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Abstract—Mesenchymal stem cells (MSCs) are an attractive
cell source for regenerative medicine and the study of skeletal
development. Despite considerable interest in MSC chon-
drogenesis, the signal transduction and molecular mecha-
nisms underlying this process remain largely undefined. To
explore the signaling topology regulating chondrogenic
differentiation, as well as to discover novel modulators, we
developed and validated a high-throughput screening (HTS)
assay for MSC chondrogenesis. Adapting standard assay
procedures to enable HTS, we successfully minimized cell
number, handling, and culture duration. Using our opti-
mized methodology with automation, we evaluated a com-
prehensive screen using four growth factors, TGF-b3,
BMP-2, IGF-1, and FGF-2, to demonstrate the feasibility
of large combinatorial screens. We examined the chondro-
genic effects of these growth factors in different combinations
and doses (81 combinations total with 16 replicates per
group) and found variable effects on GAG content with
different combinations. In general, TGF-b3 had a pro-
chondrogenic effect while FGF-2 had a proliferative effect.
BMP-2 was both proliferative and pro-chondrogenic while
the effect of IGF-1 in our system was variable. We also
carried out an HTS campaign of the National Institute of
Neurological Disorders and Stroke (NINDS) chemical
library of small molecules (1040 compounds) and identified
5 potential inducers and 24 potential inhibitors of chondro-
genesis. Of these compounds, several were identified from the
hypnotic, anti-neoplastic, or anti-protein synthesis classes of
molecules. These studies demonstrate our ability to carry out
high-throughput screening assays for modulators of chon-
drogenesis.
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INTRODUCTION

Adult bone marrow derived mesenchymal stem cells
(MSCs) are a multi-potential and self-renewing cell
type that can be induced to differentiate along a variety
of tissue-specific pathways, including cartilage (chon-
drogenesis) and bone (osteogenesis). In the original
description of MSC chondrogenesis, cells were col-
lected into high-density pellets to induce a rounded
morphology (mimicking mesenchymal condensation in
the limb bud) and treated with specific biofactors,
including transforming growth factor-b (TGF-b)
superfamily members and dexamethasone, in a chem-
ically defined medium.8,28,29 Under these conditions,
MSCs synthesize a cartilage-specific extracellular
matrix (ECM) rich in glycosaminoglycan (GAG) and
type II collagen and express cartilage markers,
including the transcription factor Sox 9. Given their
chondrogenic potential, MSCs are a promising cell
source for investigating skeletal developmental para-
digms and cartilage tissue engineering applications.
Indeed, recent studies have shown that MSCs undergo
chondrogenesis in 3D environments, such as fibrous
networks, porous foams, and hydrogels,2,12,18,22 and
deposit a cartilage-like extracellular matrix (ECM).
However, the quantity and functional capacity of
ECM formed by chondrogenic MSCs is reduced rela-
tive to the ECM formed by fully differentiated chon-
drocytes cultured under identical conditions.13,22 Thus,
further work is necessary to optimize MSC chondro-
genesis for engineering replacement tissues.

A better understanding of the signaling pathways
underlying MSC differentiation is critical to under-
standing this process. To date, growth factors have
been widely used to induce chondrogenesis, however,
the molecular mechanisms involved in this phenotypic
conversion are only partially defined. Several studies
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have used synthetic molecules to investigate signaling
pathways known to be involved in cartilage develop-
ment or chondrocyte biosynthesis to determine their
functional roles in MSC differentiation. For example,
MAPK and Wnt signaling pathways have been impli-
cated in TGF-b1-mediated chondrogenesis,36,37 and
synthetic MAPK inhibitors block pellet formation. It
has also been shown that Insulin-Like Growth Factor-
1 (IGF-1) activates the PI3K pathway during chon-
drognesis, while induction by TGF-b1 does not.23 In
micromass cultures of limb-bud cells (a related, but
distinct, cell type), synthetic compounds that inhibit
Rac and ROCK activity alter chondrogenic progres-
sion.42,43 Disruption of cytoskeletal dynamics in these
same cells with cytochalasin D and colchicine can also
influence chondrogenesis.41 Analogous to results from
chondrocyte de- and re-differentiation studies,7 actin
cytoskeleton disruption improves the chondrogenic
differentiation of embryonic stem cells.47 More
recently, investigators have taken an informed
approach by identifying factors involved in MSC
chondrogenesis. For example, expression analysis
suggests a decrease in retinoic acid receptor b is asso-
ciated with chondrogenesis; subsequent treatment with
a synthetic inhibitor (LE135) of this pathway induced
chondrogenesis via a Sox 9-independent pathway.17

These studies demonstrate that a clearer understanding
of the molecular mechanisms governing MSC chon-
drogenesis may provide insight into methods for
optimizing functional differentiation, and that small
molecule modulators will be critical in these efforts.

While induction of MSC chondrogenesis is well-
defined using existing protocols and media formula-
tions, the capacity and potency of alternative factors to
regulate chondrogenesis remains largely unexplored.
Although several studies have examined the chondro-
genic effects of various combinations of growth factors
and media supplements, they have been limited in
scope since execution, maintenance, and analysis
remains a laborious and time-consuming pro-
cess.5,10,15,16,19,35 Most chondrogenesis assays require a
‘macro’ pellet (>225,000 cells in 200 lL of media)
cultured in individual tubes to ensure sufficient ECM
for subsequent quantification steps. Given this pellet
size, the screening of large chemical libraries or
numerous conditions is impractical; for example, a
single screen of the >200,000 compounds in the NIH
Small Molecule Repository (SMR) would require
~46 billion cells from a single donor. Recent efforts in
minimizing handling have used 96-well conical
plates27,40; however, cell number in each pellet and
time required to analyze differentiation end-points
remains a limiting factor.

These limitations may be overcome by high-
throughput screening (HTS), wherein the simultaneous

layout and query of a large number of conditions may
be realized within a single plate. HTS depends on the
use of robotic liquid handling systems and on the
development of sensitive and readily quantifiable
assays.39 In a typical screen, a drug target or model
system is reacted against a large range of chemicals
contained in a compound library. Identified agents that
modulate pathways of biologic interest are then veri-
fied via secondary confirmatory assays and character-
ization of dosage response. Numerous chemical
libraries, such as the National Institute of Neurological
Disorders and Stroke (NINDS) library and the Library
of Pharmacologically Active Compounds (LOPAC),
contain small molecules of known pharmacologic
activity. Additionally, the recently developed SMR is
populated by a vast number of compounds with un-
known activity. Few studies have assayed these li-
braries to study MSC differentiation towards skeletal
phenotypes with HTS methods. One recent study used
zebrafish as a model to screen >5000 compounds from
commercial libraries and identified dorsomorphin, an
inhibitor of bone morphogenic protein (BMP) type I
receptor signaling.45 HTS was also used to identify
osteogenic suppressors in MSC monolayers using an
siRNA library48 and the osteogenic inducer pur-
morphamine from a custom chemical library.44 These
studies illustrate the power of HTS for identifying new
compounds. However, chondrogenic differentiation
protocols are more complicated than the assays used to
date and require specific adaptation of the standard
protocol to be useful in HTS. This is the first report of
a high-throughput assay for screening MSC chondro-
genesis.

An HTS assay for chondrogenesis would enable the
rapid optimization of effective media formulations for
tissue engineering and would provide a platform for
pharmaceutical screening to identify new chemical
agents for the treatment of musculoskeletal patholo-
gies. To optimize cell culture and assay procedures to
enable high throughput screening of MSC chondrog-
ensis, we have focused on minimizing the cell number
required, manual handling, and culture durations. A
novel in-well digestion protocol was developed to en-
able rapid post-processing and to further minimize
handling. In addition, a precise and robotic approach
for layout, culture, and analysis of ECM deposition
using ‘micro’ MSC pellets (10,000 cells in 50 lL of
media) in a 384-well format was validated. Following
validation in this 384-well format, a combinatorial
study analyzing the chondrogenic effects of TGF-b3,
BMP-2, IGF-1, Fibroblast Growth Factor-2 (FGF-2),
and their combinations (81 combinations) using three
different doses per growth factor (none, low, high) was
executed. Finally, we carried out an initial screen of the
NINDS small molecule library containing 1040 known
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compounds and demonstrated the feasibility of this
technology for use in HTS for potential effectors of
chondrogenesis. These methods and results provide a
new approach to the rapid identification of compounds
that influence chondrogenic fate decisions by MSCs.

METHODS

Mesenchymal Stem Cell Isolation and Culture

Bone marrow derived MSCs were harvested from
the carpal bones of 3–6 month old calves (Research 87,
Boylston, MA) as in Huang et al.13 Briefly, trabecular
bone regions were removed and agitated in high glu-
cose Dulbecco’s Modified Eagle’s Medium (hgD-
MEM) supplemented with 2% penicillin/streptomycin/
Fungizone (PSF) and 300 U/mL of heparin. The
marrow mixture was separated from fat by centrifu-
gation (5 min at 3009 g) and plated onto 15 cm tissue
culture plates. After 48 h to allow for cell attachment,
media was changed and cultures were maintained in
hgDMEM supplemented with 1% PSF and 10% fetal
bovine serum. Medium was changed twice weekly until
confluence and sub-culturing was carried out at a 1:3
expansion ratio up to passage three.

HTS Assay Development

Minimization of Pellet Size, Media Exchange,
and In-well Analysis

Mesenchymal stem cell pellets were formed via
centrifugation (3009 g) for 5 min in conical 96-well
polypropylene plates (Nalge Nunc International,
Rochester, NY). Pellets contained 225,000, 150,000,
75,000, 30,000, and 15,000 MSCs with all assays per-
formed in triplicate. Each pellet was maintained in
150 lL of chemically defined medium (CM) consisting
of hgDMEM without phenol red supplemented with
1X PSF, 0.1 lM dexamethasone, 50 mg/mL ascorbate
2-phosphate, 40 mg/mL L-proline, 100 mg/mL sodium
pyruvate, 1X ITS+ (6.25 lg/mL insulin, 6.25 lg/mL
transferrin, 6.25 ng/mL selenous acid, 1.25 mg/mL
BSA, and 5.35 lg/mL linoleic acid). Pellets were
cultured with (CM+) or without (CM-) 10 ng/mL
TGF-b3 (R&D Systems, Minneapolis, MN) for 7 days,
with media changed twice, once, or not at all. Three
replicate experiments were carried out with consistent
results (one replicate shown). On day 7, pellets were
digested with direct addition of 30 lL concentrated
papain solution (8.96 units/mL in 0.1 M sodium ace-
tate, 10 M cysteine HCL, 0.05 M EDTA, pH 6.0) into
each well. Plates were sealed with optical adhesive
covers (Applied Biosystems, Foster City, CA) and
incubated in a 60 �C waterbath overnight. To assess

GAG content, 40 lL of digestate was manually com-
bined with 250 lL of dimethylmethylene blue (DMMB)
reagent and absorbance read at 540/595 nm.11 In a
separate study, cartilage gene expression was evaluated
in pellets of different sizes (30,000 and 225,000 cells/
pellet) with culture as above with no media changes.
After 7 days, pellets were combined and gene expression
analyzed via real-time PCR as in Mauck et al.22 For
gene expression analysis, 18 pellets (30 K pellet size) or
3 pellets (225 K pellet size) were pooled for each sample
with n = 3 samples per group assessed. PCR amplifi-
cation was carried out with primers specific for aggrecan
and type II collagen and expression was normalized to
the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

Inhibition of Chondrogenesis with IL-1b

To confirm that chemical screens may be performed,
Interleukin-1b (IL-1b, R&D Systems, Minneapolis,
MN), a known inhibitor of chondrogenesis, was used
to block the chondrogenic effect of TGF-b3.20 Large
(225,000) and small (30,000) pellets were formed as
described above in 96-well plates in 150 lL of CM- or
CM+ media supplemented with IL-1b at 0, 0.1, 1.0,
10.0 ng/mL. Pellets were cultured with no media
changes and GAG content assessed on day 7.

Assessing DMSO Sensitivity

To assess the sensitivity of MSCs to dimethyl sulf-
oxide (DMSO), a common solvent in chemical li-
braries, small pellets (30,000) were formed in 96-well
plates and exposed to CM- or CM+ media in the
presence of graded concentrations of DMSO (0, 0.10,
0.25, 0.50, 0.75, 1%) for 7 days. GAG and DNA
content was assessed via the DMMB and PicoGreen
assays, respectively. The PicoGreen dsDNA assay
(Molecular Probes, Eugene, OR) was carried out by
reacting 10 lL of digested sample with 100 lL of
PicoGreen working reagent (50 lL PicoGreen reagent,
500 lL 209 TE buffer, 9.45 mL deionized water).12

Following a 5-min incubation in the dark, plates were
read at 480 nm excitation/520 nm emission (Bio-Tek
Synergy HT Multi-Mode Microplate Reader).

Automation of Layout and Analysis in 384-Well Format

For optimization of culture and analysis techniques
in a 384-well format for HTS, a stream-lined protocol
for chondrogenesis was applied (Fig. 1). Total media
volume and cell number was further reduced from
96-well procedures by a factor of three. Cells were
dispensed automatically using a Matrix Technologies
WellMate system with 10,000 cells pelleted in 50 lL
of CM in 384-well conical plates (Greiner Bio-One,
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San Diego, CA). After centrifugation (5 min at
3009 g), pellets were cultured for 7 days in CM- or
CM+, with a Breathe-Easy membrane (Research
Products International Corp., Mt. Prospect, IL) seal-
ing all wells to minimize evaporation and allow for gas
exchange. After culture for 7 days, the Breathe-Easy
membrane was removed and in-well digestion was
performed by automated addition of 10 lL of con-
centrated papain solution (3.36 units/mL) using the
WellMate system. Plates were then sealed with Arcti-
Seal sealing mats (ArcticWhite LLC, Bethlehem, PA)
and incubated in a 60 �C waterbath as described
above. Subsequently, a robotic liquid handling system
(PerkinElmer Evolution P3 Pipetting Platform) mixed
and transferred 10 lL of the digestate to a new flat-
bottomed 384-well assay plate (Corning Inc., Corning,
NY), and the GAG assay was performed by reaction
with 60 lL DMMB dye solution as described above
(PerkinElmer Envision 2102 Multilabel Reader). DNA
content was similarly assessed by reaction of 1 lL of
digestate with 10 lL of Picgoreen working reagent.

Growth Factor Combinatorial Screen

To demonstrate the feasibility of assaying combi-
nations of multiple growth factors at varying dosages,

a screen was carried out using TGF-b3, BMP-2 (R&D
Systems, Minneapolis, MN), IGF-1 (Peprotech, Rocky
Hill, NJ), and FGF-2 (Peprotech, Rocky Hill, NJ).
The effects of three different concentrations (none, low,
high) were assessed for each growth factor. For TGF-
b3 and FGF-2, the low and high concentrations were
chosen as 1 and 10 ng/mL, respectively. Low and high
concentrations of BMP-2 and IGF-1 were chosen as 10
and 100 ng/mL. Growth factor concentrations were
selected based on previous studies of MSC chondro-
genesis.6,10,32,35 The chondrogenic and proliferative
effects of each growth factor was assessed alone and
in combinations of two, three, and four growth factors
at all dosages for a total number of 81 groups
(n = 16 pellets per group). To carry out this study,
MSCs were pelleted in 384-well plates as described
above with 10,000 cells in 30 lL CM-. Growth factors
were dispensed via automation at 5 lL volumes to
achieve desired concentrations in 50 lL. CM- med-
ium (5–20 lL) was dispensed into wells containing
three or fewer growth factors to bring the final volume
per well to 50 lL. Papain digestion was executed as
described above. An initial analysis of GAG deposi-
tion indicated that for certain combinations of growth
factors, the amount of GAG accumulated exceeded the
measurable range when assayed using our standard
volume ratios. Therefore, the DMMB assay was per-
formed by combining 5 lL of digestate with 80 lL of
DMMB dye. The DNA assay was performed via
automation as described above.

NINDS Library Screen

After confirming assay sensitivity in the 384-well
culture format and showing robustness of chondro-
genesis in the presence of DMSO, HTS was performed
using the NINDS library (1040 compounds, listed at
http://www.msdiscovery.com/ninds.html) of small
molecules. To execute this study, micro-pellets were
formed as above in conical 384-well plates with 10,000
cells in 45 lL of CM- or CM+ media. Compounds
from the NINDS library were prepared by diluting
10 mM stock solutions in CM-. Diluted compound
solutions (5 lL) were added to achieve a final concen-
tration of 10 lM in 50 lL (0.1% final DMSO
concentration). Media only (CM-) and cell only (in
CM- or CM+) controls were maintained in each
plate. Papain digestion and GAG assays were per-
formed via automation as described above. Possible
inducers of chondrogenesis (CM- ‘‘hits’’) were identi-
fied by selecting values above a threshhold (150% of
average CM- control values) in CM-. Possible
inhibitors (CM+ ‘‘hits’’) were identified by selecting
values below a threshhold (50% of average CM+
control values) in CM+. DNA content of the identified

FIGURE 1. Schematic of chondrogenesis protocols. Flow
diagram of the standard chondrogenesis protocol and the
HTS-optimized chondrogenesis protocol with each handling
step represented by a black arrow. White arrow indicates
where handling steps have been eliminated.
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inhibitors was assessed to identify compounds that
were cytotoxic rather than anti-chondrogenic. Com-
pounds that reduced DNA content by more than 40%
compared to CM+ control values were considered
cytotoxic.

Statistics

Statistical analysis was performed using SYSTAT
software (v10.2, SYSTAT Software Inc., San Jose,
CA). For the following studies, data was analyzed via
two-way ANOVA with significance set at p< 0.05.
For cell pellet minimization studies, pellet size and
media condition were the independent variables. For
IL-1b inhibition studies, IL-1b concentration and
media condition were the independent variables. For
DMSO sensitivity studies, DMSO concentration and
media condition were set as the independent variables.
Where significance was indicated by ANOVA analysis,
Tukey’s posthoc testing was carried out to enable
comparisons between groups. For the growth factor
combinations study, one-way ANOVA was performed.
Due to the large number of conditions, where signifi-
cance was indicated by ANOVA analysis, posthoc
testing was performed with Bonferroni corrections
and significance set at p< 0.05. Assay sensitivities in

96-well and 384-well formats were assessed via Z-factor
analysis.46

RESULTS

Minimization of Cell Number and Media Exchange

In order for HTS to be conducted practically and
efficiently, screening assays must use a minimum
number of cells and limited handling steps. We there-
fore optimized a standard MSC chondrogenesis assay
for HTS, using GAG content as the measure for
chondrogenesis. In these optimization studies, GAG
content was dependent on both cell pellet size
(p< 0.001) and the presence of TGF-b3 in the media
(p< 0.001). Increasing cell number/pellet increased
GAG content of pellets maintained in either media
with (CM+) or without (CM-) TGF-b3 (Fig. 2a).
Above 15,000 cells/pellet, differences in GAG became
appreciable, with higher levels in CM+ pellets com-
pared to CM- (p< 0.05). Normalizing GAG content
to cell number showed that deposition was most effi-
cient in CM+ at 30,000 cells/pellet or lower, regardless
of media changes (Fig. 2b). At 30,000 cells/pellet, the
assay Z-factor was 0.6 (excellent). Expression of
aggrecan and collagen II mRNAs by quantitative

FIGURE 2. GAG deposition and cartilage gene expression on day 7 with variation in pellet size, media exchange, and media
condition. (a) GAG content with increasing pellet size (no media change). (b) GAG content normalized to cell number. CM2 or CM+
media (white or black markers) were changed twice, once, or not at all (circles, diamonds, or squares); increasing stars indicate
greater than previous cell number within medium type (p < 0.05), # lower than CM+ of corresponding pellet size (p < 0.001), n 5 3.
(c) Aggrecan and (d) type II collagen gene expression of large (225,000 cells/pellet) and small (30,000 cells/pellet) pellets, n 5 3.
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rt-PCR showed at least 4- and 10-fold increases,
respectively, in CM+ compared to CM- at both sizes,
confirming MSC chondrogenesis at the molecular level
(Fig. 2c, d).

Optimization of Culture and Analysis
for 384-Well Format

To further reduce handling for HTS and enable
robotic liquid dispensing, automated layout and anal-
ysis procedures were validated in micro-pellets (10,000
cells/pellet in 50 lL of media) in 384-well plates, with
GAG content results similar to those found with large
(225,000 cells/pellet) and small (30,000 cells/pellet)
pellets in 96-well plates. In this 384-well format, GAG
content was 62 ± 6 lg/pellet in CM+ compared to
8 ± 3 lg/pellet in CM- (p = 0.00025). Z-factor anal-
ysis showed that the assay sensitivity remained excel-
lent (Z = 0.6).

Effect of Combinations of TGF-b3, BMP-2, IGF-1,
and FGF-2 on MSC Chondrogenesis

To assess the effects of different growth factors, their
combinations and their doses, we carried out an
aggressive combinatorial study comprised of four
growth factors (TGF-b3, BMP-2, IGF-1, and FGF-2)
at three doses (Fig. 3a). When MSC pellets were cul-
tured with a single growth factor, FGF-2, TGF-b3, and
BMP-2 at both high and low doses enhanced GAG
deposition compared to CM- controls (p< 0.025,
Fig. 3b). IGF-1 had no discernible effect on GAG
production at either dose (p> 0.13, Fig. 3b). When
pellets were cultured with combinations of two growth
factors, the effect on matrix accumulation became less
clear, although all combinations yielded higher GAG
values compared to CM- (p< 0.001). While the high
dose of BMP-2 showed a strong combinatorial effect
with TGF-b3 and FGF-2 at both doses (p< 0.001), the
same effect was not found with the low dose of BMP-2
(p> 0.05, Fig. 3c). Combinations of IGF-1 or FGF-2
with TGF-b3 or BMP-2 yielded mixed results. A low
dose of IGF-1 with a high dose of TGF-b3 enhanced
GAG deposition (p< 0.001), but IGF-1 had no effect
on TGF-b3 activity when TGF-b3 was provided at the
low dose (p> 0.4, Fig. 3d). Similarly, a low dose of
IGF-1 enhanced the chondrogenic effect of low dose
BMP-2 (p< 0.025), but did not enhance high dose
BMP-2 activity (p> 0.75). Combinations of low
dose TGF-b3 with both doses of FGF-2 improved
GAG production compared to the low dose of TGF-b3
alone (p< 0.02); however these values did not reach
high dose TGF-b3 levels (p< 0.001, Fig. 3d). Inter-
estingly, combinations of FGF-2 and IGF-1 at any
dose significantly increased GAG accumulation

compared to FGF-2 alone, IGF-1 alone, or low dose
TGF-b3 (p< 0.005, Fig. 3e). With combinations of
three or more growth factors, the effects of individual
growth factors and their doses on chondrogenesis be-
came more difficult to assess. While combinations
involving high dose TGF-b3 with high dose BMP-2
consistently outperformed all other combinations
(GAG values greater than 130 lg/pellet), improve-
ments in GAG accrual were observed for other com-
binations as well (Supplementary Fig. 1). Analysis of
DNA content suggests that while FGF-2 increased cell
proliferation (p< 0.05) and TGF-b3 enhanced matrix
deposition (without increasing cell number, p> 0.25), a
high dose of BMP-2 improved both matrix deposition
and cell number (p< 0.001, Supplementary Fig. 2).

Sensitivity of MSC pellets to IL-1b and DMSO

A pilot screen using IL-1b, a known inhibitor of
chondrogenesis, showed that GAG deposition was
dependent on both IL-1b concentration (p< 0.001)
and media condition (p< 0.001). Increasing concen-
trations of IL-1b inhibited GAG production in CM+
(Fig. 4a, b). For smaller pellets (30,000), inhibition was
apparent at 0.1 ng/mL IL-1b (p< 0.01), although
complete inhibition was not seen until 1.0 ng/mL
(compared to CM-, p> 0.29, Fig. 4a). At a concen-
tration of 1.0 ng/mL, GAG deposition was ~50% of
control CM+ values. Based on these results, 50% of
control CM+ GAG was chosen as the inhibition
threshhold for future screens. Interestingly, large pel-
lets (225,000) were less sensitive to inhibition by IL-1b;
GAG deposition decreased from control values at
1.0 ng/mL (p< 0.01) and complete inhibition was only
noted at the highest dose (compared to CM-, p> 0.1,
Fig. 4b). As expected, GAG content for CM- pellets
did not change with addition of IL-1b (p> 0.5,
Fig. 4a, b).

Since chemical compounds are often solubilized in
DMSO, the effect of DMSO on chondrogenesis was
examined. When exposed to graded concentrations of
DMSO, pellets were insensitive to DMSO at levels up
to 0.5%, regardless of media condition as assessed by
DNA (CM-: p> 0.45, CM+: p> 0.96) and GAG
(CM-: p> 0.85, CM+: p> 0.7) contents (Fig. 4c, d).
We therefore used 0.5% DMSO as the maximum
allowable thresholds for library screens when com-
pounds are dissolved in DMSO.

Identification of Potential Inducers and Inhibitors
of Chondrogenesis with NINDS Library Screen

After optimization and validation of our miniatur-
ized culture and assay procedures, a screen of the
NINDS library was undertaken to demonstrate the
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feasibility of HTS for MSC chondrogenesis. From this
screen, 5 potential inducers and 39 potential inhibitors
of chondrogenesis were identified based on GAG
content assays (Fig. 5, full listing provided in Supple-
mentary Fig. 3). Of these potential inhibitors, 15 were
cytotoxic at the doses investigated, lowering DNA
contents by 40–80% compared to control CM+ values
(Fig. 6). The remaining 24 compounds were selected as
viable ‘‘hits’’ (Table 1). With a Z-factor of 0.5, assay
sensitivity remained excellent for this screen.

DISCUSSION

Mesenchymal stem cells from bone marrow are an
attractive cell source for regenerative medicine and the
study of skeletal development. MSCs can differentiate
into a number of relevant phenotypes, as well as
transition from one phenotype to another.24,33 Despite
considerable interest in MSC chondrogenesis, the
signal transduction and molecular mechanisms that
underlie this process remain largely undefined.

FIGURE 3. Growth factor combinatorial screen. (a) Growth factor combinations of TGF-b3 (T), BMP-2 (B), IGF-1 (I), and FGF-2 (F)
were assayed in 81 combinations. CM2 represents control condition. Each growth factor was given at one of three doses (none,
low, high) where indicated by X. (b) GAG content of pellets cultured in the presence of a single growth factor: TGF-b3 (T), BMP-2
(B), IGF-1 (I), or FGF-2 (F) at a low (L) or high (H) dose. GAG content of pellets cultured with combinations of two growth factors: (c)
BMP-2 with another growth factor, (d) TGF-b3 with another growth factor, and (e) combinations of FGF-2 and IGF-1. *Greater than
control (p < 0.05). +Greater than all other groups within the same dose (p < 0.05).
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Furthermore, while defined media formulations have
been developed to induce this phenotype, these media
have yet to be optimized with respect to the functional
capacity of the formed tissue. For example, using
standard media formulations (containing TGF-b3 and
dexamethasone), MSCs in 3D culture systems produce
cartilaginous tissues with lower properties than donor
matched chondrocytes maintained similarly.22 To
explore the signaling topology that underlies

chondrogenesis, as well as to discover novel modula-
tors of this process, we developed and optimized a
high-throughput screening methodology compatible
with MSC chondrogenesis. In traditional pellet studies,
chondrogenesis is evaluated after 21 days of culture
using sizes of 200–250,000 cells/pellet. Here, we suc-
cessfully reduced the number of cells required to
10,000 per pellet and assessed chondrogenesis after
7 days. Further, we developed an in-well digestion

FIGURE 4. GAG accumulation with variation in IL-1b concentration, pellet size and media condition and the effect of DMSO on
MSC chondrogenesis. (a) GAG content with increasing concentrations of IL-1b at the 30,000 pellet size. (b) GAG content with
increasing concentrations of IL-1b at the 225,000 pellet size. *Lower than 0 ng/mL IL-1b within medium type (p < 0.01), #lower than
CM+ within IL-1b concentration (p < 0.001), n 5 4. (c) DNA and (d) GAG content of micro-pellets with exposure to graded levels of
DMSO. **Indicates lower than 0, 0.1, 0.25% DMSO within the same medium type (p < 0.05). DNA: n 5 3; GAG: n 5 8.

FIGURE 5. NINDS library screen. HTS of the NINDS library identified inducers (CM2 hits) and inhibitors (CM+ hits) of MSC
chondrogenesis.
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protocol to enable high-throughput analysis and min-
imize handling (Fig. 1). We also demonstrated our
ability to fully automate the layout, culture, and

analysis of cartilage matrix production by MSCs in a
384-well format with Z-factor analysis confirming the
excellent sensitivity of these miniaturized growth and
assay procedures.

After validation of our assay system, we executed a
comprehensive combinatorial screen of four growth
factors: TGF-b3, BMP-2, IGF-1, and FGF-2. While
previous studies have analyzed the effects of these
factors on chondrogenesis, there has been no study
assessing all combinations of these growth factors
using multiple doses in a single experiment. Over a 7-
day culture period, treatment with TGF-b3, BMP-2,
and FGF-2 improved matrix production compared to
control, while treatment with IGF-1 failed to induce
chondrogenesis. Our results also showed an enhanced
effect when high doses of TGF-b3 and BMP-2 were
given in concert. These findings are consistent with
several previous studies of growth factor effects on
MSC chondrogenesis.16,20,26,31,35 Although the chon-
drogenic effects of TGF-b3 and BMP-2 are well
characterized, the effects of FGF-2 and IGF-1 are less
established. In our study, short-term pellet culture with
FGF-2 increased cell proliferation when given alone
or with other growth factors. In monolayer studies,
FGF-2 increased cell proliferation and enhanced the

FIGURE 6. Identification of cytotoxic compounds from
NINDS library screen. GAG (lg/pellet) and DNA (% deviation
from control) content of identified inducers and inhibitors of
chondrogenesis. Compounds with DNA content greater than
40% below CM+ control values were considered cytotoxic and
excluded from further analysis.

TABLE 1. List of identified inducers and inhibitors from NINDS library screen.

Name Class Activity

Doxylamine succinate Antihistamine, hypnotic Inducer

Pergolide mesylate Dopamine receptor agonist Inducer

Perphenazine Antipsychotic Inducer

Eszopiclone Hypnotic Inducer

Colforsin Adenylate cyclase activator, vasodilator Inducer

Hexachlorophene Antiinfective Inhibitor

Oxyphenbutazone Antiinflammatory Inhibitor

Colchicine Antimitotic Inhibitor

Glucosamine hydrochloride Antiarthritic Inhibitor

Chlorohexidine Antibacterial, disinfectant Inhibitor

Digitoxin Inotropic, cardiotonic Inhibitor

Digoxin Inotropic, cardiac stimulant Inhibitor

Acriflavinium hydrochloride Antiinfective, intercalating agent Inhibitor

Ouabain Cardiotonic, Na/K ATPase inhibitor Inhibitor

Vinblastine sulfate Antineoplastic, antimitotic Inhibitor

Beta-ESCIN Membrane permeabilizer Inhibitor

Podofilox Antineoplastic, antimitotic Inhibitor

Teniposide Antineoplastic Inhibitor

Nocodazole Antineoplastic, antimitotic Inhibitor

Pyrithione zinc Antiseborrheic Inhibitor

Azathioprine Antineoplastic, immunosuppressant Inhibitor

Puromycin hydrochloride Antineoplastic, protein synthesis inhibitor Inhibitor

Avermectin B1 Antiparisitic Inhibitor

Cyclohexamide Protein synthesis inhibitor Inhibitor

Valinomycin Potassium transporter, antibiotic Inhibitor

Irinotecan hydrochloride Antineoplastic, topoisomerase I inhibitor Inhibitor

Pararosaniline pamoate Antischistosomal Inhibitor

Salinomycin sodium Antibacterial Inhibitor

Lasalocid sodium Antibacterial Inhibitor
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chondrogenic potential of MSCs.15,34 While IGF-1 has
been shown to improve chondrogenesis when given
with TGF-b3,16 our results were less decisive. Inter-
estingly, combinations of IGF-1 and FGF-2 appeared
to increase GAG deposition, independent of dosage.

In addition to our growth factor screen, we con-
ducted an HTS campaign on the NINDS library (1040
compounds) and identified several potential inducers
and inhibitors of chondrogenesis (Table 1). Inducers
were from several different classes of molecules,
including hypnotic agents and vasodilators. Inhibitors
were largely anti-neoplastic or anti-protein synthesis
agents. To eliminate cytotoxic inhibitors, the threshold
for DNA content was set at 40% below control values.
Dosage response studies will be necessary to determine
whether inhibitory effects will be retained with minimal
cytotoxicity at lower doses. Interestingly, of the iden-
tified inhibitors, several compounds, including those
that altered sodium/potassium levels (ouabain and
valinomycin), inhibited protein synthesis (puromycin
and cyclohexamide), or inhibited microtubule forma-
tion (colchicine and vinblastine), have previously been
shown to block sulfate incorporation into GAGs in
embryonic chick cartilage.1,4 These results reaffirm our
ability to identify specific inhibitors and inducers of
chondrogenesis. Unexpectedly, glucosamine hydro-
chloride, an amino monosaccharide with possible anti-
arthritic properties,30 was also identified as a potential
inhibitor of MSC chondrogenesis. While the benefits of
glucosamine as a therapeutic agent for osteoarthritis
remains controversial,38 in one study of human
MSC pellets, treatment with 100 lM of glucosamine
enhanced chondrogenesis while treatment with 10 mM
significantly inhibited chondrogenesis.9 However, the
pellet size used in these experiments (1.5 M cells per
pellet) was 150 times greater than the size used in our
screen (10,000 cells per pellet). Our validation studies
with IL-1b suggest that smaller pellet sizes may be more
sensitive to inhibition, perhaps owing to decreased
diffusional distances. Therefore, while 10 lM of glu-
cosamine was inhibitory in our miniaturized pellets, a
lower dose may prove to be beneficial.

The ability to effectively screen large numbers of
compounds and uncover both inducers and inhibitors
of chondrogenesis is a key strength of HTS. From this
initial screen of a small chemical library, we were able
to identify several known effectors of chondrogenesis
and GAG production. Moreover, we identified several
modulators whose actions on MSC chondrogenesis
had been previously unknown. While inducers of
chondrogenesis are of clear utility for tissue engineer-
ing applications, they may also possess chondropro-
tective properties useful for direct systemic treatment
of osteoarthritis. Similarly, inhibitors of chondrogen-
esis may be of clinical interest as therapeutic agents for

skeletal pathologies, such as fibrodysplasia ossificans
progressive (FOP). In FOP, progenitor cells in the soft
tissues undergo chondogenesis and ultimately osteo-
genesis, forming ectopic bone in an endochondral
fashion. In addition to discovering novel modulators
of chondrogenesis, we were also able to identify com-
pounds widely used in orthopaedic practice that dis-
played no effect on chondrogenesis. These compounds
include common antibiotics (vancomycin, ciprofloxa-
cin, and gentamicin), non-steroidal anti-inflammatory
agents (rofecoxib and celecoxib) and corticosteroids
(cortisone and methylprednisolone). Interestingly,
while ciprofloxacin did not affect chondrogenesis, at
high doses it has been shown to inhibit fracture healing
in rats and inhibit proliferation and extracellular
mineralization by osteoblastic cells.14 Vancomycin has
also been shown to reduce cell proliferation in chon-
drocytes and osteoblasts; however, these effects were
only evident at doses exceeding 2000 lg/ml.3 Although
we were able to identify several inducers and inhibitors
of chondrogenesis, secondary screening tools must be
developed to confirm our findings and eliminate false
positives.

This work describes a new method for assaying
MSC chondrogenesis using an HTS approach and
presents findings from a preliminary chemical screen
and combinatorial growth factor study. While the
results are exciting, several limitations remain. In terms
of methodology, we focused on the DMMB assay of
GAG production as a primary screening tool. GAG is
a sensitive and cost-effective (0.01 ¢ per well) measure
of chondrogenesis. However, in this setup, we capture
all GAG produced by MSCs over the time course of
the study, rather than that which is fixed within the
ECM and most important for tissue formation. Future
work may discriminate between soluble GAG and
fixed GAG by assaying the media prior to papain
digest. Additionally, more sensitive assays will be
required to confirm early-stage chondrogenesis at the
molecular level in identified compounds of interest.
For example, we have previously used both aggrecan
and type II collagen promoter-reporter assays to
monitor cartilaginous gene expression in differentiating
MSCs,21 and these assays may be adapted for sec-
ondary screening in this HTS format. These assays are
more expensive, but will serve as a specific indicator of
the chondrogenic state. On a mechanistic level, it has
recently been reported that centrifugation is not nec-
essary for pellet formation40; removal of this step
might further decrease processing time for our antici-
pated larger library screens. In our studies, we ob-
served a natural heterogeneity in response between the
different donor MSC populations investigated. While
differences with chondrogenic induction in all screens
remain robust (Z-factors> 0.5), as we transition from

HUANG et al.1918



bovine to human sources, these differences will have to
be carefully monitored. Additionally, we only assayed
a single dose for the chemical factors in the library
screen. As with all library screening, this allows for the
existence of false-negatives—factors that are in fact
inducers or inhibitors that fail to present based on
improper dosing. Additional assays at higher doses
may be performed to account for this limitation.
Finally, these studies were executed over a relatively
short duration of 7 days. By focusing our screen for
factors that induce chondrogenesis, we may fail to
recognize late-stage modulators of this process that
may prove valuable for tissue engineering efforts. To
implement longer culture durations, the protocol may
be tailored to include partial media exchanges, with
half the volume of media replaced once a week, to
avoid aspiration of cell pellets during the exchange.

CONCLUSIONS

The results of this study demonstrate for the first
time that HTS approaches can be used to screen large
molecular libraries for modulators of MSC chondro-
genesis. Furthermore, by fully automating the layout
and analysis techniques, as well as reducing pellet size
to 10,000 cells/pellet, we are now poised to screen even
larger chemical libraries, such as the >200,000 com-
pound NIH Small Molecule Repository, which con-
tains many factors of chemical interest but unknown
action. Newly identified modulators of chondrogenesis
may find use in tissue engineering as well as in the
treatment of musculoskeletal pathologies. For exam-
ple, it has been reported that MSCs from osteoarthritic
(OA) patients are themselves less robust than those
from healthy patients of the same age.25 Factors that
improve MSC activity in these diseased cells may prove
beneficial to this large and growing OA population.
For skeletal pathologies like FOP, factors may be
identified that block the promiscuous chondrogenesis
that occurs in these cells, while not adversely impacting
the natural chondrogenic events that are necessary for
skeletal growth in this young population. In the same
way that microarray technologies allow for unbiased
discovery of new genes involved in a specific cellular
process, HTS identifies novel modulators of biochem-
ical action. Using this HTS approach coupled with
large chemical libraries, new modulators of chondro-
genesis can be identified and the signaling topology of
this important event in cartilage and bone formation
will be better understood. These advances will improve
the clinical application of MSCs for cartilage forma-
tion for regenerative medicine applications as well as
for the treatment of skeletal pathologies.
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