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Abstract

During aging, chondrocytes become unresponsive to insulin-like growth factor-I (IGF-I). This

study examined the role of Cdc42 (cell-division-cycle 42) in IGF-I signaling during aging.

Experiments were performed using cartilage and chondrocytes isolated from horses ages 1 day –

25 years. Northern analysis was used to examine expression of the small GTPases Cdc42, Rac,

and RhoA. Western analysis was utilized to assess total Cdc42 (GTP + GDP-bound); active, GTP-

Cdc42 was assessed using a pull-down assay with western analysis. GTP-Cdc42 was also

measured following IGF-I treatment. Gene expression for Cdc42 and Rac were decreased in

mature samples, but there was no difference in total Cdc42 (GTP+GDP-bound) protein expression

due to age. GTP-Cdc42 was significantly greater in prepubescent samples compared to other age

groups. IGF-I diminished the GTP-bound state of Cdc42 in prepubescent chondrocytes, however,

this effect was lost during aging. No differences in results were observed due to sample type; i.e.

cartilage tissues vs. isolated chondrocytes. These studies suggest that loss of IGF-I – mediated

regulation of Cdc42 activation may be a mechanism for the chondrocyte unresponsive state during

aging. Further, the activation state of Cdc42, measured in native and IGF-I-treated cartilage tissue

for the first time, is similar to that of isolated chondrocytes, indicating that the activation state of

small G-proteins is not affected by isolation of chondrocytes from the extracellular matrix.

Continued studies will identify the upstream regulators of Cdc42 which will further elucidate the

molecular mechanism of IGF-I resistance during aging thereby providing insight into targeted

strategies for age-related osteoarthritis.

Introduction

Aging is associated with progressive, diminished cellular function for which several

fundamental mechanisms have been proposed and investigated. The effect of aging on the

biochemical and histological composition of articular cartilage has been a source of

investigations for over 50 years [1,2]. The molecular processes most commonly emphasized

in aging research include oxidative damage to protein and DNA, accumulation of glycation

end products, decreased cell proliferation through senescence or apoptosis, and

mitochondrial damage [3–6]. Contemporary studies in articular cartilage are aimed at

understanding the basic molecular processes underlying oxidative stress [7–10] and

chondrocyte senescence [3,10,11].
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Senescence is a stable, post-mitotic state of cells that is reached after a finite number of

replications [6]. As they become senescent, cells secrete tissue-specific proteins into the

surrounding matrix, and they display altered responsiveness to growth factors [6,12]. The

culmination of these effects is diminished tissue maintenance and repair, and ultimately

failure of structure and function. Increased chondrocyte senescence during aging has been

documented in normal cartilage, providing possible molecular mechanisms for age-related

decline in chondrocyte function and the development of osteoarthritis [3,11]. As previously

stated, senescent cells have altered responses to growth factor stimulation. In aging articular

chondrocytes, several studies have demonstrated a decreased responsiveness to insulin-like

growth factor-I (IGF-I) [13–15] which is an important anabolic growth factor in the

maintenance of articular chondrocyte phenotypic expression [16–21]. We have previously

shown that in articular chondrocytes, IGF-I down-regulates the small GTPase protein Cdc42

(cell-division-cycle 42) thereby decreasing the GTP-bound, active pool of Cdc42 [22].

Combined with gain and loss-of-function studies of Cdc42 in chondrocytes, the theory of

active, GTP-Cdc42 functioning as a de-differentiation factor was proposed [22]. This

concept is supported by studies in which expression of dominant negative mutants of Cdc42

in articular chondrocytes attenuates the induction of c-Jun transcription activity by shear

stress [23].

Cdc42 is a member of the Rho-subfamily of GTPases (RhoA, Rac, Cdc42) which regulate

organization of the actin cytoskeleton and many other cellular activities such as gene

transcription and cell cycle progression (see [24] for review). The purpose of these studies

was to determine if the mRNA or protein expression status of Cdc42 was altered in articular

chondrocytes or cartilage during aging, and if the activation state of Cdc42 was affected by

isolation of chondrocytes from their native matrix. Additionally, we sought to determine if

the previously observed decreased activation of Cdc42 in response to IGF-I treatment was

altered during aging. Our hypothesis was that Cdc42 mRNA and protein expression would

decrease during aging but the down-regulation of Cdc42 by IGF-I would remain unaffected.

Materials and methods

Cartilage / chondrocyte collection and evaluation

Normal articular cartilage was harvested from 33 horses, ages 1 day to 25 years, which were

euthanized for reasons other than this study and with approval from our Institutional Animal

Care and Use Committee. Horses were categorized as prepubescent (0–7.5 months),

pubescent (7.5–15 months), post-pubescent (15–24 months), or fully mature with respect to

articular cartilage as signified by formation of a tidemark occurring at ≥24 months of age

[25]. No horse exhibited signs of joint disease at the time of euthanasia (no baseline or

inducible lameness with manipulation tests and no synovial effusion), none had a previous

history of arthritis, and all samples were grossly normal at the time of tissue collection.

Osteochondral samples were obtained from the lateral trochlear ridge of the femora for

histology, and full thickness cartilage samples were obtained for RNA analysis, western

analysis, and chondrocyte isolation. Care was taken during dissection to avoid visibly

apparent underlying bone or vascular tissue in young animals.
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Osteochondral sections were fixed in 4% paraformaldehyde, decalcified in 10% EDTA,

embedded in paraffin, and sectioned at 10 µm. The sections were stained with toluidine blue,

examined for signs of cartilage fibrillation or loss of matrix metachromasia, and assigned a

Mankin score [26]. Only cartilage samples with a Mankin score of 0 were used in these

studies.

Chondrocyte culture

Chondrocytes were isolated by 0.075% collagenase digestion as described previously [27].

Isolated chondrocytes were cultured in medium consisting of Ham’s F-12 supplemented

with 50 µg/ml ascorbic acid/ml, 30 µg/ml α-ketoglutaric acid/ml, 300 µg/ml L-glutamine,

10% FBS. Cultures were grown at 0.8 × 106 viable cells/cm2 (100% confluence) with

medium exchange at 48 hours. Twelve hours after medium exchange, chondrocytes were

treated +/− human recombinant IGF-I (Tercica Inc., San Francisco, CA; 200 ng/ml) for 30

minutes. Time and concentration of IGF-I treatment were chosen based on previous studies

investigating Cdc42 activation [22]. After treatment, assays were performed as described

below.

Northern blot analysis for Cdc42, Rac, and RhoA expression during aging

Snap-frozen cartilage samples from 27 animals (0–7.5 mo (n=8), 7.5–15 mo (n=6), 15–24

mo (n=6), >24 mo (n=7) were pulverized and RNA was isolated using the Trizol procedure

(Invitrogen Corp., Carlsbad, CA). Isolated chondrocytes from the same animals were also

used for Northern analysis to determine if RNA expression patterns were altered in response

to the isolation and culture procedures. Northern analyses were performed to determine if

there were changes in expression or mRNA splicing patterns of the small G-proteins, Cdc42,

Rac, or RhoA due to age, and therefore no samples were treated with IGF-I prior to RNA

extraction. Northern blot analyses were performed using 5µg RNA and equine-specific, 32P-

labeled probes for Cdc42, Rac, RhoA with EF1-α serving as a house-keeping gene. Data

was acquired on a phosphoimager using integrated pixel density calculations and expressed

as relative pixel density of Cdc42, Rac, or RhoA to expression of EF1-α to correct for

loading and transfer differences between samples.

Western blot analysis of Cdc42 and actin expression during aging

Prior to determining if the activation state of Cdc42 was altered during aging, we sought to

determine if the expression of total Cdc42 (GTP and GDP-bound) or beta actin protein

content changed during aging. These experiments were critical since total Cdc42 or actin

content would be used to analyze relative changes in GTP-bound Cdc42 during aging.

Pulverized cartilage samples (400 mgs) were homogenized in lysis buffer (1% Triton,

50mM Tris-HCl pH 8.0, 140mM NaCl, 1mM sodium orthovanadate, 1mM

phenylmethylsulfonyl fluoride) and centrifuged to remove cellular debris. An aliquot of each

clarified lysate was assayed for DNA content using the Hoechst method [28] to ensure that

any detected protein change was not due to age-associated changes in cellularity of the

cartilage tissue as previously reported [29]. Equal protein concentrations (5µg) from each

clarified lysate were resolved by 12% SDS-PAGE, transferred to a polyvinylidene difluoride

membrane, and probed with primary antibodies to Cdc42 (Transduction Laboratories, San
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Jose, CA), or actin (Sigma-Aldrich, St. Louis, MO). Primary antibodies were detected with

horseradish peroxidase-coupled sheep anti-mouse (Cdc42) or anti-rabbit (actin) antibody

using enhanced chemiluminescence detection reagent. To determine if protein expression

patterns were altered during isolation and culture of chondrocytes, similar western blot

analyses were performed on chondrocyte monolayer cultures from the same animals.

Cartilage samples from 23 animals (0–7.5 mo (n=6), 7.5–15 mo (n=5), 15–24 mo (n=6), >24

mo (n=6)) were used for these studies. Western blots were quantified using densitometry

(Scion Image 4.02, Frederick, MD) and data was expressed as pixel intensity of Cdc42 or

actin / µg DNA.

Cdc42 activation studies

The activation status of Cdc42 was determined in cartilage and isolated chondrocytes from

various aged horses prior to evaluating the effect of IGF-I on Cdc42 activation. These were

important foundation experiments to determine if Cdc42 activation was affected by isolation

and subsequent culture of chondrocytes. No comparable data was available in other cell/

tissue types to suggest what effect cell isolation from native matrix might have on GTPase

activation status. Cartilage and chondrocytes were prepared as described above under

Western blot analysis. To determine the GTP-bound pool of Cdc42, equal protein

concentrations from each clarified lysate (10–20 µg for chondrocytes, 50–70 µg for

cartilage) were incubated for 30 minutes with 20 µg of glutathione s-transferase - p-21

activated kinase binding domain fusion protein (GST-PBD) which was immobilized on

agarose beads (PBD pull-down assay) [30,31]. The agarose beads were washed with lysis

buffer and boiled in loading dye for Western analysis as described above. Western analyses

were also performed on an aliquot of the whole cell lysates that were not incubated with

GST-PBD to further ensure that equal amounts of total (active and inactive) endogenous

Cdc42 were incubated with the GST-PBD beads. Western blots were quantified using

densitometry. Cartilage and chondrocyte samples from 21 horses (0–7.5 mo (n=6), 7.5 – 15

mo (n=5), 15–24 mo (n=5), >24 mo (n=5)) were used for these studies. Data was expressed

as GTP-Cdc42:total (GTP+GDP)-Cdc42 so that changes in the relative pool of active:total

Cdc42 in cartilage and chondrocytes as a result of aging could be determined.

Effect of insulin-like growth factor-I on Cdc42 activation

Chondrocytes in monolayer were treated with +/− IGF-I, 200 ng/ml, 10 minutes. The cells

were lysed and processed as described above for Cdc42 activation studies. Chondrocytes 22

animals (0–7.5 mo (n=6), 7.5 – 15 mo (n=6), 15–24 mo (n=5), >24 mo (n=5)) were used for

these studies. Data was expressed as GTP-Cdc42:total Cdc42.

Statistical analyses

Gene expression data and content of GTP-Cdc42 in cartilage and chondrocytes were

analyzed using an ANOVA with Tukey’s post hoc procedure to determine if there were

differences due to age. A paired t-test was used to determine if IGF-I changed the relative

amount of GTP-Cdc42 within each age/puberty-defined category. Statistics were performed

using Statistix 8 (Analytical Software, Tallahassee, FL) with a p-value of <0.05 considered

significant.
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Results

Expression of Cdc42 and Rac mRNA decline in cartilage during aging

Gene expression for Cdc42 and Rac in articular cartilage tissues were significantly

diminished in horses grouped as mature (≥24 months of age) compared to all groups of

younger horses (Fig. 1; p=0.040). No significant changes in RhoA mRNA expression were

detected between the different age-defined groups of horses. There were no observed

changes in splice patterning for any of the three genes during aging. Similar results were

obtained from chondrocytes which were isolated from the same horses as the cartilage

tissues, and subsequently cultured in monolayer for three days (data not shown).

Cdc42 protein content remains unchanged in horses during aging

Total Cdc42 protein content (GTP and GDP-bound) in cartilage was not significantly

affected by age (Fig. 2A). In experiments utilizing cartilage tissue, Cdc42 protein content

was expressed with respect to DNA content to account for anticipated decreases in

cellularity during aging [29]. Isolation of chondrocytes from the surrounding matrix did not

affect the pattern of Cdc42 protein expression (Fig. 2B). Beta actin protein expression

patterns in cartilage and isolated chondrocytes were also not affected by age (data not

shown). These results indicated that any detected change in active, GTP-bound Cdc42 could

be attributed to altered Cdc42 activation and not changes in intracellular protein

concentration. Further, since neither total Cdc42 nor actin concentration were altered during

aging, then either protein in whole cell lysate could be used to normalize measurements of

GTP-Cdc42.

The Cdc42-GTP content of chondrocytes declines during aging

The amount of GTP-Cdc42 in cartilage and chondrocytes decreased during aging (Fig. 3).

When grouped by age-related categories, prepubescent horses had significantly greater GTP-

Cdc42 than pubescent, post-pubescent, or mature horses (p=0.021). There were no

differences in GTP-Cdc42 between pubescent, post-pubescent, or fully mature samples.

Summary statistics for each age-group are presented in Table 1. This pattern was statistically

significant for both cartilage and chondrocyte samples, and there was no differences

between cartilage and chondrocyte samples within an age-group. Although low levels were

present in several mature horse samples, GTP-Cdc42 was detectable in all samples. GTP-

Cdc42 was expressed as a ratio to total Cdc42 (GTP and GDP-bound) to control for unequal

protein content in cell lysates, but the loss of GTP-Cdc42 cannot be attributed to a decrease

in total Cdc42 protein expression during aging as previously demonstrated in Figs. 2A and

2B.

IGF-I - induced decreased Cdc42 activation status is lost in aged chondrocytes

Insulin-like growth factor-I treatment of prepubescent chondrocytes resulted in a significant

decrease in the activation state of Cdc42 (Fig. 4; p=0.029). There was a mean 65% less

GTP-Cdc42 in chondrocytes treated with IGF-I than in no treatment controls. There were no

significant differences in GTP-Cdc42 due to IGF-I treatment in pubescent, post-pubescent,

or fully mature chondrocytes (p>0.12). The decrease of GTP-Cdc42 in pubescent
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chondrocytes after IGF-I treatment was highly variable, ranging from 0–60%. In post-

pubescent chondrocytes, the decrease in GTP-Cdc42 was again highly variable, but was

generally less than in pubescent samples and ranged from 0–25%. Data from individual

animals is presented in Table 2.

Discussion

The role of IGF-I as an anabolic growth factor for articular cartilage has been extensively

studied [16–21]. Decreased responsiveness of normal cartilage to IGF-I due to aging has

been documented in the early postnatal period [14] with a continued decline in older adults

[15]. Osteoarthritic cartilage exhibits a similar IGF-I non-responsive state [13]. Here, we

identify a possible intracellular signaling-based mechanism for IGF-I resistance in aging

cartilage. Our data demonstrates that regulation of the small GTPase Cdc42 during aging of

articular chondrocytes is primarily at the level of activation and not mRNA or protein

expression. Although mRNA levels of Cdc42 were lower in the fully mature animals

compared to the other age-groups, changes in the level of GTP-Cdc42 during aging were

observed during the early stages of cartilage maturation, between prepubescent and

pubescent animals, and then no further changes were observed. Further, we show that IGF-I

decreases the active, GTP-bound pool of Cdc42 in chondrocytes from pre-pubescent horses

(0–7.5 months of age), but this effect is lost in older chondrocytes.

Regulation of Cdc42 activity has been shown to be important in maintenance of chondrocyte

phenotypic expression. Shear stress – induced expression of c-Jun transcription factor has

been show to be attenuated by over-expression of dominant negative mutants of Cdc42

(T19N-Cdc42) [23]. Over-expression of T19N-Cdc42 also results in enhanced mRNA

expression of collagen type II (Col2A1) and diminished expression of matrix

metalloproteinase-3 (MMP-3), and treatment of T19N-Cdc42 expressing chondrocytes with

IGF-I leads to a further increase in Col2A1 and MMP-3 gene expression [22]. Together,

these results suggest that keeping the activation status of Cdc42 at a diminished level aids in

preserving the normal chondrocyte phenotype. Previous studies demonstrated that IGF-I–

induced GTP-Cdc42 repression is at the level of increased GAP activity [22]. Although the

precise GAP has not yet been identified, and therefore neither have potential upstream

regulators of GAP activity, the idea that an IGF-I regulated GAP might be exploited to

reverse or slow loss of chondrocyte phenotype and preserve IGF-I responsiveness is

attractive. There are over 70 Rho-GAP domain containing proteins, constituting the 31st

largest protein family in the human genome [32,33]. In vitro activity for Cdc42 has been

demonstrated for 16 of these GAPs with 6 showing in vivo activity [34]. Even though there

are several Cdc42 GAPs, studies suggest that each GAP influences distinctly different

biological functions [33,35]. Therefore, identification of the specific IGF-I responsive GAP

would be a first step toward elucidating the role of GAP activation in cartilage homeostasis

during aging.

Chondrocyte senescence during aging has been investigated as a molecular mechanism

responsible for loss of cartilage function and the development of osteoarthritis [3,11]. There

is accumulating evidence implicating small GTPases, including Cdc42, in the initiation of

senescence in various cell types. In the human osteosarcoma cell line SAOS-2, repressed
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Rac activity was shown to be required for cellular senescence [36]. Senescent cells

displayed an enlarged, flattened phenotype that was accompanied by an increase in

polymerized actin cytoskeletal filaments, further establishing a link between senescent and

small GTPases which regulate the organization of the actin cytoskeleton [24]. In human skin

fibroblasts, an age-related decline in GTP-Cdc42 expression in association with retarded

intracellular lipid transport has been reported, suggesting a role for Cdc42 in senescence-

related characteristics of cells in atherosclerotic lesions [37]. And in aging rats, decreased

activity of Ras has been associated with diminished kidney function [38]. Collectively, these

studies provide strong evidence that the small GTPases are involved in aging and senescence

of several cell types.

To date, no studies have demonstrated IGF-I resistance, senescence, and diminished Cdc42

activity in the same pool of cells. However, each of these molecular processes is

individually linked to aging and the data of this study would suggest that they are all linked

together in the continuum of aging in articular cartilage. Alterations in IGF-I ligand, IGF-I

receptor, and IGF-binding proteins have been investigated, but have not been conclusively

recognized as initiators of the IGF-I resistant state [16,39–43]. We propose that one

mechanism for IGF-I resistance during aging is a post-ligand-binding receptor defect which

in part results in a decreased pool of GTP-Cdc42 and an inability of IGF-I to further

diminish GTP-Cdc42 in order to maintain a normal chondrocyte phenotype. While a

diminished pool of GTP-Cdc42 in aged chondrocytes may serve a protective function, the

evidence linking diminished activity of the small GTPases to initiation of cellular

senescence, and the inability of the aged chondrocytes to respond to IGF-I and regulate

Cdc42 activity, suggests that the loss of ability to regulate levels of GTP-Cdc42 might

contribute to an overall loss of chondrocyte phenotype and cartilage function. Further

studies will elucidate the mechanisms which regulate Cdc42 in disease states such as

osteoarthritis.
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Fig. 1.
Gene expression of Cdc42, Rac, and RhoA in articular cartilage from horses of various ages.

Samples were grouped according to ages representing prepuberty (0–7.5 mo; n=8), puberty

(7.5–15 mo; n=6) post-puberty (15–24 mo; n=6) and full maturity in cartilage tissues (>24

mo; n=7). Expression of Cdc42 and Rac were significantly decreased in cartilage from

horses with mature articular cartilage (>24 mo) compared to younger horses; p=0.040. There

were no changes in RhoA expression due to age. Data are expressed as mean +/− SD with

Tukey’s classification letters. Age-defined groups within a specific gene, and with different

Tukey’s letters, are significantly different from each other; ANOVA.
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Fig. 2.
Graphic representation of Cdc42 protein content in cartilage tissues (A) and isolated

chondrocytes (B) detected by Western blot analysis. Cell lysates were prepared from

cartilage tissue or chondroytes in monolayer obtained from horses (n=23) of various ages.

Western analysis was performed to determine the relative content of total Cdc42 (GTP and

GDP-bound). When grouped according to stages of puberty/aging, there were no changes in

cartilage Cdc42 protein expression as a result of aging (A); p=0.27. Isolation of

chondrocytes from the native extracellular matrix did not alter total protein expression

patterns (B) and there was also no effect due to aging, p=0.19.
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Fig. 3.
GTP-Cdc42 content in cartilage and chondrocytes. Cell lysates prepared from cartilage and

chondrocytes obtained from prepubescent horses (<7.5 months of age) had significantly

more GTP-Cdc42 than samples acquired from pubescent, post-pubescent, or fully mature

animals (ANOVA, p=0.021). There were no differences in GTP-Cdc42 content between

pubescent, post-pubescent, or fully mature chondrocyte or cartilage lysates.
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Fig. 4.
Western blot analysis of GTP-Cdc42 and total Cdc42 (GTP + GDP) in chondrocyte lysates

from horses of various ages in response to IGF-I treatment. In prepubescent (<7.5 months

old) chondrocytes, GTP-Cdc42 was significantly diminished following IGF-I treatment

(paired t-test; p=0.029). There were no significant decrease in the GTP-bound pool of Cdc42

in pubescent, post-pubescent, or fully mature samples (p>0.12). Results are representative of

at least five individual experiments. Data from individual samples is presented in Table 2.
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Table 1

Summary statistics of individual data, presented in Figure 3, documenting GTP-Cdc42 in chondrocyte and

cartilage samples.

Number of animals in each age-group GTP-Cdc42 in chondrocytes
mean (SD)

GTP-Cdc42 in cartilage
mean (SD)

Prepubescent (0 – 7.5 mo.); n=6 0.655 (0.201) 0.498 (0.175)

Pubescent (7.5 – 15 mo.); n=5 0.405 (0.183) 0.329 (0.206)

Post-pubescent (15– 24 mo.); n=5 0.174 (0.045) 0.148 (0.040)

Mature (>24 mo.); n=5 0.140 (0.043) 0.119 (0.038)
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