
Proapoptotic fibronectin
fragment induces the
degradation of ubiquitinated
p53 via proteasomes in
periodontal ligament cells

A. Ghosh, N. E. Joo, T. C. Chen,
Y. L. Kapila
Department of Periodontics and Oral Medicine,
University of Michigan, School of Dentistry, Ann
Arbor, MI 48109, USA

The extracellular matrix (ECM) pro-

vides structural integrity to tissues and

organs and is important for promoting

cell adhesion, migration and survival.

However, changes in the ECM due to

infection, inflammation or wounding

may disrupt the homeostasis of the

extracellular environment. In such

conditions, ECM proteins undergo

proteolytic cleavage or alternative

splicing, resulting in fragmented or

altered forms (1–5). These alterations

lead to aberrant signaling in sur-

rounding cells and catalyze further

degradation of the matrix, exacerbat-

ing the disease. For example, disease-

associated fibronectin fragments can

cause apoptosis and further tissue

catabolism by inducing the expression

of matrix metalloproteinases, nitric

oxide and proinflammatory cytokines

(6–14). The mechanisms by which

ECM fragments elicit these adverse

cellular effects may involve alterations

in receptor regulation and signaling

processes (13,15–18), such as altered

regulation and signaling via p53 and
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Background and Objective: The extracellular matrix (ECM) plays a key role in

signaling necessary for tissue remodeling and cell survival. However, signals from

the ECM altered by disease, e.g. inflammatory diseases such as periodontitis and

arthritis, may lead to apoptosis or programmed cell death of resident cells. Pre-

viously, we found that a disease-associated fibronectin fragment triggers apoptosis

of primary human periodontal ligament cells via a novel apoptotic pathway in

which the tumor suppressor, p53, is transcriptionally downregulated.

Material and Methods: We used immunofluorescence, transfection assays, western

blotting and ELISAs to show that p53 is degraded by a proteasomal pathway in

response to a proapoptotic disease-associated fibronectin fragment.

Results: We found that in these apoptotic conditions, p53 is further downreg-

ulated by post-translational ubiquitination and subsequent targeting to protea-

somes for degradation. Pretreatment of cells with the proteasomal inhibitors

MG132 and lactacystin rescued the cells from apoptosis. The p53 levels in cells

transfected with ubiquitin small interfering RNA were resistant to degradation

induced by the proapoptotic fibronectin fragment, showing that ubiquitination is

important for the proapoptotic fibronectin fragment-induced degradation of

p53.

Conclusion: These data show that a proapoptotic fibronectin matrix induces

ubiquitination and degradation of p53 in the proteasome as part of a novel

mechanism of apoptosis associated with inflammatory diseases.
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the c-Jun NH2-terminal stress-related

kinases (13,16,17,19).

The existence of fibronectin frag-

ments has been documented in chronic

inflammatory diseases and shown to be

important in the pathogenesis of

chronic inflammation, including

arthritis and periodontal disease

(1,2,5–7,14,15). We generated and

characterized several recombinant

counterparts of the fibronectin frag-

ments that are found in in vivo condi-

tions (9). One such fibronectin

fragment is defective in binding to

heparin. We found that while the na-

tive fibronectin molecule promotes

growth and attachment of cells, the

defective form of the fibronectin frag-

ment triggered cell detachment and

showed a proapoptotic effect, since it

induced apoptotic cell shape changes

and apoptotic cell signaling. Cells

treated with this proapoptotic fibro-

nectin fragment showed a decrease in

p53 at both the transcriptional and the

protein levels (2,11–13,15).

The transcription factor p53 is a

tumor suppressor that plays a critical

role in safeguarding the integrity of the

genome (20) and controls cell-cycle

arrest, apoptosis and cellular senes-

cence (21). Its expression and activa-

tion are tightly controlled within the

cell by post-translational modifica-

tions, including ubiquitination, acety-

lation and phosphorylation (22).

Often, p53 regulatory networks are

perturbed by stress signals, such as

DNA damage, oncogene activation,

hypoxia and nitric oxide production,

resulting in ubiquitination of p53 (23)

and its degradation in the proteasome

(24,25).

As mentioned above, the reduction

in p53 promoter activity and mRNA

level in cells exposed to the proapop-

totic fibronectin fragment was not

sufficient to explain the significant loss

of p53 protein. Thus, we hypothesized

that the decrease in p53 levels in cells

treated with the proapoptotic fibro-

nectin fragment was also due to post-

translational modifications. One of the

prevalent modes of p53 downregula-

tion is through its ubiquitination,

which targets it to the proteasome for

degradation (26). Currently, there is no

literature describing the type of post-

translational modification undergone

by p53 that accentuates its degradation

in response to inflammation/disease-

associated extracellular matrix proteins

or their fragments. Therefore, this

study was initiated to investigate whe-

ther fibronectin fragments induce

ubiquitination of p53 and its degrada-

tion through the proteasome.

Material and methods

Primary periodontal ligament (PDL)
cell culture

Human primary PDL cells were

isolated and cultured as described (12).

The PDL cells were isolated from the

teeth that were extracted from patients

undergoing treatment at the School

of Dentistry, University of Michigan,

Ann Arbor, USA. The donors

provided written consent and these

were in accordance with the University

of Michigan Health Sciences Institu-

tional Review Board. Their use was

approved by the University of Michi-

gan Health Sciences Institutional

Review Board. Cells were maintained

in a-minimal essential medium (Invi-

trogen, Carlsbad, CA, USA) contain-

ing 10% fetal calf serum (Hyclone,

Logan, UT, USA) and penicillin (100

U/mL) and streptomycin (100 lg/mL).

Recombinant fibronectin proteins

For these studies, we used two previ-

ously described recombinant fibronec-

tin fragments (10) that contain the

alternatively spliced V region (V+) and

either an intact (H+) or a mutated,

non-functional (H)) high-affinity hep-

arin-binding domain. The control

fibronectin fragment (CFn), with the

intact H+ domain, and the proapop-

totic fragment (AFn), with the mutated

H) domain, were used at a concentra-

tion of 0.1 mM. The proapoptotic

fragment is comparable to the disease-

associated 40 kDa proteolytic

fragment, also shown by our group to

induce apoptosis in PDL cells.

Western blot analysis

For western blot analysis, cells were

lysed in RIPA buffer (Sigma, St Louis,

MO, USA) containing protease inhibi-

tors (Sigma). Protein concentration was

determined by the BCA protein assay

kit (Pierce, Rockford, IL, USA). Equal

amounts of protein were resolved by

standard procedures using SDS-PAGE

with 4–20% gels (Novex; Invitrogen)

and electroblotted onto polyvinylidene

membranes (PVDF; Immobilon-P;

Millipore, Billerica,MA,USA) by semi-

dry transfer blot (Bio-Rad, Hercules,

CA, USA) according to the manufac-

turer�s instructions. The primary anti-

bodies were mouse anti-human p53–

horseradish peroxidase (DO-1), rabbit

anti-human ubiquitin and goat anti-

human actin (I-19; Santa Cruz

Biotechnology, Santa Cruz, CA, USA).

Immunoprecipitation

For immunoprecipitation, cells treated

with AFn or CFn fragments, or control

serum-free medium, in the presence or

absence of lactacystin, were lysed in

RIPA buffer containing protease

inhibitors. Equal amounts of protein

from the lysates were precleared with

protein G–agarose (Amersham Bio-

sciences, Little Chalfont, Buckingham-

shire, UK), incubated with mouse

anti-p53 overnight at 4�C and then with

protein G–agarose beads for 2 h. After

five washes with RIPA buffer, the beads

were boiled in SDS-PAGE reducing

sample buffer. Supernatants were

resolved by SDS-PAGE with 4–20%

gels and processed for western blot

analysis. After incubation of the PVDF

membranes with anti-ubiquitin anti-

bodies, the blots were incubated with

Clean Blot HRP reagent (Pierce),

which recognized only the native pri-

mary antibodies and did not interact

with the denatured primary antibodies

(IgG) that were used to immunopre-

cipitate the p53 molecules.

Small interfering RNA (siRNA)
transfection experiments

One day before transfection, cells were

plated at 60% confluency in six-well

dishes. Human ubiquitin UBA52

siRNA (Dharmacon, Thermo Fisher

Scientific, Freemont, CA, USA;

NM_003333) or the control siRNA

(Dharmacon) were introduced into
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cells using Lipofectamine 2000 (Invi-

trogen) as recommended by the man-

ufacturer. Thirty-six hours post-

transfection, cells were treated with the

fibronectin fragments in serum-free

medium for 7 h and processed for

western blot analysis.

Immunofluorescence

To immunolocalize p53, cells were

fixed with 3% paraformaldehyde in

phosphate-buffered saline, pH 7.2,

permeabilized with 0.1% Triton X-100

in phosphate-buffered saline for

20 min and incubated in 5% bovine

serum albumin in Tris Buffered Saline

Tween (TBST) (25 mM Tris, 150 mM

NaCl, 0.05% Tween-20) for 1 h at

room temperature. Cells were then

incubated with mouse anti-p53 (DO-1)

overnight at 4 �C, washed with TBST,

treated with fluorescein isothiocyanate

(FITC)-conjugated goat anti-mouse

antibody for 1 h at room temperature

and washed with TBST. Then cells

were stained with 4¢,6¢-diamidino-2-

phenylindole (DAPI; Sigma) for

10 min, rinsed with calcium- and

magnesium-free phosphate-buffered

saline, air dried, mounted on glass

slides with Vectashield (Vector Labo-

ratories, Burlingame, CA, USA), and

examined with a Nikon TS100 photo-

microscope.

Apoptosis ELISA assay

Cells were pretreated with lactacystin

and then treated with proapoptotic or

control fibronectin fragment or control

media. Thereafter, the cells were lysed,

and equal amounts of cell lysate pro-

tein were processed to quantify apop-

tosis using the Cell Death Detection

ELISAPLUS kit (Roche, Mannheim,

Germany) as recommended by the

manufacturer.

Other reagents

The proteasomal inhibitors, lactacystin

and MG132, were from Calbiochem

(La Jolla, CA, USA). All other chemi-

cals were from Sigma unless mentioned

otherwise.

Results

A fragmented fibronectin matrix
triggers p53 degradation through a
proteasomal pathway

In our previous studies, we observed

that a recombinant fibronectin frag-

ment, which is comparable to its in vivo

proteolytic counterpart found in

inflammatory gingival crevicular fluids,

causes a decrease in p53 levels as part

of a unique apoptosis pathway. How-

ever, only part of the reduction in p53

levels could be explained by transcrip-

tional downregulation (11), suggesting

that other protein degradation path-

ways, such as the lysosomal and pro-

teasomal pathways (27,28), may be

contributing to the elimination of p53

when cells are treated with the

proapoptotic fibronectin fragment

(AFn). First, we pre-incubated PDL

cells with different lysosomal enzyme

inhibitors before treating cells with the

AFn and then examined the cell lysates

for p53 protein levels by western blot

analysis. As seen in Fig 1A, pretreat-

ment of cells with lysosomal enzyme

inhibitors failed to prevent p53 degra-

dation in response to treatment with

AFn (lanes 3–12), suggesting that p53

was not being degraded through the

lysosomal pathway. Moreover, p53

was also degraded (Fig. 1A, lane 14) in

cells pretreated with cycloheximide, a

protein synthesis inhibitor, suggesting

that new protein synthesis is not

required for the degradation of p53 in

this pathway.

In addition to the lysosome, the

proteasome is an important compo-

nent of the cell machinery that medi-

ates protein degradation. Protein

degradation is vital for initiating, ter-

minating and regulating many cellular

processes, and the proteasome is

involved in this degradation process.

One of the most important regulatory
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Fig. 1. Proapoptotic fibronectin induces p53 degradation through the proteasomal pathway. (A) Human primary periodontal ligament

(PDL) cells were pre-incubated with serum-free medium, 10 lM chloroquine (CQ), 100 lM pepstatin A (PS), 100 lM leupeptin (LP), 50 nM

bafilomycin A (BF), 10 lM monensin (MN) or 10 lM cycloheximide (CH), for 2 h and then treated with AFn (+) or control medium (M) in

presence of the drugs for 7 h. Cells were then lysed, and the lysates were resolved by SDS-PAGE, immunoblotted with an anti-p53 antibody,

and visualized by chemiluminescence. (B) Cells were treated with various concentrations of MG132 (PI) for 7 h, lysed, and analyzed by

western immunoblotting to determine the concentration that resulted in the highest level of p53. (C) Cells were pretreated with 30 nM MG132

(PI) for 2 h and then with recombinant fibronectin fragment, AFn, or control fibronectin fragment, CFn, for 7 h. The cells were then lysed,

and the p53 levels were determined by western blotting. Actin served as a loading control.
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proteins in the cell is p53, and its level

is tightly regulated by transcriptional

and post-translational modifications

(21). In many an instance, the degra-

dation of p53 in cells is mediated by the

proteasome (22). Therefore, to ascer-

tain whether the degradation of p53 in

response to AFn was mediated by the

proteasome, we pretreated cells with

MG132, a proteasome inhibitor,

before treating the cells with AFn.

First, we determined that 30 nM was

the optimal concentration of MG132,

which on its own did not induce cel-

lular toxicity (Fig. 1B, lane 4). There-

after, we pretreated cells with 30 nM

MG132 for 2 h prior to treating them

with AFn for a further 7 h. We

observed that inhibiting the protea-

some with MG132 prevented the deg-

radation of endogenous p53 in

response to AFn (Fig. 1C, lanes 2 and

5). Control medium or a control

fibronectin fragment (CFn) did not

alter the p53 levels (Fig. 1C, lanes 1

and 3). From these experiments, we

concluded that the degradation of p53

in cells treated with the AFn is medi-

ated through the proteasome.

In earlier studies (9, 11–13), we

showed that primary PDL cells under-

went apoptosis when treated with AFn.

We observed that cells overexpressing

p53 were less susceptible to apoptosis.

Since, in this present study (Fig. 1) we

observed that inhibition of the protea-

some resulted in stabilization of p53, we

tested whether this approach could be

used as an alternative to overexpressing

p53 to rescue the cells from apoptosis.

Indeed, pretreatment of cells with

MG132 prior to exposure of cells to the

AFn prevented cell rounding, nuclear

condensation and fragmentation, the

hallmarks of apoptosis (11; Fig. 2A).

There were also strong nuclear signals

for p53 in cells that were pretreated

with proteasome inhibitor and incu-

bated with the AFn. This showed that

primary cells could resist apoptosis in-

duced by the AFn if the proteasomal

degradation of p53 was halted. In fact,

clinical trials testing proteasome inhib-

itors have shown that this may be a

viable treatment for chronic inflam-

mation (29–31).

To further show that proteasome

inhibitors, by virtue of their ability to

inhibit the degradation of endogenous

p53, can rescue cells from apoptosis,

we pretreated cells with lactacystin,

another proteasomal inhibitor, and

measured the fold change in apoptosis

in cells exposed to AFn. As shown in

Fig. 2B, apoptosis, measured by an

ELISA assay, which measures cyto-

plasmic histone-associated DNA frag-

ments, was substantially reduced by

the pretreatment of cells with lacta-

cystin.

Downregulation of p53 by a
fragmented fibronectin matrix is
mediated by ubiquitination

Prior to degradation, p53 undergoes

ubiquitination (24), and in cells treated

with proteasomal inhibitors, such as

MG132 or lactacystin, there is an

accumulation of multi-ubiquitinated

p53 molecules. In further experiments,
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Fig. 2. A proteasome inhibitor rescues cells from apoptosis induced by proapoptotic fibronectin. (A) Human primary periodontal ligament

cells (PDL) were pretreated for 2 h with 30 nM MG132 (PI) or control medium (Media) and then with the recombinant fibronectin fragment,

AFn, or control fibronectin fragment, CFn, for 7 h. Subsequently, the cells were fixed, and p53 expression (FITC) and nuclear morphology

(DAPI) were visualized by immunofluorescence and phase-contrast microscopy. Scale bar = 50 lm. (B) Human primary PDL cells were

pretreated for 2 h with 10 lM lactacystin (PI) or control medium and then with the recombinant fibronectin fragments or control medium for

7 h. The cells were lysed, and cell death was determined using Cell Death Detection ELISAPLUS (Roche) as outlined by the manufacturer.
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pretreatment of cells with the protea-

some inhibitor lactacystin also stabi-

lized p53 and prevented its degradation

(Fig. 3A, lanes 4, 5 and 6). In the ab-

sence of lactacystin, cells treated with

the AFn had lower levels of p53

(Fig. 3A, lane 4). Since treatment with

a proteasomal inhibitor can result in

the accumulation of multi-ubiquiti-

nated p53 molecules, we examined this

possibility in our system. We immu-

noprecipitated the proteins shown in

Fig. 3A with an anti-p53 antibody and

probed them with an antibody to

ubiquitin. We observed a ladder of

bands in cells pretreated with lacta-

cystin, and these were, in fact, different

ubiquitinated forms of p53, since they

were recognized by an anti-ubiquitin

antibody after immunoprecipitating

them with an anti-p53 antibody. Fur-

thermore, cells that were treated with

AFn and lactacystin had more ubiqui-

tinated p53 forms (Fig. 3B, lane 3)

than the cells treated with lactacystin

alone (Fig. 3B, lane 4).

From the preceding experiments, it

was clear that the major site for the

degradation of p53 in cells, which were

exposed to AFn, was the proteasome

(Figs. 1)3). When destined for degra-

dation, p53 gets ubiquitinated, and

ubiquitinated p53 is a substrate for the

proteasome (20,22,32–34). We had also

observed the presence of ubiquitinated

p53 in cells that were treated with

proteasome inhibitor and AFn.

Therefore, to confirm the participation

of ubiquitin in the degradation of p53

induced by AFn, we transfected cells

with siRNA for ubiquitin. As seen in

Fig. 4A, ubiquitin expression was sig-

nificantly reduced in cells transfected

with ubiquitin siRNA (Fig. 4A,

lane 3). Next, cells were transfected

with ubiquitin siRNA and then treated

with the AFn (Fig. 4B). In cells trans-

fected with ubiquitin siRNA, there was

less ubiquitination of p53 and conse-

quently higher levels of p53 (Fig. 4B,

lane 2) compared with cells that were

treated with the control siRNA

(Fig. 4B, lane 1). Moreover, cells with

suppressed levels of ubiquitin had

higher levels of p53 even in the pres-

ence of AFn (Fig. 4B, lane 4) com-

pared with cells transfected with a

control siRNA (Fig. 4B, lane 3), indi-
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Fig. 3. A proteasomal inhibitor, lactacystin, inhibits ubiquitin-mediated p53 degradation

induced by proapoptotic fibronectin. Human primary periodontal ligament cells were pre-

treated for 2 h with lactacystin (PI) or control medium, and treated with fibronectin frag-

ment, AFn, or control medium for 7 h. (A) Cell lysates were analyzed by immunoblotting to

determine the level of p53. Actin served as a loading control. (B) The lysates of lanes 1, 3, 4

and 6 in Fig. 3A were immunoprecipitated (IP) with an anti-p53 antibody and analyzed by

immunoblotting with anti-ubiquitin.
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Fig. 4. Cells transfected with ubiquitin siRNA are resistant to proapoptotic fibronectin-

induced p53 degradation. (A) Primary periodontal ligament (PDL) cells were transfected

with ubiquitin (UB) siRNA to inhibit ubiquitin expression. The level of ubiquitin expression

was analyzed by western blotting with anti-ubiquitin antibody 36 h after transfection.

(B) Cells were transfected with ubiquitin siRNA or control siRNA for 36 h and then treated

with AFn or control medium for 7 h. Cell lysates were prepared, and p53 expression was

analyzed by western blotting with an anti-p53 antibody. Actin served as a loading control.

(C) Primary PDL cells were transfected with ubiquitin or control siRNA as in (A) and then

treated with AFn or control serum-free medium. Equal amounts of cell lysates (by protein)

were used to determine cell death using Cell Death Detection ELISAPLUS (Roche) as outlined

by the manufacturer.
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cating that ubiquitination of p53 is

important for its degradation in this

process. In addition to mitigating the

degradation of p53 mediated by AFn,

inhibition of ubiquitin expression also

blocked the apoptosis of cells initiated

by AFn, as shown in Fig. 4C. The

residual apoptosis seen in ubiquitin

siRNA transfected cells in the presence

of AFn might be attributed to the

remaining low level of ubiquitin

expression that was observed in these

cells (Fig. 4A, lane 3).

Discussion

The ECM is composed of several

macromolecules, which play an

important role in development, differ-

entiation and cell–cell communication

and signaling events. Fibronectin, a

major constituent of the ECM, is

present in the matrix of a variety of

connective tissues and its alternatively

spliced forms are most commonly

found during embryonic development

and tissue remodeling. It usually exists

as a dimer, consisting of similar but not

necessarily identical chains, and each

polypeptide chain is approximately

250 kDa in size. It has several do-

mains, including the collagen/gelatin-,

heparin- and central cell-binding do-

mains, each of which has multiple

functions (35). Proteolytic cleavage of

fibronectin by proteases found in

inflammatory fluids yields an array of

fibronectin fragments. One such fibro-

nectin fragment is comparable to AFn.

Our present study shows that when

PDL cells are treated with this fibro-

nectin fragment, p53 gets ubiquitinated

and degraded in the proteasome.

Treatment with the proteasome inhibi-

tor MG132 markedly inhibited the

decrease in p53 protein levels induced

by this fibronectin fragment and re-

sulted in the accumulation of multiple

species of ubiquitinated p53 molecules.

The same was seen with lactacystin, an

irreversible inhibitor of the protea-

some. After treatment with AFn, p53

levels were higher in cells transfected

with ubiquitin siRNA than in un-

transfected cells, demonstrating that

ubiquitination is necessary for the

degradation of p53 by this fibronectin

fragment. Treatment of cells with a

protein synthesis inhibitor or a lyso-

somal inhibitor did not prevent p53

degradation. Thus, the degradation did

not involve the lysosomal pathway.

Our immunofluorescence data further

confirmed that pretreatment of cells

with proteasome inhibitors can rescue

the downregulation of p53 and conse-

quent rounding and apoptosis of cells

triggered by the fibronectin fragment.

This was additionally confirmed by the

ELISA data, which clearly showed that

pretreating cells with a proteasome

inhibitor greatly reduced the apoptosis

of AFn-treated PDL cells. Slight

apoptosis observed in control fibro-

nectin fragment-treated cells is proba-

bly due to serum starvation of the cells.

Our results showing that proapop-

totic fibronectin fragment-induced p53

degradation is ubiquitin dependent are

in agreement with previous findings. In

these reports, ubiquitination of p53 is

necessary for its degradation through

the proteasome (32–34). In conclusion,

apoptosis mediated by a proapoptotic

fibronectin fragment involves the asso-

ciation of p53 with ubiquitin and its

subsequent degradation by the protea-

some. Inhibiting either the proteolytic

function of the proteasome or sup-

pressing ubiquitin at its protein level

prevented the degradation of p53 and

subsequent apoptosis of these primary

PDL cells. These findings provide po-

tential therapeutic targets and strategies

for addressing inflammatory diseases

such as arthritis and periodontal disease

that manifest alterations in the ECM.

Acknowledgements

We thank Dr Paul W. Johnson for the

fibronectin fragments and Stephen

Ordway for editorial assistance. This

study was support by an NIH grant

RO1 DE013725 (to Y.L.K.)

References

1. Homandberg GA, Wen C, Hui F. Carti-

lage damaging activities of fibronectin

fragments derived from cartilage and

synovial fluid. Osteoarthritis Cartilage

1998;6:231–244.

2. Huynh QN, Wang S, Tafolla E et al.

Specific fibronectin fragments as markers

of periodontal disease status. J Perio-

dontol 2002;73:1101–1110.

3. Talonpoika J, Heino J, Larjava H, Ha-

kkinen L, Paunio K. Gingival crevicular

fluid fibronectin degradation in perio-

dontal health and disease. Scand J Dent

Res 1989;97:415–421.

4. Talonpoika J, Paunio K, Soderling E.

Molecular forms and concentration of

fibronectin and fibrin in human gingival

crevicular fluid before and after perio-

dontal treatment. Scand J Dent Res

1993;101:375–381.

5. Xie D, Homandberg GA. Fibronectin

fragments bind to and penetrate cartilage

tissue resulting in proteinase expression

and cartilage damage. Biochim Biophys

Acta 1993;1182:189–196.

6. Homandberg GA, Meyers R, Williams

JM. Intraarticular injection of fibronectin

fragments causes severe depletion of car-

tilage proteoglycans in vivo. J Rheumatol

1993;20:1378–1382.

7. Homandberg GA, Meyers R, Xie DL.

Fibronectin fragments cause chondrolysis

of bovine articular cartilage slices in cul-

ture. J Biol Chem 1992;267:3597–3604.

8. Kapila YL, Kapila S, Johnson PW.

Fibronectin and fibronectin fragments

modulate the expression of proteinases

and proteinase inhibitors in human

periodontal ligament cells. Matrix Biol

1996;15:251–261.

9. Kapila YL, Lancero H, Johnson PW. The

response of periodontal ligament cells to

fibronectin. J Periodontol 1998;69:1008–

1019.

10. Kapila YL, Niu J, Johnson PW. The high

affinity heparin-binding domain and the V

region of fibronectin mediate invasion of

human oral squamous cell carcinoma cells

in vitro. J Biol Chem 1997;272:18932–

18938.

11. Kapila YL, Wang S, Dazin P, Tafolla E,

Mass MJ. The heparin-binding domain

and V region of fibronectin regulate

apoptosis by suppression of p53 and

c-myc in human primary cells. J Biol

Chem 2002;277:8482–8491.

12. Kapila YL, Wang S, Johnson PW.

Mutations in the heparin binding domain

of fibronectin in cooperation with the V

region induce decreases in pp125(FAK)

levels plus proteoglycan-mediated apop-

tosis via caspases. J Biol Chem 1999;

274:30906–30913.

13. Tafolla E, Wang S, Wong B, Leong J,

Kapila YL. JNK1 and JNK2 oppositely

regulate p53 in signaling linked to apop-

tosis triggered by an altered fibronectin

matrix: jNK links FAK and p53. J Biol

Chem 2005;280:19992–19999.

14. Xie DL, Meyers R, Homandberg GA.

Fibronectin fragments in osteoarthritic

synovial fluid. J Rheumatol 1992;19:1448–

1452.

15. Dai R, Iwama A, Wang S, Kapila YL.

Disease-associated fibronectin matrix

486 Ghosh et al.



fragments trigger anoikis of human pri-

mary ligament cells: p53 and c-myc are

suppressed. Apoptosis 2005;10:503–512.

16. Forsyth CB, Pulai J, Loeser RF. Fibro-

nectin fragments and blocking antibodies

to alpha2beta1 and alpha5beta1 integrins

stimulate mitogen-activated protein kinase

signaling and increase collagenase 3 (ma-

trix metalloproteinase 13) production by

human articular chondrocytes. Arthritis

Rheum 2002;46:2368–2376.

17. Gemba T, Valbracht J, Alsalameh S, Lotz

M. Focal adhesion kinase and mitogen-

activated protein kinases are involved in

chondrocyte activation by the 29-kDa

amino-terminal fibronectin fragment.

J Biol Chem 2002;277:907–911.

18. Homandberg GA, Costa V, Wen C.

Fibronectin fragments active in chondro-

cytic chondrolysis can be chemically cross-

linked to the alpha5 integrin receptor

subunit. Osteoarthritis Cartilage 2002;

10:938–949.

19. Yasuda T, Kakinuma T, Julovi SM et al.

COOH-terminal heparin-binding fibro-

nectin fragment induces nitric oxide pro-

duction in rheumatoid cartilage through

CD44. Rheumatology (Oxford) 2004;

43:1116–1120.

20. Brooks CL, Gu Wp53 ubiquitination:

Mdm2 and beyond. Mol Cell2006;21:307–

315.

21. Vogelstein B, Lane D, Levine AJ. Surfing

the p53 network. Nature 2000;408:307–

310.

22. Brooks CL, Gu W. Ubiquitination, phos-

phorylation and acetylation: the molecular

basis for p53 regulation. Curr Opin Cell

Biol 2003;15:164–171.

23. Yang Y, Li CC, Weissman AM. Regulat-

ing the p53 system through ubiquitination.

Oncogene 2004;23:2096–2106.

24. Pickart CM. Mechanisms underlying

ubiquitination. Annu Rev Biochem

2001;70:503–533.

25. Weissman AM. Themes and variations on

ubiquitylation. Nat Rev Mol Cell Biol

2001;2:169–178.

26. Lavin MF, Gueven N. The complexity of

p53 stabilization and activation. Cell

Death Differ 2006;13:941–950.

27. Bergamini E. Protein degradation and

modification. Introduction and overview.

Ann N Y Acad Sci 1992;663:43–47.

28. Trombetta ES, Parodi AJ. Quality control

and protein folding in the secretory path-

way. Annu Rev Cell Dev Biol 2003;19:649–

676.

29. Chauhan D, Hideshima T, Anderson KC.

Targeting proteasomes as therapy in

multiple myeloma. Adv Exp Med Biol

2008;615:251–260.

30. Dahlmann B. Role of proteasomes in

disease. BMC Biochem 2007;8(suppl 1):S3.

31. Daviet L, Colland F. Targeting ubiquitin

specific proteases for drug discovery. Bio-

chimie 2008;90:270–283.

32. Harris SL, Levine AJ. The p53 pathway:

positive and negative feedback loops.

Oncogene 2005;24:2899–2908.

33. Momand J, Zambetti GP, Olson DC,

George D, Levine AJ. The mdm-2 onco-

gene product forms a complex with the

p53 protein and inhibits p53-mediated

transactivation. Cell 1992;69:1237–1245.

34. Oliner JD, Kinzler KW, Meltzer PS,

George DL, Vogelstein B. Amplification of

a gene encoding a p53-associated protein in

human sarcomas. Nature 1992;358:80–83.

35. Ruoslahti E. Fibronectin and its receptors.

Annu Rev Biochem 1988;57:375–413.

Fibronectin fragment-mediated p53 ubiquitination 487


