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Abstract

Clusterin is a serum glycoprotein endowed with cell aggregat-
ing, complement inhibitory, and lipid binding properties, and is
also considered as a specific marker of dying cells, its expres-
sion being increased in various tissues undergoing programmed
cell death (PCD). However, no study has so far directly shown
that cells expressing clusterin in these tissues are actually
apoptotic as defined by morphological and biochemical criteria.
Wehave studied cellular clusterin gene expression in vitro us-
ing three different models of PCD: (a) ultraviolet B (UV-B)
irradiation of human U937, HeLa, and A431 cell lines, (b) in
vitro aging of human peripheral blood neutrophils (PMNs),
and (c) dexamethasone-induced cell death of the human Iym-
phoblastoid cell line CEM-C7. In all three models, the classical
morphological and biochemical features of PCDobserved did
not correlate with an increase, but with either a marked de-
crease or an absence of clusterin gene expression as assessed by
Northern blot analysis. In situ hybridization of U937 and A431
cells after UV-B irradiation revealed, in addition, that only mor-
phologically normal cells that are surviving continue to express
the clusterin gene.

Our results demonstrate that in the human myeloid, lym-
phoid, and epithelial cell types studied, clusterin gene expres-
sion is not a prerequisite to their death by apoptosis. In addi-
tion, and most interestingly, in situ hybridization of U937 and
A431 cells revealed that only surviving cells express the clus-
terin gene after the induction of PCD, thus providing novel
evidence suggesting that clusterin may be associated with cell
survival within tissues regressing as a consequence of PCD. (J.
Clin. Invest. 1994. 93:877-884.) Key words: apoptosis * com-
plement * testosterone repressed prostate message-2 * apolipo-
protein-J * lipid

Introduction

Clusterin is a heterodimeric glycoprotein originally character-
ized as a cell aggregating factor produced by Sertoli cells and
present in high quantities within ram rete testis fluid ( 1, 2).
The human homolog of clusterin was isolated later as a normal
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serum protein present within glomerular immune complex
and terminal complement deposits of patients suffering glomer-
ulonephritis ( 3 ). Further characterization led to the demonstra-
tion that clusterin was a novel potent inhibitor of complement-
mediated cytolysis. Indeed, clusterin could specifically bind to
the nascent C5b-6 complex, thus suppressing the cytolytic po-
tential of the membrane attack complex of complement
(MAC)' by preventing the association of the complex with the
plasma membrane and rendering it soluble (4-6). The co-loca-
lization of clusterin with the MACin kidney diseases, experi-
mental Heymann nephritis, and lupus skin disease suggests
that it also participates in the regulation of the terminal com-
plement cascade in vivo (7-10). Human clusterin has also
been shown to form a complex with apo A- 1 and was indepen-
dently named NA1 /NA2 or apo J ( 1 1-14). Following density
ultracentrifugation, these apo A- 1 /clusterin complexes are
found in the slow-migrating HDL fraction of fasting plasma,
representing - 5%of total HDL, and it has been suggested that
clusterin might thereby serve as a regulator of lipid transport
and of local lipid redistribution ( 15, 16).

Recently, the molecular structure of clusterin has been elu-
cidated by partial amino acid sequencing and cDNAsequenc-
ing in several vertebrate species with different phylogenetic dis-
tances ranging from the human to the quail (for review see
reference 17). The nucleotide sequence of clusterin, as well as
its distribution and its level of expression in different tissues has
been found to be highly conserved between species, the highest
levels of mRNAbeing detected in the testes, the brain, the
adrenal medulla, the liver, the pituitary gland, and the ovary
(14, 18, 19).

Several recent studies have demonstrated an association be-
tween clusterin and cell death. Indeed, clusterin mRNAand/
or protein, also known as testosterone-repressed prostate mes-
sage-2 (TRPM-2), have been shown to be increased in various
tissues regressing as a consequence of programmed cell death
(PCD), such as in the prostatic epithelial cells after castration
(20-23), in the renal collecting ducts and distal tubules after
ureteral obstruction (20, 24), and in the rat hippocampus after
experimental deafferentation (25) (for review see reference 17).

However, no study has so far demonstrated that the individ-
ual cells expressing clusterin in tissues undergoing PCDare
actually apoptotic as defined by morphological and biochemi-
cal criteria (26-28). Wehave recently shown that human thy-
mocytes undergo PCDduring the negative selection process in
the absence of clusterin gene expression, whereas in situ hybrid-
ization revealed the presence of clusterin mRNAin surround-
ing nonapoptotic epithelial cells (29). This finding suggested

1. Abbreviations used in this paper: EtBr, ethidium bromide; MAC,
membrane attack complex; PCD, programmed cell death; SGP-2, sul-
fated glycoprotein-2; TRPM-2, testosterone-repressed prostate mes-

sage; UV-B, ultraviolet B.
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that clusterin expression was not a prerequisite for the pro-
grammed death of thymocytes, and that clusterin is presum-
ably not a death gene in these cells.

To further investigate this hypothesis, we have analyzed
five different human cell types for the presence of clusterin
mRNAin three different models of PCD, namely, (a) exposure
of U937, HeLa, and A43 1 cell lines to UV-B, (b) in vitro aging
of human neutrophils (PMNs), and (c) dexamethasone-in-
duced cell death of the steroid-sensitive lymphoblastoid cell
line CEM-C7. The present work demonstrates that, in all cases,
PCD(objectivized by the presence of DNAfragmentation and
apoptotic cell morphology) correlates with a marked decrease
in clusterin gene expression. Interestingly, analysis by in situ
hybridization allowed us to demonstrate that during in vitro
PCD clusterin mRNAwas present only in morphologically
normal cells. This strongly suggests that clusterin is not a cell
death gene but, on the contrary, that it might be involved in cell
survival within a hostile environment where PCDoccurs.

Methods

Cells and cell culture. Human epidermoid carcinoma A43 1, human
leukemic T cell CEM-C7 (30), and human histiocytic lymphoma
U937 cell lines were grown in RPMI 1640 medium (Gibco, Grand
Island, NY) supplemented with 5% (U937) or 10% (A431, CEM-C7)
FCS (Gibco). Human cervix carcinoma HeLa cells were grown in
DMEMmedium (Gibco) supplemented with 10% FCS. All media
contained 110 IU/ml penicillin (Gibco) and 110 ,ug/ml streptomycin
(Gibco). These lines were maintained in exponential growth, at 370C
in a humidified 5% C02/95% air atmosphere, harvested at subcon-
fluency with EDTA3 mM/trypsin 0.5% (A43 1, HeLa) and reseeded in
fresh medium 24 or 48 h before each experiment so as to be - 70%
confluent at the start of the experiment.

Isolation of PMNs. PMNswere isolated from fresh buffy coats of
normal donors using a Ficoll-Paque gradient (Pharmacia AB, Uppsala,
Sweden) and hypotonic erythrocyte lysis with minor modifications
brought to the technique described (31). Briefly, the buffy coat ob-
tained from - 400 ml of normal donor blood was diluted 1:1 vol in
PBS/EDTA 2 mM, mixed gently with 0.25 vol of 4% Dextran T 500
(Pharmacia AB), left 30 min for erythrocyte sedimentation after which
the leukocyte-rich supernatant was collected and centrifuged 10 min at
200 g. The pellet was resuspended in 9 ml distilled water to lyse erythro-
cytes, returned to isotonicity after 40 s by addition of 3 ml 0.6 MKCl
and of 40 ml 0.15 MNaCl, centrifuged 10 min at 350 g, and resus-
pended in 20 ml PBS/EDTA 2 mM. This suspension was layered over
20 ml Ficoll-Paque (Pharmacia AB), centrifuged 30 min at 350 g, and
the PMN-rich (> 98%pure, > 99%trypan blue exclusion) pellet recov-
ered, washed twice in PBS/EDTA 2 mM, before resuspension at 5 x
106/ml in RPMI supplemented with 5% heat-inactivated FCSand in-
cubation at 37°C under standard culture conditions.

All manipulations were performed under sterile conditions at 4°C
to minimize neutrophil activation and aggregation.

Models of PCD. In U937, HeLa, and A43 1 cells, PCDwas induced
as described (32), by exposure from above to a 254-nm UV-B source at
a distance of 20 cm for 10 min at room temperature and then returned
to 37°C for 4 or 24 h.

PMNswere aged in vitro by placing them in RPMI medium supple-
mented with 5% heat-inactivated FCS under standard culture condi-
tions for 4 to 24 h, time 0 corresponding to the time at which freshly
isolated PMNswere resuspended in culture medium. Under similar
conditions, PMNshave been shown to undergo time-related morpho-
logical and biochemical modifications characteristic of PCD (33).
PCDwas induced in CEM-C7 cells by incubation in the presence of
10-6 Mdexamethasone (Organon Teknika, Pflffikon, Switzerland) as
described (30), for variable time periods ranging from 30 min to 96 h.

Histology. Cytospin preparations were performed with cells col-
lected at different time intervals, air-dried, and stained with May-
Grunwald-Giemsa combination (Fluka Chemie AG, Buchs, Switzer-
land) or hematoxylin-eosin. Cell viability was assessed on 200 cells by
trypan blue exclusion (Merck AG, Darmstadt, Germany). Micropho-
tographs were taken with a photomicroscope (Carl Zeiss, Oberkochen,
Germany), using Kodak Ektachrome T64 color film.

DNAfragmentation analysis. Fragmented DNAwas isolated essen-
tially as described ( 34). Briefly, cells were collected, centrifuged 10 min
at 200 g, lysed for 10 min in 1 ml hypotonic lysis buffer (Tris 5 mM, pH
7.4, EDTA 5 mM, Triton X-100 0.5%) and re-centrifuged 15 min at
13,000 g to sediment high molecular weight DNA. Supernatants were
extracted once in phenol/chloroform ( 1:1, vol/vol; plus 2% isoamyl
alcohol) and twice in chloroform/isoamyl alcohol (24:1 ), precipitated
overnight at -20'C in 50% isopropanol + 130 mMNaCl, washed in
70% ethanol, dried, resuspended in 10 Ml Tris 10 mM, pH 8.1 + EDTA
1 mM, and migrated for 3 h at 30 V in a 1.2% agarose minigel contain-
ing 30 gg/ml ethidium bromide (EtBr). Samples were not treated with
RNAse. Photographs of the gels were taken under UVtransillumina-
tion with a Polaroid camera.

Plasmid constructions, in vitro transcription, and Northern blot
analysis. The clusterin sense and antisense probes were prepared from
pGEM-4 ZLI, containing the full-length human clusterin cDNA(35).
The chicken GAPDH antisense probe was prepared from
pSP64cGAPDHcontaining the 1. 1-kb chicken muscle glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) cDNA (36), and the human
f3-actin antisense probe from pSP64-fl-actin containing the 600-bp
BamHl-EcoR I fragment of 3' untranslated human fl-cytoskeletal actin
(37). Radiolabeled cRNAs were synthesized by in vitro transcription
in the presence of 12.5 AMof a[32PJUTP (400 Ci/mmol; Amersham
International, Amersham, UK), or 30MuM [ 3H ] UTPand 30MM[ 3H]-
CTP (40 and 20 Ci/mmol, respectively; Amersham International).
3H-labeled probes were reduced to an average size of 50-100 nucleo-
tides by mild alkaline hydrolysis as previously described (38). Total
RNAwas extracted as described elsewhere (39). RNAswere denatured
with glyoxal, electrophoresed in 1.2% agarose gels, and transferred
overnight onto Hybond nylon membranes (Hybond-H; Amersham In-
ternational). Prehybridizations, hybridizations, and posthybridization
washes were carried out as described (38).

In situ hybridization. Minor modifications were brought to the pro-
cedure previously described (38). Cultures of A43 1 cells and cytospins
of U937 cells were performed on poly-L-lysine (Sigma Chemical Co.,
St. Louis, MO) coated microscope slides, fixed in 4%glutaraldehyde in
PBS for 1-5 min, rinsed in PBS, and stored in 70%ethanol at 4°C until
analyzed. 0.4-1 x IO1 cpm of 3H-labeled cRNAs were applied to each
section in 20-70 Ml of hybridization mixture. After graded ethanol de-
hydration, sections were immersed in a 1:1 dilution of NTB-2 emulsion
(Eastman Kodak, Co., Rochester, NY) in deionized water. After 12 wk
exposure, sections were developed in Kodak D- 19 developer, fixed in
30% Na thiosulfate, and counterstained with 1% methylene blue. Hy-
bridizations using the sense cRNAprobe were performed as controls of
specificity. Microphotographs were taken with a photomicroscope
(Carl Zeiss), equipped with an immersion dark-field condenser, using
Kodak Ektachrome T64 color film.

Results

Only surviving cells continue to express the clusterin gene after
UVinduction of PCD. Exposure of cells to UV-B for periods of
time ranging from 5 to 30 min has been shown to induce PCD
in myelomonocytic, T and B-lymphoblastoid as well as pre-
erythroid cell lines, whereas longer periods of exposure lead to
cell necrosis (32). In order to evaluate clusterin gene expres-
sion in cells of myeloid and epithelial origin dying as a conse-
quence of PCD, we exposed these cells for a short period of
time to a source of UV-B. Following a 10-min exposure to
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Figure 1. Morphological alterations of
U937 cells and PMNsassociated with
PCD. Cytospin preparations of: (a)
U937 cells before (A) and 4 h after
(B) exposure to UV-B, and (b) puri-
fied PMNsat the initiation (C) and
after 4 h (D) of in vitro aging. Note
the characteristic apoptotic morphol-
ogy of the cells in B and D, as well as
the persistence of occasional intact
cells after exposure to UV-B. All cy-
tospin preparations were air-dried and
subsequently stained by the May-
Grfinwald-Giemsa technique. (A and
B, X200; Cand D, X370)

UV-B, most U937 cells develop characteristic signs of apopto-
sis, including cytoplasmic condensation, nuclear condensation
and fragmentation, cellular blebbing, and eventually separa-
tion of the cells into clusters of membrane enclosed segments
or "apoptotic bodies" (Fig. 1 B). These cells also show marked
internucleosomal fragmentation of cellular DNAalready 4 h
after UV-exposure (Fig. 2, lane b). The observed fragmenta-
tion ladder of - 180-bp steps is typical of PCD-associated en-

-1353 bp
- 1078 bp
- 872 bp

- 603 bp

a b c

Figure 2. DNAfrag-
mentation analysis of
U937 cells exposed to
UV-B. Parallel cultures
of U937 cells were ex-
posed for 10 min to
UV-B and their DNA
extracted immediately
(lane a) or 4 h after
UV-exposure (lane b).
DNAwas then sepa-
rated on a 1.2% agarose
gel containing 30 ug/ml
EtBr and visualized by
UVtransillumination
(see Methods). Clear
oligonucleosomal DNA
fragmentation was de-
tectable 4 h after expo-
sure to UV-B. Molecu-
lar weight standard:
OX 174 DNA-Hae III
digest (lane c).

dogeneous endonuclease activation and is not the result of di-
rect UV-induced DNAdamage, as no fragmentation was de-
tectable immediately after UV irradiation (Fig. 2, lane a). A
similar pattern of fragmentation was also observed after expo-
sure of HeLa and A431 cells to UV-B (not shown). Northern
blot analysis of total RNAextracted at different time intervals
after UV-exposure revealed a marked decrease in clusterin ex-
pression in the three cell lines (Fig. 3).

Analysis of U937 cells at different time intervals after UV-B
exposure by in situ hybridization revealed little or no clusterin
message within apoptotic cells, but considerable levels of clus-
terin mRNAin surviving cells that were morphologically nor-
mal (Fig. 4). Comparison of the autoradiographic labeling of
U937 cells at time 0 with that of surviving U937 cells 4 and 24
h after UV exposure did not reveal a significant increase in
clusterin message, however. Similar results were obtained with
A431 cells analyzed at the time of, or 4 and 24 h after UV
exposure by in situ hybridization (not shown).

Surprisingly, slightly more message was detected by North-
ern blot analysis in U937 and A431 cells 24 h after UV-expo-
sure, and this could not be explained by the proliferation of
cells that may have escaped UV-induced PCD, as the number
of morphologically normal cells decreased between 4 and 24 h
(Fig. 5). Northern blots being loaded with 5 jig of total RNAat
all times tested, the rebound of clusterin mRNAdetected at 24
h is relative, presumably due to the fact that apoptotic cells do
not contribute to the total RNAany more at this time.

During in vitro aging of human PMNs, clusterin mRNA
becomes undetectable. Savill and colleagues had previously
shown that PMNs, when extracted from healthy donor blood
or inflammatory joints and cultured in vitro, undergo the char-
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Figure 3. Northern blot
analysis of clusterin
mRNAduring UV-in-
duced PCDin U937,
HeLa, and A43 1 cells.
Total RNAswere elec-
trophoresed in 1.2%
agarose gels, transferred
onto nylon membranes,
and hybridized to the
32P-labeled human clus-
terin cRNAprobe (2.0
kb). Integrity of RNAs
was certified by methy-
lene blue staining of 18S
rRNA in all cases, and
also by hybridization
with the chicken
GAPDHcRNA probe
in A431 cells (see
Methods). In all cases,
moderate quantities of
clusterin mRNAare de-
tected in the cells im-
mediately after exposure
to UV-B (0), followed
by a decrease in clus-
terin mRNA4 and 24 h
after UV-exposure.

acteristic morphological and biochemical modifications of
PCDin a time-related manner (33). As this in vitro model of
PCD closely resembles the in vivo physiological death of
PMNs, it was of interest to evaluate clusterin gene expression in
this context. Independent cultures of PMNsisolated from 12
different healthy donors all developed characteristic features of
apoptosis (Fig. 1 D), which were already detectable after 4 h of
culture and correlated with chromatin fragmentation (not
shown). As illustrated for representative cultures of PMNs
(Fig. 6, donors A and B), Northern blot analysis of total cellu-
lar RNA clearly demonstrated that in vitro aging of PMNs
correlated with a reduction in the steady-state level of clusterin
mRNAin all cultures. Although discrete amounts were still
observed after 4 h in some cultures, clusterin mRNAwas unde-
tectable by 24 h in all cases (Fig. 6).

Dexamethasone-induced PCD in the steroid-sensitive
CEM-C7cell line occurs in the absence of clusterin gene expres-
sion. Similarly to cortical thymocytes that classically undergo
PCD(40), the human thymus-derived leukemic T-cell CEM-
C7 line (30, 41, 42) is known to respond to glucocorticoids,
although the kinetics of its response is slightly delayed, signs of
PCDbeing detectable only after 24 h (43). Northern blot analy-
sis of total RNA from exponentially growing CEM-C7 cells
indicated that the clusterin gene is not transcribed in these cells
under basal conditions (Fig. 7, time 0). Whenincubated for up
to 96 h in presence of dexamethasone, more than 90%of CEM-
C7 cells displayed characteristic signs of apoptosis, whereas
their clusterin mRNAremained undetectable at any time
tested (Fig. 7). Thus, this result clearly demonstrates that the

dexamethasone-induced programmed death of CEM-C7 cells
takes place in the absence of clusterin gene expression.

To rule out the possibility that, in the different cell types
and PCDmodels used, the observed decrease in (or absence of)
clusterin mRNAresults from total cellular RNAdegradation,
the integrity of the RNAswas verified by systematic methylene
blue staining of the filters before hybridization. RNAsamples
from A43 1 and PMNswere also hybridized to control cRNA
probes (chicken GAPDH[Fig. 3 ] and human fl-actin [Fig. 6 ],
respectively). Although a small extent of RNAdegradation
could not be excluded by these techniques, the magnitude of
the changes in clusterin gene expression we observed during
PCDis unlikely to be accounted for by RNAdegradation.

Discussion

There are two functionally different ways in which cell death
can take place in mammals. Cell death may be accidental and
in other terms pathological, in which case it is generally the
consequence of an environmental hostility caused by certain
physical or chemical modifications. Alternatively, cell death
may be physiologically planned or programmed, and consti-
tutes an extremely effective means by which to eliminate un-
wanted cells. During embryonic development, for instance, the
precisely programmed death of web-space cells is responsible
for the ultimate shaping of digits (44); Mullerian ducts, which
participate in the formation of uterine and Fallopian structures
in mammalian females, regress in males through PCD(45);
the tadpole metamorphosis involves the programmed death of
tail cells (46, 47); and the development and differentiation of
the vertebrate nervous system requires the PCD-mediated se-
lective elimination of neurons (48, 49). In the adult, PCD
might also be required in the control of cell growth and prolifer-
ation; for instance, the daily elimination of millions of circulat-
ing PMNshas been shown to be programmed (33).

Although the exact molecular mechanism by which PCD
takes place remains to be elucidated, the requirement of gene
transcription and RNAtranslation for cell death to occur (50,
51 ) strongly argues in favor of an active mechanism. Great
interest has recently been given to the search for RNAsspecifi-
cally synthesized before or during PCD. One such gene,
TRPM-2, has been cloned from regressing rat ventral prostate
tissue, and is the rat species homologue of human clusterin (52,
53). Expression of this gene has been shown to be increased in
numerous rodent models of PCD, including prostate regression
after orchiectomy (20, 54), cytotoxic tumor regression (20),
and renal tubular atrophy during hydronephrosis (20, 21, 55).
Taken together, these observations clearly show that, in whole
tissue extracts, PCDis associated with elevated TRPM-2/clus-
terin levels. However, the major drawback of these studies re-
sides in the lack of information on the functional status of the
cells synthesizing clusterin mRNA: Are they cells undergoing
PCD, cells that are about to undergo PCD, or cells that escape
PCD? To address this question, we have analyzed clusterin
gene expression in human cell cultures using three different
models of PCD. In all cases, cells were shown to develop char-
acteristic morphological features of PCD, including cytoplas-
mic and nuclear condensation, cellular blebbing, and nuclear
fragmentation, as well as a typical pattern of DNAdegradation
into oligonucleosome-sized fragments. Surprisingly, however,
a rapid and marked decrease in clusterin mRNAwas observed
in U937, HeLa, and A43 1 cells undergoing PCDafter a short
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Figure 4. Localization of clusterin mRNAby in situ hybridization of 3H-labeled cRNAprobes to U937 cells after UV-B induced PCD. (A) is a
dark-field micrograph, (B) is the corresponding light-field micrograph, and (C) is a higher magnification of U937 cells 4 h after induction of
PCDby UV-B exposure. Only morphologically normal cells (arrows) that survive the UV-B exposure contain clusterin mRNA,whereas apop-
totic cells (arrowheads) contain no detectable message. (D) U937 cells before UV-B exposure hybridized to the sense clusterin cRNAprobe.
Slides were exposed for 12 wk. (A and B, x310; C X500; D, x160).

period of exposure to UV-B. In all three cell lines, the decrease
in clusterin mRNAwas maximal 4 h after UV-exposure. In situ
hybridization of U937 and A43 1 cells also revealed a marked
decrease in overall clusterin expression 4 and 24 h after UV
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exposure, and, in addition, it clearly demonstrated that, in con-
trast to morphologically preserved surviving cells, which ex-
press stable levels of clusterin mRNA, apoptotic cells con-
tained no clusterin mRNA.To exclude the possibility that the

Figure 5. Resistance to UV-B induced PCDof HeLa,
A43 1, and U937 cells in vitro. 0, 4, and 24 h after
UV-B irradiation, cells were collected, directly from
culture supernatants in the case of U937 cells, or from
culture supernatants and trypsinized monolayers in
the case of HeLa and A43 1 cells. Cytospins were air-
dried and subsequently stained by the May-
Grunwald-Giemsa technique. Based on their mor-
phology, normal and apoptotic cells were counted,
and the percentage of normal cells (% nonapoptotic
cells) plotted against the time (h). All percentages
were obtained by counting 200 cells per time interval,
are the mean of triplicate experiments, and were
corrected to take into account overall survival. Mor-
phological evidence of PCDis rapidly apparent in the
majority of U937 and HeLa cells by 4 h and appears
delayed in A43 1 cells.
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Figure 6. Northern blot analysis of clusterin mRNAin aging PMNs.
Northern blot of total RNAextracted from PMNsof two representa-
tive donors (lanes A and B) at different culture intervals, and hybrid-
ized to the 32P-labeled human clusterin cRNAprobe (2.0 kb) (see
Methods). Controls of RNAintegrity included methylene blue stain-
ing of 18S rRNA and hybridization to a 3' UThuman f3-actin cRNA
probe. Clusterin mRNAdecreased rapidly in PMNsundergoing PCD
during in vitro aging and became undetectable by 24 h of aging.

decrease in clusterin expression was only a reflection of UV-in-
duced PCDin cell lines, we also analyzed clusterin gene expres-
sion in PMNsfreshly isolated from normal human donors and
aged in vitro, as these cells have previously been shown to rap-
idly undergo PCDupon aging in culture, greater than 50%
being apoptotic by 24 h (33). In these cells also, PCDcorre-
lated with a decrease in clusterin gene expression, clusterin
mRNAbeing undetectable by Northern blot analysis after 24 h
of aging. Lastly, in the steroid-sensitive CEM-C7 line, PCD
could be completed upon incubation with dexamethasone in
the absence of detectable clusterin gene expression.

Taken together, these results demonstrate that in human

2.0kb -

...

18S rRNA

Control 0 4 24 48 72 96

-Figure 7. Northern blot analysis of clusterin mRNAduring dexa-
methasone-induced PCDof CEM-C7 cells. Northern blot of total
RNA, extracted from CEM-C7 cells incubated for up to 96 h in the
presence of dexamethasone, were hybridized to the 32P-labeled human
clusterin cRNAprobe (2.0 kb; see Methods). Methylene blue staining
of 18S rRNA was used as a control of RNAintegrity, and human
testis RNAas a positive control (control). No clusterin mRNAwas
detectable in CEM-C7cells at the initiation (0) or during the subse-
quent 96 h of incubation with dexamethasone (4, 24, 36, 48, 60, 72,
and 96).

cell lines as well as in primary cultures, experimentally induced
PCDis accompanied by a reduction of clusterin gene expres-
sion, suggesting that clusterin gene expression by the dying cell
is dispensible when its death is programmed. In addition, and
most importantly, only cells surviving the UVexposure contin-
ued to express the clusterin gene, suggesting that clusterin is
more likely associated with the process of cell survival than cell
death.

The results presented here are in agreement with the recent
observation made by Garden et al. demonstrating a lack of
correlation between neuronal cell death and neuronal SGP-2
(the rat homologue of human clusterin) mRNAcontent within
the central nervous system (56). Similarly, in a recent study of
clusterin gene expression in the human thymus we also found a
lack of correlation between thymocyte apoptosis and clusterin
gene expression (29). In this case, only nonapoptotic thymic
epithelial cells were shown to contain clusterin mRNA. Fi-
nally, the constitutive expression of clusterin by a great number
of healthy cells ( 1, 2, 19, 57) also argues against the possibility
that the clusterin gene encodes a lethal gene product, and sup-
ports the proposed association of clusterin with cell survival.

The apparent discrepancy between our results and the high
levels of clusterin mRNAdetected in tissues regressing as a
consequence of PCD(20, 52-55) could possibly be due to the
fact that clusterin gene expression is not a molecular feature of
cells undergoing PCD, but rather that of cells not undergoing
PCD, within the tissue where PCDtakes place. This hypothesis
is supported by our present observations and by those previ-
ously made in the human thymus (29), although we did not
detect an increase in clusterin gene expression within nonapop-
totic cells. Under these circumstances, clusterin could have a
protective role in a tissue containing cells undergoing PCD; its
potent inhibitory activity against complement-mediated cytoly-
sis (4, 5, 6, 35) playing a part in maintaining minimal inflam-
mation. Clusterin has also recently been identified as an HDL-
associated protein, quite similar to apoE, a protein that has
been shown to be secreted by resident macrophages of the rat
sciatic nerve after crush injury and to participate in local choles-
terol transport during regeneration and remyelination (58).
This similarity, among others, suggests that clusterin secretion
by cells not undergoing PCDmay, like apoE, help with the
removal and redistribution of nonphagocyted membrane lipids
originating from apoptotic cells ( I I-166).

In conclusion, we have demonstrated here that in vitro: (a)
cells can undergo PCDin the absence of clusterin gene expres-
sion, and (b) clusterin gene expression is confined to morpho-
logically normal and surviving cells after the induction of PCD.
We therefore suggest that clusterin gene expression may be
associated with cell survival, and that clusterin mRNAde-
tected in tissues undergoing PCDmay be that of surrounding
cells not undergoing PCD, or cells attempting to protect them-
selves from conditions that could induce their death. Weare
currently investigating clusterin gene expression in response to
various stresses and hope thereby to provide further insight
into the function of clusterin in tissues undergoing PCD.
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