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are differentially regulated by mechanical stress
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Abstract

Expression of connective tissue growth factor (CTGF), a member of the CCN gene family, is known to be significantly induced by

mechanical stress. We have therefore investigated whether other members of the CCN gene family, including Cyr61 and Nov, might reveal a

similar stress-dependent regulation. Fibroblasts growing under stressed conditions within a three-dimensional collagen gel showed at least a

15 times higher level of Cyr61 mRNA than cells growing under relaxed conditions. Upon relaxation, the decline of the Cyr61 mRNA to a

lower level occurred within 2 h, and was thus quicker than the response of CTGF. The regulation was fully reversible when stress was

reapplied. Thus, Cyr61 represents another typical example of a stress-responsive gene. The level of the Nov mRNAwas low in the stressed

state, but increased in the relaxed state. This CCN gene therefore shows an inverted regulation relative to that of Cyr61 and CTGF. Inhibition

of protein kinases by means of staurosporine suppressed the stress-induced expression of Cyr61 and CTGF. Elevated levels of cAMP induced

by forskolin mimicked the effects of relaxation on the regulation of Cyr61, CTGF and Nov. Thus, adenylate cyclase as well as one or several

protein kinases might be involved in the mechanoregulation of these CCN genes.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Mechanical forces play an important role in the homeo-

stasis of our tissues during normal development. In addition,

mechanical forces are involved in the generation of various

pathological conditions, such as wound healing and fibrosis

[1–3]. During the past 20 years, several in vitro models

have been established that allow the application of defined

mechanical stress to cultures of eukaryotic cells. These

models made it possible to study the effects of mechanical

stress in isolated systems in the absence of any biological

side effects such as inflammation. The results of the studies

demonstrated that mechanical stimulation of cells results in
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an altered pattern of gene expression. The cells must

therefore be able to sense the mechanical stimuli and to

respond to these changes by alterations in the metabolism of

biomolecules and by adapting the surrounding extracellular

matrix [1,4]. The studies also indicated that mechanical

forces act in concert with the local matrix and with soluble

cytokines to modulate the behavior of the cells.

The interplay between growth factors, growth factor

signaling and mechanotransduction appears to be extremely

complex. Transforming growth factor-h (TGF-h) and con-

nective tissue growth factor (CTGF) have been identified as

potent inducers of extracellular matrix synthesis [5,6].

Likewise, mechanical stress has been demonstrated to

increase the synthesis of several components of the extra-

cellular matrix [7–10]. On the other hand, mechanical stress

induces the expression of TGF-h, CTGF and platelet-

derived growth factor (PDGF), and these growth factors

might contribute, via auto- and paracrine feedback loops, to

mechanotransduction [10–15]. Moreover, the signaling of

these growth factors is influenced by the mechanical state of

the cells. Autophosphorylation of the PDGF receptor [16]

and induction of CTGF synthesis by TGF-h strongly

depend on the presence of mechanical stress [13]. A tight
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connection between growth factors and mechanical stress is

finally demonstrated by the fact that the addition of PDGF

and TGF-h increases the tractional forces of fibroblasts

when seeded in collagen gels [17–19].

We have recently set out to analyze differences in gene

expression between mechanically stressed and relaxed fibro-

blasts [13]. The gene array technology was used to screen

many hundreds of gene products at the same time. Several

stress-responsive genes were identified that showed a two- to

six-fold difference in their relative expression, including the

cytoskeletal proteins actin, tubulin and zyxin, and the extra-

cellular matrix proteins SPARC and collagen I. CTGF was

among those gene products that showed the most striking up-

regulation by mechanical stress. Its regulation occurred at the

transcriptional level and was fully reversible after stress

relaxation.

CTGF belongs to a small family of structurally related

polypeptides. At present, this family comprises six proteins,

namely Cyr61, CTGF, Nov,Wisp-1, Wisp-2 andWisp-3 [20–

22]. The acronym CCN, which is derived from the first letters

of three members (underlined), was coined for the novel

family. The six members share an amino acid sequence

identity of 30–50% and exhibit a conserved modular struc-

ture comprising an N-terminal domain related to IGF-binding

proteins, a domain related to von Willebrand factor, a

thrombospondin-like domain and a C-terminal cysteine-rich

knot. The proteins are involved in many fundamental bio-

logical processes such as cell proliferation, attachment,

migration, differentiation, wound healing and angiogenesis

as well as in the development of several pathologic conditions

including fibrosis and tumorigenesis [20–22].

Closing wounds and fibrotic tissues are known to be

subjected to considerable tension. The goal of the present

study was therefore to investigate whether other members of

the CCN family might also show a stress-dependent regula-

tion similar to CTGF.
2. Materials and methods

2.1. Cell culture in three-dimensional collagen gels

IMR-90 human lung fibroblasts (American Type Culture

Collection,Manassas, VA) were used at passages 10–17. The

cells were grown at 37 jC in the presence of 5% CO2 in

Dulbecco’s modified Eagle’s medium (DMEM) supple-

mented with 9% fetal bovine serum (FBS), 100 Ag/ml

streptomycin and 100 units/ml penicillin. For gel contraction

experiments, 4� 104 cells/cm2 were cultivated within a

three-dimensional collagen gel containing 0.1% rat tail col-

lagen as previously described [13]. In brief, the collagen

solution (collagen R, 2 mg/ml in 0.01% acetic acid, Serva,

Heidelberg, Germany) was neutralized with 0.1MNaOH and

diluted to physiological pH and ionic strength with concen-

trated DMEM (10� DMEM w/o NaHCO3, Biochrom,

Berlin, Germany), NaHCO3 and FBS (final concentration
9%). After having added the cells, the suspension was

dispensed into 110 mm plastic dishes (5 ml/dish, Falcon

3003) and allowed to solidify at room temperature. Finally,

the gels were overlaid with DMEM supplemented with 9%

FBS. After incubation for 24 h, part of the gels were released

from the plastic dishes with the help of a sterile spatula and

allowed to contract as free-floating discs (relaxed condition),

while another part remained attached to the culture dishes

(stressed condition). In some cases, specific inhibitors were

added 30 min before releasing the collagen gels (t=� 1/2 h).

Genistein, bpV(biby) and forskolin were purchased from

Alexis Corporation (San Diego, CA). Actinomycin D and

staurosporine were obtained from Sigma-Aldrich (St. Louis,

MO). The Ser/Thr kinase inhibitor Y-27632 was bought from

Tocris Cookson Inc., Ellisville, MO.

To study the reversibility of gene regulation, small

polyethylene plugs were inserted into the collagen gels.

Tensile stress was manipulated by moving these plugs

relative to the center of the dishes as described by Trächslin

et al. [8].

2.2. RNA isolation and Northern blots

Total RNA was purified from the three-dimensional

fibroblast cultures by the guanidinium isothiocyanate meth-

od [23] as previously described [13]. The collagen gels were

washed with phosphate buffered saline and dissolved in the

guanidinium buffer. The resulting solution was extracted

with phenol/chloroform, followed by chloroform, and the

RNA was isolated using the RNeasy Midi Kit of Qiagen

GmbH (Hilden, Germany). The RNA (10 Ag/lane) was

separated on a 1% agarose gel in the presence of 1 M

formaldehyde and transferred to a Nylon membrane (Gene-

Screen, NEN, Boston, MA) by vacuum blotting. The blot

was hybridized at 42 jC with various cDNA probes in a

buffer containing 50% formamide. After 24 h, the blot was

washed [24] and analyzed with a phosphorimager (Storm

840, Molecular Dynamics, Sunnyvale, CA).

The cDNA probes were obtained from the Resource

Center of the German Human Genome Project (Berlin,

Germany) and corresponded to the following expressed

sequence tag (EST) clones: human Cyr61 (IMAGE ID 34-

54581), human CTGF (1963467), human Nov (5273738),

human WISP1 (2125289), human WISP2 (4691574), hu-

man WISP3 (4514456), mouse Cyr61 (4975880), mouse

Nov (3494896) and mouse CTGF/Fisp12 (3589136). All

cDNA probes were labeled with [a32P] dCTP by the

random primed oligolabeling method [25].
3. Results

3.1. Regulation of CCN genes by mechanical stress

Previous studies established a pronounced up-regulation

of CTGF expression by tensile stress [13–15]. To investi-
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gate the influence of mechanical stress on the expression of

the other CCN proteins, the model system of human

fibroblasts growing in a three-dimensional collagen gel

was used. Under these conditions, the fibroblasts develop

isometric tension as they try to contract the surrounding

matrix (stressed condition) [26]. When the gels were re-

leased from the plastic support with the help of a spatula, the

fibroblasts started to contract the collagen gel, which then

floated as a disc in the culture media (relaxed condition).

Total RNAwas extracted from stressed and relaxed cultures

at different time points and Northern blotting was performed

with probes specific for the mRNAs of the six CCN proteins

(Fig. 1).

Under stressed conditions, expression of the Cyr61 gene

was fairly high and remained similar during the 24 h of the

experiment (Fig. 1, S0 and S24). After stress release, the

mRNA level of Cyr61 declined rapidly and was barely

detectable after 2 h (Fig. 1, R1 to R24), demonstrating a

pronounced, stress-dependent regulation of this gene prod-

uct. In this respect, the adjustment of the Cyr61 mRNA to a

lower level was even quicker than that previously reported for

the CTGF mRNA [13]. Expression of CTGF was also high

under stressed conditions. Upon stress release, the level of the

CTGF mRNA increased slightly in the beginning (R1 and

R2) before it decreased to a lower level after 6 h (R6 and

R24). In contrast, expression of Nov was barely detectable in
Fig. 1. Expression of CCN genes in stressed and relaxed collagen gels. The

mRNA levels for Cyr61, CTGF and Nov were analyzed on Northern blots

at the beginning (S0) and end (S24) of the experiment under stressed

conditions as well as 1, 2, 6 and 24 h after stress relaxation (R1, R2, R6,

R24). Expression of GAPDH was analyzed in parallel as a control. The

mRNA levels for Wisp-1, Wisp-2 and Wisp-3 were too low to be detected

by Northern blotting (not shown).
stressed fibroblasts (S0 and S24). After relaxation, themRNA

level of Nov increased and reached a clearly detectable level

after 6 h that remained similar to the end of the experiment

(R6 and R24). Expression of the other three CCN genes

Wisp-1, Wisp-2 and Wisp-3 could not be detected on our

Northern blots, either under stressed or under relaxed con-

ditions (not shown). The mRNA level of the housekeeping

gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

remained constant during the entire experiment and served as

a positive control (Fig. 1).

To test whether the regulation of gene expression by

relaxation was reversible, tension was reapplied to relaxed

fibroblast cultures. An experimental set-up was used [8], in

which the collagen gels could be manipulated with the help

of small polyethylene plugs that had been inserted into the

gels (Fig. 2A). The cultures were kept in the stressed state

for 24 h by applying tension to the polyethylene plugs.

Then, relaxation was allowed to proceed for 6 h by moving

the plugs towards the center of the dish. Finally, the gels

were stressed again by applying tension to the plugs for the

following 12 h (Fig. 2A, R6S12). Under these conditions,

the level of the Cyr61 mRNA decreased during the transient

relaxation period, but reached again the initial level after

resumption of stress (Fig. 2B). The expression of CTGF

showed a similar, reversible regulation. On the other hand,

expression of Nov was up-regulated during the transient

relaxation period as expected. After resumption of stress,

however, the Nov mRNA level did not return to the initial

level but further increased to a higher level (Fig. 2B). Thus,

the induction of Nov expression by relaxation was not

reversible.

3.2. Regulation at the transcriptional level

To distinguish between a possible effect of mechanical

stress on RNA transcription or on mRNA stability, we

determined the turnover rate of the mRNAs for Cyr61,

CTGF and Nov (Fig. 3A). Actinomycin D, a potent inhibitor

of RNA synthesis, was added to the cells in the three-

dimensional collagen gels and after 30 min, part of the

collagen gels were released from the plastic dishes while the

rest remained attached. Northern blotting demonstrated that,

within experimental error, there were no differences in the

mRNA levels for Cyr61, CTGF and Nov between the

stressed and the relaxed condition (S0 and R0, S6 and

R6). Thus, mechanical stress modulates the expression of

the three CCN genes at the level of transcription and not at

the level of mRNA stability.

This experiment also allowed us to make a rough

estimate of the half-lives for the three CCN mRNAs (Fig.

3A). The mRNA level for Cyr61 dropped to less than 50%

within 30 min after addition of the inhibitor and was no

longer detectable after 6 h. Although we do not know how

long it will take for actinomycin D to enter the cells and

block transcription, the half-life of the Cyr61 mRNA must

be considerably shorter than 1 h. The mRNA level for



Fig. 2. Reversibility of CCN gene regulation by stress and relaxation. Fibroblasts within stressed collagen gels (S0) were relaxed for 6 h (R6) and stretched

again for 12 h (R6S12) by the help of polyethylene plugs inserted into the gel (A). The mRNA levels for Cyr61, CTGF and Nov were analyzed on Northern

blots (B). The intensities of the bands are depicted in relation to those of GAPDH. The results are the means with standard deviation from three independent

experiments.
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CTGF was also reduced after the initial 30 min, but it was

still detectable after 6 h. Its half-life must therefore be in the

range of a few hours. In sharp contrast, the mRNA level for

Nov did not change during the entire experiment. Its half-

life must therefore be considerably larger than 6 h, as was

the half-life of the GAPDH mRNA that had been included

as a control (Fig. 3A).

To exclude any side effect of the collagen matrix on Nov

expression, we compared the mRNA levels of fibroblasts

cultured on plastic dishes to those of fibroblasts grown

under stressed and relaxed conditions within three-dimen-
sional collagen gels (Fig. 3B). Consistent with the fact that

fibroblasts on plastic dishes are mechanically stressed be-

cause they generate traction against a rigid substrate [8],

Nov expression on plastic dishes was similar or even lower

than that within stressed collagen gels.

3.3. Expression of CCN genes in different tissues

Since Nov showed a stress-dependent expression that

markedly differed from those of CTGF and Cyr61, we

investigated whether the three CCN genes might also



Fig. 3. Influence of mRNA stability (A) and the presence of the collagen

matrix (B) on the expression of CCN genes. (A) Degradation of the mRNAs

for Cyr61, CTGF and Nov was determined in stressed and relaxed

fibroblasts. RNA synthesis was blocked 30 min before the onset of the

experiment by the addition of actinomycin D (5 Ag/ml). Part of the

fibroblast cultures were released from the plastic dishes, while the other part

remained attached. Total RNA was prepared prior to the addition of the

inhibitor (S� 1/2), at the time of gel relaxation (S0, R0) and 6 h after

relaxation (S6, R6). The RNA samples were analyzed on Northern blots

with probes specific for Cyr61, CTGF, Nov and GAPDH as indicated. (B)

Total RNAwas prepared from fibroblasts cultivated on plastic dishes under

stressed conditions (P), from fibroblasts grown in stressed collagen gels

(S6) and from fibroblasts grown in relaxed collagen gels (R6). The RNA

samples were analyzed on Northern blots with probes specific for Nov and

GAPDH.

Fig. 4. Expression profile of the Cyr61, Nov and CTGF mRNA in 12

different mouse tissues. Total RNAwas isolated from liver, kidney, skeletal

muscle, lung, Achilles tendon, aorta, heart, brain, sternum, vertebrae, spleen

and tongue and analyzed by Northern blotting. As a control for equal

loading, the 28S subunit of ribosomal RNA stained with ethidium bromide

was included (28S).

C. Schild, B. Trueb / Biochimica et Biophysica Acta 1691 (2004) 33–40 37
display distinct expression profiles in different tissues. RNA

was extracted from 12 mouse tissues and hybridized on a

Northern blot with probes specific for mouse Cyr61, CTGF

and Nov (Fig. 4). The expression profiles of Cyr61 and

CTGF were found to be nearly identical. Both genes were

expressed at very high levels in the cartilage of the sternum

and at high levels in the vertebrae, heart, aorta, tendon, lung

and kidney. Very low expression was observed in spleen,

brain, skeletal muscle and liver. The expression of Nov was
considerably weaker, but it followed a similar pattern to

Cyr61 and CTGF. Fairly high expression was observed only

in aorta and heart.

3.4. Mechanotransduction

Since the three CCN genes are differentially regulated by

mechanical stress, we investigated whether different signal

transduction pathways might be involved in their expression

under stressed and relaxed conditions. Specific inhibitors of

various pathways were added to the fibroblasts in the three-

dimensional collagen gels. Part of the gels were released

from the plastic support and the expression of the CCN

genes was analyzed, 6 h after relaxation, by Northern

blotting (Fig. 5).

Genistein, a specific inhibitor of protein tyrosine kinases,

did not appear to have any effect on either one of the three

CCN genes (Fig. 5A). In contrast, staurosporine, a broad-

range inhibitor of protein kinases, suppressed the expression

of Cyr61 and CTGF in stressed fibroblasts to an extent that

the mRNA levels became comparable to those of relaxed

fibroblasts. On the other hand, the expression of Nov did not

appear to be affected by staurosporine. Our results indicate

that signaling via one or several protein kinases might be

involved in the up-regulation of Cyr61 and CTGF by

mechanical stress. Hence, we also investigated the effects

of bpV(biby), a protein tyrosine phosphatase inhibitor.

Addition of bpV(biby) completely suppressed the up-regu-

lation of Cyr61 in stressed fibroblasts as observed above

with staurosporine (Fig. 5A). In sharp contrast, bpV(biby)

prevented the down-regulation of CTGF expression after

stress relaxation, suggesting that Cyr61 and CTGF are

regulated by different mechanisms. As noted above with

genistein and staurosporine, the mRNA levels of Nov were

barely affected by the addition of bpV(biby).



Fig. 5. Influence of several effectors on the expression of CCN genes in stressed and relaxed fibroblasts. Fibroblasts were cultivated within three-dimensional

collagen gels. (A) Inhibitors of protein kinases and phosphatases were added (genistein 100 AM; staurosporine 10 nM; bpV(bipy) 100 AM) and 30 min after the

addition, part of the gels were relaxed for 6 h (R6) while the other part remained stressed for the same time (S6). The mRNA levels for Cyr61, CTGF, Nov and

GAPDH were analyzed by Northern blotting. (B) Fibroblasts in three-dimensional collagen gels were treated with a specific inhibitor of p160ROCK (Y-27632

10 AM) and analyzed as described above. (C) Fibroblasts in three-dimensional collagen gels were treated with forskolin (30 AM), an activator of adenylate

cyclase, and analyzed as above.
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To investigate the potential involvement of the cytoskel-

eton and the small G protein Rho, we tested the effects of Y-

27632, a specific inhibitor of the RhoA dependent activation

of the Ser/Thr kinase p160ROCK (Fig. 5B). When added to

the cell cultures at 10 AM, this agent significantly reduced

the expression of Cyr61 and CTGF in stressed fibroblasts,

but it had no obvious effect on the expression of Nov. Thus,

the Rho signaling pathway appears to be involved in the

mechanoregulation of Cyr61 and CTGF, but not in that of

Nov.

Expression of CTGF is known to be inhibited by cAMP

[13]. We therefore analyzed the effects of the adenylate

cyclase activator forskolin on the mechanoregulation of the

three CCN genes under stressed and relaxed conditions (Fig.

5C). When added to the cultures at 30 AM, forskolin

completely inhibited the up-regulation of Cyr61 expression

in stressed fibroblasts. This effect was even stronger than

the effect observed with CTGF. In contrast, forskolin

evoked a slight increase in the mRNA level of Nov in the

relaxed state. Thus, elevated levels of cAMP appear to have

a similar effect to stress relaxation on the expression of

Cyr61, CTGF and Nov.
4. Discussion

The CCN proteins Cyr61, CTGF and Nov represent three

members of a small family of structurally related proteins

that share up to 60% sequence similarity with one another.
In previous studies, we as well as other researchers demon-

strated that the expression of CTGF is dramatically induced

in fibroblasts by tensile stress [13,14]. The goal of the

present study was therefore to determine whether the

susceptibility to mechanical stress might be a general feature

of CCN genes.

Utilizing the model system of fibroblasts cultivated in a

three-dimensional collagen gel under stressed and relaxed

conditions, we found that expression of Cyr61 is signifi-

cantly stimulated by tensile stress. In fact, the up-regulation

of Cyr61 in the stressed state was even more pronounced

than that of CTGF and the down-regulation upon relaxation

occurred much quicker. Thus, Cyr61 belongs to those genes

whose expression displays the most prominent effect upon

mechanical stimulation. Our results are in line with the

observations of Tamura et al. [27] who demonstrated that

Cyr61 is significantly up-regulated when smooth muscle

cells are subjected to cyclic stretching.

In contrast to the positive effect of mechanical stress on

the mRNA levels of Cyr61 and CTGF, the level of the Nov

mRNAwas very low in the stressed state but increased after

relaxation. This result suggests that the expression of Nov

follows an inverted regulation when compared to that of

CTGF and Cyr61. However, when the relaxed fibroblasts

were stressed again, the Nov mRNA did not return to initial

levels but increased even further. Thus, the stress-dependent

expression of Nov is not reversible, while those of CTGF

and Cyr61 are fully reversible. Part of this effect can be

explained by the relatively slow turnover rate of the Nov
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mRNA. The half-life of the mRNA for Nov was found to be

much larger (>6 h) than that for CTGF (3–6 h) and Cyr61

( < 1 h). It is therefore not possible to observe any down-

regulation of Nov within the relatively short time of our

experiments.

Considering the different regulation of Cyr61, CTGF and

Nov, it is interesting to note that the biological functions of

these CCN proteins are also counteracting. Overexpression

of Nov in fibroblasts has been demonstrated to block

progression through the cell cycle, probably at the transition

of G2 to M phase [28]. On the other hand, CTGF accelerates

DNA synthesis and progression through the cell cycle when

EGF is present [6,29]. Likewise, Cyr61 acts in concert with

other growth factors, including FGF-2, to augment DNA

synthesis in fibroblasts [30].

In spite of their converse regulation, Cyr61, CTGF and

Nov exhibit quite similar patterns of gene expression when

different tissues are examined. This is consistent with

previous findings that the three gene products occur in the

same tissues [20]. However, in some tissues such as carti-

lage, they appear to be expressed in different zones and at

different developmental stages as reviewed in detail by

Perbal [20].

Since the expression of CTGF and Cyr61 is specifically

stimulated by mechanical stress, one would expect to see a

preferential expression of these genes in tissues that bear

high tensile stress. While this appears to be the case for

some tissues, such as aorta, heart and tendon, it does not

apply to all the tissues subjected to high mechanical stress

such as skeletal muscle where expression of all the three

CCN genes is low. There is some correlation between

elevated tension and increased CCN gene expression under

pathological conditions. Clones for Cyr61 were found in a

subtracted cDNA library prepared from cardiac muscle. This

library had been created with the specific aim to identify

genes that are affected by mechanical stress during load-

induced cardiac hypertrophy [31]. Furthermore, Cyr61 as

well as CTGF have been described as molecular markers for

bladder wall remodeling after outlet obstruction [32]. Since

increased mechanical stress will occur under these condi-

tions, it is likely that mechanical stimulation is directly

responsible for the altered gene expression.

Mechanical stress can modulate different signaling path-

ways. Integrins and stress-responsive ion channels have

been discussed as the initial triggers of mechanotransduc-

tion. Despite these findings, the connection between the

initial signaling events and the subsequent up-regulation of

the stress-responsive genes has not yet been demonstrated in

detail. It has also become increasingly clear that the mecha-

noregulation of different genes might involve completely

different pathways [33]. In this study, we have tried to

characterize the mechanoregulation of Cyr61 and Nov with

the help of inhibitors that interfere with the mechanoregu-

lation of CTGF as demonstrated in a previous study [13].

We found that at least one protein kinase must be involved

in the up-regulation of Cyr61 and CTGF in stressed fibro-
blasts because staurosporine completely suppressed Cyr61

expression in the stressed state. The pathway affected might

include the Rho-dependent kinase p160ROCK since the

specific inhibitor Y-27632 partially blocked the stress-in-

duced expression of Cyr61 and CTGF. A similar effect has

also been noted by other researchers [27,34]. Interestingly,

the decline of the Cyr61 mRNA level observed upon

relaxation of the fibroblasts could not be prevented by the

tyrosine phosphatase inhibitor bpV(biby). This is in sharp

contrast to results obtained with CTGF, which revealed a

nearly complete inhibition of the down-regulation after

addition of bpV(biby) [13]. This observation leads to the

conclusion that Cyr61 and CTGF are not regulated by the

same mechanism.

Increased levels of cAMP induced by the addition of

forskolin abolished the up-regulation of Cyr61 and CTGF in

stressed fibroblasts and conversely, forced the up-regulation

of Nov. Thus, an increase in the intracellular concentration

of cAMP can mimic relaxation. This is in agreement with

the observation that the contraction of fibroblast cultures in

collagen gels leads to an increase in the intracellular level of

cAMP [35].

Taken together our results demonstrate that mechanical

stress regulates the two CCN genes Cyr61 and CTGF in an

opposite way relative to Nov. This regulation appears to

reflect the converse functions of the different CCN proteins

since Nov is believed to counterbalance the stimulatory

effects of Cyr61 [20]. Mechanical stress might therefore be

involved in the altered expression of CCN genes under

pathological conditions, such as fibrosis and wound healing.
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[8] J. Trächslin, M. Koch, M. Chiquet, Rapid and reversible regulation of

collagen XII expression by changes in tensile stress, Exp. Cell Res.

247 (1999) 320–328.

[9] C.A. Lambert, A.C. Colige, C.M. Lapiere, B.V. Nusgens, Coordinated

regulation of procollagens I and III and their post-translational en-

zymes by dissipation of mechanical tension in human dermal fibro-

blasts, Eur. J. Cell Biol. 80 (2001) 479–485.

[10] G.E. Lindahl, R.C. Chambers, J. Papakrivopoulou, S.J. Dawson, M.C.

Jacobsen, J.E. Bishop, G.J. Laurent, Activation of fibroblast procol-

lagen alpha 1(I) transcription by mechanical strain is transforming

growth factor-beta-dependent and involves increased binding of

CCAAT-binding factor (CBF/NF-Y) at the proximal promoter, J. Biol.

Chem. 277 (2002) 6153–6161.

[11] E. Wilson, K. Sudhir, H.E. Ives, Mechanical strain of rat vascular

smooth muscle cells is sensed by specific extracellular matrix/integrin

interactions, J. Clin. Invest. 96 (1995) 2364–2372.

[12] J.A. Gutierrez, H.A. Perr, Mechanical stretch modulates TGF-beta1

and alpha1(I) collagen expression in fetal human intestinal smooth

muscle cells, Am. J. Physiol. 277 (1999) G1074–G1080.

[13] C. Schild, B. Trueb, Mechanical stress is required for high-level ex-

pression of connective tissue growth factor, Exp. Cell Res. 274 (2002)

83–91.

[14] D. Kessler, S. Dethlefsen, I. Haase, M. Plomann, F. Hirche, T.

Krieg, B. Eckes, Fibroblasts in mechanically stressed collagen latti-

ces assume a ‘‘synthetic’’ phenotype, J. Biol. Chem. 276 (2001)

36575–36585.

[15] B.L. Riser, M. Denichilo, P. Cortes, C. Baker, J.M. Grondin, J. Yee,

R.G. Narins, Regulation of connective tissue growth factor activity in

cultured rat mesangial cells and its expression in experimental dia-

betic glomerulosclerosis, J. Am. Soc. Nephrol. 11 (2000) 25–38.

[16] Y.-C. Lin, C.-H. Ho, F. Grinnell, Decreased PDGF receptor kinase

activity in fibroblasts contracting stressed collagen matrices, Exp. Cell

Res. 240 (1998) 377–387.

[17] D.I. Shreiber, P.A. Enever, R.T. Tranquillo, Effects of pdgf-bb on rat

dermal fibroblast behavior in mechanically stressed and unstressed

collagen and fibrin gels, Exp. Cell Res. 266 (2001) 155–166.

[18] R.A. Brown, K.K. Sethi, I. Gwanmesia, D. Raemdonck, M. East-

wood, V. Mudera, Enhanced fibroblast contraction of 3D collagen

lattices and integrin expression by TGF-beta1 and-beta3: mechanor-

egulatory growth factors? Exp. Cell Res. 274 (2002) 310–322.

[19] F. Grinnell, Fibroblast –collagen–matrix contraction: growth-factor

signalling and mechanical loading, Trends Cell Biol. 10 (2000)

362–365.

[20] B. Perbal, NOV (nephroblastoma overexpressed) and the CCN fam-

ily of genes: structural and functional issues, Mol. Pathol. 54 (2001)

57–79.
[21] D.R. Brigstock, The connective tissue growth factor/cysteine-rich 61/

nephroblastoma overexpressed (CCN) family, Endocr. Rev. 20 (1999)

189–206.

[22] L.F. Lau, S.C. Lam, The CCN family of angiogenic regulators: the

integrin connection, Exp. Cell Res. 248 (1999) 44–57.

[23] P. Chomczynski, N. Sacchi, Single-step method of RNA isolation by

acid guanidinium thiocyanate-phenol-chloroform extraction, Anal.

Biochem. 162 (1987) 156–159.

[24] T. Brown, K. Mackey, Analysis of RNA by Northern and Slot Blot

hybridization, in: F.M. Ausubel, R. Brent, R.E. Kingston, D.D. Moore,

J.G. Seidman, J.A. Smith, K. Struhl (Eds.), Current Protocols in Mo-

lecular Biology, vol. 1. Wiley, New York, 1997, pp. 4.9.1–4.9.16.

[25] A.P. Feinberg, B. Vogelstein, A technique for radiolabeling DNA

restriction endonuclease fragments to high specific activity, Anal.

Biochem. 132 (1983) 6–13.

[26] M.S. Kolodney, R.B. Wysolmerski, Isometric contraction by fibro-

blasts and endothelial cells in tissue culture: a quantitative study, J. Cell

Biol. 117 (1992) 73–82.

[27] I. Tamura, J. Rosenbloom, E. Macarak, B. Chaqour, Regulation of

Cyr61 gene expression by mechanical stretch through multiple

signaling pathways, Am. J. Physiol., Cell Physiol. 281 (2001)

C1524–C1532.

[28] V. Joliot, C. Martinerie, G. Dambrine, G. Plassiart, M. Brisac, J. Cro-

chet, B. Perbal, Proviral rearrangements and overexpression of a new

cellular gene (nov) in myeloblastosis-associated virus type 1-induced

nephroblastomas, Mol. Cell. Biol. 12 (1992) 10–21.

[29] C. Ayer-Lelievre, D. Brigstock, L. Lau, D. Pennica, B. Perbal, H.

Yeger, Report and abstracts on the first international workshop on

the CCN family of genes, Mol. Pathol. 54 (2001) 105–120.

[30] M.L. Kireeva, B.V. Latinkic, T.V. Kolesnikova, C.C. Chen, G.P.

Yang, A.S. Abler, L.F. Lau, Cyr61 and Fisp12 are both ECM-asso-

ciated signaling molecules: activities, metabolism, and localization

during development, Exp. Cell Res. 233 (1997) 63–77.

[31] S.E. Johnatty, J.R. Dyck, L.H. Michael, E.N. Olson, M. Abdellatif,

Identification of genes regulated during mechanical load-induced car-

diac hypertrophy, J. Mol. Cell. Cardiol. 32 (2000) 805–815.

[32] B. Chaqour, C. Whitbeck, J.S. Han, E. Macarak, P. Horan, P. Chi-

chester, R. Levin, Cyr61 and CTGF are molecular markers of bladder

wall remodeling after outlet obstruction, Am. J. Physiol.: Endocrinol.

Metab. 283 (2002) E765–E774.

[33] M. Chiquet, M. Flück, Early responses to mechanical stress: from

signals at the cell surface to altered gene expression, in: K.B. Storey,

J.M. Storey (Eds.), Cell and Molecular Response to Stress, vol. 2.

Elsevier, Amsterdam, 2001, pp. 97–110.

[34] A. Hahn, J. Heusinger-Ribeiro, T. Lanz, S. Zenkel, M. Gopelt-

Struebe, Induction of connective tissue growth factor by activation

of heptahelical receptors: modulation by Rho proteins and the actin

cytoskeleton, J. Biol. Chem. 275 (2000) 37429–37435.

[35] Y. He, F. Grinnell, Stress relaxation of fibroblasts activates a cyclic

AMP signaling pathway, J. Cell Biol. 126 (1994) 457–464.


	Three members of the connective tissue growth factor family CCN are differentially regulated by mechanical stress
	Introduction
	Materials and methods
	Cell culture in three-dimensional collagen gels
	RNA isolation and Northern blots

	Results
	Regulation of CCN genes by mechanical stress
	Regulation at the transcriptional level
	Expression of CCN genes in different tissues
	Mechanotransduction

	Discussion
	Acknowledgements
	References


