical case. In doing so, the RGN – active
enzyme of the CRISPR-Cas9 system, as already described
– can be directed towards the increase of the expression of
an anti-inflammatory factor gene – in the case of an ar-
thritis, as instance [93], while in a case of acute myocar-
dial infarction or stroke, the genes responsible for the
production of antiapoptotic molecules and the angiogenic
factor VEGF, among others, may have the expression in-
creased [94–96].

The CRISPR technique made the secretome modulation
possible. For example, one of the consequences of a stroke
is the local inflammatory process with microglial activation
– this neuroinflammation, along with tissue loss, is respon-
sible for the damage of this ischemia [97]. Therefore, the
secretome in a stroke should, among other effects, promote
neurogenesis, angiogenesis and contain the inflammatory
process [98–100]. This can be achieved through the secre-
tion of factors such as VEGF, which promotes vasculariza-
tion, stimulates cell survival and proliferation [101]; IGF-1,

which has anti-inflammatory and antiapoptotic action
[102]; and neurotrophic factors, which promote neuronal
survival and neurogenesis [103, 104].

The increase on the production of some secretome compo-
nents for a therapeutic effect on a stroke has already been
described. Awider therapeutic efficiency was observed when
submitting MSCs to a previous treatment with granulocyte
colony stimulating factor (G-CSF) [105, 106]. Certainly, with
the CRISPR-Cas9 technology, this increase in therapeutic ef-
fectiveness would be further enhanced, taking into account the
possibilities of RGN-mediated editing.

In the end, the CRISPR-Cas may delay these cells se-
nescence process previously to the transfusion, which be-
sides prolonging its therapeutic effect, would improve its
feasibility, also contributing to a better engraftment to the
target-tissue. For this purpose, the telomere shortening can
be delayed, reducing histones deacetylation, as well as the
DNA methylation – alterations characteristic of the cell
senescence process (111). Additionally, this genetic engi-
neering technology can be used to favor the expression of
receptor to chemokines and pro-inflammatory factors, in-
creasing the homing and the MSCs adhesion to the target-
tissue, making the intravenous administration as efficient
as the intraarterial or in situ one (112) – which would pre-
vent invasive and potentially harmful procedures with the
in situ injection to the heart or brain, for instance.

Fig. 3 Genetic engineering through the CRISPR-Cas system and Cas
applications. (A) First of all, a guiding RNA (gRNA), complementary
to the DNA sequence to be modified, must be designed. This gRNAwill
direct the gRNA-Cas complex to the DNA target region, complementary
to its sequence of nitrogenous base pairs. The gRNA-Cas causes a
double-strand DNA break. The genomic edition can occur through the
non homologous end joining (NHEJ), producing variable length mutation

(insertion or deletion); or through the homology directed repair (HDR),
promoting precise length mutation. Cas applications: (B) Indel mutations.
(C) Specific sequence insertion or replacement. (D) Large deletions or
rearrangements. (E) Gene activation (reversible activation of coding/non-
coding genes). (F) Histone modifications (transcription speed/rate of a
given locus)
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Conclusion

Despite the positive results observed in several studies, the
therapeutic potential of MSCs has been minimized by the
relatively modest benefits they demonstrate in vivo. This fact
has been attributed to the difficulty of survival and integration
of the MSCs in their target-tissue [36, 107], as well as their
relative low secretome production and their difficulty to adapt
to certain inflammatory conditions [108]. Despite the limita-
tions, in an advanced clinical trial, Panés et al. (2016; 2018)
observed a significant improvement in perianal fistulas related
to Crohn’s Disease treated with MCSs arising from adipose
tissue, and this positive effect lasted 1 year after the allogeneic
transplantation (115, 116). Besides, in March, 2018, the
European Commission approved a drug containing MSCs,
called Alofisel©, for the treatment of enterocutaneous fistula
arising fromCrohn’s Disease (117). Such examples show how
robust is the therapeutic potential, which can be performed
through genetic engineering with the CRISPR-Cas system.
In turn, the paradoxical combination of simplicity and effi-
ciency of the CRISPR-Cas9 system in genetic engineering
promises to keep this technology on focus for many years,
despite its limitations [25, 109]. There are several gene
targets in the MSCs in which the CRISPR-Cas system
can be used to enhance the therapeutic potential of these
cells, for example, by enhancing their secretome and/or
the survival and their migration capacity [110]. Thus, a
therapeutic application of CRISPR-Cas could be carried
out through MSCs. In this way, these cells would retake a
prominent role in the field of regenerative medicine when
compared to other types of stem cells [107].
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