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Transcriptome-Wide Analyses of Human Neonatal
Articular Cartilage and Human Mesenchymal Stem
Cell-Derived Cartilage Provide a New Molecular
Target for Evaluating Engineered Cartilage
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Cellular differentiation comprises a progressive, multistep program that drives cells to fabricate a tissue with specific
and site distinctive structural and functional properties. Cartilage constitutes one of the potential differentiation lineages
that mesenchymal stem cells (MSCs) can follow under the guidance of specific bioactive agents. Single agents such as
transforming growth factor beta (TGF-b) and bone morphogenetic protein 2 in unchanging culture conditions have been
historically used to induce in vitro chondrogenic differentiation of MSCs. Despite the expression of traditional chon-
drogenic biomarkers such as type II collagen and aggrecan, the resulting tissue represents a transient cartilage rather than
an in vivo articular cartilage (AC), differing significantly in structure, chemical composition, cellular phenotypes, and
mechanical properties. Moreover, there have been no comprehensive, multicomponent parameters to define high-
quality and functional engineered hyaline AC. To address these issues, we have taken an innovative approach based on
the molecular interrogation of human neonatal articular cartilage (hNAC), dissected from the knees of 1-month-old
cadaveric specimens. Subsequently, we compared hNAC-specific transcriptional regulatory elements and differentially
expressed genes with adult human bone marrow (hBM) MSC-derived three-dimensional cartilage structures formed
in vitro. Using microarray analysis, the transcriptome of hNAC was found to be globally distinct from the transient,
cartilage-like tissue formed by hBM-MSCs in vitro. Specifically, over 500 genes that are highly expressed in hNAC were
not expressed at any time point during in vitro human MSC chondrogenesis. The analysis also showed that the
differences were less variant during the initial stages (first 7 days) of the in vitro chondrogenic differentiation program.
These observations suggest that the endochondral fate of hBM-MSC-derived cartilage may be rerouted at earlier stages
of the TGF-b-stimulated chondrogenic differentiation program. Based on these analyses, several key molecular dif-
ferences (transcription factors and coded cartilage-related proteins) were identified in hNAC that will be useful as
molecular inductors and identifiers of the in vivo AC phenotype. Our findings provide a new gold standard of a
molecularly defined AC phenotype that will serve as a platform to generate novel approaches for AC tissue engineering.
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Introduction

The current state of tissue-engineered cartilage repair
still falls short of preclinical and clinical expectations.

Treatment protocols for articular cartilage (AC) defects are
available using animals as preclinical models.1,2 However,

such approaches have not yielded a technology that is suc-
cessful in clinical translation. While cell-based thera-
pies (microfacture, autologous chondrocyte implantation)
are used to promote AC repair,3 none has been proven
successful long term by restoring the original AC structure.
Mesenchymal stem cells (MSCs) are at the forefront
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as therapeutic tools for regenerative medicine applications.
During the last decade, the description of their medicinal
properties involving trophic and immunomodulatory activi-
ties4 has been added to the original data documenting the
multipotential capacity of adult MSCs5,6; this multi-
potentiality can be exploited for tissue engineering purposes.7

Tissue-engineered cartilage that originates from adult hu-
man bone marrow (hBM)-MSCs was reported by us many
years ago.8,9 However, the usefulness of hBM-MSCs as
components for tissue-engineered replacement units has been
de-emphasized despite their well-established chondrogenic
potential. Now, it is clear that the logic used in the past for
human MSC (hMSC) chondrogenesis was inadequate. This
original logic that used a single bioactive agent such as
transforming growth factor beta (TGF-b), without the dy-
namic exposure to other bioactive agents, failed to initiate the
recapitulation of the complex microenvironmental signals
and dynamic morphogenetic events that mesenchymal pro-
genitors are exposed to during native AC development.10,11

Therefore, the resulting in vitro hBM-MSC-derived cartilage
differs significantly from in situ AC in terms of structure,
chemical composition, cell phenotype, and function.

A transient cartilage typical of endochondral processes
such as embryonic bone formation and adult fracture heal-
ing, rather than permanent hyaline AC, appears to be the
differentiation pathway that hBM-MSCs follow under cur-
rent induction protocols.12–14 This differentiation capacity,
which serves as the conceptual basis for several clinical
treatments for AC defects, ultimately results in cartilage-like
structures quite different from the native AC in a number of
parameters.15 In addition, the endochondral program dic-
tates that the ultimate cellular phenotype is of a hypertrophic
nature, which is recognized as a sign of degenerative car-
tilage states (i.e., osteoarthritic cartilage).16

It is important to emphasize that there is not clear evi-
dence in vitro or in vivo about the innate capability (or
incapability) of hBM-MSCs to make AC, which may de-
pend on the induction protocols that are currently used.13,17

In this regard, we have made progress in modulating this
unwanted hypertrophic phenotype by exposing differentiating
hBM-MSCs to a sequential regimen of growth factors, remi-
niscent of embryonic processes in which one stimulus primes
the cells for the activity of a subsequent one.18 Although many
of the molecular players involved in chondrogenic differen-
tiation of MSCs have been identified, a comprehensive un-
derstanding of control elements involved in the chondrogenic
program, and the particular gene signature in each lineage
stage, may help to guide the cells to escape their endo-
chondral fate and form a functional hyaline AC phenotype.

Realistically, we are still far from developing efficient
therapeutic clinical applications for the regeneration of hyaline
AC with hMSCs. If MSCs have the potential to form a tissue
that resembles native AC, the microenvironmental condi-
tions required for MSCs to differentiate into a suitable chon-
drocytic phenotype, both in vitro and in vivo, will have to be
optimized. Current evidence shows that the inductive and
formative conditions must be developmentally oriented,17,19–22

incorporating principles of ‘‘Developmental Engineering’’
to mimic the embryonic development of a suitable chon-
droprogenitor.23,24 This approach implies that both the dy-
namics of the differentiation program and the initial receptivity
of cells must be properly taken into consideration. To accom-

plish this, our understanding of the control elements of the
complex multistep lineage process involved in hyaline AC
development, including the distinctive cellular and molecular
signatures specific for both the initial and the sequentially
formed tissue, must be refined.

We address these issues by interrogating, at the molecular
level, human neonatal articular cartilage (hNAC), which had
been dissected from the knees of deidentified 1-month-old
cadaveric specimens. In addition, in vitro formed, hBM-MSC-
derived three-dimensional (3D) cartilage structures are com-
paratively interrogated with the aim of identifying specific
transcriptional regulatory elements and proteins that are dif-
ferentially expressed. Gene expression clustering analysis in-
cluded several other neonatal knee tissues (i.e., meniscus,
synovial membrane, tendon, among others). This allowed us to
perform a comprehensive identification of differentially regu-
lated genes across these tissues and compare them with in vitro
hMSC-derived cartilage structures.

Importantly, we set up the early neonatal AC as our gold
standard, given that this tissue will greatly expand phys-
ically while mechanically supporting and adapting from
low-stress to high-stress loading. We propose that these are
perfect parameters for tissue-engineered and implantable
cartilage. Consistent with this approach, it has been recog-
nized that neonatal articular chondrocytes have superior
capabilities to in vitro differentiate into cartilage-like tissue
compared with adult chondrocytes and MSCs.25–28

Methods

Tissue dissection

hNAC from both femoral condyle and tibial plateau, along
with other intra-articular tissues, was carefully dissected from
both knees of deidentified 1-month-old cadaveric specimens
(n = 2) procured from consented guardians of the human tissue
donors. The samples were dissected sequentially, minimizing
‘‘contamination’’ from surrounding tissues, by leaving wide
tissue margins between them. The tissue samples were stored at
-80�C suspended in RNAlater reagent (Qiagen, Valencia, CA)
to preserve RNA during the final processing before microarray
analysis. Adult hip cartilage (n = 1) was dissected from a
femoral head discarded during surgery from a consented, dei-
dentified adult diagnosed with advanced osteoarthritis (OA),
and provided by the Human Tissue Procurement Facility of
Case Western Reserve University. The cartilage tissue was
similarly stored at -80�C in RNAlater reagent (Qiagen).

Cell cultures

Cultures of hBM-MSC from two healthy deidentified adult
volunteer donors were established as previously described.29

The BM was collected using a procedure reviewed and ap-
proved by the University Hospitals of Cleveland Institutional
Review Board; informed consent was obtained from all dei-
dentified donors. Cells were expanded in Dulbecco’s modi-
fied Eagle’s medium-low glucose with fetal bovine serum
10% (selected batch)30 supplemented with 10 ng/mL fibro-
blast growth factor (FGF)2.18

In vitro hBM-MSC chondrogenic differentiation

hBM-MSCs were cultured in cell aggregates (3D pellets)
in complete chondrogenic medium (DMEM-high glucose
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supplemented with 1% ITS+, 10-7 M dexamethasone, 1 mM
sodium pyruvate, 120 mM ascorbic acid-2 phosphate, 100 mM
nonessential amino acids, and 10 ng/mL TGF-b1).8,9 Chon-
drogenic pellets were harvested at different time points (3, 7,
10, 14, 21, and 28 days) for RNA extraction and microarray
analysis. A day 0 sample was also included that corresponds to
hMSCs in monolayer culture before chondrogenic induction.

RNA preparation from tissues

Total RNA was prepared from tissues in RNAlater (Qia-
gen) after the addition of TRIzol (Life Technologies) and
homogenized with a Polytron (PT-MR2100; Polytron Corp.).
Following the transfer of processed sample to Qiagen RNeasy
mini columns, the extraction of total RNA was performed
according to the manufacturer’s instructions. For hBM-MSC-
derived cartilage, aggregates were homogenized with RNase-
free disposable Pellet-Pestles� (Kimble-Chase, TN), digested
on-column with DNase-I, and purified with the RNeasy mini
kit. RNA concentrations were measured using a NanoDrop
2000 spectrophotometer (Thermo Scientific).

Microarray analysis

Whole-genome expression analysis was carried out using
Illumina (CA) Human Ref-8v3 or Human HT-12 v4 Bea-
dArrays�. For the Illumina BeadArrays, total RNA was
linearly amplified and biotin labeled using Illumina Total-
Prep� kits (Life Technologies, CA); cRNA was quality
controlled using an Agilent 2100 bioanalyzer. The cRNA was
hybridized to Illumina BeadChips�, processed and read us-
ing a BeadStation� array reader according to the manufac-
turer’s instructions (Illumina). Values of less than 130 relative
fluorescence units were considered to be nonspecific back-
ground signals.

Data analysis

To investigate how gene expression varied across the sam-
ples, unsupervised sample clustering in Cluster 3.0 (bonsai.ims
.u-tokyo.ac.jp/*mdehoon/software/cluster) was performed.
In this analysis, samples were grouped according to their ex-
pression profile using only differentially expressed genes
(>2.0-fold) from all samples and among all experimental
conditions. Unsupervised hierarchical clustering was per-
formed and heat maps and dendrograms were generated in Java
Treeview (jtreeview.sourceforge.net) and MultiExperiment
Viewer (MeV).

Principal component analysis (PCA) algorithm applied to
all samples was performed in Chipster 3.6.3 and MeV 4.8.
The statistical analysis of the microarray data was based
on the normalized mean expression values per probe at six
time points with two replicates at each time point (two
different hMSC donors, two hNAC donors, 12 observations
per probe).

Significance analysis of microarray (SAM) method was
used to identify differentially expressed genes.31 SAM com-
putes a statistic di for each gene i, measuring the strength of
the relationship between gene expression and the response
variable. It uses repeated permutations of the data to de-
termine if the expression of any genes is significantly related
to the response.31

Pathway analysis. WebGestalt (Web Gene Set Analysis
Toolkit) Pathway Commons enrichment analysis was per-
formed on 373 differentially expressed genes (significant
genes based on SAM) identified by microarray analysis to
identify significantly enriched pathways. Significantly en-
riched pathways were identified using the human genome as
a reference set. Default hypergeometric and multiple testing
statistical analysis methods were used with a significance
level of 0.001. Output was restricted to pathways with a
multiple testing p-value <0.05 and an overlap of at least two
genes between the pathway term gene list and differentially
expressed gene list.32

Immunohistochemistry

Tissues and chondrogenic pellets were fixed, paraffin
embedded, and sectioned. Adjacent sections were stained
with toluidine blue O to evaluate proteoglycan content. For
type II collagen (Col2), matrilin-1, and unique cartilage
matrix-associated protein (UCMA) immunohistochemistry,
sections were deparaffinized and rehydrated followed by
antigen retrieval (20 min in 10 mg/mL proteinase-K [Roche]
in Tris-ethylenediaminetetraaceticacid buffer for at 37�C)
and endogenous peroxidase activity blocked with a 30-min
exposure to 3% hydrogen peroxide at room temperature.
Nonspecific binding sites were blocked with 2.5% normal
horse serum, and sections were incubated overnight with
mouse monoclonal antibodies. Sections were incubated with
anti-mouse Ig (ImmPRESS� polymerized reporter enzyme
staining system; Vector Laboratories, CA) for 30 min fol-
lowed by a short incubation with ImmPACT� red peroxi-
dase substrate (Vector Laboratories, CA).

Results

Significant transcriptional differences between
in vitro hMSC-derived 3D cartilage and hNAC

The transcriptomes of hNAC and 3D cartilage-like tissue
formed by hBM-MSCs in vitro were found to be globally
distinct based on microarray gene expression analysis (two-
fold change and p < 0.05). Importantly, over 500 genes that
are highly expressed in hNAC in vivo were not expressed at
any time point during in vitro hMSC chondrogenesis (Fig. 1).
Further biostatistical analysis showed that those overall dif-
ferences are less pronounced at the initial stages (first 7 days)
of hMSC in vitro 3D chondrogenic differentiation (Fig. 2).
This stage-dependent effect suggests that the osteochondral
fate of hMSC-derived cartilage may be rerouted during earlier
phases of in vitro chondrogenesis.

A PCA was performed based on our microarray data to
establish the relationship between hMSC-derived cartilage
and hNAC using all genes in the microarray data set. PCA is
a mathematical algorithm that allows a dimensionality re-
duction of large data sets, typically composed by several
different variables, through the identification of specific
directions called principal components. This reduction,
however, retains most of the variance within the data set.
This dimensionality reduction makes it possible to visually
assess similarities and differences between samples and to
determine whether samples cluster together (similar) or
cluster far from each other (different).33 In our data set, the
two major principal components explain 69.7% of the
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expression variance (Fig. 2A). There is a clear departure
between hMSCs (d0) and hMSC-derived 3D cartilage at
different time points during the differentiation program
(d3–d28) with hNAC in the first and second components
(Fig. 2A). However, a close relationship between hNAC
and the earlier time points during hMSC chondrogenesis
(d3 and d7) is observed in the first and third components
hyperplane (Fig. 2B). Average linkage hierarchical clus-
tering of in vitro hMSC-derived 3D cartilage compared to

hNAC revealed a clear separation between early (d0–d10)
and late (d14–d28) time points of the chondrogenic pro-
gram based exclusively on significant genes in the micro-
array data set (according to SAM, Tables 1 and 2).
Furthermore, hNAC clustered together with the earlier
in vitro 3D cartilage time points (Fig. 3). This analysis
reveals that hMSC-derived cartilage transcriptome pro-
gressively differs from hNAC with some similarities ex-
clusively at early stages of chondrogenesis (d3 and d7).

FIG. 1. Hierarchical clustering analysis of hMSC-derived 3D cartilage transcriptome compared to hNAC. hMSC in vitro
chondrogenic differentiation program (d3–d28); MSCs before chondrogenesis (d0). 3D, three-dimensional; hMSC, human
mesenchymal stem cell; hNAC, human neonatal articular cartilage. Color images available online at www.liebertpub.com/tea
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Exclusive transcriptional profile of hNAC compared
to in vitro hMSC-derived 3D cartilage and other
neonatal knee tissues

In an effort to narrow the number of genes that are exclu-
sively expressed in hNAC, a similar hierarchical cluster
analysis was performed to compare not only with hMSC-
derived but also with other neonatal tissues, including muscle,
ligament, tendon, meniscus, synovium, fat pad, trabecular
bone, and perichondrium (Fig. 4). The goal of this compre-
hensive search is to define a molecular target or gold standard
transcriptional profile for the characterization of native hu-
man AC for tissue engineering approaches. Based on this
analysis, we narrowed the number of differently expressed
genes to *10% of the total genes found to be upregulated in
hNAC compared to hMSC 3D chondrogenesis (Fig. 4). From
this set of genes, we focused on genes that had DNA binding
domains to identify transcription factors that were exclusively
expressed in hNAC. In addition, we also identified genes that
coded for proteins with potential roles in cartilage biology
that will serve as a molecular profile (read-out) to categorize
an engineered 3D cartilage tissue with a potential AC phe-
notype (Fig 4B).

Histomorphological characterization of in vitro hMSC-
derived 3D cartilage, healthy hNAC, and diseased AC

In addition to the transcriptome analysis, a comparative
histomorphological assessment was performed between
in vitro hMSC-derived 3D cartilage and native human AC at
two extremes of the spectrum: healthyhNAC and cartilage
from a patient with OA undergoing hip arthroplasty. hNAC
presented a homogenous metachromatic stain with toluidine
blue with nonhypertrophic chondrocytes evenly dispersed
through the tissue. This is in contrast to the observed clus-
tered and hypertrophic appearance of chondrocytes in adult
OA hip cartilage34 and the in vitro MSC-derived 3D carti-
lage (hMSC pellet at 21 days) with all of the cells observed

to be situated in large lacunae (Fig. 5). These observations
suggest that hMSC-derived 3D cartilage differs from hNAC
both transcriptionally and also structurally by the hyper-
trophic appearance of the chondrocytes that is reminiscent
of old or degenerative cartilage.

To validate the results from the microarray, we stained
the three types of cartilages with antibodies for matrilin-1
and UCMA. The gene expression analysis for these mole-
cules showed that they are exclusively expressed in hNAC
and not in hMSC-derived cartilage. Both matrilin-1 and
UCMA have been studied in the context of cartilage bi-
ology,35,36 however, this is the first time that they have been
shown by transcriptome analysis to be exclusively expressed
in AC, therefore have included them as part of the molecular
targeted and read-out of AC. As expected, both proteins are
only expressed in hNAC and not in hMSC-derived 3D
cartilage. An intracellular staining using the anti-UCMA
antibody was observed within hMSC cartilage aggre-
gates; however, UCMA was not detected within the
hMSC-derived 3D cartilage extracellular matrix (ECM).
In addition, weak staining was observed in adult osteo-
arthritic cartilage specimen.

Expression of ‘‘classical’’ cartilage markers does
not constitute a specific read-out of native AC

An in silico analysis of the microarray data shows that
common cartilage markers are expressed in both hMSC-
derived 3D cartilage and hNAC. As expected, the expres-
sion patterns between both types of cartilages are dissimilar,
most notably with markers associated with hypertrophic
cartilage such as Col10, Runx2, ALPL, PTHR1, and matrix
metalloproteinase (MMP)-13 (Fig. 6). On the contrary and
also expected, the ‘‘classical’’ cartilage markers such as
Sox9, Sox8, Col9, Col2, and aggrecan (ACAN) were dif-
ferentially expressed but only at early stages of in vitro
hMSC-derived 3D cartilage when cells are entering into the

FIG. 2. PCA of in vitro hBM-MSC-derived 3D cartilage compared to hNAC. The two major principal components
explain 69.7% of the expression variance (A). The PC1–PC3 hyperplane shows a departure of the transcriptional profile of
hMSC chondrogenesis from the hNAC profile (B). Data from two different donors cluster together within the analysis.
hMSC in vitro chondrogenic differentiation program (d3–d28); hMSCs before chondrogenesis (d0). PCA, principal com-
ponent analysis; hBM, human bone marrow.
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Table 1. Significant Upregulated Genes Differentially Expressed in Human Neonatal Articular

Cartilage Compared to Human Mesenchymal Stem Cell-Derived Three-Dimensional Cartilage

Gene dExp d Fold change Gene dExp d Fold change

MSMP -0.38 2.98 170.4 SCNN1A -0.14 1.69 17.8
CD79B -0.31 2.70 98.9 RNU105B -0.13 1.69 17.2
SNORD3C -0.32 2.10 58.0 TCEAL2 -0.13 1.73 16.9
RPS4Y1 -0.21 2.45 56.1 ALDH1L1 -0.12 1.70 16.3
UCMA -0.19 2.37 53.6 MATN1 -0.12 1.66 15.7
ITM2A -0.20 2.40 50.9 SOD3 -0.12 1.67 15.5
HBB -0.21 1.69 45.8 SPINT2 -0.12 1.60 15.1
SNORD3A -0.45 1.89 42.8 GRK5 -0.16 1.58 14.7
DLK1 -0.26 1.90 41.3 H19 -0.34 1.32 14.4
CD79B -0.19 2.20 40.8 SLITRK4 -0.11 1.59 14.3
HBA2 -0.20 1.58 38.0 COBLL1 -0.18 1.42 14.3
GPX3 -0.63 1.93 36.7 NFIB -0.16 1.43 14.0
PPP1R1B -0.17 2.00 29.1 COL11A2 -0.24 1.31 13.8
FRZB -0.20 1.90 26.8 STK32B -0.13 1.44 13.5
C2orf40 -0.18 1.73 26.4 TGFBR3 -0.19 1.27 12.2
CD14 -0.17 1.76 22.2 PHF17 -0.13 1.47 12.0
NDRG2 -0.16 1.68 20.7 ITGA10 -0.28 1.39 11.6
PNPLA7 -0.16 1.78 19.5 COL9A1 -0.13 1.21 10.0
SNORD3D -0.33 1.49 19.2 COL9A2 -0.34 1.15 9.6
PEG3 -0.16 1.71 18.9 FGF18 -0.08 1.28 9.4

Analysis performed using a two-class unpaired SAM (Mev). Genes with a >9 fold change are shown. Gene names in bold letters have or
may have a role during chondrogenesis.

dExp, expected score; d, observed score; SAM, significance analysis of microarray.

Table 2. Significant Downregulated Genes in Human Neonatal Articular Cartilage Compared

to Human Mesenchymal Stem Cell-Derived Three-Dimensional Cartilage

Gene dExp d Fold change Gene dExp d Fold change Gene dExp d Fold change

COL10A1 -2.37 -20.98 0.0075 INSIG1 -0.19 -11.47 0.0682 FTHL3 -0.44 -8.27 0.1173
PENK -2.16 -13.24 0.0087 FTHL8 -1.88 -7.74 0.0686 PMEPA1 -0.02 -5.69 0.1177
SPP1 -0.79 -13.47 0.0123 COL8A1 -0.26 -7.14 0.0743 FTH1 0.17 -7.40 0.1180
TACSTD2 -0.64 -9.91 0.0144 FABP5 0.29 -6.07 0.0762 FAM180A 3.02 -7.25 0.1191
CLEC3A -1.69 -16.20 0.0148 FNDC1 0.13 -7.87 0.0790 CRYAB -1.29 -6.48 0.1199
IBSP -0.44 -11.62 0.0188 ID3 -0.28 -9.44 0.0793 HSPB1 -0.54 -5.04 0.1199
DPT -0.82 -6.77 0.0203 GJA1 -0.38 -7.64 0.0795 GLRX -0.51 -6.51 0.1248
DCN -1.65 -8.11 0.0273 CXCL14 0.84 -9.00 0.0803 TGFBI -1.98 -5.70 0.1291
PSAT1 -0.03 -12.04 0.0286 THY1 0.54 -9.10 0.0839 SERF2 -0.74 -6.38 0.1293
LUM -0.26 -11.16 0.0289 KDELR3 0.35 -7.15 0.0842 FTHL11 -0.59 -6.78 0.1315
SLC7A5 -0.05 -7.76 0.0313 FTHL12 -1.85 -7.39 0.0845 SERF2 -0.74 -6.38 0.1293
CXCL13 0.11 -8.05 0.0316 ASNS -0.02 -6.86 0.0862 FTHL11 -0.59 -6.78 0.1315
ALPL -0.24 -7.01 0.0367 PTGES 0.06 -6.18 0.0878 NDUFB3 0.31 -5.65 0.1329
MGST1 0.05 -5.99 0.0385 KDELR3 0.03 -8.21 0.0934 MT1G -0.02 -6.46 0.1334
P4HA2 -0.30 -10.34 0.0474 FTHL12 -1.71 -7.41 0.0978 PTH1R -1.05 -7.92 0.1344
LOX -1.64 -6.66 0.0502 FTHL2 -1.46 -8.35 0.0985 VKORC1 0.26 -7.19 0.1369
PANX3 -0.02 -8.35 0.0540 CA12 -0.27 -7.54 0.0990 FNDC1 0.78 -7.05 0.1370
MATN3 -0.72 -8.84 0.0553 C1QTNF3 1.67 -7.13 0.1017 DRD4 0.30 -6.33 0.1388
PPIC 0.04 -10.47 0.0556 CRYGS -0.25 -7.65 0.1019 TMSB10 -1.97 -5.99 0.1390
CSRP2 0.32 -10.00 0.0566 ANGPTL2 0.10 -5.17 0.1030 THBS2 -0.25 -5.02 0.1394
RAB31 -0.51 -10.21 0.0582 ANGPTL7 -0.26 -5.59 0.1048 COL6A3 -1.36 -5.51 0.1476
RASL11B 0.29 -9.10 0.0585 NME1 -0.06 -5.20 0.1059 PPP1R14B 0.74 -6.94 0.1507
FABP5 L2 -0.36 -6.05 0.0610 ANXA2P1 -1.39 -6.95 0.1064 GNG11 0.37 -5.54 0.1516
FN1 1.61 -5.78 0.0614 EPDR1 0.49 -7.73 0.1074 CALU 0.31 -6.65 0.1664
ALCAM 4.33 -6.92 0.0619 PLOD2 0.03 -5.17 0.1077 CALD1 -0.03 -5.63 0.1682
PPIC 0.05 -9.65 0.0639 APCDD1 L 0.18 -5.02 0.1108 DCN 0.07 -4.91 0.1685
SERPINF1 0.41 -6.51 0.0659 SCD -0.53 -6.99 0.1117 TMEM4 0.57 -5.89 0.1770
COL1A1 -1.86 -6.12 0.0659 SERPINE1 -0.27 -5.31 0.1122 FGFR3 0.16 -5.45 0.1818
POSTN 0.24 -6.96 0.0664 FABP5 L2 1.82 -5.68 0.1159 OSTC 0.02 -5.47 0.1849

Analysis performed using a two-class unpaired SAM (Mev). Gene names in bold letters have or may have a role during chondrogenesis.
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chondrogenic lineage. From d10 thereafter, and especially at
d21–d28, the expression was very similar between tissue-
cultured specimens.

In most studies in which hMSC-derived 3D cartilage is
generated for AC tissue engineering, the outcome analysis is
often limited to examining the selected profile of such com-
mon markers. Often, the expression of only these markers is
misleadingly interpreted as being indicative of successful
generation of AC. According to our results, these ‘‘classical’’
markers for ‘‘hyaline type’’ of cartilage cannot be used to
distinguish AC from growth plate cartilage,37 or from in vitro
hMSC-derived 3D cartilage. Therefore, using a comparative
microarray analysis of dissected hNAC and in vitro hBM-
MSC-derived cartilage, we conclude that the classical
markers of cartilage are not sufficient to classify the resulting
cartilage tissue as comparable to AC (Fig. 6).

As shown by us and others,18 in vitro hMSC-derived
cartilage expresses high levels of Col10, which indicates
the endochondral cartilage differentiation potential of these
induced hMSCs. As a control, we analyzed the expression
of these markers in other knee tissues (Fig. 6) and showed

the specific expression could be observed only in carti-
lage tissue. These observations also document that, de-
spite the expression profile of common cartilage markers,
hMSC-derived transient cartilage is distinct from native
permanent AC. In fact, it has been suggested that MSCs do
not form AC at all.15 Based on these observations, we
propose that a new molecular target (gold standard) of
cartilage markers can be based on the transcriptional pro-
file of hNAC.

Transcriptional changes that occur during hMSC
chondrogenic differentiation indicate an early
departure from the native AC lineage pathway

The sequential changes that occur during the hMSC
chondrogenic differentiation program were studied using
bioinformatic analysis of the microarray data based on the
normalized mean expression values per probe at six time
points (two different hMSC donors, 12 observations per
probe). To identify subgroups of probes with similar ex-
pression profiles over time, PCA of the covariance matrix

FIG. 3. Average linkage hierarchical clustering of in vitro hMSC-derived 3D cartilage compared to hNAC. The analysis
was based only on significant genes in the microarray data set (according to significance analysis of microarray). Color
images and readable text are available online at www.liebertpub.com/tea
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was carried out on the mean expression value for each
probe at each time point. The first three components explain
87.2% of the data variance (Fig. 7). Component 1 describes
a general level of gene expression; component 2 shows
changes on gene expression during hMSC in vitro chon-
drogenic differentiation.37 The highest level of expression
was observed at day 0 (nondifferentiated hMSCs), as ex-
pected. Component 3 shows an elevation in gene expres-
sion around the first week of differentiation, showing that
the higher transcriptional changes occur during the first
week of the differentiation program (Fig. 7A). Component 2
is more likely to contain genes associated with the loss of
hMSC characteristics. Component 3 is more likely to con-
tain genes related to the gain of a chondrocyte pheno-
type with the peak occurring at the end of the first week
of differentiation.

The cluster structure within the hyperplane formed by
components 1 and 2, which capture most of the variance in
the data set, shows distinct separation between undifferen-
tiated hMSCs (day 0) and time points during chondrogenesis
(d3 / day 28) (Fig. 7B). Within these time points, days 3
and 7 group closer together with days 10, 14, 21, and 28

forming another distinct cluster group. This analysis provi-
des evidence that the gene expression profile during the first
week differs greatly with the profile of the following 3
weeks of the chondrogenic differentiation program. Direc-
tional distances on the PCA dimensions also indicate a
continuum in the direction of changes that is consistent with
differentiation progression. In addition, both donors clus-
tered together, indicating that there is a strong homogeneity
in their gene expression pattern at each different time point
(Fig. 7B).

Based on the initial analysis of the microarray data, it is
possible to observe that the transcriptional profile at day 3
(d3) of the chondrogenic program seems to differ less with
the profile of hNAC in comparison with later time points
(Fig. 2B). To study the detailed differential gene expression
within the chondrogenic program, a thorough breakdown of
the data was performed using statistical analysis of micro-
array data (SAM). This analysis allows the identification of
genes that are upregulated or downregulated during each
measured stage of the chondrogenic program (Table 3).
Clearly, the higher upregulation of several genes was found
when hMSCs (d0) enter the initial stages of the differentiation

FIG. 4. Identification of genes that are almost exclusively expressed in hNAC. Other neonatal knee tissues were included
in the analysis with the objective of narrowing the set of genes that will be used to describe the criteria or gold standard for
developing a tissue-engineered AC from hMSCs. (A) A total of 53 genes were selected that are highly expressed in hNAC
compared to in vitro hMSC-derived 3D cartilage and other knee tissues. (B) From this list of genes, specific control
elements (transcription factors) were selected that may be involved in the development of native AC and coded proteins that
will be used as markers that define a molecular criterion or new gold standard. AC, articular cartilage. Color images
available online at www.liebertpub.com/tea

342 SOMOZA ET AL.



FIG. 5. Histological differences between hNAC, hMSC-derived 3D cartilage, and human adult diseased AC. Paraffin-
embedded sections were stained with toluidine blue and safranin O to assess relative glycosaminoglycan/proteoglycan
content in samples. A more homogeneous distribution of cartilage extracellular matrix is observed in hNAC compared to
hMSC-derived 3D cartilage and adult cartilage. For immunohistochemistry, sections were incubated with anti-mouse Ig
(ImmPRESS� polymerized reporter enzyme staining). High expression of collagen type 2 is observed in hNAC compare to
the other cartilage tissues. Expression of matrilin-1 and unique cartilage matrix-associated proteins was detected in hNAC
and not in hMSC-derived 3D cartilage, which correlated with the microarray data. Some small degree of expression was
found in adult diseased cartilage. Color images available online at www.liebertpub.com/tea

FIG. 6. Differential expression of common cartilage genes. Unsupervised hierarchical clustering of differentially ex-
pressed genes between undifferentiated hMSC (d0) and during 3D chondrogenesis (at 3, 7, 10, 14, 21, and 28 days), hNAC,
and other neonatal knee tissues. Expression profiles were clustered by average linkage hierarchical clustering; common
chondrogenesis genes are shown. The color scale of standardized signal intensities in the microarray extends from bright
green (downregulation) to bright red (upregulation). Color images available online at www.liebertpub.com/tea
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program (d0 / d3). No cartilage-/chondrogenic-related
genes were found to be significantly upregulated during this
initial stage.

Upregulated genes such as interleukin 8 (IL-8), prosta-
glandin reductase 2, and proteoglycan 4 (Prg4) are high-
lighted (Table 3), which may have an important role during
chondrogenesis and AC development.38–40 Downregulated
genes may also be critical for the molecular definition of
the new criteria or gold standard for AC tissue engineering.
Rho guanine nucleotide exchange factor 3, which encodes
a guanine nucleotide exchange factor that specifically ac-
tivates members of the Rho GTPase family, has an im-
portant role in bone biology41; thrombospondin 1 that
encodes for an adhesive glycoprotein that mediates cell-to-

cell and cell-to-matrix interactions and is differently ex-
pressed during cartilage development is a potential new
target for OA.42,43

Through the first week of chondrogenesis (d3 / d7),
Col10a1 is upregulated and Prg4 is downregulated. These
early changes appear to be the hallmark of the departure from
the native AC lineage pathway. According to the analysis
(Table 3), the time frame from d7 through d14 (d7 / d14) can
be interpreted to mean that cells enter a stationary transcrip-
tional phase characterized by a small number of upregulated
genes (Table 3). Interestingly, the most chondrogenic-active
phase (based on specific expression of cartilage markers) is
found during the d14 / d21 time frame with significant up-
regulation of genes such as Mmp10, Col9a1, Col11a2, among
others. Adding Fgf9 or Fgf18 at day 14 of the differentiation
program, and not at the beginning (d0), produces a strong an-
abolic effect and a decrease in the hypertrophic molecular
phenotype18; this argues that this phase of the chondrogenic
program is the most responsive to exogenous stimuli and may
be used as a target for designing novel and dynamic strategies
to generate good-quality AC derived from hMSCs.

Analysis of the time-course data set shows that the
most significant changes in gene expression occur from day
0 to 7 and, separately, from day 14 to 21 of the chondro-
genic program. The changes in gene expression observed
during the above time frames are consistent with the ob-
servation that cells undergo a transition from a state of
high developmental plasticity to a state of determination,
specification, and ultimately terminal differentiation.44

Moreover, the changes observed from day 14 to 21 are
consistent with chondrogenic differentiation as many com-
mon chondrogenesis markers are overexpressed during this
time frame (Table 3).

Key pathways are enriched in hNAC compared
to hMSC-derived cartilage

To further dissect the significance of gene expression dif-
ferences between hNAC and hMSC-derived 3D cartilage and
to identify key biological pathways for AC formation in vivo,
we performed pathway analysis using differentially expressed
genes in hNAC compared to hMSC 3D chondrogenesis.
Accordingly, 182 upregulated (>5-fold) and 191 down-
regulated (<0.024-fold) genes were included in this stringent
analysis to identify key pathways. We found several path-
ways to be differentially enriched in hNAC compared to
hMSC chondrogenesis (Fig. 8). Among the identified path-
ways, our analysis showed a strong enrichment of the integrin
pathways in hNAC compared to hMSC-derived cartilage.

Discussion

A major milestone was achieved by Yoo et al. when
hMSCs were successfully guided to enter the chondrogenic
lineage with TGF-b.8,9 This differentiation capacity, which
serves as the conceptual basis for several clinical treatments
for AC defects, ultimately results in cartilage-like structures
quite different from native AC in a number of parameters.
Evidently, TGF-b is a required chondroinductive bioactive
agent and is the only known effective inducer of the chon-
drogenic program in MSCs45; however, it is not sufficient
and may not be adequate to induce an AC phenotype from

FIG. 7. PCA of microarray data at different time points
during hMSC (day 0 / day 28) pellet chondrogenesis. PCA
of the covariance matrix was carried out on the mean ex-
pression value for each probe at each time point. (A) The
first three components explain 87.2% of the data variance.
Component 1 represents the general level of expression,
Component 2 the degree of change from the undifferentiated
state, and Component 3 most likely represents gene ex-
pression related to the gain of a chondrogenic phenotype.
(B) Components 1 and 2 hyperplane (80.1% of the variance
in the data set) shows distinct separation between undiffer-
entiated hMSCs (day 0) and in vitro 3D chondrogenesis
(d3 / day 28).
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hMSCs.15,46–48 For instance, it has been reported that TGF-b
suppresses precartilage condensation.46

Chondrogenesis during embryonic development is a
multistep, multicomponent, and dynamic process. In sharp
contrast, the standard in vitro culture conditions for the
differentiation of hMSCs into 3D cartilage as first described

by Yoo et al.8 are unchanging with regard to exogenously
added stimulatory factors. Only recently, it was shown that
the sequential exposure of hMSCs to a particular set of fi-
broblast growth factors produces distinct effects depending
on the stage at which they are added.18 For instance, by
adding FGF9 during earlier time points of the differentiation

Table 3. Transcriptional Changes During Human Mesenchymal Stem Cell

Three-Dimensional Chondrogenesis

d0 / d3 d3 / d7 d7 / d10 d10 / d14 d14 / d21 d21 / d28

Gene
Fold

change Gene
Fold

change Gene
Fold

change Gene
Fold

change Gene
Fold

change Gene
Fold

change

Significant upregulated genes comparing each time point during chondrogenesis
RHBDL2 56.0 APOD 11.6 None EPYC 5.10 CXCL14 4.07 ORM1 6.17
SERPINA3 44.0 GPAM 9.3 LECT1 4.75 MMP10 3.80 SLC38A4 2.36
IL8 43.1 RASL11B 7.1 KLK4 4.26 ANGPTL7 3.40 MT1H 2.19
PTGR2 42.5 ANGPTL2 6.9 CLEC3A 4.05 COL9A1 2.96 APOD 2.15
RN7SK 41.3 MAT2A 6.7 MATN3 3.86 FOXA2 2.79 CXCL13 2.07
CYCSL1 39.1 COL10A1 6.2 ANGPTL7 3.43 IBSP 2.64 FTHL3 2.04
LOC389765 38.2 SCRG1 6.2 OGN 2.78 COL11A2 2.59 ORM1 6.17
LOC729120 36.8 CXCL13 6.1 EPYC 5.10 F13A1 2.55 SLC38A4 2.36
FLJ40722 35.9 PSAT1 5.5 FMOD 2.48 MT1H 2.19
LOC730993 35.5 HAPLN1 5.3 CSPG4 2.47
GSTTP2 34.5 FOXO1 5.3 C2orf82 2.45
C11orf63 33.8 ID3 5.2 PTH1R 2.44
TPR 31.5 AKR1C2 5.2 COL9A2 2.44
FAM73A 31.4 ID1 4.9 ENPP1 2.38
MBTD1 30.8 SPP1 4.8 IFITM5 2.36
ZNF557 29.6 PCNA 4.7 AEBP1 2.35
MIR1974 29.1 SPP1 4.7 EFHD1 2.31
RN7SK 28.1 RNU4-1 4.1 CAPN6 2.31
EEF1A2 26.8 NOP56 4.1 PRELP 2.25
ANKRD44 24.8 HNRNPAB 4.0 MIA 2.23
GCLM 24.0 HNRPM 3.9 NGF 2.21
PRO1853 23.1 MRFAP1 L1 3.8 PMP2 2.21
PRG4 22.7 HSPA6 3.8 CHST3 2.20

Significant downregulated genes comparing each time point during chondrogenesis
FOSB 0.06 IL8 0.08 PTGR2 0.09 RN7SK 0.09 AKR1C3 0.40 IL11 0.28
CCL2 0.08 PRG4 0.09 FAM73A 0.10 RN5S9 0.18 HSPE1 0.40 IER3 0.28
ARHGEF3 0.10 TPR 0.09 RHBDL2 0.10 HSPA6 0.21 ANGPT1 0.43 TUBB3 0.29
ODZ4 0.10 LBP 0.11 MBTD1 0.10 RNU4-2 0.23 C7orf10 0.44 IFITM5 0.32
CD248 0.11 CHI3 L1 0.12 GSTTP2 0.10 RNU4-1 0.25 GPAM 0.45 DBNDD1 0.33
THBS1 0.12 SFRP4 0.12 FLJ40722 0.12 RHBDL2 0.27 TMSL3 0.46 CRYGS 0.33
PDE7B 0.12 IER3 0.12 KIAA1751 0.12 KIAA1666 0.28 CA12 0.34
ANGPTL2 0.13 C20orf186 0.13 ZNF557 0.12 FLJ46309 0.32 CDC20 0.36
ID1 0.13 MIR1974 0.13 IL17RD 0.13 FOXQ1 0.32 TOP2A 0.41
MAT2A 0.14 MT3 0.13 MIR886 0.13 ARL16 0.33 MATN4 0.41
THBS2 0.15 PTGS2 0.14 FCAR 0.13 CAMK2 N1 0.35 PTGS2 0.41
NRP1 0.16 STC1 0.15 SLC5A8 0.14 ZNF682 0.35 ANGPTL4 0.42
ID3 0.17 C7orf68 0.15 CYCSL1 0.14 RNU6-1 0.36 TAGLN 0.44
FASN 0.17 ANXA2P1 0.16 ANKRD44 0.14 RNU6-15 0.36 MATN4 0.44
KIAA1644 0.18 SLC2A1 0.16 XRCC2 0.14 CYCSL1 0.37 TYMS 0.45
PDGFRA 0.18 EFEMP1 0.16 PRO1853 0.14 FLJ40722 0.38 KCNS1 0.46
SFRS5 0.20 LOX 0.16 SSTR2 0.15 PNPT1 0.39 PANX3 0.46
STEAP1 0.20 LOC387763 0.16 CREB1 0.15 RNU1G2 0.39 BAPX1 0.46
C14orf4 0.21 HLA-DRA 0.16 DTWD2 0.15 RNU1-5 0.39 BEND5 0.46
H3F3B 0.22 LOC730167 0.16 DENR 0.16 RNU1-3 0.40 SLC13A5 0.47
SLC1A3 0.22 PTGS2 0.17 DEM1 0.16 TMEM158 0.40 PHLDA1 0.47
EPDR1 0.23 PPIB 0.17 LEP 0.16 CCBE1 0.41 PRC1 0.47

Analysis of the filtered data showing changes in gene expression accumulated between each time point during the chondrogenic program.
Significant up- and downregulated genes were analyzed for each time frame. Gene names in bold letters have or may have a role during
chondrogenesis.
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program (day 0–7), a negative effect on differentiation and
cartilage ECM deposition could be observed. On the con-
trary, adding FGF9 later at day 14 generated an anabolic
effect on ECM production while delaying the appearance of
a hypertrophic phenotype.18 These time-regulated effects
were correlated with the expression profile of FGF-receptors
1 and 3 and their downstream intracellular signaling. In this
regard, the details of the molecular transition within the AC
chondrogenic program are of primary interest.

We propose that the ultimate goal for a successful tis-
sue engineering approach to regenerate AC is to fabricate a
cartilaginous tissue with similar characteristics as hNAC.
In addition, the results of this study will be useful for fur-
ther optimization of current chondrogenic differentiation
protocols.

In this study, Illumina chips (representing >50,000 genes)
were used to identify genes differentially expressed during
hBM-MSC chondrogenesis. The analysis was performed
with FGF2-expanded hMSCs (d0) and different time points
during the chondrogenic differentiation program (d3–d28).
The goal was to determine the prominent up- and down-
regulated genes between the various time points. The key
comparator for these measurements was the data obtained
with native hNAC (Tables 1 and 2). Gene expression clus-
tering analysis, including other neonatal knee tissues (i.e.,
meniscus, synovial membrane, tendon, among others) from
the same donor, allowed a comprehensive evaluation of dif-
ferentially regulated genes across these tissues and com-

pared them with in vitro hMSC-derived 3D cartilage
structures. The assumption is that these differentially ex-
pressed genes could serve as the molecular signature or gold
standard to guide the bioactive factor-assisted transcrip-
tional profile of hMSC-derived cartilage.

As a first approximation to establish a molecular guide for
these developmental transitions, we have chosen 1-month-
old hNAC because it has the following characteristics: (i)
cells are committed to an AC lineage; (ii) these cells must
have a large expansion capacity and will expand to facilitate
the formation of this tissue to reach the adult size; and fi-
nally, (iii) the instructions to bring them into a more mature
phenotype must already exist, in part, as encoded in their
transcriptional profile with its control elements (transcrip-
tion factors) determining what the tissue and its functional
identity will become (i.e., the gold standard). In this study,
comprehensive gene expression profiling of hNAC and
in vitro hBM-MSC-derived 3D cartilage tissue has been
used to systematically investigate the presence of factors
that are differentially expressed in both types of cartilage
tissues.

Currently, only a handful of studies are available on the
potential of juvenile chondrocytes and their comparison with
adult chondrocytes. As far as we know, this is the first study
using a hNAC tissue. Furthermore, the election of using
hNAC as a reference standard builds on previous reports
showing greater intrinsic capability of juvenile chondrocytes
to expand, produce ECM, upregulate cartilage markers, and

FIG. 8. Pathway analysis of differentially expressed genes in hNAC versus hMSC-derived 3D cartilage. Pathway names
are listed on the Y-axis, the percentage of genes affected in each pathway is indicated on the X-axis, and the multiple testing
p-value is given at the end of each bar.
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secrete paracrine factors that stimulate stem cell func-
tion.27,49–52 Taken together, the properties of neonatal chon-
drocytes may provide a more efficient way to generate
functional cartilage compared to adult cells for the generation
of tissue-engineered cartilage by recapitulating the natural
development and growth processes. Although multiple stud-
ies have documented the potential of juvenile chondrocytes,
the molecular basis of such regeneration has not been ex-
plored. Part of the challenge for the lack of such studies is the
difficulty in obtaining healthy human cartilage especially
from young donors.

Previous studies have shown that hMSC transcriptome is
significantly different from that of native chondrocytes.53

In this regard, the question can be asked: are hMSCs in-
trinsically restricted from differentiating into hyaline AC-
producing chondrocytes? One assessment strategy is to use
a molecular snapshot of hNAC as a principal means of
comparison. In this study, this approach was validated as a
criteria or gold standard molecular read-out for high-
quality AC. Importantly, we confirmed that the presence of
standard markers (Sox9/8, Col2/9/10, and ACAN) is not
sufficient to define implantation release criteria, as they also
appear in failed engineered cartilage constructs. Therefore,
these markers are necessary but not sufficient to predict
ultimate success or failure of tissue-engineered cartilage. It
has been shown that expression of Sox9, both at the mRNA
and protein levels, is not a predictor of successful chon-
drogenesis.54 Thus, the expression of other control elements
is needed to assess the quality of tissue-engineered cartilage.

The analysis performed here provided a screened list of
novel markers and control elements that are presumed to
have a critical role during the generation of native AC.
Molecular differences between hNAC and hBM-MSC-
derived 3D cartilage at various time points (d0–d28) were
identified, focusing on genes not expressed at any time
in vitro hBM-MSC-derived cartilage. Based on this analysis,
specific gene ‘‘signatures’’ that hMSC must acquire during
differentiation to form AC that has, at least, a molecular
signature of native AC were recognized. From a list of
*500 genes differentially expressed, 53 genes were iden-
tified in hNAC that were not expressed at any time point
during the hMSC chondrogenic program (d3–d28) or in
undifferentiated FGF2-expanded hMSCs (d0) and in other
neonatal knee tissues.

A set of genes not previously described as chondrogenic
markers was also identified, suggesting that additional
novel markers that have not been implicated in chondro-
genic differentiation exist and deserve additional investi-
gation. Moreover, nine genes (five transcription factors and
four structural proteins) were identified as prospective
molecular signature of AC phenotype based on fold chan-
ges between AC and hMSC-derived pellets and their as-
sociated function in chondrogenesis. Kubo et al. found that
the molecular signature of BM-derived hMSC is deter-
mined by transcription factors that are expressed selec-
tively in these cells in contrast to other cells such as
fibroblasts.55 In agreement with this study, transcription
factors such as PR domain zinc finger protein 16 and Ets
variant 5) are expressed by FGF2-expanded hMSCs and,
according to our data, are highly expressed in hNAC.
However hMSCs rapidly lose the expression of these fac-
tors during in vitro chondrogenesis.

The presented data also indicate that hMSC transcriptome
is more similar to the hNAC transcriptome in the first days
of in vitro chondrogenic differentiation (d3–d7). This sug-
gests that the osteochondral fate of hMSC-derived cartilage
may be rerouted during earlier phases of the chondrogenic
program. It has been reported that progenitor cells in the
superficial layer of human AC exist and that these cells
express Prg4.11,12 Interestingly, we found that Prg4 is highly
expressed at day 3 of the in vitro MSC chondrogenic pro-
gram. Given this observation and based on our biostatistical
analysis (Fig. 2), it can be suggested that the transcriptome
of hMSC-derived cartilage at day 3 is similar to that of AC
progenitors in hNAC. However, this is something that needs
to be further studied.

Pathway analysis showed a strong enrichment of the in-
tegrin pathways in hNAC, compared to hMSC-derived 3D
cartilage. Although the molecular mechanisms of integrins
in articular chondrocytes is not yet completely understood,
studies have demonstrated that cell signaling mediated by
integrins regulates several key chondrocyte functions, in-
cluding differentiation, matrix production and remodeling,
mechanical stimulation, and cell survival.56 In particular,
b1 integrin-mediated adhesion plays crucial roles in car-
tilage morphology and function regulating chondrocyte
physiology and ECM assembly.57,58

According to our data, the regulation of integrin pathways
may be a key factor in the generation of AC from hMSC
chondrogenesis. It is important to consider that this regu-
lation must be strictly controlled since integrin pathway
deregulation is likewise involved in OA.56 It has been
shown that the collagen binding a1b1 integrin is expressed
at a low level on chondrocytes of the normal AC, but
its expression is upregulated during OA.56 The epidermal
growth factor receptor (EGFR) signaling pathway activation
has been shown to produce an anabolic effect in AC that is
followed by an accelerated catabolic effect if sustained ac-
tivation is present.59 This suggests that this pathway may be
initially active during AC development and then down-
regulated in developed AC. Chondrocyte-specific EGFR
signaling is an important regulator of hypertrophy and
growth plate development.60 Since this pathway is upregu-
lated in hNAC according to our data, its involvement during
MSC chondrogenesis may shed light into hypertrophy and
cartilage degradation mechanisms.

Recently, it was reported that IL-3-mediated signaling,
which is also found upregulated in our analysis, upregulates
the expression of Sox9 and collagen type II and down-
regulates the expression of matrix-degrading enzymes such
as MMP-1, MMP-3, and MMP-13 in chondrocytes.61 The
insulin growth factor I pathway has been shown to play
multiple roles in cartilage development such as differen-
tiation and maintenance of articular chondrocytes and
regulation of cartilage ECM synthesis.62,63 Signaling by
hepatocyte growth factor has been shown to be important
in the regulation of chondrogenesis and endochondral
ossification events in mouse64,65; however, its specific role
in cartilage development and chondrogenic differentiation
is understudied.

The vascular endothelial growth factor (VEGF) pathway
has been extensively studied in relation to its role in an-
giogenesis; however, its role in chondrogenesis and AC
development has not been fully elucidated. VEGF and its
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receptors have been found to play a role in OA.66 Interest-
ingly, one study found that VEGF and its receptors are
expressed in osteoarthritic and growing AC, but not in
healthy adult AC.67 Syndecan and glypican pathways have
been shown to be involved in cartilage remodeling and
pathological processes.68 However, their specific roles in
AC development are still not well understood.

The study of the pathways identified in this study is the
subject of further investigational efforts in our laboratories
to test the various conclusions of criteria uncovered by this
transcriptome analysis.

Conclusions

In this report, a specific molecular phenotype of high-
quality AC is described as a gold standard for tissue-
engineered AC that could fulfill the high standards that are
required for a successful clinical application. These results
will enable a clear molecular roadmap to generate proper
articular hyaline cartilage from a variety of stem cell and
reprogramming technologies. In addition, they will be ex-
tremely valuable in setting the read-out to generate robust
hyaline AC phenotypes after successful multifactor-directed
lineage progression following temporal and molecular in-
duction. This will allow a consistent method to identify and
control the development of AC phenotypes during lineage
progression in vitro.

We expect that these results will provide sufficient
output data to help develop the new technology required to
fulfill the expectations that adult human BM-derived
hMSCs can be used in culture to engineer a chondrogenic
tissue with properties optimized to regenerate hyaline AC
in situ. In addition, these data will be useful to identify a
comprehensive read-out of a successful AC generation
in vitro using hMSCs.
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