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Abstract

Tubulin and actin exist as monomeric units that polymerize to form either microtubules or filamentous actin.

As the polymerization status (monomeric/polymeric ratio) of tubulin and/or actin have been shown to be

important in regulating gene expression and phenotype in non-chondrocyte cells, the objective of this study

was to examine the role of cytoskeletal polymerization on the chondrocyte phenotype. We hypothesized that

actin and/or tubulin polymerization status modulates the chondrocyte phenotype during monolayer culture as

well as in 3D culture during redifferentiation. To test this hypothesis, articular chondrocytes were grown and

passaged in 2D monolayer culture. Cell phenotype was investigated by assessing cell morphology (area and

circularity), actin/tubulin content, organization and polymerization status, as well as by determination of

proliferation, fibroblast and cartilage matrix gene expression with passage number. Bovine chondrocytes

became larger, more elongated, and had significantly (P < 0.05) increased gene expression of proliferation-

associated molecules (cyclin D1 and ki67), as well as significantly (P < 0.05) decreased cartilage matrix (type II

collagen and aggrecan) and increased fibroblast-like matrix, type I collagen (COL1), gene expression by

passage 2 (P2). Although tubulin polymerization status was not significantly (P > 0.05) modulated, actin

polymerization was increased in bovine P2 cells. Actin depolymerization, but not tubulin depolymerization,

promoted the chondrocyte phenotype by inducing cell rounding, increasing aggrecan and reducing COL1

expression. Knockdown of actin depolymerization factor, cofilin, in these cells induced further P2 cell actin

polymerization and increased COL1 gene expression. To confirm that actin status regulated COL1 gene

expression in human P2 chondrocytes, human P2 chondrocytes were exposed to cytochalasin D. Cytochalasin D

decreased COL1 gene expression in human passaged chondrocytes. Furthermore, culture of bovine P2

chondrocytes in 3D culture on porous bone substitute resulted in actin depolymerization, which correlated

with decreased expression of COL1 and proliferation molecules. In 3D cultures, aggrecan gene expression was

increased by cytochalasin D treatment and COL1 was further decreased. These results reveal that actin

polymerization status regulates chondrocyte dedifferentiation. Reorganization of the cytoskeleton by actin

depolymerization appears to be an active regulatory mechanism for redifferentiation of passaged

chondrocytes.
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Introduction

Articular chondrocytes grown and passaged in traditional

2D monolayer culture are utilized for cell-based articular

cartilage repair. Although 2D monolayer culture allows for

the proliferation required to obtain large cell numbers, the
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expression of chondrogenic matrix molecules, type II colla-

gen (COL2) and aggrecan (ACAN) is decreased and fibrob-

lastic matrix molecule expression, type I collagen (COL1), is

increased following monolayer cell number expansion

(Abbott & Holtzer, 1968; Benya et al. 1978). Rather than

hyaline cartilage, this phenotype change results in produc-

tion of fibrocartilage which is incapable of meeting

mechanical demands lasting approximately up to 7 years

when generated as cartilage repair in vivo (Roberts et al.

2009).

The dedifferentiated phenotype appears to be regulated

by cell spreading, as culture on substrates that restricts cell

spreading maintained cell production of chondrogenic

matrix (Benya et al. 1988; Watt & Dudhia, 1988; Mallein-

Gerin et al. 1991; Cao et al. 2014). The mechanism(s) by

which morphology regulates phenotype in chondrocytes is

not fully elucidated, but cytoskeletal changes that occur

with dedifferentiation may be important. In primary chon-

drocytes, actin is arranged cortically but when these cells

are placed in monolayer culture, actin is rearranged into

parallel bundles of actin stress fibers throughout the cyto-

plasm (Brown & Benya, 1988). Microtubules are organized

similarly in both primary and passaged cells but appear

longer, more prominent and extensive in passaged chon-

drocytes (Blain, 2009). Reorganization of either actin or

tubulin has been shown to regulate shape and gene expres-

sion of several cell types (Fringer & Grinnell, 2001; Hernan-

dez et al. 2013; Liu et al. 2013). Specifically tubulin and

actin filaments are polymers made up of monomeric units

and there is evidence that gene expression is actively regu-

lated by the proportion of monomeric to polymeric actin

and/or tubulin, raising the possibility that cytoskeletal poly-

merization status may be important in gene regulation in

chondrocytes (Rosette & Karin, 1995; Hui et al. 1998; Kuwa-

hara et al. 2005; Rozycki et al. 2016).

The effect of tubulin-modulating agents on non-passaged

(primary) chondrocytes has provided some insight into the

contribution of tubulin to maintenance of chondrocyte

phenotype. Depolymerization of polymeric (P-) into mono-

meric (M-) tubulin reduced proliferation (Takigawa et al.

1984) and repressed glycosaminoglycan production by

chondrocytes (Jortikka et al. 2000). Induction of tubulin

polymerization has been shown to have some beneficial

effects on chondrocytes by reducing production of the

inflammatory mediator, interleukin (IL)-1beta, and protease

gene expression in primary chondrocytes (Hui et al. 1998).

However, to our knowledge the effect of monolayer culture

and expansion of chondrocyte numbers on tubulin poly-

merization status or the effect of tubulin polymerization

modulation on the regulation of passaged chondrocyte

phenotype has not been elucidated.

The regulation of chondrocyte phenotype by actin has

been more thoroughly characterized than tubulin. Mono-

layer culture of chondrocytes resulted in actin polymeriza-

tion and a decreased proportion of monomeric to

polymerized actin (globular/filamentous; G-/F-actin) (Par-

reno et al. 2014). Depolymerization of actin in passaged

chondrocytes favorably affected phenotype. Treatment

with the actin depolymerization agent, cytochalasin D,

resulted in cell rounding and decreased proliferation. In

other cell types, actin depolymerization regulated prolifera-

tion by reducing expression of proliferation genes such as

cyclin D1 (CCND1) (Fringer & Grinnell, 2001) and Ki-67

(Ki67) (Salu et al. 2006). CCND1 is of particular interest as it

is required for cell cycle G1 to S transition and for chondro-

cyte proliferation, and is upregulated in chondrocytes by

mitogenic factors (Beier et al. 2001). In addition, CCND1 has

been shown to regulate cartilage matrix molecule expres-

sion by interfering with SOX9 regulation, a transcription

factor that regulates ACAN and COL2 expression (Lefebvre

et al. 1997; Hwang et al. 2007). This is intriguing as actin

depolymerization via cytochalasin D treatment favored pro-

teoglycan deposition (Newman & Watt, 1988) or latrunculin

treatment enhanced ACAN gene expression (Parreno et al.

2014). Latrunculin also reduced tenascin C expression in pas-

saged chondrocytes (Parreno et al. 2014). Thus actin poly-

merization could affect several aspects of the

dedifferentiated phenotype including proliferation, fibrob-

last matrix and/or cartilage matrix molecule gene expres-

sion. The studies to date suggest that actin

depolymerization plays a role in regulating gene expression

during redifferentiation. Thus the hypothesis of this study

was that actin and/or tubulin polymerization status modu-

lates chondrocyte phenotype during monolayer culture and

passaging as well as redifferentiation.

First, articular chondrocyte dedifferentiation was charac-

terized through examination of cell morphology as well as

determination of proliferation, fibroblast and cartilage

matrix gene expression with passage number. Phenotypic

correlation with actin and tubulin polymerization status in

passaged chondrocytes was examined. Although tubulin

polymerization status did not change during passaging,

actin did. We confirmed that actin depolymerization (in-

creasing G-/F-actin) favorably affected the chondrocyte phe-

notype. We demonstrated that 3D culture, which is used to

redifferentiate passaged cells, resulted in actin depolymer-

ization and reversed aspects of the dedifferentiated pheno-

type, supporting a regulatory role for actin polymerization

status in dedifferentiation.

Methods

Cell culture

Bovine full-thickness articular cartilage was harvested aseptically

from 6- to 9-month-old bovine metacarpophalangeal joints

obtained from a local abattoir. Normal-appearing articular cartilage

was obtained from human osteoarthritic joints that were resected

with focal cartilage changes of Mankin grades ≥4 following

informed patient consent with the approval of the Mount Sinai

Hospital Research Ethics Board. Chondrocytes were isolated from
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articular cartilage by serial enzyme digestion as previously described

(Taylor et al. 2015). Briefly, articular cartilage tissue was immersed

in 0.5% protease type XIV (Sigma-Aldrich, Oakville, ON, Canada) in

Ham’s F12 media and incubated at 37 °C for up to 2 h, followed by

0.1% collagenase A (Roche Diagnostics, Mannheim, Germany) for

18 h at 37 °C and 5% CO2. The digest was filtered using a 40-lm fil-

ter to remove undigested pieces. The cell filtrate was centrifuged

and washed twice in media. Chondrocytes were resuspended in

Ham’s F12 supplemented with 5% fetal bovine serum (FBS; Hyclone;

GE Healthcare, Logan, UT, USA) and 1% antibiotics (penicillin, strep-

tomycin, fungizone; Invitrogen).

Chondrocytes were expanded as previously described (Parreno

et al. 2014, 2016). Briefly, articular chondrocytes were plated at

1.5 9 103 cells cm�2 in 2D on standard polystyrene flasks (Falcon).

Cells were maintained in Ham’s F12 supplemented with 5% FBS

which was replenished twice weekly, in an incubator at 37 °C, 5%

CO2, and at atmospheric O2. At ~70–90% confluency, cells were

detached with 0.5% trypsin (5 min), washed in Ham’s F12 supple-

mented with 5% FBS and centrifuged. The remaining cells were

re-plated in monolayer culture at the same density. Primary

chondrocytes were designated as ‘P0’ cells. Expanded cells were

subsequently identified based on passage number: cells derived

after one culture passage were designated ‘P1’ cells; after two

passages ‘P2’ cells; after three passages ‘P3’ cells; and after four

passages ‘P4’.

For 2D culture studies, either P0 or P2 cells (2.5 9 104 cells cm�2)

culture were placed in each well of a six-well plate and cultured in

Ham’s F12 supplemented with 5% FBS. For 3D cultures, calcium

polyphosphate discs (CPP) were prepared using a previously

described method (Waldman et al. 2002). Briefly, approximately

1.6 9 105 cells mm�2 were seeded onto the surface of 4-mm-dia-

meter CPP. P2 chondrocytes on CPP were maintained in Ham’s F12

supplemented with 5% FBS. After 2 days of culture, the chondro-

cytes on CPP were either harvested for comparison with cells grown

in 2D cultures or were treated with cytoskeletal depolymerization

agents in serum-free Ham’s F12 for an additional 24 h depending

on the experiment.

Cytoskeletal studies

Following 3 days in 2D or 3D culture, culture media was replaced

with serum-free Ham’s F12 media supplemented with either the

cytoskeletal disrupting agent(s) or an equivalent amount of vehicle

(DMSO) for 24 h. Cytochalasin D (Sigma-Aldrich), phalloidin (Enzo

Life Sciences, Farmingdale, NY, USA), nocodazole (Sigma-Aldrich),

and paclitaxel (Sigma-Aldrich) were prepared by dissolving agents

in DMSO and were diluted in media to obtain working concentra-

tions of 10, 1, 10, and 10 lM, respectively. The cells were then har-

vested and processed for further studies.

Nucleofection for cofilin knockdown

Non-targeting SignalSilence� Control siRNA (#6568) or Cofilin

siRNA II (#6268; Cell Signaling Techonology Inc., Danvers, MA, USA),

which were verified to have bovine cross-reactivity (communication

on 27 March 2014 with Cell Signaling Technology Inc.) were nucleo-

fected into P2 chondrocytes as previously described (Parreno et al.

2016). Briefly, bovine P2 chondrocytes were serum-starved in Ham’s

F12 + 0.5% FBS for 2 days. Cells were harvested using trypsin, pel-

leted, and resuspended in (1 M) nucleofection buffer. Approxi-

mately 2 9 106 cells were nucleofected with 100 pmol of siRNA

using program U24 of the AMAXA nucleofector (Lonza, Germany).

Nucleofected cells were recovered in Ham’s F12 supplemented with

20% FBS and plated in monolayer culture at a density of approxi-

mately 2.5 9 104 cells cm�2. After 4 h (time at which cells had

attached) the media were replaced with Ham’s F12 media supple-

mented with 5% FBS.

Quantification of cell area and spreading

Cells from different passage numbers were seeded at a density of

5 9 103 cells cm�2 on 12-well polystyrene dishes and grown in

Ham’s F12 supplemented with 5% FBS for 2 days. This time point

and cell density were chosen, as cell boundaries could still be dis-

cernible and size as well as shape could be quantified. At this den-

sity the cells had similar actin polymerization status to P2 cells

seeded at ~2.5 9 104 cells cm�2, which was the cell density utilized

for RNA and protein analysis (data not shown). To visualize cells,

cells were incubated with live cell dye calcein AM [1 lM in phos-

phate-buffered saline (PBS)] at room temperature for 10 min. The

cells were then washed with PBS and images acquired using a Leica

fluorescent microscope. IMAGE J software was utilized to calculate

area and circularity as previously outlined (Fardin et al. 2010). Circu-

larity was defined as C = 4p (A/P2), where p is the mathematical con-

stant ~3.14, P is cell perimeter, and A is cell area. A circularity value

of 1.0 indicates perfect circular morphology, whereas a value of 0

would indicate an elongated polygon. A total number of at least

100 cells were evaluated in at least four experiments using cells

from different animals on separate occasions.

Confocal microscopy

Cells were cultured at a density of 5 9 103 cells cm�2 on glass cov-

erslips. Following treatments, cells were washed in PBS and fixed in

4% paraformaldehyde at room temperature for 10–15 min. Cells

were rinsed in PBS and permeabilized with 0.2% Triton/PBS for

15 min. Following permeabilization, cells were incubated with

monoclonal anti-tubulin antibody (1 : 100 in 0.2% Triton/PBS;

Abcam). An Alexa 488-conjugated anti-mouse monoclonal anti-

body (Life Technologies) was utilized as a secondary antibody

(1 : 200). A secondary antibody-alone condition was used as a neg-

ative control to ensure specificity of antibody staining. Following

immunostaining, cells were stained with Alexa Fluor 488 phalloidin

to visualize F-actin (1 : 20; 0.2% Triton-PBS; Life Technologies,

Burlington, Canada) and DAPI to visualize nuclei. Cells were

washed with PBS and then mounted on glass slides using Perma-

Fluor Aqueous Mountant (Fisher Scientific Company, Ottawa,

Canada). Confocal images at mid cell level were taken using a

Nikon C1si laser scanning confocal microscope at 609 objective

with a 1024 9 1024 pixel size.

Total protein extraction

Cells were scraped from culture dishes and pelleted by centrifuga-

tion at 800 g for 3 min. Cell pellets were lysed in radioimmunopre-

cipitation assay buffer [RIPA buffer; 50 mM Tris HCL, 150 mM NaCl,

1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and complete

mini protease inhibitor (Roche)]. Debris was cleared by centrifuga-

tion at 14 000 g for 30 min. Total protein was quantified using

bicinchoninic acid protein assay (Thermo Scientific; Waltham, MA,

USA). Approximately 30 lg of protein was prepared for SDS-PAGE

by heating in Laemmli buffer at 98 °C for 10 min.
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Actin and tubulin quantification

The Triton X-100 soluble-containing fractions and insoluble-contain-

ing fractions were extracted according to previously described pro-

tocols (Bershadsky & Gelfand, 1981; McGrath et al. 2000) with slight

modifications. Briefly, ~2.5 9 104 cells cm�2 chondrocytes were

seeded on polystyrene in Ham’s F12 supplemented with 5% FBS

(for bovine cells) or DMEM supplemented with 20% FBS (for human

cells). After 3 days of culture, cells were treated with cytoskeletal

disrupting agent or vehicle (DMSO) for controls in serum-free Ham’s

F12 for 24 h. Cells were washed in PBS, scraped from the culture

vessels and centrifuged at 800 g for 3 min. The pellet was resus-

pended in 250 lL of extraction buffer (0.1% Triton X-100 in PBS

and protease inhibitor cocktail tablet) and incubated for 5 min

under slight agitation. The samples were then centrifuged at

15 000 g at 4 °C for 5 min. The soluble supernatant (G-actin and M-

tubulin) were collected. The Triton-insoluble pellet (predominantly

F-actin and P-tubulin) was resuspended in 250 lL of RIPA buffer.

Both the soluble and insoluble fractions were mixed with Laemmli

buffer (59) with b-mercaptoethanol, heated at 98 °C and separated

by 12% SDS gel electrophoresis and then analyzed further by Wes-

tern blotting. Equal volumes of the soluble and insoluble fractions

were prepared for Western blotting.

Western blotting

Protein fractions were separated by SDS-PAGE gel and then semi-

dry transferred onto PVDF membranes (program P3 for 7.5 min;

iBLOT transfer system; Life Technologies). Membranes were blocked

in 5% skim milk for 30 min then incubated with antibody reactive

with COL1 (CL50111AP-1; Cedarlane, Burlington, ON, Canada),

alpha-tubulin (clone B-5-1-2; Sigma) or pan-actin (clone C4; Milli-

pore) antibody overnight at 4 °C. Membranes were washed in

0.005% Tween/PBS and then incubated at room temperature for

1 h in anti-rabbit or anti-mouse HRP secondary antibody (1 :

20 000; Abcam). Chemiluminescent signals were developed using

Pierce ECL Western Blot Substrate (Thermo Scientific). Protein bands

were assessed through densitometry using IMAGE J software.

RNA extraction and real-time RT-PCR

Total RNA was extracted from cells using TRIzol reagent and reverse

transcribed to cDNA using Superscript II (Invitrogen) according to

the manufacturer’s instruction. Relative realtime PCR based on SYBR

Green (Invitrogen) was performed using primers specific for 18S

rRNA, KI67, CCND1, ACAN, COL1, and COL2 (Table 1). Each reaction

contained 20 ng of cDNA, 4.8 lL of SYBR Green master mix, and

0.6 lL each of forward and reverse primers (10 mM). Reactions were

performed in duplicate. Examination of the melting curve for non-

specific peaks were performed to ensure specificity of PCR reactions

and mRNA levels were determined from Ct values according to the

the Pfaffl mathematical model for relative real-time PCR (Pfaffl,

2001) using 18S rRNA for normalization.

Statistics

Each experiment was performed at least three times using cells

from different animals on different occasions and composed of

three to six replicates per experimental condition. Data obtained

from separate experiments were pooled. Cell area and circularity

are presented as box and whisker plots demonstrating the lower

(25%), middle (50%), and upper (75%) quartile values with the

whiskers demonstrating the minimum and maximum values. Outlier

data were excluded using a Grubbs’ test for detecting outlying

observations with an alpha value of 0.05 via GRAPHPAD software.

The remainder of the data were expressed as mean � SD. For

gene and protein data, statistical significance (P < 0.05) was deter-

mined by analysis of variance followed by Dunnett’s post-hoc tests

using GRAPHPAD PRISM5 software.

Results

Passaging of bovine chondrocytes in 2D culture led

to larger, more elongated cells with elevated

proliferation and type I collagen gene expression,

but reduced type II collagen and aggrecan

To investigate the articular chondrocyte dedifferentiation

process, bovine cell phenotype at passages 0 (P0) to 4 (P4)

underwent analysis of cell shape, size, and gene expression.

P0 chondrocytes on polystyrene were small and round and a

large majority of cells refracted light as compared to

passaged chondrocytes (Fig. 1A). Quantitative analysis of

area showed that the P1 cell area was significantly larger

Table 1 List of primers used in study.

Primer Forward sequence Reverse sequence Size Temp (C) Species Reference ID

18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 152 60 Bovine, Human NR_036642.1

COLI CGGCTCCTGCTCCTCTTAG CACACGTCTCGGTCATGGTA 137 60 Bovine, Human NM 001034039.1;

NM_000088.3

COL2 GTGTCAGGGCCAGGATGTC GCAGAGGACAGTCCCAGTGT 127 60 Bovine, Human NM 001001135.2;

NM_001844.4

ACAN TGGGACTGAAGTTCTTGGAGA GCGAGTTGTCATGGTCTGAA 133 60 Bovine, Human NM 173981.2;

NM_001135.3

CCND1 CCTCTCCTATCACCGCCTGA TTTGGGGTCCAAGTTCTGCT 142 60 Bovine NM_001046273.2

KI67 GAGACAGCCCAGGACACTTC CCTGGTTCTCTGCACCATGT 114 60 Bovine XM_002698582.2;

XM_005225873.1

CCND1 CACGGACTACAGGGGAGTTT CTCTGCTGCTCGCTGCTA 85 60 Human NM_053056.2

KI67 ACAGTACCGCAGATGACTCAA CGTCCAGCATGTTCTGAGGA 76 60 Human NM_002417.4

CFL CCCCTGAGTGTGCACCCCTTAA CCCCCAGCTTCTCTGCAAGGGT 150 60 Bovine NM_001015655.1
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(7.1-fold; P < 0.001) than that of P0 cells (Fig 1B). Cell area

remained significantly greater (P < 0.001) than that of P0

cells for later passages but the P2, P3, and P4 cells were smal-

ler than P1 cells: only 6.1-, 5.1-, and 3.6-fold larger, respec-

tively, than P0 cells. In addition, circularity analysis

demonstrated that cells elongated with time (Fig. 1C;

P < 0.001). P0 cells had an average circularity value of 0.75,

whereas cells from P1 to P4 were significantly less circular.

The gene expression of CCND1 and KI67, which are cell

cycle-associated molecules expressed in proliferating chon-

drocytes (Muinos-Lopez et al. 2012; Yu et al. 2013), was

determined. CCND1 mRNA levels were significantly elevated

in P1, P2, P3 and P4 cells as compared with P0 cells (Fig. 1D;

P < 0.01). Similarly, KI67 mRNA levels were significantly ele-

vated (P < 0.05) in P1, P2 and P3 cells as compared with P0

and there was a trend toward elevated KI67 mRNA levels in

P4 cells as compared with P0 cells.

To assess the differentiation status of cells, gene expres-

sion analysis of specific matrix molecules was carried out.

The cartilage matrix molecules ACAN and COL2 decreased

with cell passaging; ACAN was significantly downregulated

by P1 (P < 0.05) and although COL2 tended to be downreg-

ulated by P1, this was not statistically significant (P > 0.05)

as compared with P0 chondrocytes. By P2, cells had signifi-

cantly reduced COL2 levels as compared with P0 chondro-

cytes. COL1 was significantly upregulated by P1 (P < 0.01)

as compared with P0 chondrocytes and peaked at P2

(10 640-fold greater than P0 chondrocytes; P < 0.001). P2

chondrocytes were used for subsequent experiments, as

COL2 and ACAN gene expression was significantly down-

regulated and COL1 peaked at P2.

P2 chondrocytes had an altered actin but not tubulin

polymerization status as compared with P0

chondrocytes

The actin organization and polymerization status in bovine

P0 and P2 chondrocytes were determined. Confocal

Fig. 1 Effect of 2D monolayer passaging on bovine chondrocytes. (A) Light microscopy images of P0 to P4 cells in monolayer culture. Scale

bar: 100 lm. (B) Cell area and circularity of P0 to P4 cells in monolayer culture. Box plots represent mean, 25% and 75% quartile, and whiskers

represent the 95% confidence intervals. (C) P0 to P4 chondrocytes were evaluated by real-time relative PCR for proliferation molecules (CCND1,

KI67), cartilage matrix (COL2, ACAN) and fibroblast matrix (COL1) genes. PO set at 100. Bars show the mean � SEM of three to six independent

experiments. *P < 0.05; #P < 0.01; ^P < 0.001, vs. P0 chondrocytes.
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microscopy showed F-actin was cortically arranged in P0

chondrocytes, whereas P2 cells had developed actin stress

fibers (Fig. 2A). Total actin was significantly elevated

(P < 0.05) in P2 compared with P0 chondrocytes (Fig. 2B),

and the proportion of G-/F-actin was significantly lower

(P < 0.05) in P2 than in P0 chondrocytes (Fig. 2C).

Tubulin was distributed throughout the cytoplasm in

both P0 and P2 cells (Fig. 2A) and no changes in organiza-

tion were seen. Similar to actin, total tubulin protein levels

were also significantly increased (P < 0.05) in P2 cells

(Fig. 2B). However, the proportion of M-/P-tubulin between

P0 and P2 cells was not significantly different (Fig. 2D). In

both P0 and P2 cells, M-tubulin was the predominant form

of tubulin.

Exposure of P2 cells to nocodazole results in changes

in tubulin and decreased type I collagen mRNA levels

To investigate the influence of tubulin polymerization sta-

tus on dedifferentiated bovine chondrocytes, cells were

exposed to either microtubule depolymerization agent

(nocodazole) or microtubule polymerization agent

(paclitaxel) (Fig. 3). Nocodazole disrupts microtubules

through binding to tubulin and inhibiting polymerization.

Paclitaxel both enhances tubulin polymerization and stabi-

lizes microtubules (Grover et al. 1995). Treatment of bovine

P2 chondrocytes with nocodazole or paclitaxel resulted in

viabilities greater than ~95%, similar to DMSO-treated con-

trols (data not shown).

Exposure of P2 cells to nocodazole significantly reduced

(P < 0.01) the average cell area (Fig. 3A,B) and increased

(P < 0.001) circularity (Fig. 3A,C). Paclitaxel treatment

resulted in a significantly larger (P < 0.001) average cell

area (Fig. 3B) and increased cell circularity (Fig. 3C).

Nocodazole abolished microtubule organization (Fig. 3D),

decreased total tubulin levels (Fig. 3E), and increased the

proportion of M-/P-tubulin (Fig. 3F). Paclitaxel treatment,

on the other hand, led to discrete thick microtubules

(Fig. 3D), increased total tubulin (Fig. 3E) and reduced M-/

P-tubulin (Fig. 3F). Neither nocodazole nor paclitaxel

affected G-/F-actin in cells (Fig. 3G).

Neither KI67 or CCND1 gene expression were significantly

different from controls in cells exposed to either nocoda-

zole or paclitaxel (Fig. 3H). Whereas paclitaxel treatment

Fig. 2 Characterization of actin and tubulin

in bovine P0 and P2 chondrocytes after

3 days in monolayer culture. (A) Actin and

tubulin organization was examined by

confocal microscopy following tubulin (green)

antibody or phalloidin (red) staining and DAPI

(blue) counterstain. Scale bar: 20 lm. (B)

Total actin or tubulin levels as determined by

Western blot. (C) G-/F-actin and (D) M-/P-

tubulin levels were quantified by Western

blotting. *P < 0.05 vs. P0 chondrocytes.
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had no significant effect on COL2 and COL1, nocodazole

treatment decreased both COL2 and COL1. ACAN gene

expression was not altered following nocodazole or pacli-

taxel treatment.

Actin depolymerization by cytochalasin D led to

small, round cells with altered gene expression

To investigate the effect of modulating actin polymeriza-

tion status in dedifferentiated cells, bovine P2 chondrocytes

were treated with cytochalasin D or phalloidin (Fig. 4).

Cytochalasin D binds to the barbed end of actin filaments,

inhibiting actin polymerization and promoting a depoly-

merized state (Carlier et al. 1986), whereas phalloidin stabi-

lizes actin and decreases the rate of actin dissociation from

filament ends (Low et al. 1976) and has been shown to

decrease G-/F-actin in rat kidney cells and human marrow

stromal cells (Nickola & Frimmer, 1986; Chen et al. 2015).

Treatment of bovine P2 chondrocytes with cytochalasin D

or phalloidin resulted in viabilities greater than ~95% and

there was no apparent difference compared to vehicle

(DMSO)-treated cells (data not shown).

Cytochalasin D treatment of P2 chondrocytes resulted in

cells that were significantly smaller (P < 0.001; Fig. 4A,B)

and rounder (P < 0.001), and refracted light more than

non-treated cells (Fig. 4A,C). The magnitude of shape

change was greater than that attained by nocodazole treat-

ment (Fig. 3A–C). Cytochalasin D treatment resulted in loss

of actin stress fibers. F-actin was still visible as punctate

staining throughout the cytoplasm (Fig. 4D). Exposure of

cells to cytochalasin D did not affect total actin levels

(Fig. 4E) but resulted in an increased proportion of G-/F-

Fig. 3 Bovine P2 chondrocytes were cultured in monolayer for 3 days and then exposed to either nocodazole or paclitaxel and evaluated 24 h

after treatment. (A) Cell morphology by phase contrast microscopy. Areas (B) as well as circularity (C) of cells were evaluated using IMAGE analysis

software. Box plots represent mean, 25% and 75% quartile, and whiskers represent the 95% confidence intervals. (D) Tubulin organization was

examined by confocal microscopy. Green indicates tubulin. Blue indicates DAPI localized in the nucleus. Scale bar: 20 lm. (E, F) Western blots

using anti-tubulin demonstrated (E) total tubulin levels and (F) M- and P-tubulin fractions separated through Triton solubility. (G) Western blots

using anti-actin demonstrated G- and F-fractions separated through Triton solubility. (H) Real-time relative PCR evaluation of gene expression nor-

malized to 18S rRNA and expressed as percent of DMSO-control (vehicle only). Bars show the mean � SEM of three to six independent experi-

ments. *P < 0.05; #P < 0.01; ^P < 0.001, vs. P2 (control) chondrocytes.
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actin (Fig. 4F) as well as a decreased proportion of M-/P-

tubulin (Fig. 4G). Cells exposed to phalloidin were not sta-

tistically different (P > 0.05) in terms of average cell area or

circularity as compared with control cells. F-actin was pre-

sent as stress fibers in cells exposed to phalloidin (Fig. 4D),

and total actin levels (Fig. 4E) as well as G-/F-actin (Fig. 4F)

were not significantly altered. Whereas phalloidin appeared

to decrease M-/P-tubulin (Fig. 4G) this change was not sta-

tistically significant (P > 0.05).

As previous studies revealed that cytoskeletal integrity is

required for the mitogenic capacity of cells other than

chondrocytes (Bohmer et al. 1996), proliferation genes were

examined in P2 chondrocytes. CCND1 mRNA levels were sig-

nificantly reduced in cells treated with cytochalasin D but

not with phalloidin (Fig. 4H). KI67 mRNA levels were not

significantly changed with either cytochalasin D or phal-

loidin treatment.

Exposure of P2 cells to phalloidin treatment did not

significantly affect gene expression. However, cytocha-

lasin D treatment resulted in increased ACAN but

unchanged COL2 gene expression. Bovine P2 COL1

mRNA levels were repressed by cytochalasin D treat-

ment.

Cofilin knockdown increases actin polymerization

status and COL1 gene expression in bovine passaged

chondrocytes

Although treatment of P2 chondrocytes with phalloidin

resulted in a trend toward decreased G-/F-actin, this was

not statistically significant (P > 0.05). Thus we next investi-

gated cofilin (CFL), an actin-binding molecule that pro-

motes F-actin depolymerization in mammalian non-muscle

cells (Hotulainen et al. 2005) and was elevated in P2

Fig. 4 Bovine P2 chondrocytes were cultured in monolayer for 3 days, then exposed to either 10 lM cytochalasin D or 1 lM phalloidin, and evalu-

ated 24 h after treatment. (A) Cell morphology was examined using phase contrast microscopy. Areas (B) as well as circularity (C) of cells were

evaluated using IMAGEJ. Box plots represent mean, 25% and 75% quartile, and whiskers represent the 95% confidence intervals. (D) Actin organi-

zation was examined by confocal microscopy. Red indicates F-actin. Blue indicates DAPI. Scale bar: 20 lm. (E) Western demonstrating total actin

levels using anti-pan actin antibody. (F) G- and F-actin fractions which were separated through Triton solubility followed by centrifugation (repre-

sentative Western blots shown in Supporting Information Fig. S3). (G) Quantification of M- and P-tubulin fractions separated through Triton

solubility followed by Western blots. (H) Real-time relative PCR evaluation of gene expression normalized to 18S rRNA and expressed as percent of

control (DMSO vehicle only). Bars show the mean � SEM of three to six independent experiments. *P < 0.05; #P < 0.01; ^P < 0.001, vs. vehicle-

treated P2 (control) chondrocytes.
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chondrocytes (Fig. 5A). To investigate whether CFL could

decrease G/F-actin, we knocked down CFL.

Nucleofection was used to knockdown CFL, which we

previously have shown to result in a 98% transfection effi-

ciency of siRNA into P2 chondrocytes (Parreno et al. 2016).

As we have found that nucleofection alone, even in the

absence of siRNA, can affect gene expression, our control

P2 cells were also nucleofected with scrambled, non-target-

ing siRNA. siRNA-mediated knockdown of CFL decreased

G-/F-actin in P2 chondrocytes (Fig. 5B). This resulted in

increased COL1 mRNA levels (Fig. 5C). CFL knockdown did

not significantly affect the expression of the ACAN or COL2

(data not shown).

Effect of cytoskeletal depolymerization on human

chondrocyte gene expression

To examine whether cytoskeletal depolymerization affected

human passaged chondrocyte gene expression in a similar

manner to bovine P2 chondrocytes, human P2 chondrocytes

were treated with cytochalasin D or nocodazole. Similar to

bovine chondrocytes, treatment of human chondrocytes

with cytochalasin D or nocodazole resulted in smaller,

rounder cells which refracted light (Fig. 6A). In human P2

chondrocytes, COL1 was also significantly downregulated

(P < 0.01) by cytochalasin D (Fig. 6B). No other genes tested

were significantly downregulated by cytochalasin D in

human P2 chondrocytes. P2 human chondrocyte gene

expression was unaltered by nocodazole treatment.

Effect of cytoskeletal depolymerization on type I

collagen protein levels

Modulation of actin polymerization in P2 chondrocytes in

monolayer culture correlated with COL1 gene expression.

To confirm that cytochalasin D resulted in changes in

COL1 protein levels, COL1 levels were examined by Wes-

tern blot analysis. Cytochalasin D caused significant reduc-

tions in COL1A1 (5.5-fold; P < 0.01) and COL1A2 (2.9-fold;

P < 0.05) protein levels in bovine P2 chondrocytes (Fig. 7).

Fig. 6 Effect of cytochalasin D or nocodazole

on human P2 chondrocytes in 2D monolayer

culture. (A) Phase contrast images. Scale

bar: 100 um. (B) Real-time relative PCR

evaluation of gene expression normalized to

18S rRNA and expressed as percent

compared with control cells (DMSO exposed).

^P < 0.00, vs. control chondrocytes.

Fig. 5 (A) P0 and P2 chondrocytes were

evaluated by real-time relative PCR for actin

depolymerization molecule cofilin (CFL). Bars

show the mean � SEM of three to six

independent experiments. *P < 0.05 vs. P0

chondrocytes. Bovine P2 chondrocytes were

nucleofected with either non-targeting (si-

CON) or cfl (si-CFL) siRNA. (B) Bar graph and

representative Western blot of G- and F actin

fractions 2 days following nucleofection. (C)

COL1 gene expression in nucleofected P2

chondrocytes. *P < 0.05 vs. si-con

chondrocytes.
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Although COL1 gene expression was also repressed in

bovine P2 chondrocytes (Fig. 3H) by nocodazole, there

were no significant differences in either the COL1A1 or

COL1A2 protein.

3D culture of P2 chondrocytes modulates actin

polymerization, which correlates with decreased

COL1 expression

It has been shown previously that 3D culture supports

passaged chondrocyte redifferentiation of both bovine

and human passaged chondrocytes (Caron et al. 2012;

Ahmed et al. 2014). To examine the effect of 3D culture

on cells, bovine P2 chondrocytes were cultured at high

density on a porous ceramic substrate (Fig. 8A). The cells

had greater G-/F-actin than chondrocytes in 2D culture

(Fig. 8B). Culture of P2 cells in 3D resulted in repressed

expression of CCND1, KI67, and COL1. ACAN and COL2

expression were not significantly different in 3D than in

2D culture at these early time points. We next investi-

gated whether treatment of P2 chondrocytes in 3D

culture with cytochalasin D would further enhance these

changes in gene expression. Cytochalasin D resulted in a

diffuse distribution of actin, confirming it could change

actin in these cells (Fig. 8D). This was associated with

increased ACAN and further decreased COL1 gene expres-

sion (Fig. 8E). COL2 was not significantly modulated by

cytochalasin D treatment of these cells. Treatment of P2

chondrocytes with phalloidin, nocodazole or paclitaxel

did not have any additional effects on ACAN, COL, or

COL1 gene expression in 3D culture (data not shown).

Discussion

This study showed that dedifferentiation is a progressive

process which appears to be complete after two passages

and that actin polymerization status may be involved in reg-

ulating this process. It was observed that actin polymeriza-

tion status changed, as there was reduced G-/F-actin in

passaged compared to unpassaged cells. A regulatory role

for actin polymerization status during dedifferentiation

was supported by the finding that increasing the G-/F-actin

ratio by cytochalasin D treatment of P2 cells in 2D culture or

by culturing P2 cells in 3D culture promoted the chondro-

cyte phenotype by decreasing COL1 expression. Addition-

ally, knockdown of CFL, to decrease G-/F-actin, led to

increased COL1 expression, further supporting the involve-

ment of actin polymerization status. Interestingly tubulin

polymerization status did not change during passaging,

suggesting that it may not be involved directly in regulating

dedifferentiation. However, pharmacological modulation

of tubulin polymerization was associated with selected

gene changes (Fig. 3), raising the possibility that it is

involved in other ways.

The present study is in keeping with previous findings

from Lefebvre et al. (1990) which demonstrated that dedif-

ferentiation is a progressive process. They also showed that

fibroblast matrix and proliferation genes were modulated

by P1, whereas COL2 was not significantly modulated until

P2. In this study, as compared with P2 chondrocytes, cells

from later passages (P3 and P4) chondrocytes were smaller,

rounder, and had further decreased levels of ACAN and

COL2. This supports previous findings that shape does not

always correlate with the differentiated chondrogenic phe-

notype (Benya et al. 1988; Watt & Dudhia, 1988; Mallein-

Gerin et al. 1991). Others have also shown that extensive

passaging results in further changes to chondrocytes,

including higher rates of senescence (Lin et al. 2007 and

apoptosis, as well as a reduced ability to redifferentiate

(Kang et al. 2007). For this study, P2 chondrocytes were uti-

lized to investigate the role of actin and tubulin polymer-

ization in gene regulation based on the findings that P2

chondrocytes were fully dedifferentiated [in terms of signif-

icantly downregulated (P < 0.05) COL2 and ACAN as well as

peaked COL1 gene expression and that P2 chondrocytes are

still capable of redifferentiation (Ahmed et al. 2014).

Fig. 7 (A) Evaluation of COL1A1 and COL1A2 protein expression den-

sitometry normalized to GAPDH and expressed as percent compared

with control (DMSO exposed). *P < 0.05; #P < 0.01, vs. control chon-

drocytes. (B) Representative Western blot of COL1A1, COL1A2,

GAPDH proteins following treatment of bovine P2 cells with cytocha-

lasin D or nocodazole.
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Tubulin polymerization status did not appear to be

involved in regulating chondrocyte phenotype, as demon-

strated by two observations: first, tubulin polymerization

status was not different between P0 and P2 chondrocytes

(Fig. 2D); secondly, tubulin modulation through nocoda-

zole or paclitaxel treatment did not specifically promote

redifferentiation (decreased COL2 with nocodazole treat-

ment and no gene differences with paclitaxel; Fig. 3H),

which was not unexpected, as there were no changes in

actin polymerization status. Although tubulin polymeriza-

tion status did not appear to be involved in promoting

the chondrocyte phenotype, there were several changes

such as a reduction in P2 cell area and increased circular-

ity, as well as decreased COL1 gene expression with noco-

dazole treatment in bovine cells (Fig. 3). This further

supports the notion that cell shape/size is not the critical

regulator of chondrogenic gene expression, in keeping

with observations by Benya et al. (1988). Interestingly,

nocodazole treatment decreased bovine COL2 gene

expression. The effect nocodazole had on both COL1 and

COL2 may be a result of nocodazole activation of nuclear

factor (NF)-kB (Rosette & Karin, 1995), a transcription fac-

tor that has been shown to regulate COL1 expression in

other cell types (Rippe et al. 1999) as well as COL2 in

chondrocytes (Fan et al. 2006).

The effects of actin depolymerization on the chondro-

genic phenotype has been characterized previously by sev-

eral groups (Benya et al. 1988; Watt & Dudhia, 1988;

Mallein-Gerin et al. 1991; Woods et al. 2005; Woods &

Beier, 2006). The work by Woods et al. predominantly dealt

Fig. 8 Effect of 3D culture on P2 cells. (A) Z-stacked confocal image demonstrating that high-density seeding of P2 chondrocytes resulted in a 3D

culture after 2 days. Red indicates F-actin; blue indicates DAPI-stained nuclei. Scale bar: 50 lm. (B) Globular and filamentous actin from bovine P2

chondrocytes cultured either in 2D monolayer or 3D for 2 h. (C) Real-time relative PCR evaluation of P2 chondrocyte gene expression when cul-

tured in 3D compared with 2D. (D) Characterization of actin in P2 cells in 3D on calcium polyphosphate substrate following exposure to cytocha-

lasin D as compared with untreated (3D on CPP) controls. Actin organization was examined by confocal microscopy. Red indicates F-actin. Scale

bar: 20 lm. (E) Real-time relative PCR evaluation of gene expression in P2 chondrocytes in 3D culture treated with cytochalasin D as percent of

untreated P2 chondrocytes in 3D culture. Gene results were normalized to 18S rRNA and are expressed as the percent of controls; either P2 chon-

drocytes in 2D (C) or untreated P2 chondrocyte in 3D (E). Control values were set to 100%. Bars show the mean � SEM of three to six indepen-

dent experiments. *P < 0.05; #P < 0.01; ^P < 0.001, vs. control chondrocytes.
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with the effect of actin on the differentiation of cartilage

anlagen cells (including growth plate) that eventually form

bone. The present study is different as we investigated the

role of actin polymerization status on dedifferentiated artic-

ular chondrocytes obtained from mature articular cartilage.

Our investigations support the work by three other groups

who showed that actin disassembly favorably affected

chondrocyte phenotype (Benya et al. 1988; Watt & Dudhia,

1988; Mallein-Gerin et al. 1991), even though we utilized

passaged chondrocytes. We also quantified actin polymer-

ization status under different conditions and utilized 3D

cultures (Fig. 8) and CFL knockdown (Fig. 5) to support the

correlation of actin polymerization status with COL1 expres-

sion levels.

Intriguingly CFL, an actin-severing molecule, is upregu-

lated in passaged chondrocytes which have an increased

proportion of F-actin (decreased G-/F-actin). The role of CFL

in passaged chondrocytes has not been clearly defined;

however, CFL-severing in other cell types results in the cre-

ation of free barbed ends on actin, making F-actin suscepti-

ble to further elongation and/or nucleation of new

filaments in conjunction with nucleating molecule actin-

related protein 2/3 (McGough et al. 1997; DesMarais et al.

2004). Thus increased CFL in P2 chondrocytes could con-

tribute to the decreased G/F-actin that was observed in

these cells. Additional studies are required to examine this

as well as the contribution of other actin-binding proteins

in primary chondrocytes which promote high G/F-actin.

In keeping with our previous study (Parreno et al. 2014),

the current findings demonstrated that increasing G-/F-actin

ratio favors the chondrocyte phenotype. This was demon-

strated by treatment of cells with cytochalasin D or by 3D

culture of cells. Although cytochalasin D and latrunculin B

(which we utilized previously; Parreno et al. 2014) both led

to actin depolymerization, they have been shown to do this

through different mechanisms. Cytochalasin binds to the

barbed ends of actin filaments (Brown & Spudich, 1981),

whereas latrunculin binds in a 1 : 1 ratio with G-actin to

prevent polymerization (Coue et al. 1987). This is intriguing,

as the differential binding sites of these drugs to actin lead

to opposite effects on myocardin-related transcription fac-

tor-a (MRTF) localization, a transcription factor we have

shown previously to regulate COL1 gene expression in P2

chondrocytes (Parreno et al. 2014). Latrunculin is an MRTF

deactivator as it decreases nuclear localization in passaged

chondrocytes. Conversely, cytochalasin D is an activator of

MRTF and increases its nuclear localization. Intriguingly,

both latrunculin and cytochalasin D treatment led to

decreased COL1 gene levels, suggesting that other actin-

regulated pathways independent of MRTF are involved in

modulating COL1 expression. In addition to regulation of

COL1, cytochalasin D decreased CCND1. CCND1 expression

is of interest as not only is it responsible for regulating pro-

liferation in chondrocytes (Beier et al. 2001), but it also

interferes with the ability of SOX9 to bind to promoter

regions of target genes (Hwang et al. 2007). ACAN has

been shown to be regulated by SOX9, thus CCND1 is a

potential way that cytochalasin D may regulate ACAN

expression levels.

Previous studies have demonstrated 3D culture to con-

tribute to redifferentiation of passaged chondrocytes

(Caron et al. 2012; Schuh et al. 2012; Ahmed et al. 2014)

and here we show that 3D culture of passaged chondro-

cytes resulted in increased G-/F-actin. While actin depoly-

merization by 3D culture had similar effects on gene

expression as cytochalasin D treatment of cells in 2D culture,

3D culture had additional effects, such as decreasing KI67

expression. This supports the finding that 3D culture sup-

presses proliferation, as demonstrated in fibroblasts (Mio

et al. 1996), and also demonstrates that the regulation of

KI67 gene expression may be independent of actin, as

cytochalasin D treatment of cells did not affect KI67 gene

expression. This signaling mechanism requires further eluci-

dation. Furthermore, the extent of actin depolymerization

by 3D culture was insufficient on its own to induce chon-

drogenic gene expression. These results are in contrast to

previous studies by us and others which have shown

increased levels of either ACAN or COL2 in 3D culture

systems (Murphy & Sambanis, 2001; Tallheden et al. 2004;

Martinez et al. 2008; Bernstein et al. 2009; Yu et al. 2010;

Ahmed et al. 2014; Rottmar et al. 2014). There are other

factors implicit in such systems such as the extent of passag-

ing/dedifferentiation in culture (Bernstein et al. 2009), sub-

strates/scaffolds used (Rottmar et al. 2014), oxygen tension

(Murphy & Sambanis, 2001; Martinez et al. 2008), and

media supplements (Yu et al. 2010; Ahmed et al. 2014)

which have been shown to affect the chondrogenic differ-

entiation state of cells and may explain the discrepant

results. However, we did find that further actin depolymer-

ization by treatment of cells in 3D culture with cytochalasin

D enhanced ACAN expression. This contradicts findings

from Woods et al. where treatment of cells in 3D with

cytochalasin D reduced ACAN levels (Woods & Beier, 2006).

These differences may be attributed to differences in the

cell type utilized, as P2 chondrocytes were used in our stud-

ies in contrast to the embryonic day 11.5 mouse limb bud

cells used by Woods & Beier.

Regulation of chondrocyte phenotype is complex and is

both dependent on and independent of actin. Although

actin polymerization status may actively regulate certain

genes (for instance COL1, CCND1, and ACAN) in bovine P2

chondrocytes, it did not regulate others (KI67, COL2). Other

mechanism(s) in addition to actin polymerization status are

required to restore chondrocyte phenotype completely.

Cortical actin has been shown to be essential for redifferen-

tiation (Park et al. 2008) and the inability of these cells to

attain a cortical distribution of actin even in 3D culture may

explain the incomplete redifferentiation. In a separate

study, we have shown that P2 chondrocytes grown in

serum-free DMEM supplemented with insulin and
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dexamethasone in 3D culture recovers COL2 expression over

time (Ahmed et al. 2014). Insulin has been shown to pro-

mote cortical actin formation and it may therefore provide

the necessary signal(s) to recover cortical actin and complete

redifferentiation. Alternatively, insulin-induced COL2

expression may be independent of actin and may be due to

SOX9 activation (Ahmed et al. 2014). Further study is

required to determine what signaling mechanisms, in addi-

tion to actin polymerization, and/or organization are

required for complete redifferentiation.

In this study we examined whether cytoskeletal perturba-

tion could also modulate gene expression in human pas-

saged chondrocytes from osteoarthritic cartilage, a cell

source utilized clinically for cartilage repair (Brittberg et al.

1994). There was a limited effect of either actin or tubulin

modulation on human chondrocyte gene expression which

contrasts the findings in bovine chondrocytes (Fig. 6). This

may be due to the intrinsic differences between species,

age and/or health of the cells. The human chondrocytes

were from older adults with osteoarthritis as compared

with the bovine chondrocytes, which were from young,

healthy calves. Donor age may explain the lack of response

in human chondrocytes, as it has been shown, for example,

that the ability to synthesize proteoglycans in response to

chondrogenic stimuli is compromised in chondrocytes from

older individuals (Martin et al. 1997). In addition, although

human chondrocytes were isolated from what appeared to

be non-damaged regions of human articular cartilage,

donors had osteoarthritis (Mankin grades ≥ 4) and it is

unclear whether the chondrocytes were affected by the dis-

ease state. The use of bovine cells could have affected the

response to cytoskeletal agents and is a potential limitation

of this study. Nevertheless, both bovine and human pas-

saged chondrocytes in this study showed decreased levels of

COL1 expression following actin depolymerization with

cytochalasin D. A similar finding has been shown following

treatment of human passaged chondrocytes with bistratene

A, which disrupts actin, also decreased COL1 expression

(Gargiulo et al. 2002).

A major issue faced in cell-based therapies for carti-

lage repair is the production of fibrocartilage by cells,

which is characterized by increased COL1 production

(Roberts et al. 2009). In this study COL1 expression was

most sensitive to changes in G-/F-actin. This is supported

by the observation that COL1 was downregulated by

actin depolymerization (cytochalasin D treatment and/or

3D culture) and upregulated by actin polymerization

through CFL knockdown. Thus understanding the molec-

ular links between the actin cytoskeleton and gene

expression may identify a methodology to more effec-

tively redifferentiate chondrocytes to allow for a useable

source of chondrocytes that produce hyaline rather than

fibrocartilage matrix after cell number expansion in

monolayer culture. This would facilitate translation of

cartilage repair methods into clinical use.
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