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Analysis of Post Transcriptional Regulation
of SOX9 mRNA During In Vitro Chondrogenesis

Simon R. Tew, Ph.D., and Peter D. Clegg, Ph.D.

Marker genes are used to monitor chondrogenic differentiation, but little is known about the turnover of their
mRNA during this process. We set out to measure the half life of mRNA encoding the transcription factor SOX9,
an important marker of chondrocytic phenotype. We dedifferentiated human articular chondrocytes in mono-
layer culture before placing them in chondrogenic three-dimensional pellet cultures. At the same time, we
induced chondrocytic differentiation of human bone marrow—derived mesenchymal stem cells under the same
three-dimensional conditions. Pellets were cultured in standard chondrogenic media with and without BMP7.
We found that SOX9 mRNA half life exhibited an inverse correlation with total SOX9 mRNA levels in both
dedifferentiating human articular chondrocytes and chondrogenic pellet cultures. There was no evidence for a
specific effect of BMP7 on SOX9 mRNA decay. Our findings provide an insight into a level of gene control
rarely explored in regenerative medicine, which could be important in the optimization of in vitro cartilage

production.

Introduction

ARTICULAR CARTILAGE is an attractive target for tissue
engineering approaches due to its lack of vasculariza-
tion and single-resident cell type, the chondrocyte.! An un-
derlying requirement for cartilage tissue engineering is the
generation of suitable numbers of chondrocytes expressing
abundant cartilage-specific extracellular matrix (ECM) mol-
ecules. Many studies have been able to demonstrate cartilage
matrix synthesis from different cell sources, achieved on a
number of scaffold materials as well as within gels and in
pellet culture systems.>® Examples range from juvenile
chondrocytes that have been freshly isolated from tissue,*
osteoarthritic chondrocytes which have had a period of
monolayer culture to expand their numbers,® and chon-
drocytes derived from in vitro differentiation of adult stem
cells.® The presence of transforming growth factor p (TGEp)
stimulation appears to be necessary for efficient cartilage
ECM formation in these systems’ ’, and further benefits can
be achieved by stimulating the cells mechanically and by
changing physiochemical properties of the cultures.'®"2
There is also evidence that application of other members of
the TGFp superfamily, such as bone morphogenetic proteins
(BMPs)-2, 4 or 7, can enhance the formation of cartilage ECM
by chondrocytes in vitro.'"> > BMP7, in particular, has been
demonstrated to improve the performance of TGFp-based
chondrogenic media in chondrocytes and stem cells-derived
adipose tissue.'®

The success of the constructs generated by these methods is
often determined by examining the phenotype of the cells
contained within the newly generated tissue and the tissue
composition. Two of the most commonly used molecular
markers for assessing chondrocyte phenotype are the
COL2A1 gene, which encodes the cartilage specific collagen
type II, and the transcription factor SOX9. The latter is known
to act on cis-elements within genes encoding cartilage matrix
proteins, such as COL2A1, and promote their transcription.17
Chimeric mice studies have underlined the important role
SOX9 has in promoting the expression of cartilage matrix
genes by showing that SOX9 null cells are unable to differ-
entiate into chondrocytes.'® Various gene therapy approaches
employing viral methods to over-express SOX9 have led to
significant improvements in the production of cartilaginous
matrix by articular chondrocytes, bone marrow—derived stem
cells and nucleus pulposus cells.®'*°

The steady-state levels of mRNA molecules are deter-
mined not only by their rate of transcription but also by their
rate of decay.”! Control of mRNA decay is complex, in-
volving binding of microRNAs and RNA binding proteins to
regions within the 3" untranslated region.22 Due to this, the
rate of decay of individual mRNAs varies widely from
transcript to transcript and can be regulated in response to
external cues, for instance, stress stimuli.?® Clearly, when
investigating chondrocyte phenotype, measuring mRNA lev-
els for marker genes only provides information on the steady-
state level of mRNA but does not provide information
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on how this steady state arrived. We have previously dem-
onstrated that SOX9 mRNA exhibits a moderately short half
life in human articular chondrocytes (HACs) which can be
extended if the cells are exposed to environmental stresses
such as cycloheximide treatment or hyperosmolarity.*#*
However, no studies have examined how its post-tran-
scriptional gene regulation might vary at different stages of
chondrocytic differentiation. To address this, we measured
the half life of SOX9 mRNA in freshly isolated and de-
differentiated chondrocytes in monolayer culture and com-
pared them with those found in chondrogenic pellet cultures
formed from passaged chondrocytes or bone marrow—
derived stem cells.

Materials and Methods

Isolation and growth of HACs and bone
marrow—derived stem cells

Human articular cartilage was obtained from patients
undergoing total knee arthroplasty due to osteoarthritis.
Tissue was obtained with informed consent after approval
from the Cheshire Research Ethics Committee. Cartilage was
dissected from areas that appeared macroscopically intact
and digested overnight in Dulbecco’s modified Eagles me-
dium containing 10% fetal bovine serum, Gentamicin, Fun-
gazone, and 0.08% Collagenase type II (all from Invitrogen).
HACs were plated on standard tissue culture plastic at high
density (100,000 cells/ cm2), were analyzed 24h later for
passage 0 (P0) samples, or were plated at 50,000 cells/cm?
and grown for 1 or 2 passages. Human bone marrow
mononuclear cells were obtained commercially (Stem Cell
Technologies), and an entire vial containing 25 x 10° cells was
thawed and cultured overnight in a 175 cm? flask containing
medium from the mesenchymal stem cell bullet kit (Lonza).
The next day, the media and nonadherent cells were re-
moved, and the flask was washed thrice with Hanks buff-
ered saline solution (Invitrogen). The remaining adherent
bone marrow—derived mesenchymal stem cells (BMSC) were
subsequently cultured in mesenchymal stem cell bullet kit
media supplemented with 5ng/mL fibroblast growth factor
2 (R&D Systems) for up to three passages using a 1:3 split
ratio. All HAC and BMSC cultures were incubated at 37°C in
5% CO, and atmospheric O,.

Three-dimensional pellet cultures

Pellet cultures of HAC or BMSC were formed by centri-
fuging 5x10° cells at 150¢ for 5min in a 15mL polypro-
pylene tube and culturing the cell aggregate in serum-free
Dulbecco’s modified Eagles medium supplemented with
ITS1+, 50 ug/mL ascorbate 2-phosphate, 10nM dexameth-
asone (all three from Sigma), and 10ng/mL TGFf-1 (ob-
tained from Peprotech) for up to 14 days with media changes
every 2-3 days. In some cultures, the media was further
supplemented with 100ng/mL BMP7(obtained from Pepro-
tech). The wet weight of pellets was determined at the end of
the culture period. All pellet cultures were incubated at 37°C
in 5% CO; and atmospheric Os.

Histological analysis

Pellet cultures were fixed in phosphate-buffered saline
containing 4% formaldehyde, processed into paraffin wax
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blocks, sectioned, and mounted on glass slides. Sections were
stained with safranin-O and examined using a Nikon Eclipse
80i microscope.

Real-time polymerase chain reaction analysis

Total RNA was isolated from monolayer and pellet cul-
tures using Tri Reagent (Ambion). Pellet cultures were
ground up in the Tri Reagent in a 1.5mL centrifuge tube
using a plastic pestle. cDNA was generated by reverse
transcription using MMLYV reverse transcriptase primed with
random hexamers (Promega). Real-time polymerase chain
reaction (PCR) was performed on an Applied Biosystems
7300 instrument using SYBR Green or Tagman PCR Mas-
termix (Applied Biosystems) and previously described
primers and Tagman probes specific to either SOX9 (Tag-
man), the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH-Taqman/SYBR), COL2A1 (SYBR),
or COLXA1 (SYBR).?>*® PCR efficiencies were determined
by examining change in cycle threshold (ACt) value over six
serial twofold dilutions. When ACt and logy(dilution)
were plotted, GAPDH, COL2A1, and COLXA1l primer
sets demonstrated a linear relationship with a slope close to 1
as has been previously described.”® The SOX9 PCR reac-
tion is of our own design, and its efficiency was comparable
to the other reactions (slope=0.944). Due to the similar re-
action efficiencies, expression levels were able to be deter-
mined using the 2"t method, normalized to GAPDH. Melt
curve analysis was performed for all of the SYBR green
measurements, and only one product was observed in each
instance. All primers and probes were synthesized by
Eurogentec.

mRNA decay analysis

To measure mRNA decay, 1 uM Actinomycin D, an RNA
polymerase inhibitor that prevents transcription, was added
to the culture media; and RNA samples were obtained at a
number of time points for up to 5h. SOX9 mRNA copy
number was determined throughout the decay series using
reverse transcription and real-time PCR; and then half life
was determined by regression analysis as previously de-
scribed.**

Statistical tests

When measuring total RNA levels in pellet cultures, pel-
let measurements were made from two pellets from each
donor with the mean expression used. Expression was
measured in three donors for each cell type. Half-life mea-
surements were generated for each cell type and donor
from decay curves generated using 7-10 pellets per donor.
HAC and BMSC monolayer expression and half-life analysis
were carried out using cells from three donors. Analysis of
changes in total mRNA levels and half-life levels was de-
termined by one-way analysis of variance with Dunnett’s
post-hoc test or by unpaired student’s t-tests using SPSS
software. 2~ <" values representing total mRNA levels were
logarithmically transformed to base 10 before analysis to
ensure that the data followed a normal distribution. Corre-
lation between mRNA levels and half life was determined
by linear regression using online analytical tools at http://
Zunzun.com.
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Results

Loss of chondrocyte phenotype is associated
with stabilization of SOX9 mRNA

Since articular chondrocytes are grown in monolayer
culture, they undergo a well-categorized process of dedif-
ferentiation that includes loss of marker gene expression,
including SOX9. In the present study, expression of SOX9
did indeed drop markedly as HAC were expanded in
monolayer culture. Compared with freshly isolated HAC
(P0), those grown to passages 1 or 2 exhibited 6.3 or 10-fold
lower levels of SOX9 mRNA, respectively (Fig. 1). Interest-
ingly, examination of the post-transcriptional regulation re-
vealed that as levels of the SOX9 mRNA were falling, its half
life was increased, with the average level rising from 1.9h at
PO to 3.9h at P2 (Fig. 1).

Chondrogenic differentiation of passaged HAC
and BMSCs

We set up pellet cultures using previously defined pro-
tocols to encourage chondrogenic differentiation of either P2
HAC or P3 BMSCs. We conducted these cultures either in
standard chondrogenic media that contained TGFp-1 or in
media that had been further supplemented with the chon-
drogenic factor BMP7. Measurement of the wet weight of
pellets after 14 days of culture showed that the BMSC were
slightly heavier than the HAC in the standard culture media
(Fig. 2A). The HAC pellets” mass was no larger when they
had been cultured in the BMP7 supplemented media; but
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FIG. 1. SOX9 mRNA decay during HAC dedifferentiation.
The black data points and left hand y-axis illustrate the ex-
pression level of SOX9 mRNA in freshly isolated (P0O) and
passages 1 and 2 (P1 and P2) HAC. Gray data points and the
right hand y-axis show the half life of SOX9 mRNA in hours
at the same stages, determined as described in the materials
and methods. In all instances, SOX9 mRNA levels were
measured using real-time PCR. *p<0.05 (one-way ANOVA
with Dunnett’s post hoc test)-the shade of the asterisk in-
dicates which dataset it relates to. Data are presented as
mean and standard deviation of the expression measured in
three donors. HAC, human articular chondrocyte; ANOVA,
analysis of variance.
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FIG. 2. In vitro chondrogenic pellet culture using HAC or
BMSCs. (A) Wet weight and (B) Safranin O stained paraffin
wax sections of HAC or BMSC pellet cultures that had been
grown for 14 days culture in standard chondrogenic media
with or without supplementation with 100ng/mL BMP7.
*p<0.05-effect of BMP7 on BMSC wet weight (unpaired
students t-test). Data are presented as mean and standard
deviation of the expression measured in three donors. BMSC,
bone marrow—derived mesenchymal stem cell; BMP, bone
morphogenetic protein. Color images available online at
www.liebertonline.com/tea

BMSC pellets were significantly heavier after BMP7 stimu-
lation. We also histologically examined the morphology of 14
day pellet cultures (Fig. 2B). Safranin-O staining of sections
showed that deposition of a glycosaminoglycan-rich ECM
had occurred in all cultures, although the distribution was
more uniform in BMSC than in HAC. HAC pellets contained
large, irregular-shaped cells; whereas those formed from
BMSCs had a greater proportion of smaller, rounded cells.
Pellet cultures from both cell types exhibited a greater
number of rounded cells in BMP7 containing media. Real-
time PCR analysis of COL2A1 expression was performed to
further characterize the phenotype of cells within the pellets
(Fig. 3A). COL2A1 levels were not significantly altered from
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FIG. 3. COL2A1 and COLXA1 mRNA expression levels in
HAC and BMSC chondrogenic pellet cultures. (A) Pellets
from HAC and BMSC were cultured in chondrogenic media
for 7 and 14 days; and COL2A1 mRNA levels were deter-
mined. Additionally, 14 day pellets whose media was sup-
plemented with BMP7 were also examined. Day 0 refers to
cell monolayers before pellet culture. *p<0.05 versus day 0
(one-way ANOVA with Dunnett’s post hoc test). Note from
the y-axis scales that the difference in COL2A1 expression
levels was cultured in chondrogenic media with and without
BMP7 for 14 days and COLXA1 between the HAC and the
BMSC cultures (B) Pellets from HAC and BMSC mRNA
levels determined. *p <0.05 effect of BMP7 supplementation
(unpaired students t-test). Data are presented as mean and
standard deviation of arbitrary 2~ relative expression val-
ues measured in three donors. TGFB-1, transforming growth
factor B-1; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase.

levels in passage 2 monolayer culture by culturing HAC in
pellets for up to 14 days in standard chondrogenic media but
were increased threefold, however, in HAC pellet cultures
supplemented with BMP7. Monolayer cultures of BMSCs
expressed barely detectable levels of COL2A1; but by 7 days
of chondrogenic pellet culture, the levels were raised 5000-
fold to a level comparable with monolayer HAC. By 14 days,
the levels of COL2A1 had risen to 33,000-fold higher than
was seen in the monolayer cultures and higher than even the
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14 day HAC pellets grown with BMP7. Supplementation
with BMP7 did not significantly affect the COL2A1 mRNA
levels after 14 days in BMSC pellet culture. Analysis of 14-
day pellet cultures using primers to COLXA1 showed that
MSCs expressed significantly higher levels of this terminal
differentiation marker in comparison to HAC (Fig. 3B). The
levels in MSCs were not affected by treatment with BMP7,
unlike HAC, whose COLXA1 expression was increased 40-
fold in BMP7 supplemented pellets.

Average SOX9 mRNA decay rates are not altered
during standard in vitro chondrogenesis

We next examined the change in SOX9 mRNA levels in P2
HAC grown as pellet cultures in chondrogenic media
(Fig. 4A). Levels of SOX9 mRNA in the pellet cultures varied
considerably from donor to donor. No significant change in
expression had occurred after 7 days of pellet culture; but 14-
day BMP7 supplemented HAC pellet cultures demonstrated
a significant increase in SOX9 mRNA, whereas 14-day non-
BMP7 cultures demonstrated a trend toward significance
(p=0.082). To examine the degree to which post transcrip-
tional gene control might be involved in this process, SOX9
mRNA half life was determined for HAC pellet cultures
grown for up to 14 days in standard chondrogenic media.
However, despite a drop in the mean half life in the 14-day
pellet cultures, no statistically significant change was ob-
served (Fig. 4C). BMSCs grown in pellet cultures had sig-
nificantly higher levels of SOX9 mRNA after 14 days in
cultures in the presence and absence of BMP7 (Fig. 4B). The
half life of SOX9 mRNA in the monolayer (time 0) BMSC
cultures was lower than that in HAC, and it did not change
significantly through the course of the 14-day pellet culture,
remaining at around 2h (Fig. 4D).

SOX9 mRNA decay rates correlate
with total levels of the transcript

Despite no change in average SOX9 mRNA decay rates
under the different pellet culture conditions, we did observe
considerable variations in total SOX9 mRNA level and half
life of the transcript between donors in pellet cultures from
both cell types. We, therefore, compared SOX9 expression
levels with SOX9 mRNA half lives for all 14-day pellet cul-
tures from both HAC or BMSC (Fig. 5). This involved
pooling data from pellets grown in both standard chondro-
genic media and BMP7-supplemented media from each cell
type. Interestingly, we found that there was a significant
inverse relationship between overall SOX9 mRNA levels and
the half life of SOX9 mRNA (R2:0.6381, p<0.002) in the
chondrocytic pellet cultures.

Discussion

In the vast majority of tissue engineering studies, there is no
examination of marker gene regulation beyond the measure-
ment of the steady-state levels that exist at a given time point.
This is understandable given the additional number of ex-
perimental samples required to determine rates of mRNA
decay. However, with our increased understanding of the
importance of post-transcriptional gene regulation, through
processes controlled by RNA binding proteins and micro-
RNAs, it is interesting to examine how this tier of control may
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FIG. 5. Correlation of SOX9 mRNA turnover with SOX9
mRNA expression. Linear regression analysis of SOX9 half-
life values versus total SOX9 mRNA levels for pooled data of
14-day pellet cultures formed from HAC or BMSC, cultured
both with and without BMP7. Total mRNA represented as
arbitrary 2~ " relative expression values. Diamond-shaped
data points represent HAC, whereas square points represent
BMSC. Dashed border=chondrogenic media, solid bor-
der=chondrogenic media+BMP7. Different fill shades
(white, light gray, and dark gray) define different donors
within each cell type. Note that MSCs and HAC were al-
ready from separate donors.

be altered during cellular differentiation. In this study, we
began to investigate whether post-transcriptional control of
SOX9 mRNA was linked to the chondrocyte differentiation
state. We have shown that the rate of decay of SOX9 mRNA is
more rapid in freshly isolated HAC than in those that have
been allowed to dedifferentiate in monolayer culture. This is
despite a drop in the overall levels of SOX9 mRNA as the cells
adjust to a more fibrotic phenotype. When the passaged HAC
were placed in chondrogenic pellet culture conditions, they
did not perform as well as BMSCs with regard to their
COL2A1 gene expression and wet weight. Total levels of
SOX9 mRNA and the rate of its decay varied considerably
from donor to donor, although increases in total SOX9 mRNA
levels were observed after 14 days of culture. The BMSCs
demonstrated strong chondrogenic induction with a large
degree of terminal differentiation as demonstrated by their
high COLXA1 expression. The BMSCs exhibit a rapid turn-
over of SOX9 in both their undifferentiated state in monolayer
culture and as they differentiate into chondrocytic cells in
pellet culture. This was despite a 16-fold difference in SOX9
expression between the undifferentiated monolayers and the
chondrocytic pellet cultures. Taken together, our results in-
dicate that although a relationship between SOX9 mRNA
levels and SOX9 mRNA turnover exists, it is limited in this
study to those cells expressing chondrocytic characteristics.
Mouse transgenic studies have indicated that absolute
levels of SOX9 might play a very important role during
embryonic development.”” Tt is possible that fine tuning of
SOX9 mRNA decay rates, through some form of feedback
mechanism, keeps overall levels of SOX9 mRNA within a
certain threshold, even as transcriptional rates change. This
form of feedback control through regulation of RNA turn-
over has already been shown to limit the levels of tumor
necrosis factor o« mRNA.?® There is evidence that feedback
loops that employ post-transcriptional regulation control
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transcriptional regulation of microRNA genes by proteins
whose transcripts are targeted by the genes” miRNA prod-
ucts.” The effect of altering the half life of RNAs is complex.
Given a constant rate of transcription, a long half life will
lead to an increase in accumulation of the mRNA. However,
a longer half life will also cause a slower increase in fold
levels of an mRNA in response to increased transcription.
Conversely, mRNAs that have short half lives will exhibit
more rapid fold inductions in response to enhanced tran-
scription and will also be down-regulated more rapidly
when the transcription rates return to starting levels.> The
BMSC and freshly isolated HAC maintain a rapid decay of
SOX9 mRNA, which would allow them greater flexibility to
rapidly alter SOX9 transcript levels as conditions demanded.
The dedifferentiated HAC, on the other hand, display an
extended half life of SOX9 mRNA, which is likely to lead to a
pool of transcript that is less responsive to altered tran-
scriptional input with regard to fold change.

Despite the difference in SOX9 mRNA levels between
cultures, the high efficiency of our PCR assays over a wide
range of dilutions of cDNA reassured us that the observed
changes in half life had not arisen due to technical bias. Al-
though the mean SOX9 half life of the dedifferentiated HAC
was reduced after 14 days in pellet culture, the variation
between samples did not allow us to conclude statistically
that this was a change. However, by combining the data
from 14-day pellet cultures with and without BMP7, we were
able to show a negative correlation between total SOX9
mRNA levels and SOX9 mRNA half life within HAC and
BMSC pellet cultures. This finding fits with the observed
changes in HAC during their dedifferentiation. We noted
that the average level of SOX9 mRNA half life in the 14-day
HAC pellet cultures is not as low as that of freshly isolated
HAC, thus suggesting that these cells have not fully regained
their earlier phenotype. The inability of these cells to readjust
their post-transcriptional gene regulatory patterns is, thus,
linked to their expression of SOX9; and this may be a factor
that limits the effectiveness of dedifferentiated chondrocytes
in forming cartilage in vitro and even in vivo. Certainly, ele-
vated expression of SOX9 is able to greatly improve ECM
production by these cells in three-dimensional culture.®
Clearly, future work to investigate how manipulation of
SOX9 mRNA levels at the post-transcriptional level ded-
ifferentiated in HAC would be worthwhile. An additional
factor that needs to be borne in mind is the effect of pa-
thology on the HAC, having come from osteoarthritic carti-
lage and potential exposure to inflammatory factors. The
potential for pathology to alter RNA decay is fascinating and
is the subject of ongoing work in our laboratory.

We have utilized BMP7 as an additional chondrogenic
stimulus in these studies. This factor has now been demon-
strated in a number of studies to promote in vitro chondro-
genic differentiation®"** and cartilage matrix formation®>°
and to improve in vivo cartilage repair.’**” In our experi-
ments, BMP7 supplementation of the TGEFp-1-containing
chondrogenic media led to increased COL2A1 and COLXA1
expression in HAC pellets and greater wet weight of BMSC
pellets. Studies in mouse bone marrow stromal cells have
demonstrated that BMP7 can promote SOX9 expression in
BMP-2 knockdown cells during osteogenic differentiation.*®
However, it did not significantly affect overall SOX9 mRNA
levels or mRNA decay rates in our chondrogenic culture
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systems; and in our final correlation analysis, the BMP7 and
non-BMP7 data points for each donor/cell type were, in
most cases, close together. (Fig. 5).

In conclusion, we have demonstrated a novel relationship
between SOX9 expression levels and SOX9 post-transcrip-
tional control. HAC monolayer and pellet cultures, expres-
sing lower levels of SOX9 mRNA, had half lives that were up
to twice as long as freshly isolated chondrocytes expressing
high levels of SOX9 mRNA. However, a shorter SOX9 half
life did not define the chondrocytic cell, as the SOX9 tran-
script also decayed quickly in undifferentiated BMSCs. In-
stead, the correlation of total levels of SOX9 mRNA with its
half life may be a property of the chondrocyte phenotype.
This regulation adds an increased level of complexity on top
of the stress-induced SOX9 mRNA half-life regulation that
we have previously demonstrated in HAC.*** An increased
understanding of how chondrocytes regulate important
genes such as SOX9 at the post-transcriptional level and how
important this process is to cartilage matrix homeostasis and
cell phenotype will be important as therapeutic approaches
to cartilage resurfacing continue to develop.
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