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The Effects of ROCK Inhibition on Mesenchymal Stem
Cell Chondrogenesis Are Culture Model Dependent

Courtney Gegg, MS,1 and Fan Yang, PhD2

Rho-associated protein kinase (ROCK) signaling correlates with cell shape, with decreased cell spreading
accompanied by decreased ROCK activity. However, how cell shape and ROCK activity impact the chon-
drogenesis of mesenchymal stem cells (MSCs) remains inconclusive. Here we examine the effects of ROCK
inhibition on human MSC chondrogenesis in four different culture models, including three-dimensional (3D)
microribbon (mRB) scaffolds, two-dimensional hydrogel (2D-HG) substrates, 3D hydrogels (3D-HGs), and
pellet. For each culture model involving biomaterials, four polymers were compared, including gelatin,
chondroitin sulfate, hyaluronic acid, and polyethylene glycol. ROCK inhibition decreased MSC chondrogenesis
in mRB model, enhanced chondrogenesis in pellet, and had minimal effect in 2D-HG or 3D-HG models.
Furthermore, we demonstrate that MSC chondrogenesis cannot be predicted using ROCK signaling alone.
While varying biomaterial compositions can impact the amount or phenotype of resulting cartilage, varying
biomaterials did not change the chondrogenic response to ROCK inhibition within each culture model. Re-
gardless of culture model or ROCK expression, increased cartilage formation was always accompanied by
enhanced N-cadherin expression and production, suggesting that N-cadherin is a robust marker to select culture
conditions that promote chondrogenesis. Together, the results from this study may be used to enhance MSC-
based cartilage regeneration in different culture models.
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Impact Statement

Here we assessed the effects of Rho-associated protein kinase (ROCK) inhibition on mesenchymal stem cell (MSC)
chondrogenesis in different culture models, including three-dimensional (3D) microribbon scaffolds, two-dimensional
hydrogel substrates, 3D hydrogels, and pellet culture. Our results demonstrate that effects of ROCK inhibition on MSC
chondrogenesis differ substantially depending on culture models. Furthermore, MSC chondrogenesis cannot be predicted
using ROCK signaling alone. The results from this study fill in a gap of knowledge in the correlation between ROCK
signaling and MSC chondrogenesis, which may be used to enhance MSC-based cartilage regeneration in different culture
models.

Introduction

The initial stage of cartilage development is mesen-
chymal condensation, during which undifferentiated mes-

enchymal progenitor cells begin to adopt rounded morphologies,
aggregate together, and upregulate chondrogenic genes.1,2 Cell
shape correlates with rho-associated protein kinase (ROCK)
signaling, as round cells exhibit lower ROCK activity than
spread cells.3,4 Chondrocytes, the resident cell type in articular
cartilage, are characterized by a round cell shape. Previous work

has demonstrated that the phenotype of chondrocytes is highly
dependent on cell shape and ROCK activity. Decreased cell
spreading5,6 and ROCK inhibition7–10 have been shown to pro-
mote phenotype retention of chondrocytes. In contrast, ex-
panding chondrocytes in two-dimensional (2D) monolayer
culture, where cells spread, induces downregulation of articular
cartilage markers and upregulation of undesirable fibroblastic
phenotype.11–13

To better maintain chondrocyte phenotype in cartilage
tissue engineering, various strategies have been used to
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reduce cell spreading, such as pellet culture,6 high-density
2D culture,6 suspension culture,14 restricted substrate ad-
hesion culture,5 and three-dimensional hydrogel (3D-HG)
culture.7,15,16 In addition to controlling cell shape, other studies
also showed that ROCK signaling inhibition using a small-
molecule Y27632 led to better chondrocyte phenotype reten-
tion.7–10 Together, these studies demonstrate that modulating
cell shape and ROCK signaling in chondrocytes can direct
impact their ability to produce new cartilage.

While chondrocytes are the native cell type in cartilage
and possess strong cartilage producing capacity, their wide
clinical application is limited by donor-site morbidity, in-
sufficient supply, and tendency to rapidly dedifferentiate
during 2D in vitro expansion.17 To overcome the limitations
associated with chondrocytes, mesenchymal stem cells
(MSCs) have been extensively explored as an alternative
autologous cell source for cartilage regeneration, given their
ease of expansion and demonstrated chondrogenic poten-
tial.18 Previous studies demonstrate that cell shape regulates
osteogenic versus adipogenic differentiation via its effects
on ROCK-mediated cytoskeletal tension.4,19

To assess the effects of modulating cell shape on MSC
chondrogenesis, various culture models have been used. Re-
ducing MSC spreading by restricting MSC adhesion in 2D,20

seeding in high-density 2D cultures,21 or culturing in pel-
lets20,21 has been shown to increase MSC chondrogenesis. In
contrast, the effects of inhibiting ROCK signaling through
Y27632 on MSC chondrogenesis are less conclusive and seem
to be context dependent. When cultured on 2D tissue culture
plastic (TCP) in the presence of Y27632, rat MSCs demon-
strated reduced chondrogenic gene expressions.22 However, an
opposite trend was reported in a separate study when rat MSCs
were cultured on 2D aligned poly(lactic-co-glycolic acid) na-
nofibers, with Y27632 treatment upregulating chondrogenic
gene expressions.23 When human stem cells were encapsulated
in 3D collagen hydrogels, Y27632 treatment showed minimal
effects on chondrogenic gene expressions.24 For the micro-
mass pellet culture model, most studies show that ROCK in-
hibition upregulates MSC chondrogenic gene expressions and
enhances cartilage matrix deposition.25–27 However, another
pellet study reported that Y27632 increased Sox9, but de-
creased collagen II and aggrecan expression of MSCs.10 Part of
the contradictory findings from these previous reports may be
due to the wide variety of culture models and biomaterials used
in different studies. As such, the effects of Y27632 on MSC
chondrogenesis in different culture models remained largely
unclear.

In addition to cells, cartilage tissue engineering strategies
often involve the use of 3D scaffolds, which provide cells
with structural support and protection in a load-bearing
environment, and also provide tunable niche cues to pro-
mote cartilage deposition. Hydrogels are the most popular
scaffolds used for cartilage tissue engineering given their
injectability and ability to crosslink in situ to fill defects of
any shape. Most conventional hydrogels are nanoporous,
requiring degradation before cells can deposit new ma-
trix, which often leads to slow new tissue formation. To
overcome this limitation, our laboratory developed gelatin
(GEL)-based microribbons (mRBs) that support direct cell
encapsulation into a highly macroporous scaffold. Unlike
conventional hydrogels, cells encapsulated in the mRB scaf-
fold attach to the surface of individual mRBs and exhibit rapid

cell spreading on encapsulation.28 Despite cell spreading,
GEL mRB scaffold supported accelerated and enhanced
MSC-based new cartilage formation compared with con-
ventional GEL hydrogels, in which cells remain round.29

These results suggest that cell spreading and resulting Rho/
ROCK activity did not inhibit chondrogenesis in the mRB
culture model like in conventional 2D culture. However, it
remained unknown whether ROCK inhibition would further
increase the cartilage formation by MSCs in the mRB cul-
ture model.

The goal of this study was to investigate the effects of
ROCK inhibition on MSC chondrogenesis in the mRB cul-
ture model and compare the responses with other culture
models, including two-dimensional hydrogel (2D-HG) sub-
strates, conventional 3D-HGs, and pellet culture (Fig. 1A).
We chose 2D-HG substrates as a control, given MSCs in-
teract with mRBs like a substrate. For all culture models that
involve the use of biomaterials (mRB, 2D-HG, and 3D-HG),
we also varied the polymer compositions to assess whether
the effects of ROCK inhibition depend on biomaterial choice.
Four polymers that have been widely used for cartilage tissue
engineering were compared, including GEL,30,31 chondroitin
sulfate (CS),32,33 hyaluronic acid (HA),34–37 and polyethylene
glycol (PEG).33,36,38 To inhibit ROCK signaling, we used
Y27632, a small molecule that has been extensively used in
previous studies for evaluating ROCK inhibition on MSC
chondrogenesis.10,22–27 All groups were cultured for 21 days
in chondrogenic media with or without Y27632. Outcomes
were analyzed using live/dead staining, gene expression an-
alyses of mechanosensing and cartilage-specific genes, his-
tology, and immunostaining.

Materials and Methods

Synthesis and fabrication of microribbons

GEL mRBs were fabricated using wet-spinning as previ-
ously described.28 To fabricate HA and CS mRBs, metha-
crylated HA (40 kDa; Lifecore) and CS (Sigma-Aldrich)
were mixed with 2.5 mM Cys–Arg–Gly–Asp–Ser (CRGDS),
loaded into a syringe, and wet-spun into a propanal bath
through a G31 needle at 0.5 mL/h. The resulting mRBs were
collected and fixed by dithiothreitol. To fabricate PEG mRBs,
multiarm PEG maleimide solution (20% [w/v]) was mixed
with 2.5 mM CRGDS, injected at 1 mL/h into a 2-propanol
bath containing 0.3% (w/v) dithiothreitol, and instantly fixed
into the mRB shape. After fixation, all mRBs were washed six
times in phosphate-buffered saline (PBS) and lyophilized.

lRB scaffold culture model

To culture MSCs in mRB scaffold, lyophilized mRBs were
rehydrated in PBS containing 0.1% lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) for a final mRB density
of 7.5% (w/v). Human MSCs (hMSCs) were added to the
hydrated mRB precursors for a final cell density of 10 M/mL.
The cell-mRB mixtures were then placed between two glass
slides (2 mm gap) and photocrosslinked by exposure to UV
light (365 nm, 4 mW/cm2, 5 min) to form a cell-laden mRB
sheet. After 24 h of incubation in growth media, cylindrical-
shaped MSC-laden scaffolds (4 mm in diameter) were pun-
ched from the cell-laden mRB sheet using a biopsy punch and
transferred to 24-well plates for culture.
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Two-dimensional hydrogel substrate culture model

Methacrylated polymers (GEL, CS, HA, and PEG) were
dissolved in PBS to achieve final concentrations of 7.5%
(w/v). LAP was added to hydrogel precursor solutions at
0.1% (v/v). To form 2D-HG substrates, hydrogel precursors
(300mL) were pipetted into single wells of a 48-well plate
and exposed to UV light (365 nm, 4 mW/cm2, 5 min). The
resulting hydrogels are 11 mm in diameter and 3 mm in
height. A total of 10,000 hMSCs were seeded on top of each
2D-HG.

Three-dimensional hydrogel culture model

Methacrylated molecules (GEL, CS, HA, and PEG) were
dissolved in LAP (0.1% in PBS) to achieve a final polymer
concentration of 7.5% (w/v). hMSCs were added to the
hydrogel precursor solutions for a cell density of 10 M/mL.
To form 3D-HGs, a cell/hydrogel mixture (25mL) was pi-
petted into a cylindrical mold (4 mm in diameter and 2 mm
in height) and exposed to UV light (365 nm, 4 mW/cm2,
5 min) to form a cell-laden hydrogel.

Pellet culture model

To form MSC pellets, 300,000 human MSCs were added
to individual wells of a v-bottom 96-well plate and centri-
fuged at 1000 rpm for 5 min.

Cell culture

Primary human bone marrow-derived MSCs were pur-
chased from a commercial vendor (Lonza) at passage 2.
These cells have been well characterized by the vendor to
validate MSC markers and differentiation potential. Cells
were expanded in growth medium until passage 6 before
use. For chondrogenesis culture, all samples were cultured
in a standard chondrogenic medium containing 10 ng/mL
transforming growth factor-b3, as we previously reported.39

All samples were cultured for 21 days, with medium ex-
changed every other day. For samples treated with Y27632
(10 mM), 1.5 mL of 10 mM fresh Y26732 solution was added
into 1.5 mL chondrogenic medium per well every 24 h. On
day 1, cell viability and cell shape were assessed using a
LIVE/DEAD Viability/Cytotoxicity Kit (Thermo Fisher).

FIG. 1. (A) Schematic of four culture models used for the comparison, including 3D mRB scaffold, 2D-HG substrates, 3D-
HGs, and pellet culture. (B–E) Live/dead staining at 24 h for MSCs in different culture models and biomaterials (gelatin,
chondroitin sulfate, hyaluronic acid, and polyethylene glycol). ROCK inhibition was induced using Y27632. Scale bars:
50 mm. mRB, microribbon; MSC, mesenchymal stem cell; 3D-HG, three-dimensional hydrogel; 2D-HG, two-dimensional
hydrogel; ROCK, Rho-associated protein kinase. Color images are available online.

132 GEGG AND YANG



Gene expression analyses

Gene expression levels of mechanosensing genes (RhoA,
ROCK I, and ROCK II) and cartilage-specific genes (Sox9,
aggrecan, collagen II, N-cadherin, collagen I, and collagen X)
were analyzed on day 7. To extract total RNA, cells on TCP
and 2D-HGs were directly lysed, while mRB and 3D-HG
samples were first digested in TRIzol (Life Technologies).
RNA was precipitated using RNeasy Mini Kit columns
(Qiagen). cDNA was synthesized from extracted RNA
using the SuperScript III First-Strand Synthesis Kit (Life
Technologies). Real time-polymerase chain reaction (RT-
PCR) was performed using Power SYBR Green PCR Master
Mix (Applied Biosystems, Life Technologies). RT-PCR
primers can be found in Supplementary Table S1. Relative
expression levels of target genes were determined by the
DDCt method. Target gene expression was first normalized to
an endogenous housekeeping gene (hGAPDH) followed by a
second normalization to the expression level measured in
untreated MSCs cultured on TCP at day 1.

Histology and immunostainings

On day 21, scaffolds were fixed in 4% (w/v) paraformalde-
hyde (Sigma-Aldrich) for 1 h on an orbital shaker. Samples
were then embedded in O.C.T. (Tissue-Tek) overnight and
frozen in liquid nitrogen the following day. Masson’s trichrome
staining (Thermo Scientific) and Safranin-O counterstained
with fast green were performed to visualize collagen and gly-
cosaminoglycan deposition, respectively. Immunostaining
sections were incubated with 0.1% trypsin in PBS for 15 min at
37�C for enzymatic antigen retrieval, 1 h in blocking buffer
containing 2% goat serum and 3% bovine serum albumin, and
overnight at 4�C in primary antibody solutions. Rabbit Col I,
type II collagen (Col II), Col X, lubricin (Abcam), and N-
cadherin primary antibodies (Cell Signaling Technology) were
diluted 1:100 and added to sample sections separately. The
following day, the secondary antibody (Alexa Fluor 488 anti-
rabbit) was diluted 1:200 with Hoechst (4mg/mL) and incu-
bated on sections for 1 h at room temperature.

Statistical analysis

All data are presented as mean – standard deviation (n ‡ 3/
group). GraphPad Prism (GraphPad Software) was used to
perform multiple unpaired t-tests for statistical analysis with
p < 0.05 indicating statistical significance and p < 0.005 in-
dicating high statistical significance.

Results

ROCK inhibition decreases mesenchymal stem cell
spreading in lRBs and on 2D-HG substrates, but does
not affect mesenchymal stem cell morphology
in 3D-HG or pellet culture

We first assessed the effects of ROCK inhibition on MSC
morphology and cell viability in different culture models
(Fig. 1A). All biomaterials and culture models supported
high cell viability, and Y27632 did not lead to significant
changes in cell viability (Fig. 1). When cultured in mRB
scaffolds or on 2D-HG substrates, MSCs attached and
spread rapidly within 24 h (Fig. 1B, C). Adding Y27632
decreased MSC spreading on both mRB and 2D-HG sub-

strates. In contrast, MSCs were round in 3D-HG and pellet
culture and adding Y27632 did not impact cell morphology
(Fig. 1D, E).

ROCK inhibition decreases RhoA/ROCK expressions
in lRB and 2D culture, but not in 3D-HG
or pellet culture

To examine correlation between cell shape and ROCK
activity, we performed gene expression analysis of ROCK-
related genes. In the absence of Y27632, MSCs cultured in
mRB and 2D-HG showed higher expressions of RhoA,
ROCKI, and ROCK II compared with 3D-HG and pellet.
Y27632 treatment led to downregulation of all three genes
in the mRB and 2D-HG culture to a level comparable with
those in 3D-HG and pellet. For 3D-HG and pellet culture
models, no significant differences were observed in RhoA/
ROCK gene expressions with or without Y27632. Further-
more, varying biomaterials compositions had either no or
minimal effects on RhoA/ROCK gene expressions across all
culture models (Fig. 2).

ROCK inhibition decreases MSC chondrogenesis
in lRB culture and increases MSC chondrogenesis
in pellet culture

We next assessed the effects of ROCK inhibition on MSC
chondrogenesis in different culture models by quantifying
gene expression levels of cartilage markers, including Sox9,
aggrecan (Agg), and Col II. For the mRB culture model,
Y27632 treatment generally led to downregulation of car-
tilage markers, whereas an opposite trend was observed in
pellet culture. Chondrogenic gene expressions were lowest
in the 2D-HG culture model and intermediate in the 3D-HG
culture model. Unlike the mRB and pellet culture models,
2D-HG and 3D-HG models showed minimal changes in
cartilage gene expressions in response to Y27632 (Fig. 3).

While varying biomaterial compositions did not affect the
trend of how ROCK inhibition affects MSC chondrogenesis,
varying biomaterial compositions did influence the chon-
drogenic potential of MSCs. Specifically, MSCs in naturally
derived biomaterials (GEL, CS, and HA) had higher chon-
drogenic gene expressions than MSCs in synthetic PEG in
both mRB and 3D-HG culture models (Fig. 3).

ROCK inhibition decreases cartilage matrix deposition
by MSCs in lRBs, but increases cartilage formation
in pellet culture

To evaluate the total amount and distribution of newly
formed cartilage in different culture models, histology was
performed to stain sulfated glycosaminoglycans (sGAG) and
total collagen using Safranin-O and Masson’s trichrome
staining, respectively. Histology was performed for mRB, 3D-
HG, and pellet culture models using sectioned specimens. 2D-
HGs were excluded from this analysis because they could not
be sectioned and took up nonspecific stains as background.
For the three culture models examined, we observed the same
trend of ROCK inhibition on cartilage matrix deposition in
histology (Fig. 4) as previously observed in chondrogenic
gene expression analysis (Fig. 3). In brief, Y27632 greatly
decreased the amount of sGAG production in mRB cul-
ture, minimally affected sGAG production in 3D-HG, and
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increased sGAG production in pellet culture (Fig. 4). In ad-
dition, Y27632 had a minimal effect on total collagen pro-
duction in mRB and 3D-HG culture models, but increased the
total collagen production in pellet culture (Fig. 4).

To further assess the phenotype of the resulting cartilage,
immunostaining was performed for three markers, including
Col II (articular cartilage), type I collagen (fibrocartilage),
and type X collagen (hypertrophic cartilage), and quantita-
tive RT-PCR was performed for type I and X collagen.
Addition of Y27632 generally did not impact the phenotype
of cartilage within specific biomaterials in the mRB culture
model (Fig. 5A). Varying polymer compositions, on the
contrary, did impact the phenotype of resulting cartilage in
the mRB model, with GEL mRBs resulting in the most in-
tense Col II and least type X collagen. In 3D-HG, Y27632
slightly decreased collagen I production, but did not alter
collagen II or X production (Fig. 5B). With Y27632, col-
lagen II production increased slightly in pellet culture, while
collagen I and X remained constant (Fig. 5C). Both type I

and X collagen markers showed only a small increase
compared with day 1 (two- to eight-fold) (Supplementary
Fig. S1), which is about four orders of magnitude less than
the increase in gene expression of Col II, the marker for
articular cartilage (Fig. 2). Y27632 had a minimal effect on
the gene expression levels of both Col I and Col X markers,
with only a few groups showing significant differences
(Supplementary Fig. S1).

Lubricin is a glycoprotein produced by the superficial
zone of chondrocytes in articular cartilage. We performed
immunostaining of lubricin for three groups, including GEL
mRB, GEL 3D-HG, and pellet culture. We chose the GEL
groups and pellet as these groups exhibit the most robust
cartilage extracellular matrix (ECM) deposition (Fig. 4).
Pellet culture showed positive staining for lubricin in both
cultures, followed by GEL mRB, and 3D-HG culture
showing the least lubricin signals (Supplementary Fig. S2).
Y27632 did not cause significant changes in lubricin ex-
pression in any group.

FIG. 2. Y27632 significantly decreases
expression of (A) RhoA, (B) ROCK I,
and (C) ROCK II in mRB and 2D-HG,
but has minimal effect in 3D-HG or pellet
culture. All gene expressions were
reported as fold of change at day 7, nor-
malized to untreated MSCs in monolayer
on TCP at day 1. Data are reported as
mean – SD (n = 3/group). *p < 0.05 and
**p < 0.005 indicate a statistically sig-
nificant difference between the paired
groups with or without Y27632 within a
culture model and the same biomaterial
composition. SD, standard deviation;
TCP, tissue culture plastic.
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In addition, to assess whether changes in cartilage pro-
duction were due to changes in cell number or changes in the
amount of ECM deposition per cell, we stained cell nuclei
using 4¢,6-diamidino-2-phenylindole staining for the same
three groups as above: GEL mRB, GEL 3D-HG, and pellet.
While the mRB group and 3D-HG started out with the same
cell density, the mRB group showed a much higher cell
density than 3D-HG at day 21, indicating that the mRB
scaffold supported higher cell proliferation. Y27632 did not
lead to noticeable changes in cell density. Pellet showed the
highest cell density as expected, and +Y27632 led to a higher
cell density by day 21, suggesting that Y27632 increased cell
proliferation in pellet culture (Supplementary Fig. S3).

ROCK inhibition significantly decreases N-cadherin
in lRB culture and significantly increases N-cadherin
in pellet culture

N-cadherin is an important factor in mediating cell/cell
interactions during mesenchymal condensation, the required
first step of chondrogenesis.40 We speculated that the op-
posing chondrogenic responses to ROCK inhibition in mRB
and pellet culture could have been modulated through N-
cadherin. As such, we assessed the effect of Y27632 treat-
ment on N-cadherin expression and production in GEL
mRB, GEL 3D-HG, and pellet culture. Because ROCK in-
hibition decreased chondrogenesis in all mRB biomaterials

FIG. 3. Y27632 significantly decreases
cartilage-specific gene expression in the
mRB model, but significantly increases
expression in pellet culture, and has
minimal effects on 2D-HG or 3D-HG
models. Normalized gene expressions of
(A) Sox9, (B) aggrecan, and (C) type II
collagen. All gene expressions were re-
ported as fold of change at day 7, nor-
malized to untreated MSCs in monolayer
on TCP at day 1. Data are reported as
mean – SD (n = 3/group). *p < 0.05 and
**p < 0.005 indicate statistically signifi-
cant difference between the paired
groups with or without Y27632 within a
culture model and the same biomaterial
composition.
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and minimally affected chondrogenesis in all 3D-HG bio-
materials, any biomaterial could have been used to investi-
gate the correlation between ROCK inhibition, N-cadherin,
and cartilage deposition. We chose GEL as the biomate-
rial because it demonstrated the most substantial changes

in chondrogenic gene expression in response to Y27632.
Quantitative gene expression analyses showed that the ex-
pression and production of N-cadherin correlated with car-
tilage gene expressions and histology. In brief, Y27632
significantly downregulated N-cadherin expression in GEL

FIG. 4. Effects of ROCK inhibition using Y27632 on glycosaminoglycan and collagen deposition in (A) mRB culture,
(B) 3D-HG culture, and (C) pellet culture after 21 days in chondrogenic medium. Safranin-O staining was used to visualize
glycosaminoglycans, and Masson’s trichrome staining was used to visualize total collagen. Scale bars: 250 mm. Color
images are available online.

FIG. 5. Immunostaining of different types of produced collagen to characterize the phenotype of resulting cartilage in
response to ROCK inhibition. Collagen II, I, and X were stained in (A) mRB, (B) 3D-HG, and (C) pellet culture and varying
polymer compositions after 21 days in chondrogenic medium. Scale bars: 100 mm. Color images are available online.
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mRB, but significantly increased N-cadherin expression in
pellet culture. No significant change in N-cadherin was
observed in the 3D-HG model in response to Y27632
(Fig. 6A). Immunostaining results followed the same trend
as gene expressions (Fig. 6B).

Discussion

In the present study, we sought to answer whether the
effects of ROCK inhibition on MSC chondrogenesis depend
on culture models or choice of biomaterials. Our results
showed that the effects of ROCK inhibition on MSC
chondrogenesis vary depending on culture models. For ex-
ample, while ROCK inhibition significantly increased MSC
chondrogenesis in pellet culture, an opposite trend was ob-
served in mRB culture, and ROCK inhibition had minimal
impacts on MSC chondrogenesis in 2D-HG and 3D-HG
culture models. Whereas the effect of ROCK inhibition on
MSC chondrogenesis varied greatly depending on the cul-
ture model, ROCK inhibition led to similar trends in
chondrogenesis in all biomaterials tested within a given
culture model.

One unexpected finding from this study is that MSC
chondrogenesis in the mRB culture is fundamentally different
from chondrogenesis on 2D-HG substrates (Fig. 3), despite
similar expressions in RhoA/ROCK signaling in the two
models (Fig. 2). Unlike electrospun fibers, which are na-
noscale, the width of mRBs is on the order of tens to hundreds
of microns, larger than the diameter of individual cells. As
such, in the mRB culture model, each cell attaches to the
surface of only one individual mRB like a substrate. Indeed,
MSCs exhibit a comparable level of cell spreading (Fig. 1)
and high RhoA/ROCK gene expressions in both mRB culture
model and 2D-HG models (Fig. 2). Furthermore, Y27632
treatment led to similar downregulation of RhoA/ROCK
signaling in both culture models (Fig. 2). Despite the simi-
larity in ROCK signaling, totally different trends in chon-
drogenesis were observed in the two culture models. While
standard 2D-HG culture inhibits chondrogenesis (Fig. 3),
mRB culture supported robust chondrogenesis (Fig. 3) and
cartilage formation (Fig. 4). Together, these results suggest
MSCs sense mRBs in a much more complex manner than a

2D substrate, and the level of RhoA/ROCK expression cannot
be used alone to predict MSC chondrogenesis and cartilage
formation.

Unlike the mRB and 2D-HG culture models, MSCs re-
main round in 3D-HG and pellet culture models due to
physical restriction from the nanoporous hydrogel network
or cell packing in the pellet. Y27632 treatment did not
significantly change cell morphology (Fig. 1D, E) or RhoA/
ROCK expressions, which were low in both culture models
as expected (Fig. 2). Despite the similarity in RhoA/ROCK
gene expressions, Y27632 treatment led to a substantial
increase in cartilage formation in the pellet model, but had
minimal impacts on the 3D-HG culture model (Fig. 4).
These results again validate that MSC chondrogenesis de-
pends on multiple factors, and ROCK signaling alone cannot
be used to predict MSC-based cartilage formation.

While the effects of ROCK inhibition on MSC chon-
drogenesis are opposite in mRB and pellet culture, we ob-
served a consistent trend in the correlation between
increased cartilage gene expressions (Fig. 3) and increased
N-cadherin expressions (Fig. 6) in both culture models. In
the mRB model, N-cadherin expression was higher when
cells were spread (-Y27632), as they were probably more
likely to form cell/cell contacts. Y27632 treatment reduced
cell spreading in the mRB model (Fig. 1B), decreasing cell/
cell contact and downregulating N-cadherin expression
(Fig. 6A). In the pellet culture, however, cell/cell contacts
were present with or without Y27632. Similar to our finding,
previous studies using the pellet culture model also reported
that ROCK inhibition enhanced chondrogenic gene expres-
sions and cartilage matrix deposition by MSCs.25–27 Y27632
treatment may decrease cytoskeletal tension,41 contact
modulus,42 or cortical stiffness.43 Our finding that increased
N-cadherin is correlated with enhanced chondrogenesis is
consistent with previous reports. For example, HA hydro-
gels functionalized with N-cadherin mimetic peptides, or
self-assembling N-cadherin mimetic peptide hydrogels have
been shown to accelerate chondrogenesis and cartilage
matrix formation.37,44

In summary, here we demonstrate that the effects of
ROCK inhibition on MSC chondrogenesis are highly de-
pendent on the culture model. Importantly, while different

FIG. 6. Characterization of N-cadherin expression using (A) quantitative gene expressions at day 7, normalized to
untreated MSCs on TCP at day 1 and (B) immunostaining at day 21. The trend of N-cadherin expression generally followed
the same trend as chondrogenesis in response to ROCK inhibition. Data are reported as mean – SD (n = 3/group). *p < 0.05
and **p < 0.005 indicate statistically significant difference between the paired groups with or without Y27632 within a
culture model. Only gelatin was examined here given it was the top performing polymer for both mRB and 3D-HG culture
models from previous analyses. Scale bars: 100mm. Color images are available online.
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culture models may exhibit similar RhoA/ROCK levels,
such as mRB and 2D-HGs, or pellet and 3D-HGs, their
chondrogenesis responses can be totally different. These
results suggest that MSC chondrogenesis depends on mul-
tiple factors and cannot be predicted using ROCK signaling
alone. While varying biomaterial compositions may impact
the amount of cartilage formation and phenotype of resulting
cartilage, varying biomaterials did not change the chondro-
genic response to ROCK inhibition within each culture
model. Regardless of culture models or ROCK expressions,
increased cartilage formation was always accompanied by
enhanced N-cadherin expression and production, suggesting
that N-cadherin is a robust marker to select culture models
and conditions that promote chondrogenesis. Together, the
results from this study fill in a gap of knowledge in the
correlation between ROCK signaling and MSC chondrogen-
esis, which may be used to enhance MSC-based cartilage
regeneration in different culture models.
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