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Abstract

Mesenchymal stem cells (MSCs) are used extensively in developing tissue engineered constructs
for bone and cartilage regeneration. An important factor in designing such constructs is that the
MSCs are appropriately primed to differentiate along osteogenic or chondrogenic lineages. In
contrast to the top-down method of tissue engineering where the differentiation of cells is guided
by the scaffold and signals, a bottom-up method involves direct modulation of stem cell behavior
without relying on the environmental cues. In this review, we discuss several bottom-up strategies
that have emerged in engineering MSC behavior for bone and cartilage tissue engineering,
including gene delivery, gene editing, and subpopulation isolation.
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Introduction

The development of traditional cell-laden tissue engineered constructs requires that the
three fundamental components — cells, signals, and scaffolds — interact with each other in
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generating a functional tissue. In this paradigm, cells differentiate along the chosen pathway
to become tissue-specific cells and secrete appropriate extracellular matrix components;
signals (e.g., growth factors or bioactive factors) provide the biological cues to guide

the differentiation and behavior of encapsulated/seeded cells; and scaffolds provide the
framework to which the cells can adhere, differentiate, and deposit the matrix. This approach
has been taken to develop constructs designed for the regeneration of a diverse array of
tissues and organs.

Two of the most active areas of research in the development of tissue engineering

strategies have been for the regeneration of bone and cartilage. Bone is characterized by

its dynamic tissue environment, where it undergoes constant modeling and remodeling

by bone-resorbing osteoclasts and bone-forming osteoblasts.[1,2] The activities of these
two resident cell types are affected by the mechanical stimuli exerted to the bone and

are tightly regulated to maintain bone homeostasis. Bone can also heal itself following

an injury, although the self-regenerative capability decreases with age and is also defect
size-dependent.[3] In general, segmental bone defects in humans longer than 2 cm are
considered to be critical-sized defects and will not undergo spontaneous healing unless
external interventions are applied.[3,4] Various clinical tools such as metallic fixtures and
bone autografts/allografts have thus been developed, along with tissue engineered constructs
that utilize synthetic materials as bone substitutes and growth factors. Although these
methods are all currently being employed in the clinic as suitable surgical options, each has
its own drawbacks such as donor site morbidity from autografts and ectopic bone formation
from delivering bone morphogenetic protein-2 (BMP-2).[5,6]

Unlike bone, cartilage is an avascular tissue that obtains most of its nutrients from the
surrounding synovial fluid.[7] Combined with its low cell density and dense extracellular
matrix (ECM),[8,9] cartilage suffers from having a limited ability to heal itself following

an injury. Various surgical techniques have been implemented thus far including MACI
(Autologous Cultured Chondrocytes on a Porcine Collagen Membrane) which is the only
FDA-approved cellular therapy product for the treatment of joint diseases.[10] Even with
such improvements, however, the regeneration of cartilage remains elusive, as many surgical
interventions have been shown to result in the formation of fibrous cartilage which is
mechanically inferior compared to the hyaline cartilage from a healthy tissue.

The discovery and characterization of mesenchymal stem cells (MSCs) prompted an even
greater interest from the community in developing tissue engineered constructs for bone and
cartilage tissue engineering as MSCs can differentiate along both osteo- and chondro-genic
lineages. Although MSCs can be derived from a number of tissue sources, those from the
bone marrow and adipose tissue (also known as adipose-derived MSCs, or ADSCs) are most
frequently utilized.[11,12] As MSCs have been shown to differentiate along osteogenic,
chondrogenic, and adipogenic pathways readily,[13] many tissue engineering strategies have
naturally started to investigate the potential of using MSCs within the tissue engineered
constructs designed for the regeneration of bone and cartilage.

Most design strategies for fabricating stem cell-laden tissue engineered scaffolds can
be classified into one of the two categories. The first approach, top-down, focuses on
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designing the extracellular environment to contain the appropriate signals for guiding the
differentiation of stem cells towards the lineage of choice. Such signals can be presented

by the material that constitutes the scaffold, as well as growth factors or other bioactive
molecules delivered on the surface of the scaffold. This approach has been implemented for
the past several decades as the guiding principle in designing countless tissue engineered
constructs for bone and cartilage tissue regeneration.[14,15] For instance, combining
bioceramics such as p-tricalcium phosphate and hydroxyapatite with growth factors such

as BMP-2 has been proven to be a reliable strategy to guide the scaffold-seeded MSCs

to undergo osteogenic differentiation.[16] Similarly, MSC chondrogenesis could be guided
by encapsulating the cells in hydrogels synthesized from glycosaminoglycans found in
cartilage (e.g., hyaluronic acid and chondroitin sulfate) and introducing transforming growth
factor-B3 (TGF-B3).[7] In addition, natural materials that have tissue inductive properties
such as decellularized bone and cartilage ECM have shown promising results in guiding the
differentiation of MSCs toward osteogenic or chondrogenic lineages without the addition of
external growth factors.[17]

The second approach, bottom-up, aims at fundamentally redirecting the stem cell behavior
to enable the cells to naturally guide themselves to differentiate along the desired lineage.
In this approach, the cells are reprogrammed via genetic modification, or they are sorted
for a subpopulation of stem cells that has been shown to favor a specific differentiation
pathway. In contrast to relying on external signals to induce changes in signaling pathways
that lead to the desired phenotype of cells, these bottom-up strategies allow for more
targeted control of MSC behavior. Recent advances in analytical methods in cell biology
have allowed researchers to understand better how stem cells behave during proliferation
and differentiation at the transcriptional and translational levels.[18-20] In turn, such new
information has allowed tissue engineers to develop new tuned and refined approaches

for reprogramming MSCs for bone and cartilage tissue engineering. This review will thus
present an overview of the current advancements that have been made in the field of gene
delivery, gene editing, and subpopulation isolation of MSCs within the scope of developing
bone and cartilage tissue engineering solutions.

MSC Differentiation via Gene Delivery

Incorporating growth factors into tissue engineered scaffolds is one of the most reliable and
historically demonstrated methods of priming the stem cell behavior towards the lineage

of choice. Due to their short half-life, however, growth factors are usually required to be
introduced at supra-physiological concentrations in order to produce therapeutic effects /n
vivo, which has been linked with off-target effects.[21] As such, gene delivery has been
suggested as a viable alternative, since cellular behavior can be effectively modified by
delivering certain genes that lead to either an overexpression or regulation of specific genes
of interest. Although this strategy has been most widely implemented for gene therapy to
treat disease conditions and cancers, numerous tissue engineering strategies have also been
successfully developed that utilize genetically engineered MSCs as the main driving force
for tissue regeneration. Specifically, efforts have focused on designing new delivery vectors
to improve the transfection of primary MSCs, generally considered to be a cell type that is
much more difficult to transfect than other cell lines.[22] In this section, we highlight some
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of the novel gene delivery vehicles that have recently been utilized for MSC transfection, as
well as several DNA and RNA delivery applications developed for bone and cartilage tissue
engineering specifically.

1.1. Gene Delivery Vehicles—Although viral vectors such as lentiviruses,
adenoviruses, and retroviruses have been widely used with promising results for

gene delivery,[23] they possess several inherent drawbacks such as pathogenicity,
immunogenicity, and potential insertion of the viral gene into the host genome.[24,25]
Recombinant adeno-associated viruses (rAAV) have been suggested as an alternative viral
delivery option, but rAAVs also suffer from low transduction efficiency and limited size

of the gene that could be delivered.[26] To resolve these common issues with using viral
vectors, efforts have been made to design alternative non-viral transfection methods (Figure
1).

By far the most widely utilized non-viral vectors for gene delivery are polymeric
particles.[27] In particular, the works by Sung Wan Kim and his associates have led to
the development of various novel polymeric gene delivery vehicles.[28] Some of their
most notable delivery vehicles have been synthesized from poly(ethylene glycol)-based
copolymers,[29-31] as well as from polycationic polymers such as poly(ethyleneimine)
(PEI).[32,32,33] These fundamental works paved the way for the development of various
polymeric gene delivery systems targeted specifically for MSC differentiation and tissue
engineering applications.[34,35]

One of the active areas of research in polymeric gene delivery involves the enhancement of
its targeting specificity for MSCs. In this approach, gene delivery vehicles are modified by
either coating or chemical conjugation with molecules that are known to interact with cell-
surface receptors. One such class of molecules is synthetic peptides, which are derived from
ligand proteins known to interact with specific cell-surface receptors. Cell-specific gene
delivery vehicles can thus be designed by conjugating these peptides to the surface of the
particles.[34] In addition to synthetic peptides, hyaluronic acid has been successfully used to
modify the surface of synthetic gene-delivery vehicles for enhanced specificity. In addition
to being one of the components of tissue ECM, hyaluronic acid also has binding sites for
several cell-surface receptors such as intercellular adhesion molecule-1 and CD44, which

is one of the receptors that are present on the surface of MSCs.[36,37] Indeed, hyaluronic
acid coating has been shown to enhance the interaction of polymeric particles with MSCs,
resulting in improved gene delivery. For instance, MSCs in pellet cultures showed increased
chondrogenic gene expression when they were transfected with hyaluronic acid-coated PEI
nanogels loaded with SOX9 plasmid DNA (pDNA), compared to the uncoated nanogels.[35]

Inorganic materials such as nano-hydroxyapatite (nHA),[38,39] calcium phosphate (CaP),
[40] and gold nanoparticles (AuNPs) [41] have also been employed as non-viral vectors.
Nucleic acids can be loaded onto AuNPs via covalent or noncovalent interactions, and the
resulting conjugates can be introduced into the cells via endocytosis.[42] In comparison,
bioceramics such as CaP and nHA bind to nucleic acids via electrostatic interactions
between the calcium ions (nHA and CaP) and phosphate groups (nucleic acids).[43] These
bioceramic nanoparticles can then be introduced into the cells via endocytosis most likely
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via the membranolytic property of calcium ions.[44,45] nHA-mediated delivery of gene
vectors has demonstrated higher transfection efficiency /n vivo compared to a lipid-based
delivery system.[46] In a rat cranial defect model, collagen-nHA scaffolds loaded with nHA
vectors complexed with plasmids for BMP-2 and vascular endothelial growth factor (VEGF)
resulted in higher percentage of new bone formation compared to the scaffolds loaded with
PEI-plasmid complexes.[46] nHA has also been successfully used to locally deliver genes to
MSCs encapsulated in an alginate hydrogel,[47] emphasizing the versatility of bioceramic
gene delivery vectors in transfecting mammalian cells in a 3D environment. Considering
their inherent osteoinductive properties,[48] bioceramics provides a promising approach to
develop gene delivery vectors that not only deliver plasmids to the cells, but also possess
specific tissue-inductive properties that could act synergistically with gene delivery for bone
tissue regeneration.

Cell-penetrating peptides (CPP) are cell membrane-penetrating polypeptides (usually
smaller than 30 base pairs) that have found their use as non-viral gene delivery vehicles.
[49,50] When conjugated to payloads such as proteins and RNA/DNA, CPPs can be

used as an effective intracellular delivery vehicle to influence cell behavior without

eliciting significant immune responses from the host. Recently, a subclass of CPPs called
glycosaminoglycan-binding enhanced transduction (GET) peptides have been developed to
incorporate a cell-binding domain along with CPP to further enhance the delivery efficiency
of conjugated genes or proteins.[51] This system has been successfully used to deliver
RUNX2 to human MSCs and promote their osteogenic differentiation /n vitro.[52] GET has
also been used in conjunction with tissue engineered scaffolds to enable controlled release of
conjugated factors to cells in a 3D environment. [53,54] For instance, GET-RUNX2 loaded
into poly(lactide-co-glycolide) (PLGA) microparticles induced osteogenic differentiation of
human MSCs in vitro as well as resulted in higher bone volume /n vivo when delivered in
3D printed PLGA/PEG scaffolds.[53]

Utilizing gene delivery vehicles of biological origin has also been explored. Extracellular
vesicles (EVs) refer to a class of membrane-derived vesicles that are secreted by cells.
Often less than 200 nm in diameter, EVs can hold various cargos ranging from short non-
coding RNAs (ncRNAS) to large proteins and have been shown to participate in intercellular
signaling as well as play various biological and pathological roles.[55,56] Prompted by
their abundance and the ability to hold biological molecules, EVs — in particular, exosomes
and microvesicles — have been actively studied as a drug delivery vehicle and, within the
scope of gene delivery, as an alternative to viral or synthetic vectors. Indeed, EVs have

been successfully used as delivery vehicles for various miRNAs and long non-coding RNAS
(IncRNAS) to cells in vitro and in vivo and have shown to possess several advantages

over other viral or synthetic vehicles. For instance, EVs may not induce an immunogenic
response by the host if they have been isolated from cells of the host.

While most studies have introduced EVs to MSCs in monolayer simply by adding the
gene-loaded exosomes to the culture media, successful fabrication of EV-activated matrices
have been recently reported. One such study engineered the exosomes to express biotin on
their surfaces, which were then conjugated to the streptavidin-activated electrospun chitosan/
poly(L-lysine) scaffolds.[57] MSCs seeded on the surface of the scaffolds were shown to
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successfully internalize the exosomes, further supporting the potential of using EVs as
carriers for localized gene delivery.

Along with the development of gene delivery vehicles, progress has been made in designing
new methods to control their spatiotemporal release, and thus the behavior of seeded cells,
in a 3D environment. Gene-activated matrix (GAM) is a term used to collectively refer to
3D scaffolds embedded with gene delivery vehicles, and has been used not only to enable a
prolonged, local delivery of genes from the bulk construct,[58,59] but also to induce distinct
cell behaviors in different layers within a scaffold with a homogeneous distribution of cells.
[60] This approach has been successfully used for the fabrication of more spatially complex
tissue constructs such as osteochondral tissue.[61,62] For instance, TGF-B3 and BMP-2
lentiviral vectors immobilized on the cartilage and bone layers of a cartilage-derived matrix
scaffold, respectively, could successfully induce seeded MSCs to form distinct cartilage-like
matrix formation and mineral deposition on the two separate layers of the scaffold in vitro.
[62] Recently, 3D printing has also been proven to be an effective tool in enhancing the
spatiotemporal control of gene delivery /n vivo. Using alginate as the base bioink material
and methylcellulose to control the porosity, a gene-activated bioink was used to fabricate
dual-layered hydrogels with porous layer on the top and solid layer at the bottom, each

with distinct sets of gene vectors.[63] When delivered subcutaneously to mice, the construct
loaded with gene vectors resulted in an increased cartilage-like matrix formation in the
cartilage region, and higher bone volume and blood vessel counts in the bone region.

1.2. pDNA Delivery—DNA-mediated cellular engineering is achieved by transfecting
the cells with pDNA that encodes for a gene of interest, which subsequently is then inserted
into the cellular genome and leads to the expression of the said gene. Unlike in RNA-based
gene editing strategies where new targets for gene expression modification are constantly
being revealed and tested, pDNA delivery has mainly focused on the genes that have been
validated as being the main drivers of stem cell differentiation. Specific genes used to

drive MSC osteogenesis and chondrogenesis have been thoroughly reviewed in multiple
publications.[64—67] In general, delivering genes for transcription factors and growth factors
that directly affect osteogenesis (e.g., RUNX2, BMP-2) and chondrogenesis (e.g., TGF-p3,
SOX9) has shown promising results in promoting osteogenic or chondrogenic differentiation
of MSCs.

Delivering combinations of genes have also been shown to improve the differentiation of
MSCs.[68,69] One such example is SOX5, SOX6, and SOX9, also called the SOX trio.
SOX®9 is one of the main regulators of chondrogenesis, while SOX5 and SOX6 have been
shown to play a supporting role. Compared to the delivery of SOX9 alone, delivering all
three genes in a single polycistronic vector had higher impact on the chondrogenesis of
MSCs in pellet cultures compared to delivering three separate vectors.[68] The SOX trio
also outperformed the delivery of genes encoding growth factors related to chondrogenesis
(e.g., TGF-B3, insulin-like growth factor, fibroblast growth factor).[69] The advantage of
co-delivering TGF-B1 and SOX9 in enhancing MSC chondrogenesis was demonstrated in
a separate study.[70] Using a pellet culture model, MSCs transfected simultaneously with
pDNA encoding for the two genes via rAAV vectors showed greatly enhanced ability to
undergo chondrogenesis, compared to other study groups that had the two genes delivered
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sequentially with a week between the transfections. Interestingly, the co-delivery group
also underwent reduced hypertrophic differentiation compared to the other study groups,
indicating that the co-delivery model could be used to reduce the prohypertrophic effects
associated with TGF-f family.[71,72] The co-delivery model has also been successfully
utilized to improve MSC osteogenesis over the single-gene delivery method. MSCs
transfected with PEI-pDNA polyplexes encoding both BMP-2 and fibroblast growth factor-2
(FGF-2) secreted significantly higher amounts of BMP-2 compared to MSCs transfected
with just BMP-2 or FGF-2.[73] In a calvarial bone defect study, ADSCs transfected with
baculoviruses encoding genes for BMP-2 and miR-148b and delivered on porous PLGA
scaffolds induced enhanced bone formation compared to other study groups where ADSCs
were transfected with only one type of vector.[74]

1.3. mRNA Delivery—One of the inherent challenges with gene editing via pDNA
delivery is that the method requires the pDNA vector to be delivered to the cell nucleus

for the vector to be introduced into the host genome. Effective transfection is thus highly
dependent on the rate of cell proliferation, as the nucleus is only accessible during mitosis.
mRNA delivery can circumvent this challenge, as it can be delivered directly to the
cytoplasm and be translated without relying on the cell nuclei to undergo transcription. Such
features are especially significant for tissue engineering applications that incorporate cells
in a 3D environment such as hydrogels, as cells in 3D tend to undergo slower proliferation
compared to those in 2D.

Recently, it has been demonstrated that synthesizing mRNA using native as well as synthetic
ribonucleotides allowed the mMRNA to successfully penetrate the membrane and be translated
without causing significant immune response by the host.[75] These chemically modified
MRNA (cmRNA) also demonstrated increased stability within the cytoplasm, thus resulting
in a prolonged expression of the encoded protein. Several studies have also demonstrated
increased transfection efficiency of cmnRNA compared to pDNASs.[76,77] For example,
MSCs in spheroid cultures transfected with RUNX2-encoding cmRNA demonstrated
enhanced osteogenic activity compared to the pDNA group, as demonstrated by higher ALP
activity and expression of osteocalcin.[77]

The potential of cmRNA to be used in bone and cartilage tissue engineering has also been
explored by applying the concept of GAM to cmRNA delivery and fabricating transcript-
activated matrices to affect the behavior of encapsulated cells.[78-80] MSCs encapsulated
in SOX9 cmRNA-activated fibrin hydrogels demonstrated higher levels of chondrogenic
gene expression (ACAN and COL2A1) and secreted more cartilage-like matrix compared to
MSCs in a non-activated hydrogel. In addition, using biphasic calcium phosphate ceramic
granules as delivery vehicles for BMP2-encoding cmRNA had a synergistic effect on
enhancing the degree of mineral deposition by MSCs encapsulated in fibrin hydrogels.[78]

1.4. ncRNA Delivery—Unlike mRNA which directly participates in affecting cellular
behavior by being the target of translation, non-coding RNAs regulate gene expression by
either enhancing or inhibiting the expression of endogenous mRNAs. This process is also
known as RNA interference (RNAI) and plays an important role in post-transcriptional gene
regulation. In particular, two types of short, non-coding RNAs — microRNAs (miRNAs) and
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small interfering RNAs (siRNAs) — have been thoroughly explored for their potential to be
used in gene therapy as well as in regenerative medicine.

The role of RNAI during stem cell differentiation has been extensively researched

and exploited in various therapeutic applications.[81,82] For bone and cartilage tissue
engineering, the process starts by identifying the genes that are known to downregulate
pathways involved in osteogenesis and chondrogenesis. Following their identification, the
miRNAs or siRNAs are then delivered via viral or non-viral methods. The readers are
encouraged to refer to the following reviews for a more comprehensive list of miRNAs and
siRNAs used for bone and cartilage tissue engineering.[83,84]

Previously undiscovered miRNAs that affect bone and cartilage regeneration are
continuously being identified,[85,86] along with novel delivery vehicles that allow for a
finer temporal control of its release behavior.[41] Recently, a hon-viral miRNA system that
allows for temporal control of the release of multiple miRNAs has been developed. Using
gold and silver nanoparticles that have absorbance maxima at different wavelengths, the
release of two different mMiRNAs (miR-148b and miR-21 in gold and silver nanoparticles,
respectively) could be tuned by controlling the light wavelength applied to the system.[41]
The usage of antagomiRs, or anti-miRNAS, to inhibit endogenous miRNAs for tissue
engineering is also an area of active research. For instance, human MSCs transfected

with antagomiR-221 via lipotransfection not only demonstrated levels of cartilage-matrix
formation and chondrogenic gene expression /n vitro that were comparable to MSCs
cultured with TGF-B3, but they also successfully stimulated chondrogenesis 7 vivo by
silencing miR-221 which has been shown to be one of the antichondrogenic factors.[87]

Another class of non-coding RNA that have been shown to perform RNAI roles is long
non-coding RNAs (IncRNAs). Although the identities of IncRNAs that are involved in

MSC differentiation are continuously being elucidated,[88-90] their application in bone and
cartilage tissue engineering settings have been rather limited. Most recently, the role played
by ADAMTS9 antisense RNA 2 (ADAMTS9-AS?2) during chondrogenic differentiation

has been validated.[91] Using a micromass culture model, human MSCs transfected

with ADAMTS9-AS2 lentivirus were shown to express higher levels of chondrogenic

genes (SOX9, COL2A1, ACAN) and secrete denser cartilage-like matrix compared to
non-transfected MSCs. Transfected MSCs in a 3D environment have been demonstrated

to also enhance the regeneration of cartilage tissue /77 vivo when delivered in an alginate
hydrogel.[91] In addition, single cell RNA sequencing (RNAseq) has been successfully used
to reveal previously undiscovered IncRNAs that participate in chondrogenesis. For example,
GRASLND is a IncRNA that was recently revealed via analyzing the RNAseq data to

play an essential role in upregulating the proliferation and cartilage matrix production of
MSCs.[92] Indeed, upregulating GRASLND enhanced not only the proliferation but also the
secretion of cartilage-like matrix from MSCs in pellet culture.

2. Direct Reprogramming of MSC Behavior via CRISPR/Cas9 Mediated Gene Editing

Since its discovery in 2013, the clustered regularly interspaced short palindromic repeats/
Cas9 (CRISPR/Cas9)-based gene editing system has made a significant impact in how
genetic engineering is studied.[93] It has also proven itself to be a valuable tool in
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reprogramming stem cell behavior for tissue engineering. The most common method
currently being used for CRISPR/Cas9 gene editing is by delivering a vector that encodes
genes for the CRISPR/Cas9 components (e.g., Cas9 and single guide RNA) /n vitro via viral
transfection. The cell population is then sorted to isolate only the transfected cells using
flow cytometry or antibiotics treatment, after which the isolated cells are expanded further
before being utilized for tissue engineering applications. Several successful applications of
CRISPR/Cas9 in tissue engineering have been reported. Deletion of IGFBP3 (insulin growth
factor- receptor protein 3) in human endometrium-derived MSCs led to a phenotypic
change towards chondrocyte-like cells, with IGFBP3-knockout MSCs expressing higher
levels of COL2A1 and lower levels of COL1AL, as well as secreting more cartilage-like
matrix, compared to normal MSCs.[94]

Another application of the CRISPR-Cas9 system involves using a catalytically inactive
Cas9 protein (dCas9) and combining it with either transcription repressors or activators

to modulate the transcription of target genes, respectively.[95,96] These tools, known

as CRISPR interference (CRISPRI) and CRISPR activation (CRISPRa), have been
recently used to control the expression of genes that either directly or indirectly

affect the osteogenesis [97-99] and chondrogenesis [100] of MSCs. For instance,

CRISPR interference/activation (CRISPRai) was used to evaluate whether simultaneously
augmenting chondrogenesis and repressing adipogenesis in MSCs would ultimately lead to
enhanced bone tissue regeneration.[97] Indeed, CRISPRai-engineered rat MSCs seeded on
porous gelatin scaffolds could successfully enhance bone healing in rat calvarial defects
compared to non-modified MSCs. In a similar study, CRISPRa was used to activate the
expression of two genes (Wnt10b and Foxc2) in the Wnt signaling pathway,[98] which is
one of the important pathways involved in stimulating osteogenesis.[101] The engineered
MSCs not only demonstrated enhanced ability to undergo osteogenic differentiation /n vitro,
but also were able to improve bone healing /n vivo when delivered to rat calvarial defects.
CRISPRAai has also been utilized to modify the expression of genes that participate in
apoptotic and immunomodulatory signaling, with the objective of generating engineered
stem cells that could be used in inflammatory environments. By using CRISPRi to inhibit
the expression of inflammatory cytokine receptors TNFR1 and IL1R1, engineered human
ADSCs in pellet culture could demonstrate an enhanced ability to secrete GAGS even in
the presence of inflammatory cytokines tumor necrosis factor-a. (TNF-a) and interleukin-1f
(IL-1B) compared to untreated cells.[102]

In some studies, a CRISPR/Cas9-mediated knockout was unable to replicate the results

of other studies that used more transient gene editing methods such as treatment with
inhibitors. For instance, although previous research has shown that inhibiting the expression
of phosphatase and tensin homolog (PTEN) using a small molecule inhibitor could result

in an increase in the expression of osteogenic markers from human MSCs,[103] complete
knockout of PTEN using CRISPR/Cas9 had an opposite effect in rabbit MSCs.[104] Such
results emphasize the complex cellular mechanisms involved, the multiple roles played by
these genes, and that completely removing the genes will result in unforeseen consequences
that may not readily be identified in a laboratory setting. For example, in addition to playing
a role in regulating the Wnt signaling pathway, PTEN is also a known tumor suppressor
where its reduction in expression has been linked with tumorigenesis.[105,106] The safety
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and long-term consequences of using CRISPR/Cas9-engineered stem cells will therefore
need to be thoroughly assessed before they can be used in the clinic.

3. Enhancing the Therapeutic Potential of MSCs via Subpopulation Isolation

While MSCs have been widely used as a cell source for many successful tissue engineering
applications, their inherent heterogeneity and donor-to-donor variability have also resulted in
inconsistent results and raised significant questions to their therapeutic potential.[107] One
of the solutions that has been suggested to resolve the issues resulting from heterogeneity

is to isolate the MSCs that display the features that are known to be present in the cells of
interest (Figure 2). Once the desired subpopulation is then separated, they can then undergo
further expansion before being used for tissue engineering applications.

The most widely utilized method for isolating the desired MSC subpopulation is by sorting
for cells expressing specific surface markers.[110] MSCs are first stained with antibodies for
the surface markers of choice, after which they are passed through a cell sorter to isolate

the subpopulation of cells with the desired marker expression profile. Various markers for
successful isolation of osteogenic and chondrogenic subpopulations have been identified.
[111] One such surface marker explored widely as a potential subpopulation marker

for enhanced chondrogenesis is CD146, or melanoma cell adhesion molecule.[112,113]
CD146+ MSCs have shown to possess enhanced regenerative potential compared to the
unsorted MSC population, mostly in their commitment toward the chondrogenic lineage.
[114-116] The therapeutic benefit of using a CD146+ subpopulation was also demonstrated
using a rabbit cartilage defect model, where the implantation of articular cartilage ECM-
derived scaffolds seeded with CD146+ ADSCs induced enhanced cartilage regeneration
compared to the non-sorted ADSC group.[115] In addition, in a preliminary study involving
a direct injection of a cell suspension into rat articular cartilage, CD146+ ADSCs expressed
IL-6 at a level comparable to that of the native tissue and significantly lower than that of
non-sorted ADSCs. Similar results were also obtained in a collagen-induced arthritis model
in mice, where it was demonstrated that CD146+ MSCs could suppress the activity of Th17,
a pro-inflammatory T helper cell, and in turn promote chondrogenesis at the diseased site.
[116]

In addition to surface markers, cell size has also been used as a criterion for selecting

a specific subpopulation.[109,117] Using a microfluidics system, MSCs cultured /in vitro
were separated into five subgroups based on their size, with the average size of the cells
ranging from 11-12 (smallest) to 23-25 pm (largest).[109] Among the subgroups, MSCs
with the highest chondrogenic potential were the ones within the 17-21 um size range,
which constituted about 30-40% of the total cell population. In addition to achieving a fast
sorting time (1.5 million cells/min), the cells did not need to be labeled for surface markers.

Recently, RNAseq has emerged as a powerful tool to provide additional insights about

the characteristics of MSC subpopulations.[118,119] For instance, MSCs show an age-
dependent therapeutic efficiency, where cells isolated from older donors tend to demonstrate
impaired regenerative capacity compared to those from younger donors. Using single-cell
transcriptomics analysis and machine learning algorithms, it has been revealed that MSCs
from younger donors possess a unique quiescent subpopulation that does not exist in
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MSCs from older donors.[119] Continuous efforts to identify new subpopulations that show
enhanced propensity to differentiate along a specific lineage will eventually lead to the
isolation of stem cell populations with superior differentiation properties.

4. Concluding Remarks

One of the biggest challenges toward the development of cell-laden tissue engineered
constructs is guiding the cells along a desired lineage and phenotype. Although

countless bone and cartilage tissue engineering approaches have successfully harnessed
the regenerative potential of MSCs, there is still need for improvement in guiding the
cells to undergo osteogenesis and chondrogenesis more effectively and reliably. Part of
the tissue engineering community has thus been focusing on modulating MSC behavior
without necessarily relying on the environmental variables presented by the scaffold and
other external factors such as growth factors or biomolecules. Reprogramming MSCs via
gene delivery/editing and isolating the subpopulation with the desired therapeutic potential
are some of the tools that have been leveraged with the goal of priming the MSCs for
enhanced osteogenic or chondrogenic differentiation (Table 1).

Gene delivery is an established field of research that has proven itself to be a useful

tool in directing the differentiation of MSCs for therapeutic applications. However, a
fundamental challenge with the gene editing approach is the complexity of the signaling
pathways and genes involved during MSC differentiation. For instance, more than 40
miRNAs and IncRNAs have been identified that affect the translation of genes expressed
during osteogenic and chondrogenic differentiation, and subsequent proliferation.[88,120]
The diverse array of genes involved reduces the degree of control that can be achieved
simply by delivering or editing a few genes from the cell. In addition, it has also been
shown that MSCs from different donors may respond differently to the same gene delivery.
For gene delivery and editing strategies to have a more reliable effect on guiding MSC
differentiation, a more comprehensive understanding of the gene circuitry may be necessary.
In-depth analyses of the transcriptomes of engineered MSCs will provide valuable insights
into how the cells are behaving over time, as well as assist in discovering new pathways

and genes that are triggered during the differentiation and maturation stages. Such genes can
then be used as a new target for gene delivery.

The interaction between engineered MSCs and external stimuli must also be considered.
Although gene editing is often discussed as an alternative approach for differentiating MSCs
compared to the delivery of growth factors, utilizing both strategies simultaneously has been
shown to further improve the effects seen from either. Indeed, few studies have demonstrated
the synergistic effects of having both gene-edited MSCs and bioactive factors on enhancing
the tissue-specific activity of differentiated MSCs.[69,121] Such results promise an exciting
avenue for designing new tissue engineering strategies that combine the benefits of gene
modification and growth factor delivery.

Although isolating specific subpopulations of MSCs presents an attractive approach to
overcoming the inherent heterogeneity present in primary MSCs, it also presents a challenge
of requiring additional expansion steps to acquire enough cells for in vivo delivery.
Prolonged expansion /n vitro is known to cause changes in MSC phenotype,[122] which
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can end up reverting the cellular characteristics of the isolated subpopulation. Advancements
in microenvironment designs that provide optimal growth conditions for MSCs during /n
vitro expansion will thus be critical in maintaining the regenerative potential of the isolated
MSCs until a therapeutically relevant number of cells is acquired.

Using alternative cell sources that are easier to source and to reprogram than MSCs should
also be considered. One of the potential alternative cell sources is MSCs derived from
induced pluripotent stem cells (iPSCs). With their ability to be derived from adult somatic
cells and differentiate into multiple lineages,[123] iPSC-derived MSCs (iMSCs) have shown
higher proliferation capacity compared to bone marrow-derived MSCs, demonstrating
enhanced cell survival and regeneration of the tissue following transplantation /n vivo.[124]
The regenerative potential of iMSCs has also been shown to be independent of the age of the
donor the cells were derived from, and demonstrated cellular phenotypes that are closer to
MSCs from younger donors than to those from older donors.[125] Successful regeneration
of bone and cartilage using iMSCs has also been reported.[126—130] Nevertheless, further
work is needed to streamline the differentiation/induction protocol of iMSCs as well as
better understand the safety of using iPSCs for /in vivo tissue regeneration.

Careful considerations must also be put into overcoming the concerns associated with

the clinical translation of modified stem cells. As mentioned previously, heterogeneity in
engineered stem cell behavior not only reduces their potential clinical benefits but also
increases the chance of health hazards due to unmodified or mis-modified cells. Further
optimization and standardization of the methods involved during the harvest, expansion, and
genetic modification of the isolated cells will be crucial in ensuring that the modified cells
behave in a reliable manner once they are reintroduced into the patient.

In conclusion, enhancing the behavior of MSCs via gene delivery and isolating a more
potent subpopulation hold promise for developing more effective cell-laden constructs

for bone and cartilage tissue engineering. With the development of new gene delivery
techniques that are safer and more effective than conventional methods, a more precise
control of stem cell fate can be expected. Increased understanding of the regulatory network
during stem cell differentiation and proliferation will reveal new genes and pathways that
can be exploited not only to deliver such genes to direct stem cell behavior, but also to reveal
more therapeutically relevant, previously undiscovered MSC subpopulations. Although there
are still regulatory hurdles that need to be overcome before tissue engineered constructs with
genetically modified MSCs could be used in the clinic, harnessing the regenerative potential
of modified MSCs along with the environmental factors provided by the scaffold will offer
tremendous benefits over just relying on the materials and signals alone.
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HIGHLIGHTS
. Appropriate differentiation of MSCs is critical for developing functional
tissue engineered constructs.
. Gene delivery, gene editing, and subpopulation isolation are promising
methods for enhancing MSC behavior in engineered constructs.
. Recent advancements in gene editing and sequencing will provide powerful

tools to further understand MSC differentiation.
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Transfected MSCs

General principles of reprogramming MSC behavior via non-viral gene delivery. A gene
vector or an RNA transcript is first loaded into a non-viral delivery vehicle of choice. Cells

are then exposed to these vehicles either in suspension or in a scaffold for transfection.
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Cell Sorting

- 7
Isolated Subpopulation of Interest

General procedure for isolating MSC subpopulations. Using the features that are known to
be overexpressed from the desired subpopulation as sorting criteria, MSCs are separated
through either flow cytometry for surface marker-based cell sorting or other methods such
as size-based cell sorting. The isolated subpopulation of interest is then expanded before
being used for tissue engineering applications. Adopted from [108]; Published by BMC, and
[109]; Published by the Royal Society of Chemistry.
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List of cellular reprogramming method discussed, and their respective advantages and challenges.

Methods Advantages Challenges
Plasmid DNA « Prolonged expression of the inserted gene . DIffI(aUH to control the expression level of the
(PDNA) inserted gene ) o
« Inefficient transfection of non-dividing cells

Gene Delivery Messenger RNA « Higher gene transcription efficiency « Repeated delivery of mRNA required due to

(mRNA) compared to pDNA delivery transient expression

Non-coding RNA « Ability to silence gene expression without « Off-target gene silencing (MiRNA)
(ncRNA) modifying the cell genome « Rapid degradation by endogenous ribonuclease

CRISPR/Cas9 Mediated Gene Editing

« Simple yet highly specific and effective
gene editing

« Off-target gene editing
« Long-term safety not yet verified

Subpopulation Isolation

« Enhanced, uniform response to external
stimuli following the isolation of
homogeneous subpopulation

« Potential phenotypic change of cells during
sorting and expansion
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