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Efficient CRISPR-Cas9-based knockdown of
RUNX2 to induce chondrogenic differentiation of
stem cellst
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Jae-Hwan Kim,*® Ji Sun Park*® and Keun-Hong Park

The clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 system recognizes and
deletes specific nucleotide sequences in cells for gene editing. This study aimed to edit and knockdown
the RUNX2 gene, a key transcription factor that is directly involved in all stages of stem cell differentiation
into osteoblasts. The RUNX2 gene was depleted using the CRISPR-Cas9 system to inhibit osteoblast
differentiation of stem cells. shRNA vectors targeting RUNX2 were used as a control. The surface of nano-
particles (NPs) was coated with the cationic polymer linear polyethyleneimine. Thereafter, negatively
charged CRISPR-Cas9 and shRNA vectors were complexed with positively charged NPs via ionic inter-
actions. Several analytical methods were used to determine the size, surface charge, and morphology of
NPs and to characterize the complexed genes. NPs complexed with CRISPR-Cas9 and shRNA vectors
were delivered into human mesenchymal stem cells (hMSCs) via endocytosis. The mRNA and protein
expression patterns of various genes in hMSCs were measured over time following internalization of NPs
complexed with CRISPR-Cas9 and shRNA vectors in two- and three-dimensional culture systems.
Knockdown of the RUNX2 gene decreased osteogenic differentiation and increased chondrogenic differ-
entiation of hMSCs. As a result of investigating the efficiency of NPs complexed with CRISPR-Cas9
(CASP-NPs), Runx2 effectively knocked down in mesenchymal stem cells to enhance differentiation into
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Introduction

Clustered regularly interspaced short palindromic repeats
(CRISPR) are sequences specifically found in prokaryotes such
as bacteria." They are a type of memory element created to
protect organisms against external invading elements such as
viruses and bacteriophages.*”® CRISPR sequences prevent rein-
fection of external factors by specifically binding to DNA
during reinvasion.” CRISPR-related protein 9 (Cas9) uses the
CRISPR sequence as a guide to recognize and cut a specific
strand of DNA that is complementary to the CRISPR
sequence.® Due to their ability to remove specific genes,
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chondrocytes, therefore CASP-NPs proved to be an effective gene carrier in hMSCs.

CRISPR-Cas9 can be used in a variety of biological applications
for research and therapeutic purposes.”® Stem cells are
undifferentiated cells found in embryonic and adult
tissues."™'® Among them, mesenchymal stem cells (MSCs) are
pluripotent cells that can differentiate into various types of
mesenchymal cells such as osteoblasts, chondrocytes, muscle
cells, and adipocytes.'”” > Due to their self-renewal ability and
pluripotency, MSCs are used as a cell source in various cell
therapy fields including regenerative medicine. However, the
use of MSCs is limited by their differentiation into unwanted
cell types. This problem can be solved by deleting specific
genes.”’>* CRISPR-Cas9 can reduce expression of and delete
certain genes in stem cells. Silencing of certain genes can
interfere with upstream signaling pathways and thereby regu-
late or prevent differentiation of stem cells into specific
lineages.>® Consequently, decreased expression of specific
genes can induce differentiation of stem cells into a desired
lineage.”®

RUNX2 is a major transcription factor involved in all stages
of stem cell differentiation into osteoblasts.”” Expression of
RUNX2 is essential for differentiation of stem cells into bone
cells. Thus, silencing of RUNX2 perturbs osteogenic differen-
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tiation of stem cells.”® Consequently, RUNX2 silencing facili-
tates differentiation of human MSCs (hMSCs) into other
lineages such as cartilage and fat.

Our group previously tried to deliver a single shRNA vector
targeting RUNX2 into hMSCs to reduce their osteogenic
differentiation.”®' In addition, shRNA vectors targeting
RUNX2 and miRNA vectors have been simultaneously deli-
vered.>” The single shRNA vector and both the shRNA and
miRNA vectors were well delivered into hMSCs and yielded
knockdown efficiencies of 30% and 50%, respectively. Both
approaches reduce bone formation and promote cartilage for-
mation by hMSCs.

In this study, we constructed a CRISPR-Cas9 vector to
silence RUNX2. In addition, a shRNA vector targeting RUNX2
was constructed and delivered into hMSCs. The abilities of the
CRISPR-Cas9 and shRNA vectors to knockdown RUNX2 and
alter  differentiation = of  hMSCs compared.
Dexamethasone-loaded nanoparticles (NPs, DNPs) with the
ability to alleviate cytotoxicity and enhance differentiation
were produced. The surface of DNPs was modified with linear
polyethyleneimine (LPEI) and then the CRISPR-Cas9 and
shRNA vectors were complexed with the DNPs. The sizes and
shapes of CRISPR-Cas9 plasmid vector-complexed NPs
(CASP-NPs) and shRNA plasmid vector-complexed NPs
(shP-NPs) were analyzed by dynamic light scattering (DLS) and
scanning electron microscopy (SEM). The delivery efficiencies
of CASP-NPs and shP-NPs internalized by endocytosis were
analyzed by fluorescence-activated cell sorting (FACS) and con-
focal laser scanning microscopy according to the expression
level of green fluorescent protein (GFP), which was encoding
in each vector. The mRNA and protein levels of various
markers were measured in two-dimensional (2D) and three-
dimensional (3D) culture systems over time by reverse tran-
scription-polymerase chain reaction (RT-PCR) and western
blotting, respectively. Delivery of CASP-NPs into hMSCs rapidly
increased the expression levels of chondrogenic markers such
as collagen type II (COL II), SOX9, and aggrecan compared
with the control group. The experimental methods and results
are summarized in Scheme 1.

were

Experimental

Materials

The biodegradable polymer PLGA (molecular weight of 33 000)
was purchased from Evonik (Essen, Germany). Dexamethasone
(molecular weight of 492.53) was purchased from Sigma-
Aldrich (St Louis, MO, USA). The cationic polymer LPEI
(25 kDa) was purchased from Polysciences (Warrington, PA,
USA). Dulbecco’s modified Eagle’s medium, high glucose
(DMEM-high), fetal bovine serum (FBS), and Dulbecco’s phos-
phate-buffered saline (DPBS) were purchased from HyClone
(Logan, Canada). Antibiotic-antimycotic solution and trypsin-
EDTA were purchased from Gibco (Waltham, MA, USA). An
EnGen mutation detection kit (NEB #E3321) was purchased
from New England BioLabs (Ipswich, MA, USA).

This journal is © The Royal Society of Chemistry 2022
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Preparation of sShRNA and CRISPR-Cas9 vectors

The vectors used in this study were synthesized by recombi-
nant PCR methods and confirmed by nucleotide sequencing.
The GFP-encoding shRNA vector was obtained by annealing a
human RUNX2 oligonucleotide into the multiple cloning sites
of pGSH1-GFP-Red2. The GFP-encoding CRISPR-Cas9 vector
was obtained by annealing a human RUNX2 gRNA oligo-
nucleotide into the multiple cloning sites of pSpCas9 (BB)-
2A-GFP (RX458).

Fabrication of shP-NPs and CASP-NPs

NPs were fabricated via a water-in-oil-in-water solvent evapor-
ation technique using 100 mg of PLGA and 1 mg of dexa-
methasone. The surface of NPs was modified with LPEI to
complex plasmid DNA via ionic interactions. DNPs, LPEI
(6.5 pg), and plasmid DNA (shRNA and CRISPR-Cas9 vectors,
2 pg of each) were mixed to generate shP-NPs and CASP-NPs.

Characterization of shP-NPs and CASP-NPs

The sizes and surface charges of shP-NPs and CASP-NPs were
measured using Zetasizer Nano ZS apparatus (Malvern
Panalytical, Malvern, UK). NPs were dispersed in distilled
and prepared in disposable capillary cells.
Measurements were conducted three times per sample. The
mean diameter, size distribution, and zeta-potential of NPs
were determined.

water

Cell culture

Bone marrow-derived hMSCs were purchased from Lonza
(Walkersville, MD, USA) and cultured in DMEM-high
(SH30022, HyClone) containing 10% FBS and 1% antibiotic-
antimycotic solution in 5% CO, at 37 °C. The culture medium
was replaced every 2 days. Most experiments were conducted
with cells at passage 7-8. Human MG63 cell line was pur-
chased from ATCC (Virginia, USA) and cultured in DMEM-high
containing 10% FBS and 1% antibiotic-antimycotic solution
in 5% CO, at 37 °C. The culture medium was replaced every 2
days.

Assessment of cellular uptake of NPs

hMSCs were seeded in 6-well plates (1.5 x 10> per well) the day
before FACS. Cells were pre-incubated in serum- and anti-
biotic-antimycotic-free medium for 30 min and then incu-
bated with shP-NPs and CASP-NPs for 4 h at 37 °C. Thereafter,
hMSCs were detached using trypsin-EDTA and suspended in
DPBS containing 0.1% bovine serum albumin (BSA).
Suspended cells were analyzed by FACS (Beckman Coulter,
California, USA). Green fluorescence was detected in 10 000
cells per sample.

Transfection

hMSCs were pre-incubated in DMEM-high lacking serum and
antibiotics for 30 min prior to transfection of NPs. The
optimal amount of NPs was complexed with shRNA and
CRISPR-Cas9 vectors, added to hMSCs, and incubated for 4 h

Biomater. Sci., 2022,10, 514-523 | 515
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Scheme 1 Preparation of vectors to knockdown RUNX2, their complexation with DNPs, and induction of chondrogenic differentiation of stem
cells. A: Preparation of shRNA and CRISPR-Cas9 vectors to knockdown RUNX2 and their complexation with DNPs. B: Induction of chondrogenic
differentiation by complexing various vectors with DNPs and introducing these DNPs into stem cells to knockdown RUNX2.

in 5% CO, at 37 °C. The transfection efficiency was analyzed
by detecting GFP signals using a confocal microscope (FV3000;
Olympus, Japan) 1 day after transfection.

RT-PCR

Total RNA was extracted from hMSCs using TRIzol according
to a standard protocol. The concentration of RNA was
measured using a spectrophotometer (Agilent Technologies,
Amstelveen, Netherlands). Total RNA was reverse-transcribed
into complementary DNA. PCR was performed under con-
ditions suitable for each primer. The PCR products were elec-
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trophoresed and detected using a gel documentation imaging
system (BR170-8265; Bio-Rad Laboratories, Korea).

Western blotting

Total proteins were extracted with radioimmunoprecipitation
cell lysis buffer. The concentration of extracted proteins was
determined using a BCA protein assay kit. Proteins (35-40 pg
per well) were loaded into a 10% SDS-polyacrylamide gel, elec-
trophoresed at 80-100 V, and then transferred to a polyvinyli-
dene fluoride membrane. After transfer of proteins, the mem-
brane was blocked with 3% skim milk, incubated with a
primary antibody diluted to a suitable concentration with 3%

This journal is © The Royal Society of Chemistry 2022
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skim milk, and then incubated with a secondary antibody
diluted 1:5000. Signals were detected on film using enhanced
chemiluminescence.

3D cell culture

A total of 1 x 10° hMSCs were seeded into a 100 mm dish 1 day
before transfection, transfected for 4 h, detached with trypsin-
EDTA, transferred to a 15 ml conical tube, and centrifuged at
1300 rpm for 3 min. Centrifuged hMSCs were pelleted on the
wall of the tube. Cell pellets were cultured for 3 weeks in
DMEM-high containing 2% FBS and 1% antibiotic-antimyco-
tic solution. The culture medium was changed every 3 days.

Histology and immunofluorescence

Pellets of hMSCs cultured in a 3D system for 3 weeks were har-
vested, fixed with 4% paraformaldehyde for 1 day, embedded
in optimal cutting temperature compound (TISSUE-TEK 4583;
Sakura Finetek Inc., Torrance, CA, USA), and frozen at —20 °C
for 1 h. Samples were sliced into sections (10 pm thick) using
a cryotome (Leica CM3050S; Leica Biosystems). Sections were
stained with hematoxylin and eosin to observe the mor-
phology. Alcian blue, Safranin O, and Trichrome blue staining
was performed according to standard protocols. Alternatively,
sections were fixed with 4% paraformaldehyde for 20 min, per-
meabilized with 0.1% Triton X-100 for 5 min, blocked with 1%
BSA for 30 min, incubated with a primary antibody at room
temperature for 2 h, and then stained with a fluorescent sec-
ondary antibody for 30 min. DAPI staining was performed for
5 min to label nuclei. Samples were visualized using a confocal
microscope (FV3000, Olympus).

Statistical analysis

Statistical analysis was performed using the Student’s t-test.
Statistical significance was defined as *P < 0.05, **P < 0.01,
and ***P < 0.001.

Results and discussion

Preparation of shRNA and CRISPR-Cas9 vectors targeting
RUNX2 and characterization of CASP-NPs and shP-NPs

CRISPR-Cas9 and shRNA vectors were constructed to knock-
down RUNX2 and thereby induce chondrogenic differentiation
of hMSCs. Two different types of sgRNA and shRNA expression
vectors were used for solid verification of experiments. The
corresponding sequences are presented in Fig. 1. Briefly,
hRUNX2 sgRNA-1 (nucleotide 434 to 453) and sgRNA-2
(nucleotide 534 to 553 from ATG start codon) were inserted
into pSpCas9(BB)-2A-GFP (PX458) vector (Fig. S1At). hRUNX2
SshRNA-1 (nucleotide 1439 to 1457) and shRNA-2 (nucleotide
534 to 553) were inserted into pGSH1-GFP shRNA expression
vector (Fig. S1Bf). All sequences were confirmed by DNA
sequencing.

The constructed vectors were complexed with DNPs for
delivery into cells (Fig. 1Aa and b). Before complexation with
the constructed vectors, the surface of DNPs was coated with

This journal is © The Royal Society of Chemistry 2022
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LPEI, a cationic polymer, and thus became positively charged.
The modified DNPs were easily complexed with the vectors via
ionic interactions. The constructed vectors were confirmed by
electrophoresis (Fig. S27).

DLS and SEM were performed to confirm that the resulting
NPs were of a suitable size for delivery into cells. This revealed
that the NPs were evenly dispersed and suitably sized. DLS
demonstrated that the average diameters of NPs complexed
with CRISPR-Cas9 vector #1, CRISPR-Cas9 vector #2, sShRNA
vector #1, and shRNA vector #2 were approximately 116, 115,
105, and 103 nm, respectively (Fig. 1B). As shown in the SEM
images, it showed a change in the size of the complex consist-
ent with the above DLS results (Fig. 1C).

A gel retardation assay was performed to analyze formation
of complexes between NPs and each vector (Fig. S3f). An
absent or faint band indicates that the NPs and vector readily
complexed with each other. Since NP-complexed vectors can
induce cytotoxicity, a concentration that does not induce cyto-
toxicity while easily complex to vector was used.

We measured the sizes and surface charges of NPs com-
plexed with various vectors (Fig. S41). NPs formed complexes
with each of the six vector combinations tested, namely, each
of the two shRNA vectors and a combination thereof and each
of the two CRISPR-Cas9 vectors and a combination thereof. We
further determined the transfection efficiency of these NPs
(Fig. S57). The transfection efficiency was higher than 70% in
all groups except for the control group including an empty
vector.

Knockdown of the Runx2 gene using the various NPs was
determined by RT-PCR analysis (Fig. 1D). The knockdown
efficiency was better using two shRNA vectors than using one
shRNA vector and was much better using a CRISPR-Cas9 vector
than using one or two shRNA vectors.

Fig. 1E shows a simplified representation of the knockdown
efficiency achieved with each of the vectors and combinations
thereof. The knockdown efficiency was highest (80%) using
CRISPR-Cas9 vector #2 and was must better using
CRISPR-Cas9 vectors than using shRNA vectors.

Cellular internalization of NPs and knockdown efficiencies in
MG63 cells

A single shRNA vector and a combination of two shRNA vectors
were selected as controls (Fig. 2A). NPs complexed with one
and two shRNA vectors were called shPNP and shPNPs,
respectively. NPs complexed with the CRISPR-Cas9 vector with
the best knockdown efficiency were called CasPNP. MG63 cells
cultured in a 2D system were transfected with these NPs. Each
vector contained the sequence encoding GFP to track its intra-
cellular delivery. GFP expression in the cytoplasm was indica-
tive of cellular internalization of NPs. GFP expression was ana-
lyzed by confocal microscopy and FACS the day after
transfection.

Green fluorescence was clearly observed in cells incubated
with shPNP, shPNPs, and CasPNP (Fig. 2Ba) and was quanti-
tated (Fig. 2Bb). Green fluorescence was observed in almost
80% of cells incubated with these NPs. FACS confirmed that

Biomater. Sci, 2022, 10, 514-523 | 517
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Fig. 1 Characteristics and knockdown efficiencies of CASP-NPs and shP-NPs. A: Schematic diagram of the complexation of CRISPR-Cas9 (a) and
shRNA (b) vectors with NPs. B: Analysis of the sizes of NPs complexed with various vectors by DLS. C: Analysis of the shapes of NPs complexed with
various vectors by SEM. D: Analysis of the knockdown efficiencies of NPs complexed with various vectors by RT-PCR. E: Schematic diagram of
RUNX2 knockdown using various shRNA and CRISPR-Cas9 vectors and combinations thereof.

74%, 79%, and 78% of cells incubated with shPNP, shPNPs,
and CasPNP expressed GFP, respectively (Fig. 2Ca).
Quantitative analysis showed that GFP was expressed in
almost 75% or a higher percentage of cells in the three
groups (Fig. 2Cb). The LIVE/DEAD assay demonstrated that
shPNP, shPNPs, and CasPNP did not cause cell death
(Fig. S67).

The knockdown efficiencies of the various NPs were com-
pared by RT-PCR and western blot analysis (Fig. 2D).
Treatment with shPNP, shPNPs, and CasPNP reduced
expression of the RUNX2 gene by about 30%, 50%, and 70%,

518 | Biomater. Sci, 2022, 10, 514-523

respectively, compared with the control. This confirmed that
intracellular delivery of these NPs depleted expression of
RUNX2.

We compared RUNX2 expression over time between cells
that had internalized control NPs and CasPNP (Fig. S77).
Expression of RUNX2 was 70% lower in cells treated with
CasPNP than in cells treated with control NPs at 72 h. Taken
together, these results demonstrate that shPNP, shPNPs, and
CasPNP were well delivered into cells and that the complexed
vectors separated from NPs and suppressed expression of
RUNX2.

This journal is © The Royal Society of Chemistry 2022
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analysis. A: Schematic diagram of internalization of CASP-NPs and shP-NPs and subsequent knockdown of RUNX2 in MG63 cells. B and C:
Visualization (a) and quantification (b) of expression of EGFP-encoding shRNA and CRISPR-Cas9 vectors by confocal microscopy (B) and FACS (C).
D: Analysis of mRNA and protein expression of RUNX2 in MG63 cells treated with control NPs (CP), shPNP, shPNPs, and CasPNP by RT-PCR (a) and

western blotting (b).

Knockdown efficiencies in hMSCs

shPNP, shPNPs, and CasPNP were delivered to hMSCs in a 2D
environment (Fig. 3A) and the knockdown efficiencies was
investigated by several methods. To determine whether each
vector was delivered into hMSCs, NPs were loaded with the
fluorescent probe TRITC and tracked by detecting this fluo-
rescent probe. Red fluorescence of TRITC was located through-
out the cytoplasm, implying that NPs were delivered into
hMSCs and localized to the cytoplasm (Fig. 3D).

Expression of the vectors complexed with NPs in hMSCs
was investigated by FACS based on expression of GFP (Fig. 3C).
In total, 27%, 31%, and 27% of cells expressed GFP upon treat-
ment with shPNP, shPNPs, and CasPNP, respectively. This
demonstrates that each vector could be complexed with NPs
and delivered into hMSCs, and thereby silence RUNX2
expression.

The knockdown efficiencies of shPNP, shPNPs, and CasPNP
were compared by RT-PCR and western blot analysis. Each
vector complexed with NPs depleted RUNX2 expression in
hMSCs (Fig. 3Ba and b). Delivery of shPNP, shPNPs, and

This journal is © The Royal Society of Chemistry 2022

CasPNP reduced RUNX2 expression by approximately 30%,
50%, and 70%, respectively, compared with the control. These
results are similar to those obtained with MG63 cells. In
summary, the vectors present in shPNP, shPNPs, and CasPNP
suppressed expression of the RUNX2 gene in hMSCs.

Based on the previous finding that CasPNP were most
efficiently delivered into cells, we compared RUNX2 expression
between hMSCs treated with control NPs and CasPNP over
time to determine the optimal incubation duration (Fig. 3Ea
and b). RUNX2 expression in hMSCs decreased over time fol-
lowing delivery of CasPNP and was lowest after 3 days

(Fig. S87).

Internalization of NPs by hMSCs reduces bone formation by
depleting RUNX2

Expression of the RUNX2, DIx5, and ATF4 transcription
factors, which are involved in differentiation of stem cells into
bone cells, was investigated in hMSCs cultured in 2D and 3D
systems to determine how knockdown of RUNX2 affects osteo-
genic differentiation (Fig. 4A). The effect of RUNX2 knockdown

Biomater. Sci, 2022,10, 514-523 | 519
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Internalization of shPNP, shPNPs, and CasPNP by hMSCs and quantification of the knockdown efficiencies by RT-PCR and western blot ana-

lysis. A: Schematic diagram of internalization of CASP-NPs and shP-NPs and subsequent knockdown of RUNX2 in hMSCs. B: Visualization (a) and
quantification (b) of expression of EGFP-encoding shRNA and CRISPR-Cas9 vectors in hMSCs. C: Analysis of the transfection efficiencies of EGFP-
encoding shRNA and CRISPR-Cas9 vectors in hMSCs by FACS. D: Analysis of mRNA and protein expression of RUNX2 in hMSCs treated with control
NPs (CP), shPNP, shPNPs, and CasPNP by RT-PCR (a) and western blotting (b). E: Analysis of mRNA and protein expression of RUNX2 over time in
hMSCs treated with control NPs (CPNP) and CasPNP by RT-PCR (a) and western blotting (b).

on osteoblast differentiation of hMSCs cultured in a 2D system
was investigated by RT-PCR and western blot analysis. Delivery
of shPNPs and CasPNP reduced mRNA and protein expression
of RUNX2, DIx5, and ATF4 in hMSCs (Fig. 4Ba and b).
Quantitative analysis revealed that shPNPs and CasPNP
reliably suppressed mRNA and protein expression of these
transcription factors. Knockdown of RUNX2 was greatest using
CasPNP.

To investigate knockdown of RUNX2, we detected its
nuclear expression via immunostaining (Fig. 4C). Red staining
indicative of RUNX2 was detected in nuclei of control hMSCs,
but was barely detected in nuclei of hMSCs treated with
CasPNP. The CRISPR-Cas9 vector released from CasPNP
depleted RUNX2 expression in hMSCs.
rescence intensity of RUNX2 immunostaining was nearly 80%
lower in hMSCs treated with CasPNP than in control hMSCs.

The knockdown efficiency was also investigated in cells cul-
tured in a 3D system. The effect of RUNX2 knockdown on
osteoblast differentiation of hMSCs in the 3D system was
investigated by RT-PCR and western blot analysis (Fig. 4Da
and b). Delivery of shPNPs and CasPNP reduced mRNA and
protein expression of RUNX2, DIx5, and ATF4. Quantitative

The relative fluo-
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analysis revealed that shPNPs and CasPNP reliably suppressed
mRNA and protein expression of these transcription factors.
Knockdown of RUNX2 was greatest using CasPNP.

RUNX2 secreted by hMSCs in 3D pellets was stained and
observed to confirm that it was reliably depleted (Fig. 4Ea).
Green labeling indicative of RUNX2 was detected in all parts of
pellets of control hMSCs, but was only faintly detected in
pellets of hMSCs treated with CasPNP. These results demon-
strate that delivery of CasPNP reduces expression of the
RUNX2 gene and suppresses secretion of RUNX2 protein in
hMSCs. The fluorescence intensity of RUNX2 immunolabeling
was almost 80% lower in hMSCs treated with CasPNP than in
control hMSCs (Fig. 4EDb).

Induction of chondrogenic differentiation of hMSCs by
knockdown of RUNX2

Induction of chondrogenic differentiation of hMSCs by
depletion of the RUNX2 gene was investigated. shP-NPs and
CASP-NPs were used to knockdown RUNX2, which is the most
important factor in osteoblast differentiation. This downregu-
lated DIx5, OSX, and ATF4, which are bone formation markers,
and thus inhibited bone differentiation. Inhibition of osteo-

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Osteogenic differentiation-related gene expression in hMSCs treated with shPNP, shPNPs, and CasPNP. A: Schematic diagram of inhibition of
osteogenic differentiation-related gene expression in hMSCs cultured in 2D and 3D systems using shP-NPs and CASP-NPs. B and D: Analysis of
mMRNA and protein expression of ATF4, DIx5, and RUNX2 in hMSCs treated with shPNP, shPNPs, and CasPNP by RT-PCR (a) and western blotting (b)
under 2D (B) and 3D (D) culture conditions. C and E: Visualization (a) and quantification (b) of RUNX2 protein expression in hMSCs treated with

shPNP, shPNPs, and CasPNP under 2D (C) and 3D (E) culture conditions.

genic differentiation induced chondrogenic differentiation of
hMSCs. This process is depicted in Fig. 5A.

Expression of SOX9, COL II, and aggrecan, which are
markers of chondrogenic differentiation, was investigated by
RT-PCR (Fig. 5B). Expression of these factors rapidly increased
in hMSCs treated with shPNPs and CasPNP (Fig. 5Ba) and this
was confirmed by quantitative analysis. The effects of CasPNP
were greatest (Fig. 5Bb). SOX9 (red) and COL II (green) were
barely detected by confocal laser microscopy in control
hMSCs, but were readily detected in hMSCs treated with
shPNPs and CasPNP (Fig. 5Ca). The expression level of each
protein per cell was quantified and plotted. This revealed that
the chondrogenic highly

differentiation markers were

This journal is © The Royal Society of Chemistry 2022

expressed in hMSCs treated with CasPNP. In particular,
expression of COL II, which is an important extracellular
matrix component for construction of -cartilage tissue,
was 6-fold higher in hMSCs treated with CasPNP than in
control hMSCs (Fig. 5Cb). These results demonstrate that
knockdown of RUNX2 induces chondrogenic differentiation of
hMSCs.

Histological analysis confirmed that hMSCs treated with
CasPNP in a 3D system generated proteoglycans and polysac-
charides (Fig. 5D). In addition, Trichrome blue staining
revealed that hMSCs treated with CasPNP secreted a large
amount of collagen, indicative of chondrogenic differentiation.
Alizarin Red staining demonstrated that hMSCs treated with

Biomater. Sci, 2022, 10, 514-523 | 521
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Fig. 5 Chondrogenic differentiation-related gene expression in hMSCs treated with DNP, shPNP, shPNPs, and CasPNP. A: Schematic diagram of
enhancement of chondrogenic differentiation-related gene expression upon knockdown of RUNX2 in hMSCs cultured in a 3D system. B: RT-PCR
analysis (a) and quantification (b) of mRNA expression of cartilage-related genes in hMSCs treated with shPNP, shPNPs, and CasPNP in a 3D culture
system. C: Immunofluorescence analysis (a) and quantitation (b) of SOX9 and COL Il expression in hMSCs treated with DNP, shPNP, shPNPs, and
CasPNP. D: Alcian blue, Safranin O, and Trichrome blue staining of hMSCs treated with DNP, shPNP, shPNPs, and CasPNP in a 3D culture system.

shPNP, shPNPs, and CasPNP in a 3D system did not differen-
tiate into bone cells (Fig. S97).

Conclusion

In this study, we constructed several vectors to knockdown the
RUNX2 gene and thereby induce chondrogenic differentiation
of stem cells and complexed these vectors with NPs to success-
fully deliver them into MG63 cells and hMSCs. Among them,
CasPNP most effectively reduced RUNX2 expression and
induced chondrogenic differentiation of hMSCs. These results
suggest that knockdown of RUNX2 induces chondrogenic
differentiation of hMSCs and is expected to have therapeutic
applications such as cartilage regeneration.
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