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Increased MIG-6 mRNA transcripts in osteoarthritic cartilage
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Abstract
The biochemical mechanism for initiation of cartilage destruction in osteoarthritis (OA) is unknown but may involve as yet
unidentiﬁed cartilage genes. The ﬁrst evidence that MIG-6, a protein involved in signal transduction, is expressed in articular
cartilage came from our recent in vitro microarray experiments using the Aﬀymetrix canine GeneChip. Quantitative RT-PCR
(q RT-PCR) conﬁrmed a fourfold increase in MIG-6 mRNA in cartilage in response to mechanical impact in vitro. Our goal is
to determine if MIG-6, which responds to mechanical impact, could have a role in the initiation of OA. We determined that mRNA
transcript levels of MIG-6 were fourfold higher in degenerated cartilage from dogs with hip osteoarthritis than in disease-free cartilage from unaﬀected dogs and twofold higher than in the cartilage surrounding the lesion. This is the ﬁrst report associating MIG-6
with OA. Additional studies will determine what role MIG-6 has in the origin of cartilage degeneration.
Ó 2005 Elsevier Inc. All rights reserved.
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Osteoarthritis (OA) is a frequent cause of disability in
humans and in domestic animals. The origins of cartilage degeneration in OA are poorly understood. Instability resulting from cruciate ligament deﬁciency in the
knee and altered distribution of load in hip dysplasia
are mechanical factors contributing to the cartilage
degeneration associated with OA. We used mechanical
impact on cartilage in vitro to mimic osteoarthritic
parameters including cellular and matrix responses [1–
4] to study early events in the pathogenesis of OA.
MIG-6/Gene 33 was one gene with signiﬁcantly altered
mRNA expression in response to mechanical damage
which was identiﬁed using the Aﬀymetrix canine GeneChip which has 23,836 probe sets. RNA signals for
MIG-6 from cartilage disks which had been subjected
to impact loading in vitro were fourfold greater in the
microarrays than RNA signals for MIG-6 from control
cartilage. Conﬁrmation for the up-regulation of MIG-6
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in this in vitro model of mechanically damaged cartilage
was obtained with q RT-PCR [5].
MIG-6/Gene 33 (also called receptor associated late
transducer or RALT) has not been reported in cartilage
previously. It is a 53 kDa protein located in the cytoplasm of a variety of cells. It has no catalytic domain,
but several domains which bind to molecules known
to be involved in cell signaling, including a cdc42/rac
interaction and binding domain (CRIB), a src homology-3 binding domain, an epidermal growth factor receptor binding domain, a 143-3 binding domain, and a PDZ
binding domain which may be involved in the assembly
of ion channels. Thus, MIG-6 is considered a molecular
adaptor protein involved in signal transduction [6–9].
In dogs with hip OA, the cartilage degeneration that
is observed can be related to dorsolateral displacement
of the femoral head (i.e., hip dysplasia) leading to acetabular impingement on the femoral head cartilage at
the site of origin of cartilage lesions [10]. The aim of this
study was to determine if MIG-6, a gene which responds
to mechanical impact, could have a role in the initiation
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of OA by measuring mRNA transcript levels of MIG-6
in OA hip cartilage and in site-matched cartilage from
disease-free dogs.
Materials and methods
Animals. The dogs used in this study came from a colony of Labrador Retrievers and Labrador Retriever/Greyhound crosses maintained at the Baker Institute for Animal Health. Six were F1
backcrosses to the Labrador Retriever and one was a pure Labrador
Retriever. Dogs were assigned at 8 months of age to a high or low risk
group for development of OA based on the dorsolateral subluxation
score (DLS). DLS is a radiographic measure in the weight bearing
position developed to permit identiﬁcation of dogs at risk for hip
dysplasia at 8 months of age [11]. Necropsies were performed when the
dogs were between 2 and 3 years of age. All four dogs in the high risk
group (dogs 1, 2, 3, and 5) had a macroscopically identiﬁable cartilage
lesion in the classic perifoveal site (LES) although the lesion from dog
5 was too small for analysis. All dogs in the low risk group (dogs 4, 6,
and 7) showed no lesion in a site-matched perifoveal area (LA, area of
lesion predilection). Cartilage was collected in liquid nitrogen at necropsy from these sites as well as from the area surrounding (SA) the
LES or LA and it was stored at 80 °C until isolation of RNA.
Macroscopically normal cartilage from the shoulders of dogs 1, 2, and
5 was also collected at necropsy and placed into explant culture prior
to impact loading.
Cartilage explants. Articular cartilage explants (as 4 mm disks)
were obtained under sterile techniques using a 4 mm biopsy punch and
a no. 10 scalpel blade. The explants were washed three times with GeyÕs
balanced salt solution (Sigma Chemicals, St. Louis, MO) and transferred to serum-free HamÕs F12 medium (Gibco, Carlsbad, CA) for
culture. Medium was supplemented (per 100 mL) with 2.5 mL Hepes
(1 M), 1.0 mL a ketoglutarate (3 mg/mL), 1.0 mL calcium chloride
(4.85 g/mL), 200 lL gentamicin (10 mg/mL), 200 lL penicillin/streptomycin (10,000 U/mL Pen-G, and 10,000 lg/mL streptomycin sulfate) and 400 lL Fungizone (250 lg/mL). After ﬁltering through a
0.22 lm ﬁlter, this was supplemented with ITSCR+ premix (Collaborative Biosciences, Bedford, MA) and immediately before changing
the media, it was supplemented with 1.0 mL L-glutamine (30 mg/mL)
and 1.0 mL ascorbic acid (50 mg/mL). Explants were collected in liquid nitrogen or cultured for 48 h prior to loading at 37 °C, 79%
humidity, and 5% CO2.
Cyclic impact loading. Cyclic loads were applied to the central
2 mm of the 4 mm cartilage explants by means of our mechanical
loading machine, which has been described in Chen et al. and Farquhar et al. [1,2]. The loading machine allows pneumatically controlled
testing of samples in triplicate whilst housed in an incubator. Labview
6 programming software (National Instruments, Austin, TX) enables
load control and data acquisition through a computer equipped with a
PCI-M10-16E4 Data Acquisition Board. Explants were loaded in
stainless steel chambers and were held in place by stainless steel rings.
The stainless steel indenters were non-porous. Loading chambers were
ﬁlled with GeyÕs balanced salt solution for the duration of the loading.
Loading was for 120 min at a magnitude of 5 MPa. The frequency of
loading was 0.3 Hz, of which active loading lasted for 1.0 s per cycle.
Loading in this square waveform produced a stress rate of 60 MPa/s.
Control cartilage was kept in an identical metal chamber, but without
loading. After loading, disks were placed in culture for 24 h and then
harvested by freezing in liquid nitrogen in preparation for RNA
extraction. Loaded and corresponding control disks were pooled separately for RNA extraction.
Isolation of RNA. RNA was isolated as described in MacLeod et al.
[12] but with two modiﬁcations. First, the pulverization step was
omitted and cartilage was transferred directly to the homogenizer. This
minimizes losses due to the small sample size. Second, the preparation
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was digested with RNase-free DNase while bound to the RNAeasy
columns (Qiagen). This results in a high quality, DNA-free RNA
preparation. For quantitation, RNA was measured in a ﬂuorimetric
assay using SybrGreen II.
Real-time quantitative RT-PCR. In order to validate microarray
data for MIG-6 gene, q RT-PCR was performed using b-actin as an
endogenous control. Canine-speciﬁc sequences for MIG-6 and b-actin
were obtained from Aﬀymetrix and NCBI web sites:
http://cbsusrv01.tc.cornell.edu/users/aﬀy/canine.aspx
http://www.ncbi.nlm.nih.gov/genome/guide/dog/
PCR primers and TaqMan probes (Applied Biosystems, Foster City,
CA) were designed using Primer Express version 1.0 software (Applied
Biosystems) and are presented in Table 1. TaqMan probes were labeled
with a 3 0 ,6-carboxy-tetramethylrhodamine (TAMRA) label as a
quencher dye and a 5 0 ,6-carboxyﬂuorescein label (6-FAM for MIG-6
and VIC for b-actin) as a reporter dye.
The 63 bp b-actin PCR product and the 67 bp MIG-6 PCR product
were cloned into pCR II using InvitrogenÕs TA cloning kit. The plasmids were subsequently transfected into TOP10 competent cells
(Invitrogen, CA). Positive transformants were selected on the basis of
kanamycin resistance. The canine cDNA structures for MIG-6 and
b-actin were conﬁrmed by sequencing. Large scale plasmid DNA
puriﬁcation was carried out using a Qiagen Plasmid Kit. Both vectors
were linearized by BamHI and the cloned canine cDNAs were transcribed with T7 RNA polymerase at 37 °C for 1 h using the reagents
supplied with the AmbionÕs MaxiScript Kit to produce sense MIG-6
and sense b-actin RNA. The concentration was calculated by measuring absorbance at 260 nm.
A two-step real-time q RT-PCR method was employed and realtime PCR was performed with the ABI Prism 7700 Sequence Detection
System (Applied Biosystems). In the ﬁrst step, sample total RNA or
reference RNA (10 ng) was reverse-transcribed in a volume of 10 lL
containing TaqMan reverse transcription (RT) buﬀer, 5.5 mM MgCl2,
500 lM each deoxynucleotide, 2.5 lM random hexamers, 0.4 U/lL
RNase inhibitor, and 1.25 U/lL MultiScribe reverse transcriptase at
25 °C for 10 min, 48 °C for 30 min, and 95 °C for 5 min. In the second
step, real-time PCR was carried out in a MicroAmp Optical 96-well
plate (Applied Biosystems) using TaqMan Gold PCR reagents. Each
well contained 1 lL of reverse-transcribed cDNA, TaqMan buﬀer A,
5.5 mM MgCl2, 200 lM each dATP/dCTP/dGTP, 400 lM dUTP,
900 nM each of forward and reverse primers, 250 nM TaqMan probe,
0.01 U/lL AmpErase UNG (Applied Biosystems), and 0.025 U/lL
AmpliTaq Gold DNA polymerase (Applied Biosystems) in a ﬁnal
volume of 25 lL. The thermal cycling conditions were the following:
50 °C for 2 min, 95 °C for 10 min, and 40 cycles of melting (95 °C for
15 s), followed by annealing/extension (60 °C for 60 s). In each q RTPCR run, a standard curve for the target and the endogenous control
gene was generated using a serial dilution reference RNA. Fivefold
serial dilutions ranged from 0.001 to 0.16 pg of the standard cDNA
fragment. Each sample was assayed in duplicate. Absolute expression
levels were determined by relating the measured threshold cycles (Ct)
to the standard curve. Threshold cycles were deﬁned as the number of
PCR cycles at which the ﬂuorescent signal reached a ﬁxed threshold
signal, being directly proportional to the amount of input.

Table 1
Sequences of primers used in real-time PCR
Gene

Primer sequence (5 0 –3 0 )

Amplicon
size (bp)

MIG-6 forward
MIG-6 reverse
b-Actin forward
b-Actin reverse

CCGGCGAGATTGGGACAGAG
GGGTCGGAACAGCAAAATCA
ATGAACTCCCAGTCCTACGGG
TCCATGTCGTCCCAGTTGGT

63
67
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Statistical analysis. To evaluate the eﬀect of impact loading or OA
on the MIG-6 gene expression as measured by q RT-PCR, a new
variable (Diﬀ) was created as the diﬀerence between MIG-6 mRNA
concentrations (femtomole/ng of total RNA) in the two samples (loadcontrol for the explants (LES or LA)-SA for the naturally occurring
OA). Because the two samples were derived from the same dog, the
gene expression in each sample represented paired observations with
respect to the dog. For in vitro validation, a hypothesis test (Ho:
Diﬀ = 0 vs. Ha: Diﬀ > 0) was performed to assess the diﬀerence in gene
expression between loaded and control samples.
For in vivo validation, the variable Diﬀ was analyzed using the
following ﬁxed-eﬀect statistical model:
Diff ij ¼ l þ Gi þ eij ;

ð1Þ

where Diﬀij = diﬀerence in MIG-6 concentration between the LES (or
LA) and SA of the jth animal, within the ith group, l = overall mean,
Gi = ith group (1 = high risk, 2 = normal), eij = error associated with
ijth observation, assumed to be normally distributed, with mean = 0,
and variance ¼ r2e .
To determine if expression of MIG-6 in the lesions on the femoral
head of dysplastic dogs was signiﬁcantly diﬀerent from expression of
MIG-6 in site matched area from normal dogs, the MIG-6 concentration was analyzed using the same model (1). A hypothesis test (Ho:
G1 = G2 vs. Ha: G1 > G2) was performed to evaluate the group eﬀect.

Fig. 1. In vitro MIG-6 mRNA transcript levels (femtomole/ng RNA)
in impact loaded and non-impacted cartilage from three diﬀerent dogs.
Quantitative RT-PCR was performed on RNA to determine MIG-6
and b-actin expression as described in the Materials and methods.
Normalization to b-actin was performed. Analysis of the diﬀerence in
MIG-6 concentration between the impact loaded and control samples
conﬁrmed (p = 0.001) an increased MIG-6 gene expression in the
impact loaded cartilage.

Results and discussion
In microarray studies performed in our laboratory,
the gene MIG-6 showed a greater than fourfold increase
in expression (p < 0.001) one day after impact loading.
This gene is responsive to mechanical strain and other
chronic stress stimuli [7] in other tissues, consistent with
our microarray data, but it had not been previously reported in cartilage. Therefore, MIG-6 was selected for
validation in the in vitro model of cartilage degeneration
followed by determination of expression levels in OA
cartilage.
Conﬁrmation of increased MIG-6 mRNA in an in vitro
model of cartilage degeneration
Real-time q PCR was used to conﬁrm mRNA transcript levels of the MIG-6 gene by comparing loaded
cartilage and control cartilage from dogs 1, 2, and 5.
MIG-6 mRNA levels were relatively constant across
the diﬀerent dogs (Fig. 1). A signiﬁcant diﬀerence
(p = 0.001) in MIG-6 gene expression was found between the impact loaded and control cartilage with a calculated fold increase for MIG-6 of 3.88 ± 0.82
compared to the control cartilage (Fig. 1). This compared well with the fourfold increase determined by
microarray analysis (Fig. 2).
Expression of MIG-6 mRNA is elevated in OA cartilage
To characterize the expression levels of the MIG-6
gene in vivo, we used dogs at high risk for hip dysplasia
and dogs with normal hips. RNA was extracted from
the LES and SA from the dogs with hip dysplasia and

Fig. 2. Validation of MIG-6 gene microarray hybridization results by
q RT-PCR. The graph depicts the change in MIG-6 expression in
response to impact damage as ﬁrst detected in the microarray
experiments and the q RT-PCR conﬁrmation of increased MIG-6
mRNA transcripts in vitro in impact loaded cartilage as shown in Fig.
1. The graph also depicts the increase in MIG-6 mRNA transcripts in
the OA cartilage lesions from three dogs at high risk for hip
osteoarthritis compared to the site-matched disease-free areas from
three dogs with normal hips and compared to the cartilage surrounding the lesion in the dogs with OA. The in vivo data were also obtained
by q RT-PCR as shown in Table 2.

OA, and from the LA and SA for the disease-free dogs.
The data for the MIG-6 mRNA transcripts are presented in Table 2. The increase in MIG-6 mRNA transcripts was twofold between LES and SA in dogs with
hip dysplasia and OA. In contrast, MIG-6 mRNA transcript levels in LA were one-third less than in SA in dogs
with normal hips. This diﬀerence was signiﬁcant
(p < 0.002). Furthermore, comparing the level of
MIG-6 transcripts in a LES from dogs with OA with
transcripts in the LA from dogs with normal hips, an increase in magnitude was observed (p < 0.02) that was
similar to the ratio of mRNA transcripts in impact
loaded cartilage to control cartilage found both by
microarray and by q RT-PCR (Table 2, Fig. 2).
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Table 2
mRNA content in canine articular cartilage
MIG-6 mRNA expression (femtomole/ng RNA)

Normal group
Dog 4
Dog 6
Dog 7

High risk group
Dog 1
Dog 3
Dog 5

LA

SA

LA/SA

DLS (%)

0.72
1.17
0.64

1.30
1.45
1.06

0.55
0.81
0.60

69.0
62.5
65.2

LES

SA

LES/SA

DLS (%)

3.64
4.75
2.41

1.88
2.27
1.02

1.93
2.09
2.37

36.5
48.0
33.4

MIG-6 mRNA transcript levels (femtomole/ng RNA) in lesion (LES) and surrounding area (SA) from dogs with hip dysplasia and OA (high risk
group) and in site-matched area of lesion predilection (LA) and SA from normal dogs. Dogs with lesions had low dorsolateral subluxation (DLS)
scores at 8 months of age, predictive of hip dysplasia and OA, while normal dogs had high DLS scores. Dogs with DLS >55% have a low probability
of developing OA. Quantitative RT-PCR was performed as described in the Methods for both MIG-6 and b-actin. RNA levels were corrected for
expression of b-actin. Analysis of variance showed that the diﬀerence in MIG-6 expression between LES (or LA) and SA was greater (p < 0.002) in
dogs with OA than in dogs with normal hips.

MIG-6 mRNA transcript levels in disease-free cartilage from normal shoulders of dogs 1 and 5 were
0.65 femtomole/ng RNA, half that in the SA on the hips
of these same dogs (Table 2) but close to levels in the LA
of the low risk, disease-free dogs which was
0.84 ± 0.29 femtomole/ng RNA. Factors to explain this
variation could include diﬀerences in expression of
MIG-6 in hips and shoulders, topographical variation
in expression levels, and/or an increase in MIG-6
mRNA in cartilage adjacent to the lesion.
The data reported here clearly show that MIG-6 gene
expression is increased in OA canine cartilage. When
expression at the protein level is conﬁrmed, it will be
important to determine how MIG-6 could aﬀect early
cartilage degeneration. Although not previously described in cartilage, the gene MIG-6 has been studied
in other tissues. MIG-6 is an adaptor protein, involved
in signal transduction, which responds to an array of
mitogenic and stress stimuli, including angiotensin II,
endothelin, mechanical stress (e.g., due to hypertension),
and hypoxia. It is found elevated in hypertrophic kidneys, a frequent complication of diabetes. In a model
of diabetes in rats, elevation in expression of MIG-6
was observed 23 h after the induction of the disease
and persisted for more than 5 weeks. An increase in
MIG-6 may promote its own synthesis in a positive feedback loop which converts it to levels representative of a
chronic state [7]. By analogy, an increase in response to
mechanical injury which is then converted to a chronic
response could occur in OA and explain the negative
prognosis of OA in some people who have sustained a
traumatic injury. Alternatively, it may be that the increase in activity of MIG-6 in hip OA cartilage reﬂects
continued exposure to an abnormal biomechanical milieu. In either case, changes in protein expression of MIG6 could alter the balance between catabolic and anabolic

pathways in cartilage. A possible interaction with cdc42,
a signaling molecule involved in the response to the anabolic and pro-diﬀerentiation molecule, IGF-1, in cartilage [13] could contribute to the pathogenesis of OA.
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