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ABSTRACT Chondrocyte phenotype is preserved when cells are round and the actin cyto-
skeleton is cortical. Conversely, these cells rapidly dedifferentiate in vitro with increased
mechanoactive Rho signaling, which increases cell size and causes large actin stress fiber to
form. While the effects of Rho on chondrocyte phenotype are well established, the molecular
mechanism is not yet fully elucidated. Yap, a transcriptional coregulator, is regulated by Rho
in a mechanotransductive manner and can suppress chondrogenesis in vivo. Here, we sought
to elucidate the relationship between mechanoactive Rho and Yap on chondrogenic gene
expression. We first show that decreasing mechanoactive state through Rho inhibition results
in a broad increase in chondrogenic gene expression. Next, we show that Yap and its coregu-
lator Taz are negative regulators of chondrogenic gene expression, and removal of these
factors promotes chondrogenesis even in environments that promote cell spreading. Finally,
we establish that Yap/Taz is essential for translating Rho-mediated signals to negatively regu-
late chondrogenic gene expression, and that its removal negates the effects of increased Rho
signaling. Together, these data indicate that Rho is a mechanoregulator of chondrogenic dif-
ferentiation, and that its impact on chondrogenic expression is exerted principally through
mechanically induced translocation and activity of Yap and Taz.
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INTRODUCTION
Articular cartilage is a mechanoadaptive tissue. Chondrocytes, the
cells within cartilage, transduce dynamic physiologic forces to regu-
late expression of key matrix molecules, increasing anabolic produc-
tion with physiologic loading and catabolic production with supra-
physiologic and/or injurious loads (Sophia Fox et al, 2009;
Sanchez-Adams et al., 2014). While this establishes that chondro-
cytes are mechanosensors that interpret the loading environment to
regulate tissue homeostasis and degeneration, the molecular mech-
anism by which chondrocytes respond to their changing physical mi-
croenvironment, or mechanotransduce, remains an open question.
Mechanotransduction is the process by which cells convert me-
chanical stimuli into a biochemical response, such as changes to
cytoskeletal architecture, focal adhesion formation, and/or changes
in transcription factor activity (Dupont et al., 2011; Driscoll et al.,
2015; Elosegui-Artola et al., 2017). Mechanotransductive inputs
may include changes in substrate stiffness, dimensionality, mechani-
cal loading, and/or cell shape with these inputs transmitted, in part,
through the cytoskeleton (Gao et al., 2010; Dupont et al., 2011;
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Heo et al., 2015; Caliari et al., 2016). Cytoskeletal-nuclear mechano-
transduction utilizes connections between the actin cytoskeleton
and the linker of nucleoskeletal and cytoskeletal (LINC) complex to
mechanically couple the nucleus to its microenvironment (Luxton
et al.,, 2011; Driscoll et al., 2015; Carley et al., 2021). For example,
one well-defined pathway involves Rho activation promoting F-actin
fiber (stress fibers) formation, which in turn promotes the transcrip-
tional coregulator Yap and its transcriptional coregulator Taz to
translocate to the nucleus in response to mechanotransductive sig-
nals (Xu et al., 2012; Das et al., 2016). Increased Yap nuclear localiza-
tion is due, in part, to increased nuclear strain (wrought by increased
actin tension), which in turn increases nuclear pore permeability
(Elosegui-Artola et al., 2017). These pathways have been well estab-
lished in fibroblasts and other cell types in 2D culture, but how these
pathways operate in chondrocytes to regulate chondrogenic phe-
notype remains underexplored.

Seminal studies using primary chondrocytes show that the actin
cytoskeleton and Rho play an important role in chondrocyte ho-
meostasis and differentiation. Developing chondrocytes in the
limb bud change their morphology from an elongated to a spheri-
cal shape (Barna and Niswander, 2007; Ray and Chapman, 2015;
Decker et al., 2017). This spherical cell shape is maintained, in part,
by the actin cytoskeleton, which is arranged into a cortical network
underlying the plasma membrane and is maintained in fully differ-
entiated chondrocytes (Barna and Niswander, 2007; Blain, 2009).
However, chondrocytes cultured in monolayer, typically on a supra-
physiologic substrate such as tissue culture plastic, remodel their
actin cytoskeleton toward a stress fiber—dominant cytoarchitecture
(Woods et al., 2005; Kumar and Lassar, 2009). This increased stress
fiber formation correlates with a reduction in chondrocyte pheno-
type, including reduced expression of chondrogenic markers
(Sox?, Col2a1, Aggrecan). Notably, the loss of chondrocyte pheno-
type can be rescued when stress fibers are disrupted (via pharma-
cologic inhibition or return to 3D culture; Woods et al., 2005;
Kumar and Lassar, 2009). Similarly, if Rho/ROCK signaling is di-
rectly increased, chondrocyte phenotype decreases along with for-
mation of stress fibers. This suggests that Rho/ROCK is a central
regulator of chondrogenic differentiation. Of note, when effectors
of Rho/ROCK signaling are increased through genetic manipula-
tion in vivo (i.e., YAP activation), cartilage formation and early
chondrogenic marker gene expression is curtailed (Deng et al.,
2016; Oztiirk et al., 2017; Vanyai et al., 2020). However, the direct
link between effects of Yap on chondrogenic gene expression
downstream from changes in actin and Rho/ROCK signaling has
not yet been established.

Given the inverse relationship between elevated Rho signaling
and chondrogenic gene expression, as well as recent data implicat-
ing Yap in cartilage development, we hypothesized that RhoA/
ROCK signaling through Yap negatively regulates chondrogenic
gene expression. Although aspects of this pathway have been
shown to be important in cartilage, the precise relationship and cen-
trality of Yap/Taz in chondrocyte interpretation of mechanical cues
has not been fully delineated. To address this knowledge gap, we
used ATDCS5 cells, a chondroprogenitor cell line, cultured under
chondrogenic conditions. These cells were challenged with small
molecules and changes in microenvironmental stiffness to regulate
Rho/ROCK activation, both in the presence and in the absence of
Yap (and Taz). Using both canonical chondrogenic markers and
broad evaluation of phenotype by RNA-seq, we show that Rho is a
mechanoregulator of chondrogenic differentiation, and that its im-
pact on chondrogenic expression is exerted principally through me-
chanically induced translocation and activity of Yap and Taz. These
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data provide new insight into mechanical regulation of the chondro-
cyte phenotype and may be leveraged to promote therapeutic cell
expansion and design improved regenerative strategies.

RESULTS

To establish that ATDC5 cells respond to both Rho inhibition and
activation when cultured in a robust chondrogenic differentiation
media (CM; Supplemental Figure S1A), C3 transferase (C3) was
used to inhibit Rho activity while 1-oleoyl lysophosphatidic acid
(LPA) was used to promote Rho activity. Cells were first cultured in a
high-density monolayer to maximally stimulate chondrogenic dif-
ferentiation for 3 d in the presence or absence of C3 or LPA, and
canonical markers of chondrogenesis were assayed. Changes in
expression of these markers, Sox?, Col2a1, and Aggrecan (Acan)
were used to assess differentiation status here, and for all subse-
quent studies. After 3 d of Rho inhibition with C3, a significant in-
crease in all chondrogenic markers was observed in comparison to
controls (Supplemental Figure S1B). Conversely, at this same time
point, LPA treatment (to increase Rho activity) decreased chondro-
genic marker gene expression (Supplemental Figure S1B). This was
also verified at the protein level, where C3 generally increased total
SOX9 protein levels over time (reaching significance at day 1 and 8
d; Supplemental Figure S2A). Consistent with previous literature,
these data establish that modulation of Rho signaling impacts
chondrogenic gene expression (Woods et al., 2005). However,
these canonical markers represent only a portion of the full chon-
drocyte phenotype.

To develop a more comprehensive view of the global transcrip-
tomic changes that accompany Rho inhibition and activation,
ATDC5 cells were treated with C3 or LPA for 3 d in high-density
monolayer followed by evaluation by RNA-seq. With Rho inhibition,
several chondrogenic genes not previously described as responsive
to changes in Rho signaling emerged as significantly up-regulated,
including Gdf5, Nkx3-2, Col6a1-3, Col9a2, and Col11aT (Figure 1A,
highlighted points in volcano plot, i, and heatmap, ii). Notably,
Gdf5 and Colé and are important for articular cartilage formation
and regulating articular chondrocyte mechanotransduction, respec-
tively (Koyama et al., 2008; Zelenski et al., 2015), and both IF and
Western blotting confirmed an increase in COLVI protein produc-
tion with C3 (Figure 1, C and D, and Supplemental Figure S2B).
Gene ontology (GO) analysis showed that for Rho inhibition, mark-
ers associated with positive regulation of chondrocyte differentia-
tion were present in the modulated data set (Figure 1A, iii). LPA
treatment, on the other hand, led to a significant increase in several
catabolic extracellular matrix (ECM) proteins, including matrix me-
talloproteinases (MMPs) -3, -9, —10, —12, and 13 (Figure 1B, high-
lighted points in volcano plot, i, and heatmap, ii; Mehana et al.,
2019). The top GO terms in this context included collagen catabolic
processes, ossification, ECM disassembly, endochondral ossifica-
tion, and nitric oxide support (Figure 1B, iii). The full set of genes
differentially regulated between C3 and LPA treatment are pro-
vided as Supplemental Material. These results demonstrate that, in
the context of a prochondrogenic chemical environment, inhibition
of Rho drives fate commitment toward the chondrocyte lineage
while activating Rho signaling promotes a more matrix remodeling/
proosteogenic transformation.

To assess whether Rho activity mediated changes in phenotype
correlate with the mechanobiologic state of cells following C3 or
LPA treatment, cells were seeded at low density on glass, given that
Yap nuclear localization in the absence of cell-cell contacts is medi-
ated by mechanotransductive-related pathways (i.e., Rho; Das et al.,
2016). Cell and nuclear area and Yap nuclear localization were

Molecular Biology of the Cell



C3 DEGs Soxs. C3 Gene Ontology
Sox6: 4
400 Colzal cell adhesion:
c:;;:: pos. reg. of gene expressiol
Col6a2 2 cell diff.
@ 3004 Acta2 . Sox6 Col6a3- ion transport:
= Col2a1 Colgat reg. of ion transmem. transport:
[ . Acan Col9a2 0 cell-matrix adhesion:
& 200 . Col6at Col9a3 pos. reg. of cell migration=———"—"""]
= e © Col6a2 Colt1at o
=] Colt1a2 calcium ion transport={ I
g’ Hspg2 2 pos. reg. of chondrocyte diff: ]
= 100 Prg4 cellular response to cGM
Gdf5 T T T T T T
Trpvé- 0 3 6 9 12 15
0 Vgp 4 A -val
Acta2: 0g19(p-value)
-10 -5 0 5 10 15 o3
log, (fold change)
B.i i ifi
LPA Gene Ontology
LPA DEGs FC.
60— Mmp3: 4 collagen catabolic proces:
pos. reg. of cell migration:
Mmps:
2 ossification:
—_ Mmp10: ECM organization:
)
> _ . Mmp3 response to LPS:
© 40 gg::az N Mng Mmp12 0 ECM disassembly:
T P . .o Mmp10 Mmp13: biomineral tissue developments
% . . Mmp12 2 endochondral ossification:
S 20 . . Mmp13 Col9az proteolysis:
o - - Comp -4 nitric oxide transport:
' L. T T T T T T
N 0 1 2 3 4 5
o - - -logyo(p-value)
1 T T 1
-10 -5 0 5 10
log, (fold change)
Control C3 LPA
200000
ns
ot E 1500004 ¢
3
< B p
@) g - -
= B 5 100000 .
>
a
Q 50000
o oo
o777
Ctrl C3 LPA
7500 000 100
o T * ns
< NE *kk 3 800 ok ok k ~ 80 —
a) 2 50001  k¥kk © 35
HE P —_— O 500 < 60
c & < 9
= < & 400 Z 0
Q 3 2500 o %
< o § 200 A > 20
L ‘ & 0
o o ] =

Ctrl C3 LPA Ctrl C3 LPA Ctrl C3 LPA

FIGURE 1: Rho inhibition drives a broad chondrogenic program and decreases YAP and TAZ nuclear localization.

(A, i) Volcano plot showing differentially expressed genes (DEGs) following high-density culture with C3 treatment for

3 din CM, relative to untreated controls. Genes showing significant differences have an established role in chondrocyte
differentiation (chartreuse dots) or disease (magenta dots). (A, ii) Heatmap of noted genes in i. (A, iii) Bar graphs
showing gene ontology groups identified from DEGs in i, in descending order of significance. n = 3 independent trials.
(B, i) Volcano plot showing DEGs following high-density culture with LPA treatment for 3 d in CM, relative to untreated
controls. Genes showing significant differences (chartreuse and magenta dots) have an established role in chondrocyte
differentiation or disease. (A, ii) Heatmap of genes in i. (A, iii) Bar graphs showing gene ontology groups identified from
DEGs in i, in descending order of significance. n = 3 independent trials. (C) Immunostaining of COLVI showing changes
in organization and deposition amount. Nuclei were stained with DAPI. Maximum projection z-stack confocal images
shown are representative images after 5 d of high-density culture with C3 or LPA treatment in CM. n = 3 independent
trials. Scale bar = 100 pm. (D) Quantification of COLVI area signal from C. (E) F-actin immunostaining after 3 d in
low-density culture with C3 or LPA treatment. Maximum projection z-stack confocal images. Scale bar = 30 pm.

(F) Quantification of cell and nuclear area for cells treated with C3 or LPA in CM. (G) Quantification of YAP
nuclear:cytoplasmic ratio (YAP N:C) for cells treated with C3 or LPA (right). n = 3 replicates, 20-30 cells per group/per
replicate (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

assessed via immunostaining. C3 treatment decreased the presence
of stress fibers while promoting a more punctate cortical actin.
Conversely, LPA treatment resulted in a slight increase in actin stress
fibers (albeit small given that the cells were already on a stiff sub-
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strate; Figure 1E). These changes in cytoarchitecture resulted in
quantitative changes in cell morphology. Specifically, C3 treatment
decreased cell and nuclear area while LPA treatment increased cell
and nuclear area (Figure 1F). Given the close association between
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Yap/Taz act downstream from Rho to negatively regulate the chondrogenic program. (A) Immunoblot of
Yap/Taz following siY/T transfection in CM. o-Tubulin was used as a loading control. n =5 independent trials.
(B) Chondrogenic gene expression of cells transfected with siYap1, siTaz, or siY/T in CM. n = 6 independent trials.
(C, i) Volcano plot showing differentially expressed genes (DEGs) after siY/T transfection in CM, compared with
nontargeting control (Scrmbl). Genes with significant differences in expression levels that have an established role in
chondrocyte differentiation (chartreuse dots) or disease (magenta dots). (C, ii) Heatmap of noted genes in i. (C, iii) Bar

graphs showing gene ontology groups identified from DEGs in i, in descending order of significance. n = 3 independent
trials. (D) Left, SOX9 and COLVI immunoblot 5 d posttransfection with siY/T in CM. Right, quantification of fold change
in protein. n =5 independent trials. o-Tubulin was used as a loading control. (E) F-actin and YAP immunostaining in cells

transfected with nontargeting control (Scrmbl) or siY/T and cultured in low density at day 5 in CM. n = 3 independent
trials. Maximum projection z-stack confocal images. Scale bar = 30 um. (F) Quantification of cell and nuclear area for
cells transfected with Scrmbl or siY/T (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

cell morphology and mechanical activation, we next evaluated
Yap/Taz protein amount and nuclear localization as a readout
(Dupont et al., 2011). Treatment with C3 resulted in a significant de-
crease in YAP protein (on days 3 and 8) and TAZ protein (on days 1,
3, and 5; Supplemental Figure S3) and significantly decreased Yap
nuclear localization on day 3 (Figure 1G and Supplemental Figure
S4). As expected, given that the cells were on glass and maximally
mechanoactivated, LPA treatment trended toward an increase, but
did not significantly alter total YAP/TAZ protein amounts or its nu-
clear localization (Supplemental Figure S3 and Figure 1G). Taken
together, these results support that the inverse relationship between
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elevated Rho signaling (mechanoactivation) and chondrogenic
gene expression may be mediated by Yap.

To establish the direct role of Yap/Taz in antagonizing chondro-
genic differentiation, ATDC5 cells were next transiently transfected
with siRNA directed against Yap1 (Yap) and Wwtr1 (Taz) and assessed
for chondrogenic gene expression 5 d posttransfection. Immuno-
blots for YAP/TAZ confirmed a significant decrease in both YAP and
TAZ protein at this time point (Figure 2A). Likewise, gPCR for Yap and
Taz target genes (Cen1 and Ankrd1) showed a significant decrease in
expression (Supplemental Figure S5). Interestingly, the single knock-
down of either Yap1 or Taz slightly increased chondrogenic marker

Molecular Biology of the Cell



expression (Figure 2B) while simultaneous knockdown of both Yap1
and Taz (Y/T) significantly increased chondrogenic marker expression.
Lastly, to understand whether depleting Y/T absent of CM could
drive chondrogenesis on its own, cells were transfected with siY/T in
basal media (BM). In this nonchondrogenic context (BM), siY/T re-
sulted in a significant increase in chondrogenic gene expression,
reaching levels similar to that of CM Scrmbl control (Supplemental
Figure Sé). This finding supports the partial redundancy of Yap and
Taz on chondrogenic gene expression, as has been reported for
other differentiation processes, both in vitro and in vivo (Dupont
etal., 2011; Kegelman et al., 2018) and further supports that Yap/Taz
is a major regulator of chondrogenic differentiation.

To assess the effects of siY/T on the broader chondrogenic pro-
gram, RNA-seq was performed. Similar to findings with C3 treat-
ment, knockdown of Yap and Taz resulted in the significant up-reg-
ulation of a broad spectrum of chondrogenic genes, including Gdf5,
Col9, and Col11 (Figure 2C, i and ii). In addition, other genes impor-
tant for articular cartilage function were also up-regulated, including
the mechanosensitive ion channel Trpov4 and pericellular matrix pro-
tein Comp (Figure 2C; Zaucke et al., 2001; O'Conor et al., 2014).
GO analysis showed that siY/T regulated markers associated with
cartilage development and chondrocyte differentiation (Figure 2C,
iii). At the protein level, SOX9 and COLVI were also significantly in-
creased (Figure 2D). Finally, to assess changes in cell morphology
and actin cytoskeleton following siY/T, cells were evaluated 4 d
posttransfection and 1 d after transfer to glass at low density. Com-
pared to controls, siY/T cells had no detectable Yap staining, re-
tained some actin stress fibers, and showed a significant reduction
in both cell and nuclear area (Figure 2, E and F). Taken together,
these data support that Yap/Taz acts to negatively regulate chon-
drogenic gene expression.

To elucidate whether knocking down Yap/Taz increased chondro-
genic gene expression as a result of decreased Yap/Taz nuclear local-
ization, cells were seeded on substrates whose stiffness more closely
approximate soft tissues. This complementary model results in a sce-
nario in which Yap/Taz nuclear localization is not at its maxima (as it is
on glass). To achieve this, we used soft polyacrylamide (PA) hydro-
gels, substrates commonly used to assess how changes in substrate
stiffness impact mechanotransduction. Cells were seeded at low den-
sity on PA gels of 5 or 55 kPa, values that are comparable to that of
the articular chondrocyte pericellular matrix (Wilusz et al., 2014). After
2 d, actin cytoskeletal architecture was assessed. Cells on 5 kPa gels
were much smaller with punctate actin and few stress fibers observed
(Figure 3A). On 55 kPa gels, actin stress fibers were present in greater
abundance, though not as pronounced as on glass (Figure 3A).
Additionally, cell and nuclear area were significantly smaller on 5 and
55 kPa compared with glass, with no significant difference between
cells on 5 and 55 kPa (Figure 3B). Consistent with these changes in
morphology, YAP nuclear localization also decreased on 5 and 55 kPa
gels, compared with glass (Figure 3C). Based on these differences,
we isolated cells from each of these conditions to assay for chondro-
genic gene expression and protein abundance. Markers of chondro-
genic differentiation all significantly increased on 5 kPa gels com-
pared with glass, while cells on 55 kPa gels showed an intermediate
level of chondrogenic gene expression (Figure 3D). Interestingly,
immunoblots for YAP and TAZ showed a slight increase in total YAP
protein in cells on 5 kPa gels compared with glass (Supplemental
Figure S7). At the protein level, SOX9 and COLIV significantly in-
creased on 5 kPa gels compared with glass (Figure 3E). Consistent
with previous findings, these results demonstrate that decreasing
substrate stiffness decreases YAP nuclear localization and increases
chondrogenic gene expression (Allen et al., 2012).
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Next, to understand the role of changing substrate stiffness
on the broader chondrogenic expression profile, RNA-seq was
performed, comparing cells on glass to those on 5 and 55 kPa gels.
Similar to both C3 treatment and siY/T, cells on 5 and 55kPa gels
showed increases in Gdf5, Col6, Col9, Col11, and Trpv4 (Figure 3F;
highlighted points in volcano plot, i, and heatmap, ii). Additionally,
Prg4, an important lubricating glycoprotein in joints (Jay et al., 2007;
Maenohara et al., 2021), was significantly increased on both 5 and
55 kPa gels (Figure 3F). Lastly, Hspg2, an important pericellular ma-
trix protein (Wilusz et al., 2012), was significantly up-regulated on 5
kPa gels (Figure 3F). We next performed GO analysis to identify
pathways differentially regulated by soft substrates. This analysis re-
vealed similar categories as identified in the YAP/TAZ knockdown
studies, including ECM organization, cartilage development, and
chondrocyte differentiation (Figure 3F, iii). These results further sup-
port that decreased mechanoactivation drives commitment to
chondrogenesis.

To integrate these findings, we combined the RNA-seq informa-
tion from the above perturbations into one data set. We found com-
mon pathways affected by these prochondrogenic perturbations
(C3, siY/T, 5 kPa, 55 kPa) and plotted significant differentially ex-
pressed genes into Venn diagrams (Figure 4A, i-iii, Supplemental
Figure S8A, i-iv, and Supplemental Material). Between these four
groups, 27 genes were similarly up-regulated (Figure 4A, i). GO
analysis revealed that these genes binned into categories relating to
cartilage development, cartilage condensation, ossification, ECM
organization, and chondrocyte differentiation (Figure 4A, ii). Of
note, Col2a1, Col9a2, Col11al, Trpov4, Gdf5, and Soxé were all sig-
nificantly up-regulated (Figure 4A, iii). Next, we wanted to assess the
relationships between both pro- and anti-chondrogenic perturba-
tions using hierarchical clustering of genes binned in GO terms from
Figure 4A, iii (Figure 4B, i-iv). Generally, LPA treatment (which in-
creases cell mechanoactive state) resulted in an expression profile
that was most dissimilar from all the other groups. Conversely, per-
turbations that decreased cell mechanoactive state (i.e., soft sub-
states; siY/T, and C3 treatment of cells on glass) resulted in a broad
induction of the chondrogenic program, with these groups most
similar to one another. Interestingly, these prochondrogenic groups
were not identical, with the 5 and 55 kPa groups more closely re-
lated to one another relative to either the siY/T- or C3-treated
groups. These soft substrates also resulted in the largest increase in
chondrogenic gene expression (Col?, Col11, Sox6, Prg4, and Gdf5)
compared with the C3 and siY/T groups.

The above findings showed that elimination of YAP on glass pro-
moted chondrogenesis (Figure 2), and that decreasing substrate stiff-
ness promoted chondrogenesis (while decreasing YAP nuclear local-
ization; Figure 3). To establish whether, in this more physiologic and
softer microenvironmental context (where cells are not maximally
mechanoactivated), Rho modulation through Yap nuclear localization
is regulating chondrogenic gene expression, cells were seeded on
PA gels in conjunction with Rho activation and/or inhibition. Specifi-
cally, cells were seeded on 55 kPa gels for 2 d and were treated with
either C3 or LPA. C3 treatment on 55 kPa PA gels decreased cell size
and actin stress fiber formation, resulting in cells resembling those on
the softer 5 kPa gels (Figure 5A, and Supplemental Figure S9A, i).
Conversely, cells on 55 kPa treated with LPA showed a more elon-
gated morphology with more organized actin stress fibers, more akin
to those on glass (Figure 5A, and Supplemental Figure S9S, i). Under
these same conditions, C3 treatment significantly decreased YAP
nuclear localization while LPA treatment increased YAP nuclear local-
ization (Figure 5, A and B, and Supplemental Figure S9A, i). In keep-
ing with this, C3 treatment on 55 kPa gels significantly increased
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chondrogenic gene expression, while LPA treatment significantly
decreased chondrogenic gene expression (Figure 5C). These results
indicate that, under conditions where Rho activity can be increased
or decreased (on 55 kPa gels), these changes impact chondrogenic
gene expression (negatively or positively) by regulating YAP nuclear
localization.

Having defined this intermediate point, where chondrogenic
state can be impacted in both directions by changes in mechanoac-
tivation of cells, we next sought to determine whether Yap is central
to this Rho-mediated chondrogenic response in this physiological
context. To do so, cells were transfected with siY/T and seeded 4 d
posttransfection on 55 kPa gels for 1 additional day, in the presence
or absence of LPA or C3. Within this context, siY/T significantly de-
creased Yap target gene expression (Ccn1 and Ankrd1) indicating
reduced Yap activity (Supplemental Figure S10). If Yap/Taz was es-
sential for conveying mechanical information to impact chondro-
genic state, then we would expect that Yap knockdown would block
the effects of LPA in this context. Conversely, if other factors medi-
ate the suppression of chondrogenesis with an increase in Rho sig-
naling, then we would expect LPA to significantly decrease chondro-
genesis in this context. Our findings show that the former is true,
where siY/T on 55 kPa gels significantly increased chondrogenic
gene expression and this increased chondrogenesis was maintained
even with the addition of LPA (Figure 5D). Lastly, to show that Rho
inhibition is mediated primarily through Yap/Taz signaling, and not
through other pathways sensitive to Rho inhibition, cells were trans-
fected with siY/T and simultaneously treated with C3. Here, if Yap/
Taz signaling were the primary mediator, we would expect no further
elevation of chondrogenesis with Rho inhibition. Indeed, Rho inhibi-
tion in cells depleted of Yap and Taz did not result in any further in-
creases in chondrogenic gene expression (Figure 5E). Taken to-
gether, these results support the hypothesis that decreasing the
mechanoactive state of chondrocytes by lowering Rho activity inhib-
its YAP nuclear localization and this in turn allows for a chondrogenic
program to be initiated and sustained.

DISCUSSION

This study expands our knowledge regarding how mechanical
regulation of chondrogenic gene expression is mediated by Yap/
Taz. We show, in multiple contexts using both direct (siY/T) and
indirect (C3 and decreased substrate stiffness) perturbations, that
a decrease in the mechanoactive state of cells (cell and nuclear
area, actin stress fibers, and Yap/Taz nuclear localization) results in
a convergence toward a similar chondrogenic program. This con-
vergence is highlighted by Venn diagrams showing the substantial
overlap in differentially expressed genes across the various pro-
chondrogenic perturbations used in this study (Figure 4A and
Supplemental Figure S8). These and other identified genes pro-
vide insight into the intersection of microenvironmental cues and

key pathways involved in the mechanoregulation of chondrogenic
differentiation.

The above data firmly establish that mechanical inputs regulate
chondrocyte phenotype and operate through a Rho-mediated sig-
naling mechanism. However, it remained unclear precisely how this
mechanical signaling was relayed to regulate phenotype. Our re-
sults showed that decreasing Yap/Taz amount or nuclear localization
either directly (siY/T) or indirectly (C3 and soft substrates) increased
canonical chondrogenic gene expression, suggesting that Yap
might be a key player. Importantly, when cells were placed on inter-
mediate stiffness substrates with Yap/Taz depletion, LPA treatment
did not significantly decrease chondrogenic gene expression. Like-
wise, when Yap/Taz was depleted along with further inhibition of
Rho signaling (with C3), no additional increase in chondrogenic ex-
pression was observed. While we cannot rule out other possible ef-
fects of Yap and/or Taz in the cytosol, these data do support the
hypothesis that elevated Rho signaling decreases chondrogenic
gene expression by increasing Yap/Taz nuclear localization, and that
mobilization of these transcriptional coactivators is necessary and
sufficient for the suppression of the chondrogenic phenotype.

How exactly nuclear Yap/Taz suppresses chondrogenesis re-
mains an open question (Figure 6). Yap may act as a direct transcrip-
tional corepressor of chondrogenesis by binding to a TEAD binding
site on the Sox9 promoter itself (Goto et al., 2018) or by binding to
(and blocking transcription at) Sox9 target genes. Alternatively, Yap
may act as a transcriptional coactivator at anti-chondrogenic loci
(e.g., promoting expression of factors involved in cell spreading and
force generation; Nardone et al., 2017; Mason et al., 2019) with in-
creased mechanoactivation. Importantly, Taz may also play an im-
portant role in modulating the ability of Yap to regulate chondro-
genic differentiation. For example, Taz can regulate the ability of
Yap to promote or inhibit osteogenic differentiation, and does so in
a Runx2-dependent manner (Byun et al., 2014; Kegelman et al.,
2018). Our data show that depleting both Yap and Taz was neces-
sary to robustly increase chondrogenic gene expression, supporting
that both are necessary but not individually sufficient to regulate
chondrogenic differentiation (Figure 2B). Interestingly, in skeletal
progenitors, Sox9 and Runx2 have opposing roles in regulating cell
fate, where Sox9-dominant cells persist as chondrocytes while
Runx2-dominant cells become osteocytes (Eames et al., 2004). Simi-
larly, during limb development, cells in the cartilage anlage show
low nuclear Yap and increased p-Yap while hypertrophic/terminal
chondrocytes show the opposite (Karystinou et al., 2015). Integrat-
ing these points, it is possible that Yap/Taz may act as a mechano-
modulator during limb development, specifying which cells become
chondrocytes (low nuclear Yap/Taz, low Rho, low mechanoactiva-
tion) and which progress toward hypertrophic phenotypes (Figure
5C). Future experiments, involving ChlPseq for both Sox? and Yap
under changing mechanobiologic conditions, will be required to

2 din culture with CM. n = 3 independent trials. Maximum projection z-stack confocal images. Scale bar = 30 pm. Nuclei
are outlined in white. (D) Quantification of YAP nuclear:cytoplasmic ratios (YAP N:C). n = 3 replicates, 20-30 cells per
group/per replicate. (E) Col2a1 gene expression of cells on glass, and 5 and 55 kPa PA gels after 2 d of culture in CM.

n =4 independent trials. (F) Left, SOX9 and COLVI immunoblot after 2 d of low-density culture on glass, and 5 kPa in
CM. Right, quantification of fold change in protein. n =5 independent trials. o-Tubulin was used as a loading control.
(G, i) Volcano plot showing differentially expressed genes (DEGs) in cells on 5 kPa gels in CM, compared with

glass. Genes with significant differences (chartreuse and magenta dots) in expression that have an established role in
chondrocyte differentiation or disease. (G, ii) Heatmap of noted genes in i. (G, iii) Bar graphs showing gene ontology
groups identified from DEGs in i, in descending order of significance. n = 2 independent trials. (H, i) Volcano plot
showing DEGs of cells on 55 kPa gels in CM, compared with glass. (H, ii) Heatmap of noted genes in i. (H, iii) Bar graphs
showing gene ontology groups identified from DEGs in H, i, in descending order of significance. n = 2 independent

trials (*, p < 0.05; **, p < 0.01; **** p < 0.0001.
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establish the precise location and mechanism by
which mechanoactive Yap/Taz regulates chondro-
genic differentiation through altered Yap/Taz—chro-
matin interactions.

Taken together, our data provide new insight into
mechanical regulation of the chondrocyte pheno-
type that may be leveraged to promote therapeutic
cell expansion and design improved regenerative
strategies. Specifically, given the growing number of
small molecule modulators of Rho and Yap/Taz that
are available, as well as biomaterials that can regu-
late these pathways, future culture conditions may
be designed to specifically bias cells toward a chon-
drogenic phenotype. Such advances could be criti-
cally important for maintaining chondrocyte identity
before therapeutic applications in restoring dam-
aged or diseased articular cartilage.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture

ATDCS5 cells were cultured in a 1:1 Dulbecco’s modi-
fied Eagle’s medium (Life Technologies; 12430047)
and Ham’s F-12 medium (Corning; MT10-080-CV)
supplemented with 5% fetal bovine serum (Bio-
Techne; S11150) and 1% penicillin/streptomycin and
fungizone (Life Technologies; 15240062). Cells were
cultured at 37°C under 5% CO,. To differentiate
ATDCS cells toward a chondrogenic lineage, chemi-
cally defined media including TGF-3 (10 ng/ml;
R&D Systems; DY243) was applied, as described
previously (Huang et al., 2008). For monolayer ex-
periments, cells were seeded at high density in ei-
ther 24-well plates for RNA extraction (at 105,000
cells/cm?) or in 6-well plates (at 83,333 cells/cm?).
Cells tested negative for mycoplasma using the Invi-
vogen Mycostrip test kit (rep-mys-10).

Transfection
ATDCS cells were transiently transfected with 5 pmol
of SMARTPOOL ON-TARGETplus siRNA to Yap1
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T T T
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1 1 1
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Rho acts through YAP to negatively
regulate chondrogenic gene expression. (A) F-actin
and Yap immunostaining of cells on 55 kPa gels
treated with C3 or LPA in CM. Nuclei stained with
DAPI. Scale bar = 30 pm. Maximum projection z-stack
confocal images. n = 3 independent trials. Nuclei are
outlined in white for YAP panels. (B) Quantification of
YAP nuclear:cytoplasmic ratios (YAP N:C, right). n=3
replicates, 20-30 cells per group/per replicate.

(C) Chondrogenic gene expression of cells seeded on
55 kPa gels for 2 d with or without C3 or LPA
treatment in CM. (D) Chondrogenic gene expression
of cells 4 d after transfection with siY/T, and 1 d after
reseeding on 55 kPa gels and treatment with LPA in
CM. n = 6 independent trials. (E) Chondrogenic gene
expression of cells 4 d after transfection with siY/T,
and 1 d after reseeding on 55 kPa gels and treatment
with C3in CM. n = 6 independent trials. *, p < 0.05;
** p<0.01; *** p<0.001; **** p<0.0001.
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FIGURE 6: A model of mechanoregulation of chondrogenesis. Model depicting how low
mechanoactivity (left) decreases Yap/Taz protein and nuclear localization, allowing Sox9 to
positively regulate chondrogenic gene expression. Right, chondrocytes experiencing high
mechanoactivity promote Yap/Taz nuclear localization via elevated Rho signaling to repress
chondrogenic gene expression and/or promote expression of anti-chondrogenic factors.

and Wwtr1 (2.5 pmol each for double knockdown studies) or a non-
targeting control (Dharmacon) using lipofectamine RNAIMAX ac-
cording to the manufacturer's instructions. The transfection cocktail
was placed onto the tissue culture plate before adding cells (52,632
cells/cm?). Media was changed 3 d posttransfection and cells were
collected 5 d posttransfection for analysis.

PA gel fabrication

PA hydrogels were prepared as described previously (Haupt et al.,
2019). Briefly, 167 or 500 pl of 37.5:1 acrylamide:bis-acrylamide
(Biorad; 1610158) was diluted in 833 or 500 pl of MilliQ H,O to
generate hydrogels with a stiffness of 5 or 55 kPa, respectively. Gels
(55 pl) were polymerized under glass coverslips via addition of 0.2%
TEMED (BioRad; 1610800) and 10% APS (BioRad; 1610700). After
polymerization, gels were activated with 2 mg/ml sulfo-SANPAH
(Pierce Protein Biology/Life Technologies; 22589) and then coated
with fibronectin (20 mg/ml; Sigma Aldrich; F1141) for 45 min at
room temperature. Glass conditions were also coated in fibronectin
to keep consistent adhesive ligands. Gels were sterilized under UV
in a tissue culture hood before cell seeding. Cells were seeded at
100,000 cells per glass slide.

Pharmacological regulation of RhoA activity

To inhibit Rho activity, C3 (Cytoskeleton; CT04-A) was applied at
0.3 mg/ml while Rho activation was achieved via oleoyl-L-0-
lysophosphatidic acid sodium salt (LPA; Sigma L7260) applied at
50 mM (for monolayer experiments) or 20 mM (for PA gel studies).
Small molecules were added 2 h postseeding and replaced every
day of culture with complete media changes.

RNA isolation, cDNA synthesis, and qRT-PCR

ATDCS cells were collected at defined time points by releasing cells
from the surface with trypsin (Life Technologies; 25200056; for
monolayer experiments) or Tryp-LE (Life Technologies; 12605036;
for PA gel studies). Cells were pelleted at 300 x g for 5 min and
frozen at —80°C before RNA isolation. RNA was isolated using the
Directzol kit with DNAse | treatment (Zymo Research; R2050). cDNA
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was synthesized using the SuperScript VILO
IV kit (Invitrogen; 11756050). Quantitative RT-
PCR was run on a Quantstudio é Pro using
Fast SYBR reagents (ThermoFisher; 4385618)
for 40 cycles with custom-designed primers
(see Supplemental Table S1 for primer se-
quences). 18S was used as a housekeeping
gene for all experiments and fold changes
were calculated using the double delta Ct
method. Experimental conditions for each in-
dependent trial were normalized to their re-
spective control group.

Immunofluorescence staining

and imaging

At the indicated time points, cells were fixed
in 4% paraformaldehyde for 20 min at room
temperature and then washed three times
with phosphate-buffered saline (PBS). Cells
were then permeabilized with 0.3% Triton
X-100 (Sigma; T8787) in PBS for 5 min at room
temperature. Cells were then washed three
times with PBS and then place in blocking
buffer (3% BSA,; Sigma; A9418; in PBS) for 1 h
at room temperature. All antibodies were di-
luted in blocking buffer. Primary antibodies (Collagen VI, rabbit; Ab-
cam; 6588, 1:250; YAP, rabbit; Cell Signaling; #14074; 1:500) were
incubated overnight at 4°C, and were washed three times with PBS
before secondary antibody incubation. Filamentous actin was visu-
alized using Alexa Fluor 555-conjugated phalloidin during the sec-
ondary antibody step; this agent was incubated for 1 h at room
temperature in the dark along with other Alexa Fluor antibodies
used to indirectly visualize primary antibody targets. Coverslips and/
or PA gels were mounted with ProLong Gold with DAPI (Invitrogen;
P36934).

For YAP nuclear to cytoplasmic staining and analysis, average
staining intensity within the nucleus and within the cytoplasm was
quantified using ImageJ (National Institutes of Health, Bethesda,
MD); these intensities were used to calculate a nuclear/cytoplasmic
YAP ratio (Driscoll et al., 2015). ATDC5 cells were imaged at room
temperature on a Nikon A1R confocal microscope using NIS-Ele-
ments software with 20x, 40x, and 63x objectives. Confocal z stacks
were converted to maximum projections for analysis and display.

Immunoblotting

For monolayer experiments, cells were washed once in cold PBS
and then lysed in RIPA buffer (supplemented with protease inhibi-
tors and phosphatase inhibitors; Thermo; 78441) for 30 min on ice.
During incubation, the whole cell lysate (WCL) was pipetted vigor-
ously to break up the lysate. WCL was centrifuged at 13,400 x g for
15 min at 4°C and the supernatant was collected for quantification
and immunoblotting.

Before immunoblotting, WCL was quantified using the bicincho-
ninic acid assay, with bovine serum albumin used as a standard.
WCL was denatured and reduced using 4X Li-COR sample buffer
(Li-COR Biosciences; 928-40004) with B-mercaptoethanol and boil-
ing at 95°C for 5 min. A total of 25 pg of protein was loaded per lane
in Tris-glycine gels (BioRad; 4568084) under denaturing conditions.
Gels were run for 40 min at a constant voltage of 150 V. Protein was
transferred to a nitrocellulose membrane using the TransBlot Turbo
transfer system (BioRad; 1704150) and equal transfer was qualita-
tively determined using Ponceau S stain. Membranes were then
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blocked in Intercept TBS blocking buffer (Li-COR; 927-60001) for 1 h
at room temperature with gentle rocking. Primary antibodies were
diluted in a 1:1 solution of Intercept TBS blocking buffer and 0.1%
TBS-Tween-20 (TBS-T). Primary antibodies (Sox?, rabbit; Cell Signal-
ing; #82630; 1:500; o-tubulin, mouse; Sigma; #T5168; 1:1000; Col-
lagen VI, rabbit; Abcam; 6588; 1:250; YAP, rabbit; Cell Signaling;
#14074; 1:500; YAP/TAZ, rabbit; Cell Signaling; #93622; 1:1000;
o-tubulin; Abcam; rabbit; #18251; 1:1000; p-YAP (Ser 127); Cell
Signaling; rabbit; #13008; 1:1000) were incubated overnight at 4°C
with gentle rocking. Membranes were washed three times with TBS-
T for 5 min with gentle rocking. Secondary antibodies were also di-
luted in Intercept TBS blocking buffer: TBS-T for 1 h at room tem-
perature in the dark with gentle rocking. Finally, membranes were
washed three times with TBS-T for 5 min with gentle rocking.

To visualize protein levels, an Odyssey Infrared Imaging System
(Li-COR Biosciences; model 9120) was used. To measure differences
in protein levels between groups, images were analyzed in Fiji using
the average fluorescent intensity of bands of the same area normal-
ized to o-tubulin. Fold changes were calculated using normalized
fluorescent intensity and control samples as a reference (Control,
Scrmbl, or Glass). Experimental conditions for each independent
trial were normalized to their respective control group.

Cell and nuclear area

Cytoskeletal architecture was visualized as described above using
immunofluorescence, and epifluorescent images were captured on
a Zeiss Axio Observer microscope at 20x magnification. Cell Profiler
was used to calculate cell area, nuclear aspect ratio, and nuclear
area as described in McQuin et al. (2018). Outliers for multicellular
aggregates were manually removed and confirmed using the ROUT
outlier test.

RNA-seq and analysis

Atotal of 1 pg of RNA was analyzed and sequenced by the University
of Pennsylvania Children’s Hospital of Philadelphia Center for Applied
Genomics core. Briefly, RNA integrity number was assessed by the
Agilent Tapestation system. Each RNA sample used in RNA-seq had
an RNA integrity number score above 9. Samples were then prepped
for sequencing using TruSeq Stranded mRNA Library Prep and se-
quenced on a Novaseq 6000. After sequencing, the resulting paired
end reads were aligned to the reference genome mm10 using hisat2
(Zhang et al., 2021). Aligned sam files were then converted to bam
files using Picard SortSam (“Picard Toolkit.” 2019. Broad Institute,
GitHub Repository. https://broadinstitute.github.io/picard/). Count
matrices were generated using FeatureCount. Deseq2 was used for
differential expression analysis (Love et al., 2014). To annotate all ex-
pressed genes, the Entrez gene ID was converted to the common
gene name. Volcano plots were generated using Prism to visualize
differentially expressed genes with a fold change cutoff of greater/
less than or equal to 1.5/-1.5 and —logg p values of greater than or
equal to 1.3. Venn diagrams of significant differentially expressed
genes from all RNA-seq data sets were generated using https://
bioinformatics.psb.ugent.be/webtools/Venn/. A list of differentially
expressed genes between groups diagrammed in Figure 4 and Sup-
plemental Figure 8 is provided in the Supplemental Material.

Statistical analysis

For gPCR and immunoblotting results with three groups, a nonpara-
metric one-way ANOVA (Kruskall-Wallace) with an uncorrected
Dunn’s test was used. For immunoblotting results with two groups
(Figure 3) a nonparametric t test (Mann-Whitney) was used. For cell/
nuclear area quantification a parametric one-way ANOVA was used.
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For Yap nuclear:cytoplasmic ratio experiments, a parametric one-
way ANOVA with Brown-Forscythe correction was used.
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