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Methods for the lineage identification of cell or tissue-engineered therapeutics must provide a high degree of
performance to confidently distinguish the intended cell type from other lineages that could be present in the
finished product. For many applications, these methods also require rapid, high-throughput capability. In this
work, methods for the identification of autologous cultured chondrocytes for implantation were investigated. A
histological analysis confirmed that fibrous tissue occasionally present in biopsies procured for autologous
chondrocyte implantation production comprised synovium. Chondrocyte and synovial cell cultures were then
examined using a full transcriptome microarray analysis, which revealed cartilage link protein and microfibril-
associated glycoprotein-2 (MAGP2) as the most differentially expressed transcripts between the culture types.
Performance characteristics of gene expression assays formed by the analysis of cartilage link protein with nor-
malization to either standard reference genes or to MAGP2 were evaluated. The results demonstrate that the
MAGP2-based assay provided superior performance for the purpose of cell culture identification compared to
assays using standard reference genes. The selectivity against synovial and heterogeneous samples provided by
the novel assay suggests it as an appropriate lineage identification method for cell cultures derived from cartilage.

Introduction

There are numerous and significant challenges to con-
sistent, high-quality production of autologous cell ther-

apies on a commercial scale. One of the most intractable
problems has been the development of an identity assay for
cultured human articular chondrocytes, the cells used in the
autologous chondrocyte implantation (ACI), and the matrix-
induced ACI (MACI) procedures to repair cartilage defects.
Identity assays are important quality control tools for as-
sessing cellular composition of a cell therapy product and are
required by regulatory agencies in most countries.

Once removed from the cartilage matrix, chondrocytes
quickly dedifferentiate,1,2 a process that includes down-
regulation of expression of cartilage genes and conversion to
a fibroblastic phenotype. Cultured chondrocytes therefore
become less distinguishable from fibroblastic cells that could
potentially contaminate the final product. In this regard,
synovial cells are of particular interest since it is believed that
these cells may be present in the cartilage biopsies procured
as starting material for ACI production. This belief stems
from previous observations of fibrous tissue in some ACI

biopsies.3 It is also well understood from studies of the
transition between articular cartilage and joint capsule that
the synovial membrane merges into the cartilage surface in a
continuous manner at the cartilage–synovium junction, and
there is some degree of overlap between the tissues in this
region.4–6 Other potential sources of synovial contamination
to ACI biopsies are tissue fragments7 and individual cells8

present in the synovial fluid of the knee. In a previous report
we described the development of a DNA methylation anal-
ysis capable of discriminating chondrocyte cultures from
synovial cultures with a high degree of certainty.3 However,
cultures derived from fibrous tissue dissected from the car-
tilage junction could not be confidently classified as either
chondrocytic or synovial, and may have contained a mixture
of cell types. Therefore, an acceptable lot release identity
assay for cultured chondrocytes must not only detect chon-
drocytes, but also discriminate against synovial and hetero-
geneous cell cultures. In addition, the assay must be rapid to
accommodate production and shipping schedules for cell
therapies, which typically have a shelf life of a few days.

Our initial efforts in this area were focused on evaluating
expression of various candidate chondrocyte markers in both
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cell types; however, assays based on known genes did not
provide an acceptable level of performance for this purpose.
We then conducted full transcriptome microarray analysis of
human chondrocyte and synovial cell cultures (Rapko et al.,
unpublished data). From this work we identified a pre-
viously unknown synovial marker, microfibril-associated
glycoprotein-2 (MAGP2), and also determined that cartilage
link protein (CRTL1) is the most highly expressed gene
in chondrocyte cultures relative to synovial cultures. In the
present report we demonstrate that a quantitative reverse
transcription-polymerase chain reaction (RT-PCR) assay based
on MAGP2 and CRTL1 distinguishes chondrocyte from syno-
vial cultures, and has superior resolving power against mixed
cultures when compared to assays based on standard markers.
The assay is also rapid and robust, and therefore suitable as a
product release assay for ACI and MACI products.

Materials and Methods

Tissue analysis

Fibrous tissues present in two human biopsies submitted
for ACI were analyzed histologically. The samples were fixed
in 10% neutral buffered formalin for at least 24 h at 48C for
subsequent histological analysis. Study of gene expression in
porcine tissues was performed using stifle joints from skele-
tally mature domestic pigs obtained from a local farm. Por-
cine tissues were analyzed in this work because of limited
access to human tissue. Tissue processing occurred within
24 h of slaughter, with the tissue stored at 48C in the mean-
time. Articular cartilage was obtained from the lateral femoral
condyle. Fibrocartilage was sampled from the lateral menis-
cus. Synovium was dissected from the joint capsule near the
junction with the trochlea. Samples of articular cartilage and
synovium were taken from three separate animals. Fi-
brocartilage was taken from two of the animals. Each sample
was divided into two pieces: one was rinsed four times in
phosphate-buffered saline and used for RNA isolation, and
the other piece was fixed for histology as described above.

For histological analysis, fixed tissues were dehydrated
through an ethanol series, paraffin embedded, sectioned to
5 mm, and mounted on glass slides. Sections were stained
with hematoxylin and eosin, and photographed on a Nikon
DXM1200F digital camera and ACT-1 imaging software
(Nikon). Human and porcine tissue samples were evaluated
for the presence of synovial and fibrous connective tissue by
a board certified pathologist.

Human cell culture

Human articular cartilage was obtained from either the
National Disease Research Interchange (NDRI) or from ex-
cess material from biopsies submitted for ACI production
(Carticel�; Genzyme Biosurgery). Human chondrocyte cul-
tures were isolated and cultured using the Carticel produc-
tion method as previously described.3 Briefly, chondrocytes
from articular cartilage were isolated using sequential di-
gestion with collagenase and trypsin, or with pronase and
collagenase, and then plated in tissue culture flasks with the
medium consisting of Dulbecco’s modified Eagle’s medium
supplemented with 9.1% fetal bovine serum and gentamicin.
Cultures were maintained in 10% carbon dioxide at 36.58C
with medium changes occurring every 2 to 4 days. Chon-

drocyte cultures were trypsinized upon reaching 50% to
100% confluence, with the primary or secondary cultures
cryopreserved before subsequent passaging. Cell cultures were
also derived from fibrous tissues dissected from the cartilage
junction, which were previously described as ‘‘apparent sy-
novium present in cartilage biopsies.’’3 These tissues were
present in three biopsies submitted for ACI, and cell cultures
were established as described previously.3 In the present work,
these cultures are referred to as ‘‘junction cultures.’’ Briefly,
fibrous tissue dissected from the cartilage junction was sub-
jected to sequential digestion with collagenase and trypsin.
Cells isolated from the enzymatic digest were cultured as de-
scribed above. Human synovial tissue was obtained from
NDRI and cultures were established as described previously.3

Briefly, synovium was subjected to sequential digestions with
trypsin, collagenase, DNase, or a combination of any of the
three. Cells isolated from the enzymatic digest were cultured
as described above. Additional synovial and dermal fibroblast
cultures were purchased (Cell Applications Inc.). The donor
age range for the chondrocyte cultures, where known, was 14
to 56 years (mean 30 years). The range for the synovial cell
cultures, where known, was 20 to 82 years (mean 59 years).
The range for the dermal fibroblast cultures, where known,
was 36 to 77 years (mean 55 years).

Gene expression in human cell cultures

To evaluate gene expression levels in a representative
number of human samples, 34 chondrocyte, 18 synovial, and
10 dermal fibroblast strains were cultured. For this work,
primary cultures were considered the first passage and de-
noted as P1. The subsequent passages were denoted incre-
mentally. Chondrocyte and dermal fibroblast cultures tested
in this evaluation were third passage (P3), and the synovial
cultures were P3 or P4. Gene expression levels of the three
junction cultures were also tested at P3. These three cultures
had previously undergone characterization of tissue-specific
differentially methylated regions of the genomic DNA, which
discriminated synovial cells from chondrocytes,3 and were
referred to as strains V-42, V-67, and V-71.

RNA preparation and RT-PCR

RNA was isolated from cell culture samples using the
RNeasy Mini Kit (Qiagen). Complimentary DNA (cDNA)
was synthesized using the High Capacity cDNA Kit (Applied
Biosystems Inc.). Quantitative real-time PCR (QPCR) of the
human cDNAs was performed on an ABI 7500 Fast System in
Fast mode using TaqMan Fast Universal mix (Applied Bio-
systems Inc.). Primers and probes used for QPCR were de-
signed using Primer Express 3.0 (Applied Biosystems Inc.).

Human primer and probe (Applied Biosystems Inc.) se-
quences indicated by symbol and GenBank accession and
given in the 50 to 30 direction were as follows:

CRTL1 (official symbol HAPLN1, NM_001884.2)
Forward TGAAGGATTAGAAGATGATACTGTTGTG
Reverse GCCCCAGTCGTGGAAAGTAA
Probe VIC-TACAAGGTGTGGTATTCC-MGBNFQ

MAGP2 (official symbol MFAP5, NM_003480.2)
Forward CGAGGAGACGATGTGACTCAAG
Reverse AGCGGGATCATTCACCAGAT
Probe 6FAM-ACATTCACAGAAGATCC-MGBNFQ
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Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(NM_002046.3)

Forward ATGGGGAAGGTGAAGGTCG
Reverse TAAAAGCAGCCCTGGTGACC
Probe 6FAM-CGCCCAATACGACCAAATCCGTTGAC-
MGBNFQ.

For COL1A1 (NM_000088.3) we used TaqMan gene ex-
pression assay Hs00164004_m1 (Applied Biosystems Inc.).

RNA was prepared from porcine tissues by first grinding
the tissue to a fine powder in a liquid-nitrogen-cooled mor-
tar. RNA was then isolated using TRIzol (Invitrogen), di-
gested with Turbo DNase (Applied Biosystems Inc.), and
purified with the RNeasy Mini Kit. Porcine cDNA was pre-
pared as described above. QPCR of the porcine cDNAs was
performed on an ABI 7500 Fast System in Standard mode
using Power SYBR Green mix (Applied Biosystems Inc.).

The porcine primer sequences indicated by symbol and
GenBank accession and given in the 50 to 30 direction were as
follows:

CRTL1 (NM_001004028.1)
Forward TGAGGTGATTGAAGGATTAGAAGATG
Reverse GCCCCAGTCGTGGAAAATAG

MAGP2 (AY610418.1)
Forward CGAGGAGATGATGTGACTCCAGTA
Reverse AGCAGGTTCATCGACCAGATTAG

GAPDH (AF017079.1)
Forward GTCACCAGGGCTGCTTTTAACT
Reverse ACCATGTAGTGGAGGTCAATGAAG

A melting curve analysis was performed after the PCR to
confirm specificity of the SYBR green amplifications. For
both the TaqMan and SYBR green methods, quantification of
gene expression was performed by subtracting the reference
gene Ct from the gene of interest Ct to obtain the DCt. The
gene expression level was then calculated as 2�DCt.

Titration experiments

Mixtures of cells were prepared with freshly harvested
second- or third-passage chondrocyte and synovial cell cul-
tures. These cell strains (strains V-07, V-09, V-18, V-20, V-24,
and V-27) were previously characterized using DNA meth-
ylation analysis.2 For experiment 1, P3 cultures were used. P2
cultures were used in experiments 2 and 3. The concentra-
tions of the cell suspensions were determined by taking the
average of two hemacytometer counts. Mixtures of cultured
cells were prepared containing 0%, 25%, 50%, 75%, and 100%
chondrocytes, with the balance synovial cells. The samples
were then analyzed for CRTL1 gene expression with various
reference genes (GAPDH, COL1A1, and MAGP2) for nor-
malization, and the results plotted versus the percent chon-
drocytes in each sample. For each experiment, the minimum
percent chondrocytes required to be classified as the chon-
drocyte lineage were estimated by interpolating the two data
points flanking the classification threshold, and calculating
the intercept of the resulting line with the threshold.

Statistical analysis

Grouped data are expressed as the mean or the mean�
standard deviation. Mann–Whitney U-tests were performed

on the data from the human cell cultures with JMP 7.0
software (SAS Institute Inc.). For the U-tests, differences be-
tween sample sets were considered significant when p-values
were <0.025. To test whether the gene expression of human
chondrocyte cultures followed a normal distribution, data
were examined before and after log10 transformation using
the Shapiro–Wilk W-test ( JMP 7.0). For the W-test, p-values
<0.05 were considered a significant departure from nor-
mality. Classification thresholds for each gene expression
assay were then established as the chondrocyte culture
mean minus 2 standard deviations. Student’s t-tests (paired,
two-tailed) were performed on the data from the titration
experiments using Excel software (Microsoft Corp.). For the
t-tests, differences between sample sets were considered
significant when p-values were <0.025.

Results

Human tissue investigation

Samples of fibrous tissues present in two human cartilage
biopsies submitted for ACI were examined histologically to
identify the tissue. On the basis of an initial visual and tactile
inspection, the sample from biopsy 1 was considered to be
fibrous tissue. This sample had a membranous appearance
and lacked the rigidity of typical articular cartilage. Upon
initial inspection, the sample from biopsy 2 appeared to
contain fibrous tissue attached to cartilage. The hematoxylin
and eosin–stained slides prepared from these samples were
evaluated by a board-certified pathologist (E.H.), and both
samples were found to contain normal synovium (Fig. 1A, B).
These results confirmed that synovium was present in some
cartilage biopsies submitted for ACI. Interestingly, the syno-
vium in the biopsy 1 sample was attached to a thin piece of
cartilage (Fig. 1A), which was not apparent during the initial
inspection. For the sample from biopsy 2, a region of cartilage
(not shown) was found attached to the synovium, confirming
the initial inspection results for this sample.

Porcine tissue study

To determine whether MAGP2 expression, originally dis-
covered in synovial cell cultures, was also present in syno-
vium, porcine tissues were tested. CRTL1 gene expression in
these samples was also analyzed. To confirm that the ap-
propriate tissues were tested, histology samples of condylar
cartilage, synovium, and meniscal fibrocartilage were first
examined by a board-certified pathologist (E.H.). Re-
presentative micrographs are shown in Figure 1C–E. To in-
vestigate the individual levels of CRTL1 and MAGP2 gene
expression in the various tissues, we referenced these to
GAPDH, a commonly used housekeeping gene.9–13 On the
basis of the observed results, the use of GAPDH normaliza-
tion for these samples appeared to be acceptable. The aver-
age GAPDH cycle times for the condyle, synovium, and
meniscus samples were 21.3, 20.7, and 20.8 cycles, with the
average RNA input amounts of 7.1, 13.6, and 4.8 ng/mL
cDNA reaction, respectively. We also referenced CRTL1
directly to MAGP2, which provides a single parameter
describing relative expression of these two genes without the
requirement for normalization to housekeeping genes or
RNA input levels. The results are shown in Figure 2. As
observed in the microarray hybridization experiments that
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tested chondrocyte and synovial cell cultures (data not
shown), differential MAGP2 expression was seen between
cartilage and synovium tissues. Examination of the average
MAGP2:GAPDH levels showed gene expression at least 4.5
logs lower in either cartilage type compared to synovium.
Also consistent with the previous cell culture results, CRTL1
expression was observed higher in cartilage than in syno-
vium. Both condylar cartilage and meniscal cartilage had
CRTL1:GAPDH levels that were at least 2.3 logs greater than
that of synovium. The average CRTL1:MAGP2 levels were
over 6.1 logs higher in either cartilage type compared to
synovium. Levels of the various gene expression indices

were similar between condylar and meniscal cartilage sam-
ples (within 0.5 logs, all indices).

Gene expression in human cell cultures

To assess gene expression of CRTL1, COL1A1, and MAGP2
in chondrocyte, synovial, and dermal fibroblast cultures,
levels were normalized to GAPDH. For this analysis, a repre-
sentative number of donor strains of human chondrocytes
(n¼ 34) and synovial cells (n¼ 18) were tested. Dermal fibro-
blasts (n¼ 10 strains), a widely studied fibroblastic cell type,
were also included for comparative purposes. The results of
the analysis are shown in Figure 3. The average expression

FIG. 1. Histology micrographs of
tissue samples used for study. All
samples were stained with hema-
toxylin and eosin. (A, B) Tissue
samples from human biopsies sub-
mitted for autologous chondrocyte
implantation. (A) Donor 1 tissue
sample, original magnification 100�.
Synovium (arrowhead) and carti-
lage (asterisk) are denoted. (B)
Donor 2 tissue sample, original
magnification 200�. Synovium is
seen. (C–E) Representative micro-
graphs of porcine tissues used for
gene expression analysis, original
magnifications 40�. (C) Condylar
cartilage, (D) synovium, and (E)
meniscal fibrocartilage.

FIG. 2. Gene expression
of CRTL1 and MAGP2 in
porcine condylar cartilage
(n¼ 3), synovium (n¼ 3),
and meniscal fibrocartilage
(n¼ 2) using SYBR green real-
time quantitative RT-PCR.
(A) CRTL1:GAPDH expres-
sion; (B) MAGP2:GAPDH ex-
pression; (C) CRTL1:MAGP2
expression. All graphs, y-axis in arbitrary units. CRTL1, cartilage link protein; MAGP2, microfibril-associated glycoprotein-2;
RT-PCR, reverse transcription-polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

1370 RAPKO ET AL.



levels of COL1A1:GAPDH were similar between the three cell
types (within 0.15 logs). The average level of CRTL1:GAPDH
in chondrocyte cultures was found to be higher than that of
synovial or dermal fibroblast cultures (by 2.1 and 2.4 logs,
respectively; p< 0.0001 for either comparison, Mann–Whitney
test). Conversely, the average level of MAGP2:GAPDH in
chondrocyte cultures was lower than that of synovial or der-
mal fibroblast cultures (by 2.0 and 1.2 logs, respectively;
p< 0.0001 for either comparison, Mann–Whitney test). The
average level of MAGP2:GAPDH was somewhat higher in
synovial cell cultures compared to dermal fibroblast cultures
(by 0.78 logs, p¼ 0.0001, Mann–Whitney test).

We developed assays based on the levels of CRTL1:
GAPDH, CRTL1:COL1A1, and CRTL1:MAGP2 in an attempt
to clearly distinguish chondrocyte cultures from synovial
cultures. Classification thresholds for each assay were cal-
culated after a statistical analysis of the chondrocyte culture
data. Examination of the untransformed CRTL1:GAPDH,
CRTL1:COL1A1, and CRTL1:MAGP2 data revealed that these
were not normally distributed (data not shown). After log
transformation, however, the data from each assay were
adequately normally distributed (Table 1). The means and
standard deviations from the log-transformed data were
then calculated for each assay, and the classification thresh-
old for each assay was defined as the chondrocyte mean
minus two standard deviations, as shown in Table 1. Scatter
dot plots of the log-transformed gene expression data for
chondrocyte cultures, synovial cultures, and junction cul-
tures are shown in Figure 4, with the classification thresholds

drawn on each plot. As can be seen from the figure, in terms
of testing outcomes, two out of three of the junction cultures
were classified as chondrocytes with the log(CRTL1:GAPDH)
assay, and all three were classified as chondrocytes with the
log(CRTL1:COL1A1) assay. When examined with the log
(CRTL1:MAGP2) assay, however, none of the junction cultures
were classified as chondrocytes. The results also showed that
the log(CRTL1:MAGP2) assay provided better resolution of
synovial cultures from chondrocyte cultures than the assays
that used GAPDH or COL1A1 as reference genes.

Titration experiments

To evaluate the specificity of the various assays against
heterogeneous samples of a defined composition, titration
experiments were performed. Figure 5 shows the results
obtained when a graded series of prepared mixtures con-
taining cultured chondrocytes and synovial cells were tested
with the various gene expression assays. For each assay, the
bars are drawn starting from the respective assay classifica-
tion thresholds. The percent chondrocytes in each experi-
ment corresponding to the threshold (minimum positive
classification level) was estimated by interpolation. The av-
erage minimum positive classification levels from the three
experiments were then calculated for each assay, and re-
corded in Table 2. The average minimum levels of chon-
drocytes required to yield a positive classification as
chondrocytes with the log(CRTL1:GAPDH), log(CRTL1:CO-
L1A1), and log(CRTL1:MAGP2) assays were 26.8%, 20.0%,

FIG. 3. Gene expression of
CRTL1, COL1A1, and
MAGP2 with GAPDH nor-
malization in monolayer-
expanded adult human cell
cultures using TaqMan real-
time quantitative RT-PCR.
Third-passage chondrocytes
(n¼ 34 strains), third/
fourth-passage synovial cell

cultures (n¼ 18 strains), and third-passage dermal fibroblasts (n¼ 10 strains) were tested. (A) CRTL1:GAPDH expression;
(B) COL1A1:GAPDH expression; (C) MAGP2:GAPDH expression. All graphs, y-axis in arbitrary units. *p< 0.0001;
**p¼ 0.0001.

Table 1. Statistical Analysis of Gene Expression in Chondrocyte Cultures

Assay
Shapiro–Wilk

test, W
Shapiro–Wilk

test, P Mean
Standard

deviation (sd)

Classification
threshold

(Mean� 2sd)

log(CRTL1:GAPDH) 0.9534 0.1552 �1.878 0.3276 �2.533
log(CRTL1:COL1A1) 0.9830 0.8617 �1.781 0.4043 �2.590
log(CRTL1:MAGP2) 0.9901 0.9864 1.416 0.7347 �0.05367

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CRTL, cartilage link protein; MAGP2, microfibril-associated glycoprotein-2.
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and 65.2%, respectively. The average minimum levels of
chondrocytes required to yield a positive classification with
the log(CRTL1:MAGP2) assay were significantly higher than
the average levels required for the log(CRTL1:GAPDH) assay
( p¼ 0.0068, paired t-test) or the log(CRTL1:COL1A1) assay
( p¼ 0.013, paired t-test), indicating that the log(CRTL1:
MAGP2) assay provided significantly better selectivity against
the heterogeneous samples.

Discussion

Chondral injuries occur frequently and are treated with a
number of articular cartilage repair procedures, including
cell-based therapies. Evidence suggests that ACI and MACI
procedures can result in a hyaline-like repair tissue and sig-
nificantly reduce pain and improve mobility in patients with
large symptomatic chondral lesions.14–16 There are many

FIG. 4. CRTL1 gene expression levels in human chondrocyte
(n¼ 34), synovial (n¼ 18), and junction cultures (n¼ 3) using
TaqMan real-time quantitative RT-PCR. (A) log(CRTL1:
GAPDH); (B) log(CRTL1:COL1A1); (C) log(CRTL1:MAGP2).
Dashed lines represent the classification threshold set for
each gene expression assay. C, chondrocyte; S, synovial; J,
junction cultures. All graphs, y-axis in arbitrary units.

FIG. 5. Titration of assay selectivity against heterogeneous
samples. (A) log(CRTL1:GAPDH); (B) log(CRTL1:COL1A1);
(C) log(CRTL1:MAGP2). Mixtures of cultured human chon-
drocytes and synovial cells were analyzed with TaqMan real-
time quantitative RT-PCR. For all graphs, the bars are drawn
starting from the assay classification threshold, and the y-
axis is in arbitrary units.
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challenges associated with the manufacture and quality
control of human cells for clinical use, which have necessi-
tated the development of novel process controls and ana-
lytical methods to ensure product quality and consistency.17

Among these challenges, the development of assays that
provide an unambiguous assessment of product identity had
been found to be particularly difficult.

Evaluation of histological samples from ACI biopsies in-
dicated that synovial tissue can be a contaminant of these
biopsies. Therefore, we developed quantitative gene ex-
pression assays capable of discriminating chondrocyte from
synovial cell cultures, using the cartilage-specific marker
CRTL1 referenced to GAPDH, COL1A1, and MAGP2. To
prospectively compare the performance characteristics of the
variously normalized assays, we tested two types of samples:
actual cell cultures derived from fibrous tissues dissected
from the cartilage junction (junction cultures), and prepared
mixtures containing known proportions of cultured chon-
drocytes and synovial cells. Although the exact compositions
of the junction cultures are currently unknown, the results of
the current work suggest that these contain a mixture of
chondrocytes and synovial cells. Regardless of the compo-
sition of the junction cultures, they constitute an example of
cultures that could arise from an inappropriate tissue source
for ACI production, that is, fibrous or junction tissue. Using
classification thresholds set to include most chondrocyte
cultures, the selectivities of the GAPDH, COL1A1, and
MAGP2 normalized assays against the junction cultures were
evaluated by comparing classification outcomes. The results
showed that the log(CRTL1:MAGP2) assay did not classify
any of these cultures as chondrocytes, while two out of three
were classified as chondrocytes with the log(CRTL1:GAPDH)
assay, and all three were classified as chondrocytes with the
log(CRTL1:COL1A1) assay. For the purpose of preventing
such cultures from being released for clinical use, the
log(CRTL1:MAGP2) assay exhibited superior performance.

Due to the undefined nature of the junction cultures, it
was not possible to compare the performance characteris-
tics of the various assays with regard to the levels of
chondrocytes present. Therefore, we conducted titration
experiments using a graded series of defined mixtures of
separately cultured chondrocytes and synovial cells to test
the performance capabilities. The results showed that the
log(CRTL1:MAGP2) assay provided significantly better se-
lectivity against the mixtures than either the log(CRTL1:
GAPDH) or the log(CRTL1:COL1A1) assay. These data,
along with those from the junction culture testing, con-
firmed our hypothesis that referencing gene expression to a
synovial marker, in this case MAGP2, would result in im-
proved assay selectivity.

The indexing of positive (abundantly expressed) markers
to negative (inabundantly expressed) markers for the char-
acterization of the differentiated chondrocyte phenotype is
highly precedented, with the COL2A1/COL1A1 and the
aggrecan/versican ratios commonly used for this purpose.9–13

We employed this normalization strategy with the most
differentially expressed positive and negative mRNA mark-
ers expressed in our chondrocyte and synovial cell cultures,
as determined by full transcriptome microarray analysis. For
this reason, we believe that the CRTL1:MAGP2 index is the
optimal single parameter for discriminating between chon-
drocytes and synovial cells cultured using our procedures.
The CRTL1 and MAGP2 expression patterns in porcine tis-
sues also indicated that these markers were differentially
expressed between cartilage and synovium, suggesting the
CRTL1:MAGP2 index as a versatile descriptor of the chon-
drocyte lineage because it may identify chondrocytes in both
tissue and in cell culture.

Limitations of the described method for the purpose of
chondrocyte identification include those associated with the
selected markers, and the use of an RT-PCR assay format.
While CRTL1 is a well-characterized chondrocyte marker,18–21

the widespread expression of CRTL1 in developing tissues
may preclude its use in such samples. MAGP2 expression
patterns in tissue22–24 have not been as thoroughly investi-
gated, and we believe that this is the first report of MAGP2
expression in synovium or synovial cell cultures. In the
context of identifying the cultures intended for ACI proce-
dures, the primary limitation of the described method is that
it only classifies cell cultures, not individual cells, making
uncertain exactly what level of chondrocytes an assay result
represents. While we used prepared mixtures of separately
cultured chondrocytes and synovial cells for the purpose of
demonstration, cells in actual cocultures derived from carti-
lage and synovium could potentially exhibit different ex-
pression profiles. For this reason, it will not be possible to
gauge the exact percentage level of chondrocytes corre-
sponding to a log(CRTL1:MAGP2) assay result until an assay
format that identifies individual cells in cocultures is devel-
oped.

The results presented in this work describe the com-
parison of assays that were assigned arbitrary acceptance
thresholds for the purpose of testing our hypothesis re-
garding gene expression normalization. The applica-
tion of the log(CRTL1:MAGP2) assay to the identification of
cultures intended for ACI procedures, however, will re-
quire a rationally determined acceptance threshold. For this
determination, statistical methods can be used to fit distri-
butions to the data and calculate the frequencies of correctly
and incorrectly classifying the culture types with different

Table 2. Results of Titration Experiments

Minimum % chondrocytes required for chondrocyte classification

Assay

Experiment 1
(mixtures of strains V-07
and V-18, P3 cultures)

Experiment 2
(mixtures of strains V-24
and V-20, P2 cultures)

Experiment 3
(mixtures of strains V-09
and V-27, P2 cultures) Mean (sd)

log(CRTL1:GAPDH) 35.9% 23.0% 21.5% 26.8% (7.89%)
log(CRTL1:COL1A1) 21.7% 18.0% 20.5% 20.0% (1.88%)
log(CRTL1:MAGP2) 76.8% 55.1% 63.8% 65.2% (10.9%)
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acceptance thresholds. As the current data illustrate, the
log(CRTL1:MAGP2) assay provides a high degree of resolu-
tion between the cell types. This resolution will allow for the
establishment of an acceptance threshold that provides a high
degree of confidence that cultures are correctly classified.

The results of this work illustrate the general benefits of
biomarker optimization for lineage identification assay
development. While the genes we selected are specific to
our cultures, the development strategy is generally appli-
cable to other culture processes and cell types. Using this
approach, we were able to develop a novel gene expression
assay capable of identifying chondrocyte cultures with
much greater confidence than previous assays. The im-
proved performance characteristics of this assay were a
direct result of the employment of a discriminatory refer-
ence gene, the novel synovial marker MAGP2. The resulting
assay provides a high level of performance that may allow
its acceptance for use as a quality control release test for the
identification of autologous cultured human chondrocytes
for implantation.

Acknowledgments

This work was sponsored by Genzyme Corporation. We
thank Amy Parker, Dhurata Dono, Dawn Riley, and Chris-
tina Mortelliti for their technical assistance. We also thank
Dr. Michael O’Callaghan for providing guidance, and Pru-
dence Roaf for helpful comments on the article.

Disclosure Statement

The authors of this article are employees and shareholders
of Genzyme Corporation.

References

1. Benya, P.D., and Shaffer, J.D. Dedifferentiated chondrocytes
reexpress the differentiated collagen phenotype when cul-
tured in agarose gels. Cell 30, 215, 1982.

2. Diaz-Romero, J., Nesic, D., Grogan, S.P., Heini, P., and
Mainil-Varlet, P. Immunophenotypic changes of human ar-
ticular chondrocytes during monolayer culture reflect bona
fide dedifferentiation rather than amplification of progenitor
cells. J Cell Physiol 274, 75, 2008.

3. Rapko, S., Baron, U., Hoffmuller, U., Model, F., Wolfe, L.,
and Olek, S. DNA methylation analysis as a novel tool for
quality control in regenerative medicine. Tissue Eng 13,

227, 2007.
4. Allard, S.A., Bayliss, M.T., and Maini, R.N. The synovium-

cartilage junction of the normal human knee. Arthritis
Rheum 33, 1170, 1990.

5. Thompson, A.M., and Stockwell, R.A. An ultrastructure
study of the marginal transitional zone in the rabbit knee
joint. J Anat 136, 701, 1983.

6. Wolf, J. Transition from synovial into chondral membrane.
Folia Morphol (Praha) 22, 151, 1974.

7. Dai, L., Pessler, F., Chen, L.X., Clayburne, G., and Schu-
macher, H.R. Detection and initial characterization of syno-
vial lining fragments in synovial fluid. Rheumatology
(Oxford) 45, 533, 2006.

8. Stebulis, J.A., Rossetti, R.G., Atez, F.J., and Zurier, R.B.
Fibroblast-like synovial cells derived from synovial fluid.
J Rheumatol 32, 301, 2005.

9. Binette, F., McQuaid, D.P., Haudenschild, D.R., Yaeger, P.C.,
McPherson, J.M., and Tubo, R. Expression of a stable artic-
ular cartilage phenotype without evidence of hypertrophy
by adult human articular chondrocytes in vitro. J Orthop Res
16, 207, 1998.

10. Gebhard, P.M., Gehrsitz, A., Bau, B., Soder, S., Eger, W., and
Aigner, T. Quantification of expression levels of cellular
differentiation markers does not support a general shift in
the cellular phenotype of osteoarthritic chondrocytes. J Or-
thop Res 21, 96, 2003.

11. Marlovits, S., Hombauer, M., Tamandl, D., Vecsei, V., and
Schlegel, W. Quantitative analysis of gene expression in
human articular chondrocytes in monolayer culture. Int J
Mol Med 13, 281, 2004.

12. Yaeger, P.C., Masi, T.L., de Ortiz, J.L., Binette, F., Tubo,
R., and McPherson, J.M. Synergistic action of transform-
ing growth factor-beta and insulin-like growth factor-I
induces expression of type II collagen and aggrecan genes
in adult human articular chondrocytes. Exp Cell Res 237,

318, 1997.
13. Martin, I., Jakob, M., Schafer, D., Dick, W., Spagnoli, G., and

Heberer, M. Quantitative analysis of gene expression in
human articular cartilage from normal and osteoarthritic
joints. Osteoarthritis Cartilage 9, 112, 2001.

14. Brittberg, M., Lindahl, A., Nilsson, A., Ohlsson, C., Isaksson,
O., and Peterson, L. Treatment of deep cartilage defects in
the knee with autologous chondrocyte transplantation. N
Engl J Med 331, 889, 1994.

15. Petersen, L., Brittberg, M., Kiviranta, I., Akerlund, E.L., and
Lindahl, A. Autologous chondrocyte transplantation. Bio-
mechanics and long-term durability. Am J Sports Med 30,

2, 2002.
16. Zaslav, K., Cole, B., Brewster, R., DeBerardino, T., Farr, J.,

Fowler, P., and Nissen, C. A prospective study of autologous
chondrocyte implantation in patients with failed prior
treatment for articular cartilage defect of the knee: results of
the study of the treatment of articular repair (STAR) clinical
trial. Am J Sports Med 37, 42, 2009.

17. Mayhew, T.A., Williams, G.R., Senica, M.A., Kuniholm, G.,
and DuMoulin, G.C. Validation of a quality assurance pro-
gram for autologous cultured chondrocyte implantation.
Tissue Eng 4, 325, 1998.

18. Hardingham, T.E. The role of link-protein in the structure
of cartilage proteoglycan aggregates. Biochem J 177, 237,
1979.

19. Tang, L.H., Rosenberg, L., Reiner, A., and Poole, A.R.
Proteoglycans from bovine nasal cartilage. Properties of
a soluble form of link protein. J Biol Chem 254, 10523,
1979.

20. Archer, C.W., McDowell, J., Bayliss, M.T., Stephens, M.D.,
and Bentley, G. Phenotypic modulation in sub-populations
of human articular chondrocytes in vitro. J Cell Sci 97,

361, 1990.
21. Binette, F., Cravens, J., Kahoussi, B., Haudenschild, D., and

Goetinck, P.F. Link protein is ubiquitously expressed in non-
cartilaginous tissues where it enhances and stabilizes the
interaction of proteoglycans with hyaluronic acid. J Biol
Chem 269, 19116, 1994.

22. Gibson, M.A., Finnis, M.L., Kumaratilake, J.S., and Cleary,
E.G. Microfibril-associated glycoprotein-2 (MAGP-2) is
specifically associated with fibrillin-containing microfibrils
but exhibits more restricted patterns of tissue localization
and developmental expression than its structural relative
MAGP-1. J Histochem Cytochem 46, 871, 1998.

1374 RAPKO ET AL.



23. Ritty, T.M., Ditsios, K., and Starcher, B.C. Distribution of the
elastic fiber and associated proteins in flexor tendon reflects
function. Anat Rec 268, 430, 2002.

24. Lemaire, R., Farina, G., Kissin, E., Shipley, J.M., Bona, C.,
Korn, J.H., and Lafyatis, R. Mutant fibrillin 1 from tight skin
mice increases extracellular matrix incorporation of micro-
fibril-associated glycoprotein 2 and type I collagen. Arthritis
Rheum 50, 915, 2004.

Address correspondence to:
Stephen Rapko, B.S.
Genzyme Biosurgery

64 Sidney St.
Cambridge, MA 02139

E-mail: stephen.rapko@genzyme.com

Received: December 1, 2009
Accepted: March 25, 2010

Online Publication Date: April 23, 2010

MAGP2 FOR CHONDROCYTE IDENTIFICATION 1375




