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Abstract

The function of clusterin, a heterodimeric glycoprotein
markedly induced in renal and other organ injuries, is un-

clear. Since renal injury is accompanied by alterations in cell
attachment, it is possible that clusterin functions to promote
cell-cell and cell-substratum interactions. In this study, a

single cell suspension of renal epithelial (LLC-PK1) cells
was treated with purified human clusterin, resulting in time-
and dose-dependent cell aggregation. Electron microscopy
of the cell aggregates demonstrated cell junction and lumen
formation. To determine the effect of clusterin on cell adhe-
sion, tissue culture plates were coated with clusterin, fibro-
nectin, PBS, or albumin. Clusterin and fibronectin pro-

moted cell adhesion to the same extent. The adhesion to
clusterin was dose dependent and specific, as a monoclonal
antibody against clusterin inhibited cell adhesion to clus-
terin but not fibronectin. Perturbations of the cytoskeleton
may underlie the alterations in cell attachment which occur

in renal injury. Induction of clusterin mRNAwas seen after
disruption of both microtubules and microfilaments and
after inhibition of cell-substratum interactions. In conclu-
sion, clusterin is a potent renal epithelial cell aggregation
and adhesion molecule. Wespeculate that clusterin func-
tions to promote cell-cell and cell-substratum interactions
which are perturbed in the setting of renal injury, thereby
preserving the integrity of the renal epithelial barrier. (J.
Clin. Invest. 1995. 96:2646-2653.) Key words: kidney tu-
bules * acute kidney failure * glycoprotein * cell communica-
tion * lipoproteins

Introduction

Clusterin, a glycoprotein first isolated from ram rete testes fluid,
is named for its ability to elicit the clustering of a number of
cell types (1, 2). Species and tissue homologues of clusterin
have been isolated and/or cloned by groups working in widely
divergent areas (3-7). This has resulted in multiple names

for clusterin, including complement cytolysis inhibitor (CLI),
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sulfated glycoprotein-2 (SGP-2), testosterone repressed pros-
tate message-2 (TRPM-2),' dimeric acidic glycoprotein
(DAG), SP-40,40, gp80, apo J, NAl/NA2, and glycoprotein
III (3-7).

Clusterin is a heterodimer consisting of two 40-kD chains
joined by a unique five-disulfide bond motif (8). The protein
precursor of clusterin is encoded on a single 2-kb mRNAwhich
is transcribed from a single copy gene located on chromosome
8 (8p2l) (9, 10). A signal peptide is present on the protein
precursor. Clusterin has a long a-helix near the amino terminal,
at least six N-linked glycosylation sites, several potential hepa-
rin-binding domains, three amphipathic helix domains, and a
putative dinucleotide-binding domain (3, 6, 8, 11-13).

Clusterin is found in numerous physiologic fluids and in
most organs, with the highest levels in the testes, epididymis,
liver, stomach, and brain ( 14, 15 ). Additionally, developmental
regulation of clusterin expression is seen. In the kidney, for
example, clusterin is expressed in the ureteric bud but not in
surrounding mesenchyme (16, 17). As the mesenchyme is in-
duced to form renal epithelium, clusterin is expressed and con-
tinues to be present in developing tubules. In the developing
lung, clusterin is present in the bronchial tree and its expression
follows a similar time course seen with branching morphogene-
sis (17). No clusterin is seen in the mature lung. This temporal
expression of clusterin during ontogeny at sites where critical
cell interactions occur implies a role in organogenesis.

A unique and defining feature of clusterin is its induction
in many organs, particularly the brain and kidney, at times
of tissue injury. Despite its immediate and often prominent
recruitment after injury, the role of clusterin remains elusive.
Proposed functions for clusterin in this setting include apoptotic
initiation, complement defense, lipid recycling, and membrane
protection (3, 4, 7).

Wehypothesize that a function of clusterin in renal injury
is to promote cell-cell and cell-substratum interactions. This
hypothesis derives from the potent ability of clusterin to pro-
mote interactions in nonrenal cells and the typical disturbances
in cell interactions that accompany renal injury. To begin to
test this hypothesis, we examined the effects of clusterin on
renal epithelial cell interactions. Since cell interactions are de-
pendent on integrity of the cytoskeleton, and disruption of the
cytoskeleton is an early feature of renal injury, we also exam-
ined the in vitro effects of cytoskeletal disruption on clusterin
expression. Finally, we inhibited cell-substratum interactions
to determine if the state of these interactions affects clusterin
expression.

1. Abbreviation used in this paper: TRPM-2, testosterone repressed
prostate message-2.
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Figure 1. Cell aggregation. A sin-
gle cell suspension of LLC-PK1
was incubated for 1 h under (a)
control conditions or (b) with
clusterin 50 tig/ml. No aggrega-
tion was seen in the absence of
clusterin (score = 0). Clusterin
caused marked aggregation of
cells (score = 4+).

Methods

Purification of clusterin. Clusterin was purified from fresh human sera
by immunoaffinity chromatography using the mouse anti-human clus-
terin mAbG7 (gift of Brendan Murphy, Melbourne, Australia) (18).
To each 25 ml of sera was added 65 Al of 0.2 Mphenylmethylsulfonyl
fluoride (Sigma Chemical Co., St. Louis, MO) in 30% ethanol and 3
grams of polyethylene glycol, 12% wt/vol (Sigma). After centrifuga-
tion, 5.75 grams polyethylene glycol, 23% wt/vol, was added to the
supernatant and the resulting precipitate was dissolved in 10 mMEDTA,
0.5 mMphenylmethylsulfonyl fluoride, filtered, and applied to the im-
munoaffinity column. The column was sequentially washed with: (a)
20 ml of 10 mMphosphate, 500 mMsodium chloride, 10 mMEDTA,
pH 7.4; (b) 20 ml PBS (Sigma) containing 0.5% Triton X-100 (Re-
search Organics, Cleveland, OH) to remove apo A-l and lipids coupled
to circulating clusterin; and (c) 30 ml PBS. Clusterin was then eluted
with 0.2 Mglycine-hydrochloride, 0.5 Msodium chloride (pH 2.8) and
immediately neutralized with 1 ml of 2 MTris-HCl (pH 7.0). Further
purification was performed by running the eluate through a protein A
column (Sigma) to remove any contaminating immunoglobulin. The
resulting sample was concentrated and purity documented by SDS-
PAGEperformed according to the method of Laemmli (19). As ex-
pected, clusterin appeared as a 40-kD doublet under reduced conditions
and an 80-kD band under unreduced conditions (data not shown). The
concentration of clusterin was measured by the Coomassie blue dye
method of Bradford using BSA (fraction V powder; Sigma) as a stan-
dard (20).

Cell culture. Porcine renal epithelial cells (LLC-PKl ) were obtained
from the American Type Culture Collection (Rockville, MD) at passage
number 196. Cells were grown in DME(Sigma) at 37°C in 95% air
and 5%carbon dioxide. The medium was supplemented with 5%FBS,
L-glutamine (330 pg/ml), Hepes (5.9 mg/ml), penicillin (100 U/ml),
and streptomycin (100 Aig/ml). All experiments were performed in
basal medium Eagle's (Sigma) or PBS over a range of no more than
10 passages. Additional experiments used SK-OV-3 cells (ATCC HTB
77), an ovarian adenocarcinoma cell line grown in McCoy's SAmedium
(Sigma), and L-929 cells (ATCC CCL 1), a mouse fibroblast cell line
grown in Dulbecco's modified Eagle's medium nutrient mixture F-12
Ham(1:1 mixture; Sigma).

Aggregation assay. A single cell suspension was prepared by treat-
ment with 0.25% trypsin in HBSSwith 0.2 grams/liter EDTA(Hyclone
Laboratories, Logan, UT) followed by soybean trypsin inhibitor (1 mg/
ml; Sigma). The following components were then added to each well
of a 96 U-shaped well polyprostyrene microtiter plate (Costar Corp.,
Cambridge, MA): 65 pl PBS, 10 p1 clusterin (concentration variable),
and 25 pl cell suspension ( 1 x 104 cells) to a total volume of 100 p1.

The microtiter plate was mounted in a holder at an angle of 450 and
rotated at 2 rpm in a humidified incubator at 370C. After various incuba-
tion times, the cells were examined under a dissecting microscope (at
a magnification of 40) and the degree of aggregation quantified by the
method of Fritz and Burdzy (21). No aggregation was scored as "0"
and a tightly packed aggregate of cells was scored as "4+". The contin-
uum between these values was denoted "1+", "2+", or "3+".

To determine the requirements for calcium and magnesium, addi-
tional aggregation studies were performed in calcium- and magnesium-
free HBSS (Life Technologies, Grand Island, NY) containing 2.5 mM
EDTA (Sigma). To determine whether active protein synthesis was
required for clusterin-induced cell aggregation, LLC-PKl cells were
incubated with 1-100 pg/ml cycloheximide (Sigma) for 30 min before
and during the cell aggregation studies.

Adhesion assay. Each well of a 24-well polystyrene plate (Costar
Corp.) was coated with 200 ttl of one of the following at 50 sg/ml:
BSA, human fibronectin (Collaborative Biomedical Products, Bedford,
MA), or human clusterin. PBSand BSAwere used as negative controls,
and the fibronectin as a positive control. The plate was incubated over-
night in a 370C humidified incubator. The wells were then washed
with PBS followed by incubation with 2 mg/ml BSA in PBS to block
nonspecific binding sites. A cell suspension was prepared as described
above, using serum-free basal medium Eagle's containing 1 mg/ml BSA
instead of PBS. The flask of cells was radiolabeled the day before with
125 ,l 5"Cr (250-500 mCi/mg Cr; Amersham Corp., Arlington Heights,
IL). The concentration of the cells was adjusted to 5-8 X 10" cells/
ml and a total of 500 pl of radiolabeled cell suspension was then added
to each well. The plates were incubated at 370C for 30, 60, or 90 min.
Nonadherent cells were removed from each well and the individual
wells were washed twice with PBS. Adherent cells were then solubilized
by incubation with 1 M sodium hydroxide for 10 min. The washings
(nonadherent cells) and solubilized (adherent) cells were counted sepa-
rately in a gammacounter (Gamma7000; Beckman Instruments Inc.,
Palo Alto, CA) and percent cell adhesion was calculated as adherent
cells/(adherent cells + nonadherent cells) X 100.

A dose-response curve for clusterin-induced cell adhesion was per-
formed using clusterin concentrations ranging from 1 to 100 1Lg/ml. The
values for an albumin control were subtracted from the clusterin values
to obtain the final percent cell adhesion. Additional adhesion assays
were performed in the presence of 300 ,g/ml of the anticlusterin mAb
G7 or purified mouse IgG-1 Kappa (Organon Teknika Corp., Durham,
NC). These antibodies were mixed with the cell suspension before
placement in the well.

Spreading of the adherent cells was evaluated by performing adhe-
sion assays as described above. The cells were then fixed with 2%
glutaraldehyde (Sigma), stained with hematoxylin (Zymed Labora-
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Figure 2. Electron micrograph of cell aggregate. Electron micrographs of the cell aggregates 18 h after addition of clusterin demonstrated (A)
extensive desmosome formation (arrows) and (B) intercellular lumen formation (L). The lumen with projecting microvilli is made up of at least
two different cells as evidenced by the presence of cell junctions (arrows).
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Figure 3. Time course for cell adhesion. The time course for clusterin-
induced cell adhesion is shown in this figure and is compared with the
adhesion molecule fibronectin and to two different controls (albumin
and PBS). The concentration of the proteins used to coat the wells was

50 Mg/ml. As can be seen, a similar enhancement of cell adhesion was

seen for clusterin and fibronectin compared with PBS or albumin. n

= 6 at each time point. * P < 0.05 versus PBS or albumin. Open
boxes, PBS; hatched boxes, albumin; filled boxes, clusterin; open trian-
gles, fibronectin.

tories, Inc., South San Francisco, CA), and photographed with an Olym-
pus BX40 inverted microscope (Tokyo, Japan) equipped with an Olym-
pus OM-4T camera.

Electron microscopy. To determine whether clusterin promotes more

permanent cell interactions, a single cell suspension of LLC-PKI cells
was incubated for 18 h with 50 Mg/ml clusterin, resulting in the forma-
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Figure 4. Dose-response of cell adhesion. The dose-response for clus-
terin-induced cell adhesion is shown in this figure. The values for an

albumin control were subtracted from the clusterin values to obtain the
final percent cell adhesion. n = 4 at each dose. * P < 0.05 versus all
other groups.

Figure 5. Effect of an anticlusterin antibody on cell adhesion. Cell
adhesion was increased in the clusterin- and fibronectin-coated plates
at both 30 and 60 min. Addition of an anticlusterin antibody to the cells
just before adding them to the coated wells blocked cell adhesion only
in the clusterin-coated wells, demonstrating the specificity of the clus-
terin-induced cell adhesion. n = 6 for each condition. * P < 0.05
versus PBS. tp < 0.05 versus no antibody.

tion of a large aggregate of cells. The cell aggregate was centrifuged and
fixed in 2.5% glutaraldehyde in Millonig's buffer, decanted, postfixed in
1.5% buffered osmium tetroxide solution for 1 h, and decanted again.
It was then progressively dehydrated in alcohol, infiltrated in sieved
acetone and Polybed 812 resin (Polysciences Inc., Warrington, PA),
and embedded in Polybed 812 resin. After overnight incubation in a

370C oven, the cell aggregate was transferred to a 60'C oven and incu-
bated for 24 h. Thick sections were stained with toluidine blue and
evaluated by light microscopy. Thin sections were stained with uranyl
acetate and lead citrate and examined with a Phillips 201 transmission
electron microscope (Philips Electronics, Schaumburg, IL).

Effect of cytoskeletal disruption on clusterin mRNA. Confluent cul-
tures of LLC-PKl cells were incubated for 5 or 24 h with 75 ILM
podophyllotoxin, 50 MMcolchicine, or 0.2 MMvinblastine (Sigma), all
of which disrupt microtubules, or for 24 h with 39 MMcytochalasin B
(Sigma), which causes actin filament depolymerization. Detached and
attached cells were then harvested and clusterin mRNAwas quantified
by Northern hybridization (see below). Disruption of microtubules was

verified by immunohistochemistry using a mouse anti-chicken a-tu-
bulin antibody (Sigma).

Effect of cell-substratum interactions on clusterin mRNA. Because
cell-substratum interactions are often perturbed during renal injury, we

examined the in vitro effect of altering these interactions on clusterin
expression. To inhibit cell contact to the substratum, LLC-PKl cells
were cultured on plates precoated with 1% agarose. The response of
these cells was compared with cells cultured on uncoated culture plates
(Becton Dickinson, Lincoln Park, NJ). The cells were harvested 48 h
later and clusterin mRNAwas quantified by Northern hybridization.

RNAextraction and Northern blot hybridization. RNAwas extracted
from cells subjected to the conditions described above by the method
of Chomczynski and Sacchi (22). Clusterin mRNAwas quantitated by
Northern hybridization as described previously (23). The cDNAprobe
was rat TRPM-2 (clusterin; gift of Martin Tenniswood, University of
Ottawa, Ottawa, Ontario, Canada) (24). For preparation of the cDNA
probe, we used the method of random oligomer-primer labeling (Stra-
tagene La Jolla, CA) with [32P]dCTP (6,000 Ci/mmol; NENDuPont,
Wilmington, DE). The specific activity of the probe was 1-2 X 109
cpm/pg DNA.

Statistical analysis. Statistical significance was defined as P < 0.05
and the results were presented as mean±SEM. The significance of the
differences was analyzed by the Student's t test of unpaired data by
ANOVA, followed by the Bonferroni test for multiple group compari-
sons.
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Results

Cell aggregation. Clusterin induced marked renal epithelial cell
aggregation. In the absence of clusterin, cells remained in a
single cell suspension (Fig. 1 a), whereas in the presence of
50 jig/ml clusterin, a tight aggregate of cells was seen when
examined at 60 min (Fig. 1 b). Cell aggregation was seen at
concentrations as low as 2.5 ptg/ml and the degree of aggrega-
tion increased with increasing clusterin concentrations, pla-
teauing at 50 ptg/ml. Cells began to aggregate as early as 5
min after the addition of 50 pg/ml clusterin, with maximal
aggregation seen at 45 min. Electron micrographs of the cell
aggregates 18 h after the addition of clusterin demonstrated
extensive desmosome formation (Fig. 2 A). In many cases,
intercellular lumen formation occurred (Fig. 2 B). Thus, clus-
terin not only caused cells to aggregate but it also facilitated
more permanent cell interactions.

There was no effect on the degree of cell aggregation when
the assay was performed in the absence of either calcium or
both calcium and magnesium. Pretreatment of cells with cyclo-
heximide at a dose which inhibits protein synthesis did not
affect clusterin-induced cell aggregation, providing evidence
that prior protein synthesis is not necessary.

In contrast to LLC-PK1 cells, no aggregation was seen with
L-929 cells and only minimal aggregation was seen with SK-
OV-3 cells after clusterin addition under similar experimental
conditions (data not shown).

Cell adhesion. Cell adhesion was significantly increased by
clusterin in a time- and dose-dependent manner (Figs. 3 and
4). The time course of clusterin-induced cell adhesion was
similar to that of fibronectin (Fig. 3). An anticlusterin mAbG7
was used to test for the specificity of the clusterin-induced cell
adhesion. The mAb inhibited cell adhesion to clusterin but not
to albumin or fibronectin (Fig. 5). The control antibody had
no effect on clusterin-induced cell adhesion. In addition to pro-
moting cell adhesion, clusterin also enhanced cell spreading
(Fig. 6). These studies provide evidence that clusterin is a
potent cell adhesion and spreading molecule.

As with aggregation, however, the adhesive properties of
clusterin were not seen with all cell types evaluated. SK-OV-3
cells exhibited marked adhesion with fibronectin and laminin,
though no increase above control with clusterin. Similarly, clus-
terin did not enhance adhesion of L-929 cells (data not shown).

Effect of cytoskeleton disruption on clusterin mRNA. Treat-
ment with 75 MMpodophyllotoxin resulted in disruption of mi-
crotubules as documented by immunochemistry using an antitu-
bulin antibody (data not shown). Additionally, rounding up and
detachment of some cells was seen. Induction of clusterin mRNA
was seen in the podophyllotoxin-treated cells at both 5 and 24 h
compared with the low levels seen in control cells (Fig. 7). In
data not shown, treatment with two other microtubular disrupting
agents, 50 MMcolchicine and 0.2 MMvinblastine, resulted in a
similar increase in clusterin mRNA.Disruption of microfilaments
by treatment with 39 MMcytochalasin B for 24 h also increased
clusterin mRNAcompared with control cells (Fig. 8). Thus,
disruption of both microtubules and microfilaments was associ-
ated with an increase in clusterin mRNA.

Effect of cell-substratum interactions on clusterin mRNA.
Cells cultured on uncoated plates formed a typical monolayer
and had low basal levels of clusterin. When cell-substratum
interactions were inhibited by culturing cells on plates coated

~~~~eXvtS V

Figure 6. Cell spreading. Phase contrast photographs 6 h after adding
an equivalent number of LLC-PKl cells added to (A) control (PBS)
coated wells, (B) albumin (50 pig/ml) coated wells, and (C) clusterin
(50 /.tg/ml) coated wells. The number of adherent cells was greater in
the clusterin-coated wells as was the degree of cell spreading (arrows).

with agarose, an increase in clusterin ruRNA was observed
(Fig. 9).

Discussion

The major findings of this paper are that clusterin is a renal
epithelial cell aggregation and adhesion molecule, and that
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changes in clusterin expression are responsive to changes in the
cytoskeleton and to the state of cell-substratum interactions.

The ability of clusterin to promote renal epithelial cell aggre-
gation is consistent with its effect on other cell types. Clusterin
has been shown to aggregate erythrocytes, spermatozoa, mouse
testes TM-4 cells, and primary cultures of rat Sertoli cells (1,
2). In this study, aggregation of LLC-PK1 cells began at 5 min,
reached a maximum by 45 min, and was dose dependent. The
degree of aggregation was not dependent on the presence of
extracellular calcium or magnesium and did not require new
protein synthesis by the cells. The mechanism for this cell ag-
gregation is unknown, though the failure of clusterin to aggre-

Figure 7. Microtubular disruption. LLC-PK1
cells were incubated with the microtubule
disrupting agent podophyllotoxin (Podo; 75
AM) for 5 or 24 h. Each lane of the Northern
blots contains 20 pg of total LLC-PKl RNA
from a separate plate of cells. The ethidium
bromide-stained membranes serve as con-
trols for loading and transfer. Compared with
the low levels of clusterin mRNAseen in
control cells, treatment with 75 pMpodophy-
ilotoxin for 5 h resulted in an increase of
clusterin mRNA. Clusterin mRNAwas also
increased after 24 h of podophyllotoxin treat-
ment as seen in the right hand Northern blot.

gate all cell types argues against a nonspecific phenomenon.
A unique clusterin receptor has not been identified, although
glycoprotein 330 (gp 330), a receptor involved in the endocyto-
sis of a number of ligands, can specifically bind clusterin and
mediate its uptake into cells (25). Furthermore, the active site/
s of the clusterin molecule responsible for cell aggregation is/
are not known.

Increased cell aggregation occurs when interactions between
substratum and anchorage-dependent cells are the weakest (26).
Given the increase in clusterin mRNAobserved when LLC-
PKl cells were cultured on agarose, it is conceivable that clus-
terin plays a role in the aggregation. Taken further, cells which
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(OD units/1SS rRNA)
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Figure 8. Microfilament disruption. LLC-
PK1 cells were incubated for 24 h with the
microfilament-disrupting agent cytochalasin
B (39 MM). Each lane of the Northern blot
contains 20 Mg of total LLC-PK1 RNAfrom
a separate plate of cells. The ethidium bro-
mide-stained membranes serve as controls
for loading and transfer. A graph of the cor-
rected optical density values is displayed.
Compared with the low levels of clusterin
mRNAseen in control cells, treatment with
cytochalasin B resulted in an increase of clus-
terin mRNA(126±12 vs. 28±3 ODunits;
P < 0.01; n = 5 both groups).
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Figure 9. Inhibition of cell-substratum interactions. LLC-PKl cells
were cultured for 48 h on agarose-coated plates to inhibit cell attachment
or uncoated plates (plastic) which promoted cell attachment. Each lane
represents a different plate of cells and contains 20 ig of total LLC-
PKl RNA. A graphic display of the results corrected for differences in
RNAloading is shown on the right. An increase in clusterin mRNA
was observed when cell-substratum interactions were inhibited by cul-
turing the cells on the agarose-coated plates (agarose: 30.9±11.7 vs.
plastic: 5.5±0.9 ODunits; P < 0.05; n = 5 both groups).

lose their cell-substratum contacts might induce clusterin to
maintain cell-cell proximity or, perhaps, to reestablish contact
with the substratum.

In addition to causing renal epithelial cell aggregation, clus-
terin is a cell adhesion molecule with potency equivalent to the
prototypic adhesion molecule fibronectin. Wehave defined the
time course and dose-response for this adhesion. The inhibition
of cell adhesion by an anticlusterin antibody demonstrates the
specificity of this effect. Clusterin is not a member of any known
class of adhesion molecules, and the structure provides few
clues as to the mechanism of the cell adhesion. For example,
there are no arginine-glycine-aspartic acid (RGD) or YIGSR
sequences. However, clusterin can bind heparin and fibrin, sug-
gesting a role for clusterin in the interaction between clusterin,
cells, and extracellular matrix (27, 28). In fact, Matrigelfi3' (Col-
laborative Biomedical Products), a commercially available
basement membrane gel, contains biologically active clusterin
(20-35 /ig/ml) which may contribute some of the effects of
this gel on cellular morphology and behavior (29).

Clusterin may also be involved in more complex cell inter-
actions. When vascular smooth muscle cells are grown in cul-
ture they generate morphologically differentiated nodules com-
posed of nonproliferating cells embedded in matrix. Clusterin
mRNAand protein are increased in these nodules in a time
course which suggests a role in the nodule formation (29, 30).
Addition of anticlusterin antibody inhibits nodule formation
(29). Another example is the expression of clusterin during
ontogeny at sites where critical cell interactions occur, such
as the branching bronchial tree and the ureteric bud before
mesenchymal condensation (16, 17).

Increased expression of clusterin is seen in a wide array of
disease states, pointing to a role in the tissue response to injury.
These states include diseases of the central nervous system,
kidney, and heart, as well as atherosclerosis and cancer (5, 7,
31-38). Proposed functions for clusterin in the setting of tissue
injury include apoptotic initiation, complement defense, lipid
recycling, membrane protection, and maintenance of cell-cell
or cell-substratum contacts (3, 4, 7). Definitive evidence for
any of these proposed functions is scant, and the possibility
exists that more than one, or an as yet undefined function, may
be relevant.

Wepropose that clusterin is induced at times of tissue injury
to promote cell-cell and cell-substratum interactions which
are perturbed in these settings. This hypothesis is supported by
both the ability of clusterin to promote cell interactions and the
typical disturbances in cell interactions that accompany states
associated with clusterin induction. This hypothesis is particu-
larly pertinent to renal injury. Abnormalities in cell interactions
that follow renal injury lead to cell rounding, retraction, and
detachment; decreased binding of cells to matrix components;
and aberrant cell-cell attachments (39-45).

The cytoskeleton plays a key role in the maintenance of
intercellular junctions and the attachment of cells to their sub-
stratum. Disruption of the cytoskeleton is an early finding in
renal injury, leading to alterations in numerous cellular func-
tions including the loss of cell contacts (39-41, 43). The ob-
served increase in clusterin mRNAafter disruption of microtu-
bules or microfilaments provides a link between changes in the
cytoskeleton, renal injury, and clusterin induction.

Even mild injury can lead to profound nephron dysfunction
mediated in part through alterations in cell attachment, a finding
which is supported by the presence of viable epithelial cells in
the urine after acute renal failure (46). Detachment of tubular
epithelial cells from the substratum leads to denuded epithelium
and a consequent back leak of filtrate. Induction of clusterin
under these conditions, with its subsequent enhancement of cell
interactions, could be a beneficial response. Maintenance of
cell-cell contacts by clusterin may be important in exchange
of critical nutrients or other factors between cells, perhaps
across gap junctions, and maintenance of cell-substratum con-
tacts could prevent or lessen cell sloughing. In addition, mainte-
nance of cell proximity would allow the normal junctional con-
tacts to become reestablished once the injury passes. Many
clinical conditions characterized by alterations in cell attach-
ment, namely renal cystic disease and apoptosis, are associated
with clusterin induction, further supporting our hypothesis ( 16,
36, 47-49).

In conclusion, clusterin induces renal epithelial cell aggrega-
tion and adhesion. Disruption of the cytoskeleton and loss of
cell-substratum interactions, both early changes after renal in-
jury, lead to induction of clusterin mRNA.These findings, com-
bined with the induction of clusterin in a wide variety of injuries
or states of abnormal cell attachment, suggest that clusterin
functions to maintain cell interactions in settings such as renal
injury where normal interactions are perturbed.
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