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Abstract

Joint injury often leads to post-traumatic osteoarthritis 
(PTOA). Acute injury responses to trauma induce 
production of pro-inflammatory cytokines and catabolic 
enzymes, which promote chondrocyte apoptosis and 
degrade cartilage to potentiate PTOA development. 
Recent studies show that the rate-limiting step for 
transcriptional activation of injury response genes is 
controlled by cyclin-dependent kinase 9 (CDK9), and thus 
it is an attractive target for limiting the injury response. 
Here, we determined the effects of CDK9 inhibition in 
suppressing the injury response in mechanically-injured 
cartilage explants. Bovine cartilage explants were injured 
by a single compressive load of 30 % strain at 100 %/s, 
and then treated with the CDK9 inhibitor Flavopiridol. 
To assess acute injury responses, we measured the 
mRNA expression of pro-inflammatory cytokines, 
catabolic enzymes, and apoptotic genes by RT-PCR, and 
chondrocyte viability and apoptosis by TUNEL staining. 
For long-term outcome, cartilage matrix degradation was 
assessed by soluble glycosaminoglycan release, and by 
determining the mechanical properties with instantaneous 
and relaxation moduli. Our data showed CDK9 inhibitor 
markedly reduced injury-induced inflammatory cytokine 
and catabolic gene expression. CDK9 inhibitor also 
attenuated chondrocyte apoptosis and reduced cartilage 
matrix degradation. Lastly, the mechanical properties of 
the injured explants were preserved by CDK9 inhibitor. 
Our results provide a temporal profile connecting the chain 
of events from mechanical impact, acute injury responses, 
to the subsequent induction of chondrocyte apoptosis and 
cartilage matrix deterioration. Thus, CDK9 is a potential 
disease-modifying agent for injury response after knee 
trauma to prevent or delay PTOA development.

Keywords: CDK9, Flavopiridol, inflammatory cytokines, 
chondrocytes, cartilage.

*Address for correspondence:
Dominik R. Haudenschild
University of California Davis, Department of Orthopaedic 
Surgery,
Lawrence J. Ellison Musculoskeletal Research Center,
Research Building 1 Suite 2000, 4635 Second Avenue,
Sacramento, CA 95817, USA

Tel: +1 916-734-5015
Fax: +1 916-734-5750

E-mail: drhaudenschild@ucdavis.edu

Introduction

Osteoarthritis (OA) is a disease characterised by progressive 
articular cartilage degradation and loss of mechanical 
properties, joint pain and dysfunction (Blumberg et al., 
2008; Guilak et al., 2004). Although most OA cases are 
idiopathic, a major risk factor is traumatic joint injury 
such as an Anterior Cruciate Ligament (ACL) or meniscus 
tear. Roughly, half of the people with these types of knee 
injury will develop post-traumatic osteoarthritis (PTOA) in 
5-20 years (Lohmander et al., 2007). Shortly after an injury, 
an acute injury and inflammatory response is triggered at 
the cellular level to prevent infection and to initiate healing. 
However, excessive inflammation can lead to adverse 
secondary effects, such as cartilage and subchondral 
bone erosion that is not detected at the time of injury, but 
becomes apparent a few days later in our mouse model 
of ACL rupture (Christiansen et al., 2012; Lockwood et 
al., 2014). Activation of the inflammatory cascade can 
disrupt joint tissue homeostasis through augmentation 
of the catabolic response, causing overexpression of 
extracellular enzymes (Lee et al., 2005), such as the various 
matrix metalloproteinases and aggrecanases that degrade 
the cartilage matrix (Imgenberg et al., 2013). In addition, 
the inflammatory response can also trigger chondrocytes 
apoptosis (D’Lima et al., 2001; Rosenzweig et al., 2012) 
that further accelerates cartilage erosion. Therefore, 
a strategy to prevent excessive inflammation-induced 
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secondary damage after knee injury may prevent or delay 
the onset of PTOA.
	 Inflammation is initiated at the cellular level, by the 
activation of the primary response genes involved in the 
inflammatory process. Recent advances demonstrate that 
the rate-limiting step in primary response gene activation 
is controlled by the general transcription factor cyclin-
dependent kinase 9 (CDK9). A unique feature of primary 
response genes is their instant activation upon stimulation 
without de novo protein synthesis. In order to achieve 
instant activation, the basal transcription of primary 
response genes is already pre-initiated by Ribonucleic 
Acid (RNA) Polymerase II (Pol II), even in the absence 
of inflammatory signals. However, only truncated mRNA 
transcripts are produced, because Pol II is paused shortly 
after the transcription start site (reviewed in (Zhou and 
Yik, 2006)). This promoter proximal pausing of Pol II at 
a basal resting state is currently recognised as a hallmark 
for all primary response genes (Fowler et al., 2011). Upon 
inflammatory signal activation, the transcription factor 
CDK9 is rapidly recruited to the transcription complex, 
where it phosphorylates Pol II to induce a conformational 
change that allows Pol II to overcome promoter pausing 
and continue to produce full-length mRNA transcripts 
(Zhou and Yik, 2006). Hence, the kinase activity of CDK9 
is the rate-limiting step, and a common requirement 
for the activation of all primary response genes. Thus, 
CDK9 represents a novel attractive target efficiently and 
effectively to inhibit the acute inflammatory response, 
regardless of the source of inflammation.
	 In a previous report, we highlighted the effectiveness of 
CDK9 inhibitors in protecting chondrocytes and cartilage 
explants from the catabolic effects of pro-inflammatory 
cytokines (Yik et al., 2014). In the presence of exogenously 
added inflammatory cytokines, we found that the small 
molecule CDK9 inhibitor Flavopiridol (Wang and Ren, 
2010) significantly suppressed the transcriptional activation 
of inflammatory response genes as well as catabolic genes, 
resulting in reduced cartilage matrix degradation (Yik et 
al., 2014). While this study demonstrates the feasibility of 
targeting CDK9 as a viable strategy for protecting cartilage 
from exogenously added pro-inflammatory cytokines, the 
experimental conditions may not accurately represent 
the physical damage and inflammatory stimulation that 
the cartilaginous tissues may experience in the event of 
an actual traumatic knee injury. Various ex vivo impact 
injury models have been used for studying the effects of 
mechanical loading on cartilage explants (Borrelli et al., 
2003; D’Lima et al., 2001; Imgenberg et al., 2013; Ko 
et al., 2013; Lee et al., 2005; Nishimuta and Levenston, 
2012; Rosenzweig et al., 2012). Mechanical over-loading 
in cartilage explants can lead to chondrocyte cell death by 
both necrosis and apoptosis, and cause an inflammatory/
catabolic response that damages the cartilage matrix 
and alters its physical properties (Hembree et al., 2007; 
Murray et al., 2004). These ex vivo impact injury models 
are invaluable tools to study the injury response in 
cartilage, since they recapitulate the physical injury and 
the subsequent biological response in the cartilage during 
traumatic knee injury.

	 In this study, we examined the therapeutic potential 
of the CDK9 inhibitor Flavopiridol in a single impact 
injury model with bovine cartilage explants. The 
ability of Flavopiridol to prevent the activation of the 
injury-induced inflammatory and catabolic responses, 
chondrocyte apoptosis, and cartilage matrix degradation 
was determined.

Materials and Methods

Cartilage explants
Bovine calf (~ 2 months old, n = 40 joints, sex unknown) 
stifle joints were obtained from a local slaughterhouse 
(Petaluma, CA) within 1 d of slaughtering. 6-8 cylindrical 
cartilage explants were harvested from each femoral 
condyle with a 6 mm biopsy punch inserted perpendicular 
to the weight bearing area of the articular surface. The 
explants were then trimmed into ~  3  mm thickness 
(with the articular surface intact and the deep layer cut 
flat) using a custom jig. The explants were washed with 
phosphate buffered saline and cultured for 24 h in high-
glucose Dulbecco’s Modified Eagle’s Medium (DMEM) 
supplemented with 10 % foetal bovine serum (Invitrogen), 
penicillin (1 × 104 units/mL) and streptomycin (1 × 104 µg/
mL) at 37 °C, 5 % CO2, and 95 % relative humidity.

Single impact ex vivo injury model
After a 24 h recovery and equilibration period, the cartilage 
explants were subjected to a single impact mechanical 
injury. The precise thickness of each individual explant was 
measured by a calliper before it was placed onto a custom-
built unconfined loading chamber, with the articular surface 
facing upward. A 20 mm diameter stainless steel platen 
was lowered onto the explant surface to a pre-load of 0.5 N 
(~ 17.7 kPa) on a hydraulic material testing instrument 
(Instron 8511.20). All explants including the uninjured 
controls were subjected to this 0.5 N pre-loading step. To 
avoid potential variation due to the positional differences 
from where the explants were harvested on the condyles, 
two adjacent explants were purposefully matched as a 
control and injured pair for later comparison. After pre-
loading, the Instron was programmed to deliver a single 
compression of 30  % strain at 100  %/s, followed by 
immediate release. After the single impact loading, the 
explant was sliced in half and weighed. One half of the 
explant was placed in 3 mL medium and the other half 
placed in medium containing 300 nM Flavopiridol (Sigma) 
and cultured for various times (see Fig. 1A). The medium 
was changed every other day, with fresh Flavopiridol 
added. The explants and the culturing medium were then 
subjected to further processing and analysis as described 
below.

Quantitative real-time PCR
At 2, 6 and 24 h post-injury, the explants were frozen in 
liquid nitrogen and pulverised with a pestle and mortar 
while frozen. Total RNA was isolated with the miRNeasy 
Mini Kit (Qiagen) according to the manufacturer’s 
instruction, with the exception that the RNA was extracted 
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twice with the Qiazol reagents to adequately remove the 
cartilage matrix constituents. The quantity and quality 
of the total RNA were determined by a Nanodrop-2000 
spectrophometer. 2.5 µg of total RNA from each sample 
was used for reverse transcription with the SuperScript 
First-Strand RT kit (Invitrogen). Individual mRNA 
expression was determined with quantitative real-time 
PCR performed in triplicates in a 7900HT system (Applied 
Biosystems). Results were normalised to the 18s rRNA 
(catalogue no. 4319413E, Applied Biosystems) and 
calculated as fold-change in mRNA expression relative 
to control, using the 2−ΔΔCT method. Probes used for 
individual bovine genes were custom made by Integrated 
DNA Technologies.

Chondrocyte viability
The live and dead cells in the explants 5 d after mechanical 
injury were stained using a Live/Dead Viability/
Cytotoxicity kit (catalogue no. L3224, Invitrogen), 
according to the manufacturer’s protocol. The percentages 
of live and dead cells were determined by counting the cell 
numbers in 3 random fields of the cross-sectional images 
of the explants (n = 6 for each sample group) captured 
using a Nikon TE2000 inverted fluorescence microscope 
and a 20 × objective.

Staining for apoptotic cells
After 1, 3 and 5 d after injury, the explants were fixed 
with 4 % paraformaldehyde for 24 h and transferred to 
75  % ethanol, followed by sectioning for histological 

Fig. 1: CDK9 inhibition prevents injury-induced upregulation of pro-inflammatory cytokine and catabolic genes. A) 
Schematic representation of the cartilage explant injury and drug treatment, and the subsequent tests. B-F) Suppression 
of pro-inflammatory cytokine and catabolic enzyme genes by Flavopiridol in cartilage explants (C = control uninjured, 
I = injured) within 24 h post-injury, G-H) Flavopiridol does not affect the expression of the anabolic genes aggrecan 
and collagen 2A. All values were the mean ± standard deviation obtained from n = 6 individual donors (* p < 0.05).
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analysis. In situ detection of apoptosis was performed 
on 5  µm-thick whole explant cross-section using the 
DeadEnd Fluorometric TUNEL system kit (Promega). 
This kit measures the fragmented DNA of apoptotic cells 
by catalytically incorporating fluorescein-12-dUTP at 
3’-OH DNA ends using the Terminal Deoxynucleotidyl 
Transferase recombinant enzyme (rTdT). Nuclei were 
counter-stained with DAPI. The sections were mounted and 
examined under a fluorescence microscope. The percentage 
of apoptotic cells (n = 3 different donors) was determined 
by counting the number of TUNEL positive cells (green) 
and calculated as a percentage of the total cells (DAPI). 
Sections incubated with DNase I were used as positive 
control while those incubated with buffer only were used 
as negative control.

GAG release
At 5 d post-injury, the culturing medium was collected 
and the amount of glycosylaminoglycan (GAG) was 
determined by the dimethyl-methylene blue (DMMB) 
colorimetric assay with chondroitin sulphate as the 
standard. Total GAG released into the medium was 
calculated and normalised to the wet weight of the explant 
(determined at the day of injury).

Cartilage mechanical properties
To test if CDK9 inhibition preserves the mechanical 
properties of cartilage explants after injury, injured and 
control explants were cultured for 4 weeks in media with 
or without Flavopiridol. Cartilage sample compressive 
properties were assessed by stress-relaxation testing 
in unconfined compression using a mechanical testing 
system (Instron 5565, Norwood, MA). Prior to testing, 
a 3 mm diameter, 2 mm thick compression sample was 
prepared using a dermal biopsy punch, then placed in 
phosphate buffered saline and centred beneath a 16 mm 
stainless steel platen. The platen was slowly lowered 
until a preload of 0.2 N was observed, indicating contact 
between the platen and the cartilage sample. The sample 
was then preconditioned by fifteen cycles of 5 % strain. 
All strains, including the preconditioning, were applied at 
a strain rate of 10 % per second. Immediately following 
preconditioning, the sample was subject to 10  % 
compressive strain; the 10 % strain was held constant and 
the load recorded for 380 s. At the end of the 10 % strain 
application, the compressive strain was increased to 20 % 
and held constant while the load was recorded for an 
additional 530 s. The compressive properties: instantaneous 
modulus, relaxation modulus, and coefficient of viscosity, 
were calculated from the individual stress-relaxation 
curves using data analysis software (MATLAB R2013a, 
Natick, MA), according to a standard linear solid model 
of viscoelasticity as previously described (Allen and 
Athanasiou, 2006). This mechanical test and model were 
chosen for their simplicity and accuracy in approximating 
the viscoelastic behaviour of cartilage. The compressive 
properties of freshly isolated (day 0) bovine cartilage 
explants from 6 donors were determined as baseline values 
for comparison to 4 week post-injury samples.

Statistical analysis
Values of all measurements were expressed as the mean 
±  standard deviation. Changes in gene expression were 
analysed by one-way Analysis of Variance (ANOVA) with 
SPSS 16.0 software. The fold-change in mRNA was used as 
variables to compare samples between different treatment 
groups. The least significant difference post-hoc analysis 
was conducted with a significance level of p < 0.05.
	 Changes in compressive properties were analysed by 
one-way ANOVA with Tukey’s post hoc test using JMP 
Pro software (version 11.2.0) with a significance level of 
p < 0.05.

Results

CDK9 inhibition suppresses injury-induced pro-
inflammatory and catabolic genes
CDK9 controls the rate-limiting step of inflammatory gene 
activation (Hargreaves et al., 2009; Zippo et al., 2009) and 
we have previously shown that in vitro CDK9 inhibition 
protects chondrocytes and cartilage from the catabolic 
effects of exogenously added pro-inflammatory cytokines 
(Yik et al., 2014). However, the effects of CDK9 inhibition 
on cartilage that receives a direct impact injury, similar to 
what may happen in a knee injury have not been examined. 
We hypothesise that CDK9 inhibition in mechanically 
injured cartilage will prevent an inflammatory response, 
which in turn will reduce the subsequent deleterious effects 
on chondrocytes and the cartilage matrix. To test our 
hypothesis, bovine cartilage explants were mechanically 
injured by subjecting them to an impact loading at a 30 % 
strain rate (Fig. 1A). This magnitude of loading induces 
chondrocyte apoptosis and cartilage matrix degradation 
(Borrelli et al., 2003; D’Lima et al., 2001; Hembree et 
al., 2007; Loening et al., 2000; Morel and Quinn, 2004; 
Rosenzweig et al., 2012; Waters et al., 2014). The injured 
explants were cultured in the presence or absence of 
the CDK9 inhibitor Flavopiridol, for various times. The 
mRNA expression of inflammatory cytokines and catabolic 
genes induced in the injured explants were determined 
and compared to uninjured controls. The addition of 
Flavopiridol reduced the induction of cytokine mRNA 
by injury (Fig. 1B&C, grey bars). This effect was most 
pronounced in the expression of IL-6 mRNA, which was 
significantly induced by injury at all time points tested 
(Fig. 1B, open bars), and the IL-6 induction was markedly 
suppressed by Flavopiridol (Fig. 1B, grey bars). Similar 
trends were observed for IL-1β (Fig. 1C), although this 
did not reach statistical significance. These data indicate 
that, as expected, CDK9 inhibition in cartilage explants 
suppresses inflammatory cytokine induction in response 
to mechanical injury.
	 We next examined the injured-induced changes 
in mRNA expression of the catabolic genes MMP-1 
and MMP-13, and ADAMTS4, which are induced by 
inflammatory cytokines and degrade the cartilage matrix. 
The results showed that injury induced MMP-1 and 
ADAMTS4 expression significantly at all time points 
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and MMP-13 at the 2 h time-point (Fig. 1D-F, open bars). 
Inhibition of CDK9 effectively prevented the induction of 
these genes in the injured samples at all time points tested 
(Fig. 1D-F, grey bars). In contrast, the mRNA expression 
of the anabolic genes Aggrecan and Col2a1 were not 
affected by injury, whether or not Flavopiridol is present 
(Fig. 1G-H). Taken together, these results indicate that 
CDK9 inhibition suppressed injury-induced catabolic 
mediators of cartilage matrix degradation, while the basal 

levels of anabolic genes are not affected by injury or CDK9 
inhibition at the time points tested.

CDK9 inhibition reduces injury-induced chondrocyte 
apoptosis
Besides inducing an inflammatory response, mechanical 
injury also causes chondrocyte apoptosis in cartilage 
explants (Borrelli et al., 2003; D’Lima et al., 2001; 
Hembree et al., 2007; Rosenzweig et al., 2012). We 

Fig. 3: CDK9 inhibition rescues chondrocyte from injury-induced apoptosis. A) Flavopiridol treatment prevents 
chondrocyte apoptosis. At the indicated times, cartilage explants were processed for histological examination 
and TUNEL staining. Injury increased apoptosis in cartilage explants but Flavopiridol reduced the apoptotic cell 
population. Results were the mean ± standard deviation obtained from n = 3 individual donors (* p < 0.05). B) 
Flavopiridol enhances chondrocyte survival. At 5-days post-injury, cartilage explants were stained with LIVE/
DEAD viability stain. Injury decreased cell viability but the cells were rescued by Flavopiridol. Results were the 
mean ± standard deviation obtained from n = 6 individual donors (* p < 0.05).

Fig. 2: CDK9 inhibition reduces mRNA expression of apoptotic mediators. Flavopiridol suppresses mRNA expression 
of the pro-apoptotic genes p53, Bcl-2, and PTEN. All values were the mean ± standard deviation obtained from n = 6 
individual donors (* p < 0.05).
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therefore investigated the effects of CDK9 inhibition on 
apoptosis, using our explant injury model. The mRNA 
expression of three selected genes (P53, Bcl-2 and PTEN) 
that are central to the apoptotic process were examined 
in the cartilage explants 24  h post-injury. P53 initiates 
apoptosis when DNA damage is irreparable (Amaral et 
al., 2010). Bcl-2 is the founding member of anti-apoptotic 
factors (Czabotar et al., 2014) and PTEN is a crucial 
regulator of apoptosis (Zheng et al., 2010). Although 
mechanical injury itself did not significantly change the 
mRNA expression of P53, Bcl-2, and PTEN (Fig. 2, open 
bars), Flavopiridol significantly decreased the expression 
of these apoptotic mediators in both the injured and 
uninjured groups (Fig. 2, grey bars).
	 The reduced basal level of apoptotic mediators has 
prompted us to determine directly the number of apoptotic 
chondrocytes in the injured cartilage explants. Cartilage 
explants from three different donors collected at 1-, 3-, and 
5-day post-injury were examined by TUNEL stain and the 

percentage of apoptotic cells relative to the total number 
of nuclei in each sample was determined. The results 
showed that injury increased the percentage of apoptotic 
chondrocytes to ~ 20 % at 1 d post-injury, and to ~ 60 % 
3 d after injury (Fig. 3A). In contrast, CDK9 inhibition 
significantly reduced the percentage of apoptotic cells in 
the injured explants in all time points tested (Fig. 3A). 
These results were further corroborated by the data on 
live/dead staining of cartilage explants collected 5 d post-
injury (Fig. 3B). The live/dead stain showed that injury 
significantly reduced the number of live chondrocytes 
from ~ 80 % to ~ 55 % (Fig. 3B, open bars). Flavopiridol 
treatment enhanced cell survival in the injured explants 
and did not significantly affect cell survival in uninjured 
explants (Fig. 3B, grey bars). Taken together, the above 
results indicate that CDK9 inhibition decreases injury-
induced apoptosis in cartilage explants and enhance 
chondrocyte survival after impact injury.

Fig. 4: Protection of cartilage from injury-
induced matrix degradation. Mechanically injured 
cartilage explants were treated for 5  d with 
Flavopiridol. The amount of GAG released into 
the medium was measured by dimethylmethylene 
blue dye binding assay. Results were normalised 
to the wet weight of the explants. Injury caused 
cartilage degradation, as indicated by increased 
GAG release. In the presence of 300  nM 
Flavopiridol, levels of GAG release returned 
to baseline. Results were the mean ±  standard 
deviation obtained from n = 6 individual donors 
(* p < 0.05).

Fig. 5: CDK9 inhibition preserves the mechanical properties of injured cartilage. Cartilage explants were cultured 
for 4 weeks post-injury. The cartilage compressive properties were assessed by stress-relaxation testing in unconfined 
compression. The 10 % relaxation and instantaneous moduli, and coefficient of viscosity are shown. Flavopiridol 
treatment enhanced the compressive properties of both the injured and uninjured explants. Results were the mean 
± standard deviation obtained from n = 6 individual donors. Within each chart, means that do not share a letter are 
significantly different from each other (p < 0.05).
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CDK9 inhibition prevents injury-induced cartilage 
matrix degradation
Since injury-induced catabolic response leads to 
upregulation of matrix degrading enzymes, we next 
investigated if CDK9 inhibition could prevent cartilage 
matrix degradation after injury. The cartilage explants were 
continuously cultured for 5 d in the presence or absence 
of 300 nM Flavopiridol after injury, the culturing media 
was collected and the GAG content released into the media 
was determined as a measure of matrix degradation. GAG 
release was significantly increased upon injury (Fig. 4, 
open bars); however, in samples treated with Flavopiridol, 
GAG release by injured cartilage was not increased above 
the uninjured control baseline. This result indicates that 
the CDK9 inhibition attenuates mechanical injury-induced 
cartilage matrix degradation and proteoglycan release.

CDK9 inhibition preserves the mechanical properties 
of cartilage explants after injury
The compressive properties of freshly isolated cartilage 
were determined from 6 individual donors and their 
mean values were indicated by the dotted lines in Fig. 
5. The compressive properties of the cartilage explants 
following four weeks of culture demonstrate increased 
10 % relaxation modulus, 10 % instantaneous modulus, 
and 10 % coefficient of viscosity in samples treated with 
Flavopiridol, when compared to injured, untreated samples 
(Fig. 5). Similar results were observed for the moduli and 
coefficients of viscosity calculated from the 20 % strain 
stress-relaxation curves (not shown). The positive effect 
of Flavopiridol on compressive properties was observed in 
both injured and uninjured cartilage samples; no significant 
difference was observed for any compressive property 
between injured and uninjured cartilage samples when 
treated with Flavopiridol. Although injured, untreated 
cartilage samples exhibited the lowest compressive 
properties among all groups, there was no significant 
difference between injured and uninjured cartilage samples 
in the absence of Flavopiridol. Interestingly, cartilage 
samples treated with Flavopiridol exhibited greater 
relaxation moduli than untreated, uninjured controls. 
Furthermore, injured cartilage samples treated with 
Flavopiridol also have greater instantaneous moduli and 
coefficients of viscosity than untreated, uninjured controls. 
These results indicate that Flavopiridol has a beneficial 
effect on the compressive properties of cartilage samples 
cultured in vitro.

Discussion

This study examined the effects of CDK9 inhibition on 
the biological and mechanical properties of cartilage 
explants after injury by compressive loading. This injury 
model caused a significant induction of pro-inflammatory 
cytokines and catabolic enzymes (Fig. 1) within the 
first 24  h. Although apoptotic genes were unchanged 
within this period (Fig. 2), apoptotic chondrocytes could 
be detected in the explants at 1  d following injury and 
peaked after 5 d (Fig. 3). Injury also accelerated cartilage 
matrix degradation, as measured by GAG release (Fig. 4). 

However, CDK9 inhibition by Flavopiridol suppressed all 
those changes and preserved the mechanical properties 
similar to those of native cartilage (Fig. 5), thus effectively 
protecting the chondrocytes and the cartilage from the 
harmful effects of physical injury and the inflammatory 
response that follows.
	 A high incidence of OA is associated with traumatic 
knee injury and hence the term post-traumatic OA (PTOA). 
Although the pathology of the development of PTOA from 
injury remains unclear, several lines of evidence point to the 
involvement of the inflammatory response in this process. 
Elevated levels of the inflammatory cytokines IL-1β and 
IL-6 are detected in the human joints within 24 h after an 
ACL injury (Irie et al., 2003). (Ko et al., 2013) demonstrate 
that inflammation and the accompanying dysregulated 
cytokines activities likely contribute to the disruption of the 
balance between anabolism and catabolism in OA (Goldring 
and Berenbaum, 2004). In vitro and in vivo studies have 
implicated pro-inflammatory cytokines, particularly IL-1β, 
in the destruction of articular cartilage in OA (Goldring and 
Berenbaum, 2004; Kobayashi et al., 2005). In cartilage, 
chondrocytes are the main target of pro-inflammatory 
cytokines, which dysregulate the expression of catabolic 
and anabolic genes. Cytokine-stimulated chondrocytes 
produce a variety of matrix-degrading enzymes, like MMP-
1, -3, -13 and the aggrecanase ADAMTS-4, -5 (Lee et al., 
2005; Nishimuta and Levenston, 2012). All these data 
implicate the involvement of the inflammatory response 
in cartilage matrix degradation. Our results in this study 
strongly indicate that CDK9 inhibition prevents induction 
of inflammatory and catabolic response genes and thus is 
a novel target for preventing injury-induced damage.
	 The influences of mechanical injury on chondrocyte 
anabolic gene expression are still controversial. It has been 
reported that Il-1β suppresses the expression of Col2a1 
in chondrocytes in vitro (Okazaki et al., 2002). However, 
other OA studies show that in osteoarthritic cartilage, there 
is enhanced aggrecan and Col2a1 gene expression and 
biosynthesis, when compared to normal cartilage (Bau et 
al., 2002; Hermansson et al., 2004). Our results showed 
no significant change of anabolic gene expression in 
injured cartilage in the first 24 hours. This is supported by 
large-scale expression profiling studies use full-thickness 
cartilage, which demonstrated that many anabolic genes, 
including Col2a1, are only enhanced in late-stage OA 
(Aigner et al., 2006; Ijiri et al., 2008). More importantly, 
our result demonstrates that Flavopiridol has no adverse 
side effects on anabolic gene expression in the first 24 h 
after mechanical injury.
	 Mechanical injury to cartilage leads to chondrocyte 
apoptosis. D’Lima et al. (2001) applied a 30  % strain 
to injure cartilage explants and found 34  % apoptotic 
chondrocytes in 96 h, compared to only 4 % apoptosis 
in the control group. Similarly, our explant injury model 
also leads to chondrocyte apoptosis; we detected ~ 20 % 
apoptotic chondrocytes in 24  h and more than 60  % 
apoptotic cells after 72  h (Fig. 3A). Given that injury 
to cartilage and chondrocyte apoptosis lead to cartilage 
degradation, the development of drugs designed to block 
this could be beneficial in preventing PTOA development 
(Borrelli et al., 2003; D’Lima et al., 2001). For example, 
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when mechanically injured cartilage explants were treated 
with caspase inhibitors, a 50  % reduction of apoptosis 
was seen (D’Lima et al., 2001). However, few studies 
have focused on the correlation between the acute injury 
response within hours, such as induction of inflammatory 
cytokine and catabolic genes, and the subsequent apoptosis 
that followed, usually at several days post-injury. Pro-
inflammatory cytokines like IL-1β and IL-6 have the 
capacity to activate a diverse array of intracellular 
signalling pathways, such as c-Jun N-terminal Kinase 
(JNK), p38 Mitogen-activated Protein Kinase (MAPK) 
and NF-kB (Goldring et al., 2011), and further induce 
the expression of various pro-apoptotic genes like p53 
(Amaral et al., 2010), BCL-2 (Czabotar et al., 2014) and 
PTEN (Zheng et al., 2010). In chondrocytes, JNK and 
p38 signalling pathways are thought to be pro-apoptotic 
in an injury response (Rosenzweig et al., 2012). Results 
from this study provide a temporal profile connecting the 
chain of events that happen after mechanical injury to 
cartilage, from the induction of inflammatory cytokines and 
catabolic genes, to the subsequent induction of chondrocyte 
apoptosis. Importantly, Flavopiridol treatment effectively 
blocks the initial phase of the injury response, and thus 
prevents subsequent damage to the cartilage.
	 In contrast to the anti-apoptotic property in this study, 
Flavopiridol has been reported to induce apoptosis in 
many cancer cells. Notably, Flavopiridol was originally 
known for its anti-proliferation properties by suppressing 
cell-cycle progression in rapidly dividing cells (e.g. 
cancers) (Wang and Ren, 2010). This is due to the off-
target suppressive effect of Flavopiridol on other CDKs 
that directly regulate the cell cycle. We believe that mature 
chondrocytes, which do not normally divide (Kobayashi 
et al., 2005), are therefore less sensitive to the anti-
proliferative effect of Flavopiridol.
	 Flavopiridol has a beneficial effect on the compressive, 
viscoelastic properties of injured cartilage explants after 
four weeks of culture. Specifically, both injured and 
uninjured cartilage samples treated with Flavopiridol have 
increased stiffness upon initial compression (instantaneous 
modulus) and upon reaching equilibrium during prolonged 
static compression (relaxation modulus) compared to 
injured-untreated samples. The increased instantaneous and 
relaxation moduli are likely associated with preservation of 
glycosaminoglycans (GAG) in the cartilage extracellular 
matrix (ECM) and of the elastic stiffness of the ECM, 
respectively. Furthermore, injured samples treated with 
Flavopiridol exhibit a slower rate of relaxation toward 
equilibrium following compression compared to injured-
untreated samples as evidenced by a greater coefficient of 
viscosity in the treated samples. An increased coefficient 
of viscosity is likely associated with retention of GAG in 
the ECM, which resists movement of water out of cartilage 
during compression. Overall, treatment with Flavopiridol 
helps maintain the viscoelastic, compressive properties 
of cultured cartilage samples close to values observed for 
uncultured native cartilage samples (Fig. 5). Flavopiridol 
may preserve cartilage mechanical properties in vivo 
following injury as well as in vitro during culture.
	 The lack of difference in the mechanical properties 
between injured cartilage explants and uninjured control 

explants was an unexpected finding of this study. Although 
the injured explants cultured without Flavopiridol had the 
lowest instantaneous modulus and coefficient of viscosity 
among all treatment groups, the difference between injured 
and uninjured samples was not statistically significant 
(p > 0.05). Cartilage degradation and loss of GAG, known 
to occur during prolonged culture of immature cartilage 
(Bian et al., 2010), may have caused the loss of cartilage 
compressive properties observed in the untreated-uninjured 
cartilage explants. We suspect that testing samples after 
shorter culture duration may demonstrate a greater 
difference between the injured and uninjured cartilage.
	 In summary, out data demonstrated, for the first time, 
the effectiveness of CDK9 inhibition in the suppression of 
pro-inflammatory cytokine induced by mechanical injury 
and prevention of chondrocyte apoptosis in cartilage 
explants. In addition, our data strongly indicate that 
Flavopiridol is an effective agent to prevent cartilage matrix 
degradation and to preserve its mechanical properties after 
injury. Thus, CDK9 inhibition by Flavopiridol may provide 
a new strategy to prevent or delay PTOA after knee joint 
trauma.

Conclusion

Our data indicate that CDK9 inhibition by Flavopiridol 
prevents inflammation-induced apoptosis and protects 
cartilage from the deleterious effects of mechanical 
injuries. The immediate mechanical damage during an 
injury event can weaken cartilage and predispose the joint 
to future OA. Here, we show that CDK9-dependent cell-
mediated secondary events initiated by the mechanical 
impact also contribute to OA-like degradative changes. 
This, perhaps, suggests that joint injuries should be treated 
during the acute injury response phase to suppress the 
secondary cell-mediated damage and alter the trajectory of 
OA progression. Our results suggest that CDK9 is a viable 
target to suppress the injury response effectively.
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Discussion with Reviewers

Farshid Guilak: Have the authors considered the effect of 
using immature cartilage in these experiments and whether 
there would be more of a difference if less hydrated mature 
cartilage was used instead?
Authors: That’s really a good suggestion. In this present 
study, we used well hydrated healthy young cartilage. 
These samples are readily available and have a consistent 
baseline values for the assays we used. Our intent is to 
model a young athletic patient that suffers a joint injury. In 
a future study, it will be interesting to look at the effect of 
Cdk9 inhibition on injured cartilage that is less hydrated, 
aged, and/or diseased.

Editor’s Note: Scientific Editor in charge of the paper: 
Mauro Alini.


