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Fig. 3. Methylation status of other genes in normal colorectal tissues. Representative Southern blot@of multiple genes that show no evidence of age-related methylation are shown.

Lane F represents DNA cut with the flanking enzyme alone, whereas the other lanes are DNA cut with both the flanking enzyme and a methylation-sensitive restriction enzyme (E,
EagI; B, BssHIl; 5, SacII; M, MIul; Nr, NruI; N, NotI). The ages of patients are shown on the top of each panel for the various samples of normal colorectal mucosa. In each case.
the arrowheads point to the size of the methylated band (which is absent in all cases). In the THBSI blot, a nonspecific band can be seen in all of the lanes, including the flank lane.

also showed an age-related increase, as demonstrated by multiple
higher molecular weight bands on Southern blot analysis (Fig. 2B). In
fact, when we considered the methylation of either Sl, S2, or S3, the
MYOD CGI showed a striking age-related methylation (r â€”0.9;
P < 0.000001 using regression analysis): the intensity of methybation
averaged 28.2% in patients less than 20 years of age (n = 4), 39.8%
in patients 20â€”39 years of age (n 6), 61 .7% in patients 40â€”59 years

of age (n = 10), and 70.3% in patients more than 60 years of age
(n 17). On subset analysis, there was no difference in the intensity
of MYOD methylation at the Sb site based on gender (means: 13.5%
for females (n = 18) and 13.7% for males (n = 19); P = 0.9 by t test).
However, there was a marginally significant higher intensity of
MYOD methylation at the Sl site in samples originating from left
sided coborectal mucosa (mean, 14.2%; n = 24) compared to right
sided coborectal mucosa [mean, 8.6%; n 1 1 (P 0.05 by t test)]. Of

the 37 samples studied, 22 were from controls, and 15 were from

patients with CRC. Age-related methylation was equivalent in the two
groups.

We also studied the methylation of the SmaI sites in the MYOD COb
and found a similar age-related increase in methylation at all of the
Sm@iIsites around exon 1 (examples of Southern blot, Fig. 2B). The
intensity of methylation at the SmaI site closest to the transcription
start site, which is designated as Smi in Fig. 14, was measured by

densitometric analysis and plotted as a function of age. As shown in
Fig. 2C, the MYOD gene promoter also showed increased methylation

at the Sml site as a function of age (r 0.8; P < 0.00001; range,
10â€”90years; sample size, 23). The intensity of methybation averaged
0.7% in patients less than 20 years of age (n = 2), 1.1% in patients
20â€”39years of age (n = 4), 6.7% in patients 40â€”59years of age
(n 7), and 19.9% for patients more than 60 years of age (n 10;
Fig. 2C).

To determine the impact of age-related methylation at the MYOD
locus on hypermethylation in cancer, we studied 11 cases of paired
normal/tumor DNA from the same patients. In all cases, methylation

was significantly more extensive in the tumors (including 4 adenomas
and 10 carcinomas), with most alleles showing hypermethylation of
all of the methylation-sensitive restriction enzyme sites in the area
(Fig. 2D). Methylation seemed to be similar in adenomas and carci
nomas, suggesting that MYOD hypermethylation is a very early event

in CRC pathogenesis. We also studied an additional 20 carcinomas,

and all showed high degrees of methybation (>80%), suggesting that
MYOD hypermethylation is nearly universal in CRCs (see Fig. 2D).
There was no difference in MYOD methylation by MI status because
100% of the tumors were hypermethylated. Finally, six of eight CRC
cell lines (RKO, CaCO2, SW480, SW48, DLDI , and HT29) analyzed
had more than 95% of the alleles methybated at all Sad sites in the
region, whereas the remaining two (Lovo and HCT1 16) had more than
50% of the alleles similarly methylated. None of the cell lines had
evidence of alleles completely devoid of methylation (i.e. , bands at

0.36 and 1.1 kb; Fig. 2D). Overall, these data suggest that MYOD
methylation starts in the normal-appearing colorectal mucosa as a
function of age and becomes more prominent in cancers, suggesting

either that the cells with preexisting methybation are selected for in the
neoplastic process, or that tumors greatly extend methylation at this
locus.

Age-related Methylation Is Gene Specific. Incontrastto N33 and
MYOD, none of the other genes examined showed evidence of age
rebated methybation using similar Southern blot analysis. In particular,
THBSJ was analyzed in 47 samples of normal colon mucosa ranging
in age from 20â€”98years, and no methylation was observed (see the
examples in Fig. 3). Similarly, HIC-i (n 36; range, 20â€”98years),
pitS (n 26; range, 20â€”98years), and CALCA (n = 23; range, 10â€”90
years) had no evidence of methybation in any normal cobonic mucosa
examined (Fig. 3; data not shown). Finally, we analyzed the normal
cobonic mucosa at several gene loci that have shown no hypermethy
lation in CRC, including JR. c-ABL, c-MYC, CNP, and hMSH2 (Fig.
3; data not shown). These genes were similarly unmethylated in the
normal colon in 23 patients ranging in age from 10â€”90years.

Age-related Methylation Is Modulated by Tissue-specific Fac
tors. Whereas age-related methybation seems to be a common event
within the normal colon mucosa, it is unknown whether this process
is present to a similar degree in all aging tissues, or whether it is

restricted to the colon alone. We therefore examined the methylation
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Fig. 4. Age-related methylation in various fractions of the colon mucosa. The mucosa
was separated into stroma and epithelial components, and the density of methylation was
calculated for each fraction. The two colonic fractions for each of the genes are plotted on
the x-axis, and the average density of methylation for each fraction is plotted on the y-axis.
Stroma contains primarily stromal components, whereas the epithelium contains epithelial
cells only. Both N33 and MYOD show methylation in both the epithelial and stromal
components, whereas the ER CGI primarily shows methylation in its epithelial compo
nent.
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DISCUSSION

In the current study, we have shown a strikingly similar pattern of
age-related methylation in normal coborectal mucosa and frequent
hypermethylation in CRC affecting the N33 gene on chromosome 8p
and the MYOD gene on chromosome lip. In fact, of eight genes that
are known to be hypermethylated in CRC, four (N33, MYOD, ER, and
IGF2) display this remarkable pattern of age- and neoplasia-related
methylation. Interestingly, all four of these genes are very frequently
(>90%) hypermethylated in CRC, whereas the methylation frequency
of the other genes ranges from 5â€”38%.These data suggest that many
hypermethylation events observed in cancer are related to the fact that
neoplasia begins in aging cell populations.

Although we have limited our observations to CRC in this study,
our data should have important implications for all hypermethylation
events in cancer. In fact, in a recent study of hypermethylation of
multiple genes in gliobbastoma multiforme, we found a striking con
cordance in the methylation status of ER and N33, which were both

much more frequently methybated in the tumors of older patients (27).
By contrast, just as seen in the colon, pi6 and THBSJ methylation was
not related to the age of the patients studied.4 Furthermore, HJC-1,
which is frequently methylated in prostate cancer, is also partially
methylated in the normal prostate as well, and preliminary observa
tions suggest that this methylation is also age related.5 An important
point to note in these analyses is that the â€œnormalâ€•tissue adjacent to
cancer may not always be representative of the cell populations that
are predisposed to neoplasia. For example, normal breast tissue is
largely composed of supportive stromal cells and is unmethybated at
the HIC-i locus, whereas purified breast epithelium is highly meth
ybated at this CGI.5 This factor may bead to an underestimation of the
contribution of age-related methylation in normal tissues to the ubti
mate frequency of methylation in neoplasia.

These observations raise the question of whether all hypermethy
lation events in cancer are related to initial methybation in normal
tissues, whether age related or stem cell related. Using the very
sensitive methybation-specific PCR (MSP) technique, which can de
tect a methybated cell diluted with l0@-l0@normal cells (28), we were
unable to find methylation of the p16 gene in colorectab mucosa;6
similarly, we found no evidence of p15 gene methybation in purified
hematopoietic progenitor cells (29). Thus, there seem to be two
distinct types of CGI methylation events in cancer: (a) methylation
that can be detected in both normal aging cells and neoplastic cells;
and (b) methylation that can only be detected in the neoplastic cells.

At present, it is unclearwhy only certain genes show age-related
methybation changes. This process seems to be tissue-specific and
involves both genes that are expressed in the colon (ER and N33) and
genes that are not expressed or are expressed at bow bevels (IGF2 and
MYOD). Age-related methybation of the ER gene may provide a
selective growth advantage for the normal cobonic cells, but this does
not seem to hold true for MYOD or N33. MYOD is not expressed in
the normal colon, and N33, which seems to be an oligo-saccharyl
transferase enzyme, has not been shown to affect the growth of cancer
cells in vitro. Thus, it is not readily apparent why the loss of N33 gene
expression would provide a selective advantage for tumor growth.
Furthermore, age-related methylation does not seem to be a simple
random event with selection of affected cells (based on a growth
advantage), because hypermethylation is not seen for the pitS locus in
normal colon. It seems possible, therefore, that different COIs have
different intrinsic rates of de novo methylation and protection against

4 Q. Li, N. Ahuja, P. C. Burger. and J-P. J. Issa, Methylation and silencing of the

thrombospondin-l promoter in human cancer, submitted for publication.
5 J-P. J. lass, unpublished observation.

6J@HermanandJ-P.J. lass,unpublishedobservation.
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Fig.5. Concordancyof age-relatedmethylation.Dataon N33,MYOD,and ERCGI
methylation was available in 16 patients. The density of methylation was plotted as a
function of age for each of these genes in all 16 patients. The data for each gene shows
a linearfit by regressionanalysisthat seemsbroadlysimilar.The overalldensityof
methylationvariesforeachgene,beinghighestfor the N33geneand lowerforERand
MYOD. The MYOD data reflect the methylation of only the 5' SacII site, Si. The linear
fit curves for MYOD and ER were nearly superimposable, and only one (ER) is shown for
clarity.

status of the N33 and ER promoter CGIs in different normal tissues
from the same patients. In three patients for whom samples of normal
liver and cobonic mucosa were available, N33 methylation was higher
in the colon thanin the liver (74 versus 17%),which was statistically
significant (P = 0.01 by t test). By contrast, ER methylation was
muchhigherin the liver thanit was in the normalcobonicmucosa (81
versus 40%; P = 0.02 by t test). CRC that metastasized to the liver
showed high levels of methylation at all boci, as expected. Thus, the
age-related methylation of genes such as N33 and ER is modulated by
tissue-specific factors.

We next determinedthe specific patternsof methylationwithin the
colonic mucosa itself. The normal colon is composed of both epithe
lial and stromal components, and it was unclear which fractions are
involved in age-related methylation. Therefore, we separated the
epitheial and stromal components of colorectab mucosa to determine
the differences in methybationpatternsbetween the components in
genes showing age-related methylation. The N33 gene showed similar
levels ofmethylation in bothepitheia (mean,60%)andstroma(mean,
75%) in four samples. MYOD also showed equivalent bevels of meth
ybation in both the epithelial (mean, 20%) and stromal components
(mean, 19%; P = 0.8) in two samples. This was in marked contrast to
the ER gene, which showed four times higher methylation in the
cobonic epithelium (mean, 31%) than in the stroma (mean, 8%) in five
cases, and this difference was statistically significant (P 0.02; data
summarized in Fig. 4).

Concordancy of Age-related Methylation. ER, N33, and MYOD
all show age-related methylation in the normal colon. Therefore, we
looked at the concordancy of methylation of these three genes. Data
on the methylation status of all three genes was available for 16
samples of normal colonic mucosa. As shown in Fig. 5, whereas the
amount of methylation varied for each gene, the overall pattern of
age-related methylation was very similar for all three genes. Of the 16
cases, 4 appeared to have concordant deviations from the average; 1
case (a 30-year-old man) had relatively high methylation bevels for all
three genes, whereas 3 cases (all of whom were over 60 years of age)
had relatively low methylation levels for all three genes.
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methybation, and that the weakly protected islands are those that
display age-related methybation. Thus, age-rebated methylation of
genes may initially arise from local triggering factors (chromatin
structure or the proximity of Alu sequences) and be modulated by
trans-acting factors such as described in the APRT gene promoter,
where the CGI is protected from methybation by a cluster of binding
sites for the Spl transcription factor (30). It is also possible that for
some genes, this protection against de novo methylation may be lost
during aging. Additionally, several factors have been shown to mod
ulate CGI methybation in cancers such as defects in DNA repair
systems (19) or different types of carcinogen exposure (31). There
may also be genetic differences in the rate of age-related methybation
between different individuals, as suggested perhaps by the fact that a
few patients in our study appeared to have concordant differences in
methybation for all three genes when compared with the age-adjusted
average. Age-rebated methylation of promoter-associated CGIs may
then be rebated to both endogenous triggering factors and exogenous
modulating factors, such as carcinogen exposure.

Overall, our data suggest that many genes become methylated as a
function of age in the normal colon. Whereas some of the genes
affected are not expressed in the normal colon and may be of little
physiological relevance, others, such as the ER gene, seem to modu
late growth and differentiation in the normal colon (17). Thus, meth
ylation and the loss of expression of these latter genes may impart a
growth-selective advantage to the affected cells, which then become
more susceptible to acquiring further genetic defects that ultimately
bead to neoplasia. Therefore, we propose that age-rebated methylation
constitutes a type of field-defect in the colon, and that it partially
explains the dramatic age-rebated increase in CRC incidence. This
hypothesis predicts that patients with high levels of methylation in
their colorectal mucosa may be at higher risk for developing coborec
tal adenomas and cancer, and that normal mucosa from CRC patients
would have higher levels of methylation than mucosa from patients
without cancer. In the current study, the limited number of patients
studied precludes such an analysis, which will require a carefully
designed epidemiobogical investigation. This hypothesis also provides
a potential explanation for the important finding that the reduction of
DNA-methyltransferase in a mouse model of CRC results in a marked
reduction in polyp incidence (32). Thus, reducing DNA-methyltrans
ferase levels may inhibit or slow the development of age-related
methylation, thus limiting the extent of the field defect and ultimately
decreasing the formation of tumors.

In summary, our study shows that age-rebated methylation is in fact
a frequent event among genes that are hypermethylated in cancer.
Age-related methybation may be one of the key events, accounting for
the fact that aging is the most important risk factor for most of the
common types of cancers in humans.
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apoptotic stimuli, we analyzed the expression of the mammalian small
stress protein HSP27.3 Small stress proteins belong to the family of
HSPs that are overexpressed in response to environmental stress (9).
These proteins vary in size from Mr 15,000 to Mr 30,000 and share
sequence homologies and biochemical properties such as phosphoryl
ation and oligomerization (10). Their molecular functions remain
incompletely understood. These proteins may act as molecular chap
crones, display actin capping/decapping activity (11, 12), and modu
late redox parameters (13). Of interest, their overexpression effi
ciently protects cells from death induced by a variety of stimuli
including hyperthermia (14), oxidative stress (15, 16), and certain
commonly used anticancer drugs (15, 17â€”19).HSP27 is an important
small stress protein found in both normal and neoplastic human cells.
We have shown recently that the accumulation of HSP27 in colon
cancer cells reaching confluence was involved in their resistance to
cytotoxic drugs (19). We have also demonstrated the ability of HSP27
overexpression to protect cells against tumor necrosis factor a-in
duced cell death (20) and Fas/APO-l-mediated apoptosis (21).

Here we show that HSP27 is abundantly expressed in all PRO
clones, whereas it is neither constitutiveby expressed nor inducible by
heat shock treatment in REG clones. Overexpression of HSP27 in
creases REG cell tumorigenicity in the syngeneic host, possibly as a
result of a drastic decrease in tumor cell ability to undergo apoptosis.
These results indicate that HSP27 might contribute to cancer cell
tumorigenicity in syngeneic animals.

MATERIALS AND METHODS

Cells, Plasmids, and Transfectbon. REG and PRO cells were grown as

monolayers in a controlled atmosphere (37Â°C,5% CO2) using Ham's F-lO
medium supplemented with 10% FCS (4). For all experiments performed in
this work, exponentially growing cells were used to avoid the effect of cell
density on HSP27 expression (19). Plasmid psvhsp27 contained full-length
human HSP27 cDNA. Plasmid psvK3 was used as a control plasmid and is the
vector used for the other construction, but it does not contain any HSP27
sequence. Plasmid pG-hygro contained only the hygromicin B resistance gene
(12). REGb cells were transfected following the LipofectAMlNE procedure

(Life Technologies Inc., Cergy Pontoise, France). Two @gof either psvK3 or
psvhsp27 plus 0.2 @xgof pG-hygro were mixed with 9 @lof LipofectAMINE
and added to cells according manufacturer's procedure. After 48 h, cells were
treated with hygromycin B (Sigma, St. Quentin Fallavier, France). Three

weeks after transfection, clones were picked and screened for HSP27 expres
sion by Western blot analysis.

Western Blot Analysis. Whole cell lysates were prepared by lysing the
cells in SDS-PAGE sample buffer [125 m@iTris-HC1 (pH 6.8), 10% (3-mer
captoethanol, 4.6% SDS, 20% glycerol, and 0.003% bromphenol blue]. Protein
concentration was measured by using the micro BCA protein assay (Pierce,
Asnieres, France). Proteins were separated in an 11% SDS-pobyacrylamidegel
and transferred into a nitrocellulose filter by electroblotting. Blots were re
vealed using antirodent and human HSP27, HSP7O,and HSP9O monoclonal
antibodies (StressOen, Victoria, Canada) following the enhanced chemilumi
nescence Western blotting analysis procedure (Amersham, Les Ublis, France).
Western analysis was repeated three times.

3 The abbreviations used are: HSP, heat shock protein; TUNEL, terminal deoxynucle

otidyl transferase-mediated nick end labeling; DXR, doxorubicin; CDDP, cisplatin.
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ABSTRACT

The REGand PROcell cloneswereobtainedfroma colonadenocar
cinoina Induced In a BDIX rat by 1,2-dimethyihydrazine. When injected
S.C. Into syngeneic hosts, REG cells induce tumors that regress in less than

3 weeks, whereas PRO cells, like parental cells, induce progressivetumors.
Here, we show that compared to PRO cells, REG cells are more sensitive
to cell death induced by anticancer drugs. The small heat shock protein
(lISP) 27 Is not expressed or inducible in REG clones, whereas it is
abundantlyexpressedand inducibleby heat shock in PRO clones.The
expression ofHSP27 in REG cells increases their resistance to apoptosis in
vÃ¼n,and dramatically enhances their tumorigenidty when injected s.c.

Into syngeneic rats. HSP27 expression in REG cells both increases tumor
size and delays tumor regression. This increased tumorigenicity is associ
Med with a substantialdecrease of in vivo tumor cell apoptosis.We
concludethatHSP27expressionin malignantcells increasestheirtumor
Igenicity In syngeneic animals. In combination with the role of HSP27 in
tumor cell resistance to cytotoxic agents, its contribution to tumorigenidty
makes this protein a potential target for antitumoral therapy.

INTRODUCTION

From a colon adenocarcinoma induced in a BDIX rat by 1,2-
dimethyihydrazine, we have previously obtained several clones of
tumor cells that yielded immunogenic and regressive tumors when
injected into syngeneic animals. These REO clones (which were
regressive) differed from other clones named PRO (which were pro
gressive) that, like parental cells, yielded progressive and lethal tu
mors (1, 2). REG clones gave rise to progressive tumors when injected
into T-defective nude mice or cycbosporin A-treated syngeneic hosts,
suggesting that their regression in untreated syngeneic animals in
volved a specific T-dependent immune mechanism (3). Accordingly,
the injection of PRO cells in animals that had previously rejected REG
cells yielded regressive tumors (4). REO clones differed from PRO
clones by theirhigh sensitivity to apoptosis when eitherculturedin a
serum-free medium or injected s.c. into animals (5). Overexpression
of the antiapoptoticproteinBcb-2in REO cells preventedthe regres
sion of s.c. tumorsthatprogressedup to the deathof the host animal
(5). It was suggested that antigemc protein release by apoptotic cells
could induce an immune response leading to the rejection of the
residual nonapoptotic tumor cells (6, 7).

The expression of the antiapoptotic proteins Bcl-2 and Bcb-XL as
wellas thatof theproapoptoticproteinBaxandBcl-X@wassimilarin
REQ and PRO clones (8). In a search for other proteins that could
account for the differential sensitivity of REG and PRO clones to
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Drug Cytotoxicity Assay. Nonconfluent (exponentially growing) REGb
and PROb cells were obtained by seeding 1 X 10â€•cells in a 96-well micro
culture plate (Falcon, Lincoln Park, NY). Cells were treated with increasing
concentrations of CDDP or DXR (Roger Belbon,Neuilly, France) or cultured
with decreasing concentrations of serum. After 96 h, the number of surviving
cells was measured with a methylene blue colorimetric test (19).

Cell Morphological Studies. Apoptosiswas assessedby theTUNELtech
nique to detect DNA fragmentation (22). The percentages of apoptotic cells

were determined from 300 cells counted in triplicate.
Cell Growth Analysis in Vitro. Approximately4 X 1ff'cells were plated

in tissue culture dishes on day 0. At the indicated times, cells were trypsinized,
diluted in a known volume of medium, and counted using a hemocytometer.

The results obtained represent the mean of four independent determinations of
the cell number for each time point.

Cell Growth Analysis in Vivo. ExponentiallygrowingHSP27-andmock
transfected REGb cells as well as wild-type REGb cells were harvested,
washed in PBS, and resuspended to a concentration of 106 cells in 200 @.dof
Ham's F-10medium. The cells were injected s.c. into the anterior thoracic wall
of syngeneic BDIX rats or in the back of nude mice. Tumors were measured
with calipers in two perpendicular diameters, and tumor volumes were calcu

lated using the formula v = a2 X b/2 (a < b).

RESULTS

HSP27 Level Is Correlated to in Vitro Cell Death Resistance
and to in Vivo Tumorigenicity. One of the main differences between
the PRO and REG clones is their differential sensitivity to cell death
induced by serum deprivation (5). Here we show that when compared
to PRO cells, REG cells are also dramatically more sensitive to cell
death induced by the anticancer drugs CDDP and DXR (Fig. 1, results
are shown for the PROb and REGb clones). Because we have recently
demonstrated the ability of small stress proteins to delay apoptotic cell
death triggered by a variety of stimuli (19, 21), we compared the
expression of the mammalian small stress protein HSP27 in the REG
and PRO cell clones that were originally obtained (Refs. 1 and 2; Fig.
2). This proteinwasabundantin PROcell clones,whereasno HSP27
was detected in REG cell clones (Fig. 14). By comparing the REGb
cell clone to the PROb cell clone more specifically, we observed that
heat shock treatment, which increased HSP27 expression in PRO
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Fig. 2. REGb cells bear no detectable expression of HSP27. A. immunoblot analysis
was performed with 50 @gof total protein extracts from the indicated untreated cell lines
that were probed with HSP27 and HSP9O antibodies. B, PROb and REGb cells were either
leftuntreated(0),treatedfor I h at44Â°Candthenincubatedfortheindicatedtimes(1â€”12
h) at 37Â°C,or treatedwith2.5pg/miCDDPfor4 h.Totalproteinextracts(25and50 @g
for PROb and REGb cells, respectively) were probed with HSP27 and HSP9O antibodies.
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Fig. 3. Expression ofHSP27 in REGb and REGc HSP27-transfectedcells. Inununoblot
analysis of REGb cells transfected with either control plasmid psvK3 (REGb-mock) or
human HSP27 cDNA containing plasmid psvhsp27 (REGb-27-1, REGb-27-6, REOc
27-I. and REGc-27-3) is shown. Untreated (PROb) or heat-shocked (PRObHS) PROb
cells were used as controls. Heat-shocked cells were examined 4 h after a 1-hexposure at
44Â°C.TheblotswereprobedwithHSP27andHSP9Oantibodies.

cells, did not induce any expression of the protein in REG cells (Fig.
2B).

HSP27 Expression Enhances REG Cell Resistance to Apoptotic
Death. We stably transfected REGb and REGc cells with a plas
mid containing HSP27 cDNA under the control of an SV4O pro
moter in combination with a pbasmid bearing the hygromycin B
resistance gene. The expression of HSP27 in two REGb clones
(REGb-27-1 and REGb-27-6) and two REGc clones (REGc-27- 1
and REGc-27-3) is shown in Fig. 3. Stable transfection of HSP27
did not affect the expression of other major HSPs such as HSP9O
(Fig. 3) or HSP7O (data not shown). It has been demonstrated that
modulation of HSP27 expression could affect cell proliferation
(18, 23, 24). Accordingly, the anchorage-dependent growth of
HSP27-transfected cells was slightly decreased when compared

with the appropriate control. The doubling time of mock-trans
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Fig. 1. REGb cells display an increased sensitivity to DXR- or CDDP-induced cell
death. PROb (0) and REGb cells (@)were treated with increasing concentrations of DXR
or CDDP for 96 h as described in â€œMaterialsand Methods.â€•Data are illustrated as mean
cell survival Â±SD (n = 4).
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Fig. 4. HSP27 expresion increases REGb cell resistance to
cytoloxic drugs and serum depletion. A, HSP27-expressing cells
REGb-27. I . @)and their appropriate control (REGb-mock, @)

were treated with the indicated concentrations of DXR or CDDP
or 96 h as described in â€œMaterialsand Methods.â€•B, REGb-27-l

(@ ) and REGh.mock cells (0) were cultured with decreasing
concentrations of FCS. After 96 h of culture, cell survival was
measured with a meth@Icne blue colorimetric test. Data shown
are the mean Â±SD of 1@urindependent experiments performed
intriplicale.
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fected cells was 38.0 Â±2.0 h, whereas that of HSP27-transfected
cells was 48.0 Â±4.5 h. Cell survival analyses performed in vitro

with the REGb cells demonstrated that HSP27 expression signifi

cantly increased the resistance of REG cells to both serum deple
tion and anticancer drugs including CDDP and DXR (Fig. 4, A and
B). A TUNEL assay was used to examine whether the presence of
HSP27 in REG cells could alter the apoptotic process induced by
CDDP or serum depletion. The number of apoptotic cells in
HSP27-expressing cells compared with that of mock-transfected

cells was decreased 4- and 2-fold after treatment with CDDP for
48 h and serum-depletion for 48 h, respectively (Fig. 5). Hence,
HSP27 expression in REG cells conferred resistance to apoptotic
cell death in VitrO.

HSP27 as a Modulator of in Vivo Tumongenicity. Tumor
growth in animals receiving either wild-type, mock-transfected, or

hsp27-transfected REGb cells or hsp27-transfected REGc cells was
analyzed to determine whether HSP27 expression affected REG cell
tumorigenicity in syngeneic BDIX rats. The s.c. injection of wild-type
and mock-transfected cells yielded small tumors that completely
regressed in less than 3 weeks. In contrast, s.c. injection of HSP27-
expressing REG cells bed to tumors that were larger in size and that
progressed for 10â€”12weeks after cell injection (Fig. 6). Then,
HSP27-expressing REG cell tumors regressed. Thus, HSP27 expres
sion provoked both an increase in the size of the tumors and a notable
delay in their regression. Interestingly, the REGb-27-6 clone, which
expressed less H5P27 than the other HSP27-expressing REG clones,
induced smaller tumors that regressed more rapidly, suggesting a
possible HSP27 dose-dependent effect.

HSP27 Modulates in Vivo Apoptosis. The ability of HSP27 to
improve tumor growth in syngeneic animals could not be related to
increased cell growth capacities, because HSP27 decreased rather than
increased REG cell proliferation. Because HSP27 expression had been
observed to interfere with various cell death pathways in vitro (20, 21,
25), we analyzed the apoptosis of tumor cells at the site of the s.c.
injection in syngeneic rats. For this purpose, tumors were extracted
and dissociated 2 days after cell injection, and tumor cell apoptosis
was determined by the TUNEL assay. The percentage of apoptotic
tumor cells was 21 Â±2.7% (n = 4) in mock-transfected REGb tumors
compared to 3.3 Â±1.8% (n = 4) in HSP27-expressing REGb tumors
(Fig. 7). For the mock-transfected REGc cells, the percentage of
apoptotic cells was 23 Â±5.2% (n 4), whereas that of HSP27-
expressing REGc tumors was 4.7 Â±2.3% (n = 4). Hence, HSP27
expression in REG cells partially prevented spontaneous apoptotic
cell death in vivo.

HSP27 Does Not Increase in Vivo Tumorigenicity in Nude Mice.
We have previously shown that REG cells gave rise to progressive
tumors when injected in nude mice or cycbosponne A-treated BDIX
rats (3). To study whether the immune system also plays a role in the
tumorigenic effect of H5P27, mock-transfected and HSP27-trans
fected REG cells (REGb-27-l and REGc-27-3 clones) were s.c.
injected into nude mice. All mice developed similar progressive
tumors (Fig. 8). No apoptotic cell was detected in dissociated 2-day
old control REG tumors or in REG HSP27-expressing tumors (data
not shown).
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Fig. .5. HSP27 expression (tecrelses apoptosis in REGb cells. REGb-27-l cells (U) and
REGh-mock cells (@) were treated with CDDP (2.5 @g/m1)for 48 h or cultured in the
ah.ence of serum for 48 h. Apopto@k in individual cells was assessed by a TUNEL assay.
The percentages of apoptotic cells were determined from 300 cells counted in triplicate.
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C
Fig. 6. Effect of HSP27 expression on REOb and REOc

tumor growth in syngeneic animals. A total of 106REGb wild
type (â€¢),REGb-mock (U). REGb-27-l (ts), REGb-27-6 cells
(0; A) or REGc-mock (U), REGc-27-l (0), REGc-27-3 cells
(D; B)wereinjecteds.c.onday0 intoBDIXrats(fiverats'
group). The tumor size was measured at the indicated time
points, and the mean tumor volumes were graphed (bars. SD).
The data givenin this figureare representativeof threemdc
pendent experiments.

lime (days)

DISCUSSION

REG and PRO clones differ in their sensitivity to apoptosis induced
by a variety of stimuli (5). It has been demonstrated that HSPs
increase cell resistance to apoptotic cell death induced by different
pathways (21, 25, 26). Here we show that four different REG clones
differed from four different PRO clones by a complete lack of HSP27
expression, even in stress conditions that increase HSP27 expression
in PRO clones. This is remarkable because REG clones are otherwise

very similar to PRO clones, e.g., Bcl-2, Bax, and Bcl-X are expressed
at the same level. (8). PRO cells, which constitutively express HSP27
protein, are more resistant to apoptosis than REG cells in which
HSP27 is not expressed. The transfection-mediated expression of
HSP27 in REGb cells increases their resistance to serum depletion
and drug-induced cell death. These results suggest that the differential
expression of HSP27 in PRO and REG cells could contribute to their
differential ability to undergo apoptosis in vitro.

The major finding of the present study is that the expression of
HSP27 in tumor clones that induce regressive tumors in syngeneic
immunocompetent rats significantly delays tumor regression. Clini
copathological and immunohistochemical studies attempting to cor
relate the expression level of HSP27 protein in tumor cells with tumor
progression and clinical outcome have provided contradictory results
(27â€”33).In some patienttumors,the presenceof HSP27 is correlated
with the degree of tumor differentiation as well as with the presence
of hormone receptors (31), suggesting that the tumorigenic effect of

Fig. 7. HSP27 decreases the spontaneous apop
tosis of REGb cells in vivo. Tumors were resected
from rats 2 days after the s.c. injection of REGb
mock cells (A) or REGb-27-1 cells (B). Apoptosis
in individual cells was assessed by a TUNEL assay.

this molecule could be overridden or bypassed by a variety of other
modulators of tumorigenicity. Experimental models were developed
in nude mice to further examine the effects of HSP27 overexpression
on the tumorigenic potential of an established cell line (23, 34).
However, these models did not take into account the potential ability
of HSP27 expression to modulate the immune response to tumor cells.
By demonstratingthatexpressionof HSP27 in REG colon carcinoma
cells increases their tumorigenicity in a syngeneic animal model but
not in a nonimmunocompetent mouse model, we suggest that the
expression of this stress protein either decreases the ability of tumor
cells to trigger an immune response or confers the ability to escape the
T-cell-driven immune clearance to these cells.

We have shown previously that HSP27 overexpression protected
murin L929 fibroblasts from cell death triggered by the proinflamma
tory cytokine tumor necrosis factor a (20) and the plasma membrane
receptor Fas/APO-l (21) that are involved in immune cell-mediated
apoptosis (35). However, HSP27 only delays the regression of REG
tumors in syngeneic animals, indicating that these tumors are even
tually sensitive to the effectors of the immune response. On the other
hand, the analysis of REG cells at the tumor site 2 days after the s.c.
injection demonstrated that the number of apoptotic cells was signif
icantly lower in tumors induced by HSP27-expressing REG cells than
in those induced by control REG cells. We have recently shown that
inhibition of REGb cell apoptosis by overexpression of the antiapop
totic protein Bcl-2 increased their tumorigenicity in syngeneic rats by
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Fig. 8. Effect of HSP27 expression on REGb and REGc tumor growth in nude mice.
A totalof 106REOb-mock(U),REGb-27-l(h), or REOc-27-3cells(0) wereinjected
S.C. 05 day 0 into nude mice (five mice/group). The tumor size was measured at the

Indicatedtimepoints,andthe meantumorvolumesweregraphed(bars,SD).

inducing an immune tolerance (5). Tumor cell debris released during
apoptosis are an efficient source of antigen for T-cell activation (6, 7).
Hence, a HSP27-mediated decrease in REG cell apoptosis could delay
the induction of an immune response towardthese tumorcells.

In conclusion, the present study demonstrates that HSP27 expres
sion in tumor cells increases their tumorigenicity in syngeneic ani
mals. Combined with the role of HSP27 in tumor cell resistance to
cytotoxic agents, this observationmakes H5P27 a potentialtargetfor
antitumoral therapy.
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ABSTRACT

Overexpression of the epithelial specific matrix metalloproteinase ma
trilysin (MAT) has been correlated with enhanced tumorigenicity and
tumor cell invasion using in vitro model systems. We have determined the
effects ofMAT expression on the development of mammary tumorigenesis
using transgenic mice that express human MAT under the control of the
mouse mammary tumor virus (MMTV)-long terminal repeat promoter/
enhancer. Examination of mammary glands from multiparous MMTV.
MAT animals revealed the development of premalignant hyperplastic
alveolar nodules in 50% of aged females. MMTV-MAT mice were mated
with MMTV-neu transgenic mice to determine the effect of MAT on
neu-induced mammary tumorigenesis. Bigenic MMTV-MAT/neu female
offspring developed primary mammary tumors â€”13weeks earlier than
did MMTV-neu controls. The mechanism of enhanced neu-induced tu
morigenesis was explored. No discernible difference in Neu receptor
dimerization or activation was detected in MMTV-MAT/neu tumors or
mammary glands compared to MMTV-neu controls. A similar percentage
of MMTV-MAT/neu and MMTV-neu tumors acquired deletions in the
neu transgene, which have previously been shown to result in constitutive
receptor activation. The presence of premalignant nodules and the accel
erated development of oncogene-induced mammary tumors suggest that
expression of MAT in the mammary epithelium contributes to early-stage
mammary tumorigenesis.

INTRODUCTION

Breast cancer is the leading cause of mortality due to cancer among
nonsmoking women in the United States (1). Lethality is usually the
result of local invasion and metastasis of neoplastic cells from the
primary tumor into the underlying stroma, entry into the circulation,
and growth of the cancer cells at distant sites in the body (2). Because
of their ability to degrade extracellular matrix components, the
MMPs3 have been implicated in the breakdown of basement mem
brane and underlying stroma, thereby facilitating tumor growth, in
vasion, and metastasis. A causal role for MMPs in these processes has
been established by studies using natural and synthetic inhibitors of
MMPs (Ref. 3 and references therein).

Increased expression of MMPs has been detected in various forms
of mammary disease, correlating MMP expression with advancement
of tumor stage (reviewed in Ref. 3). Of the MMP family members
examined, MAT (MMP-7, pump-l, and uterine metalloproteinase; EC
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3.4.24.23) is distinctive in that it is the only MMP that is expressed
almost exclusively in the epithelial component of the tumor, compared
to the predominantly stromal expression of other MMP family mem
bers. MATmRNA was detected in the neoplastic epithelial tumor cells
of 70â€”91%of breast adenocarcinomas (4â€”6).The expression of MAT
in the malignant epithelium of the colon, prostate, stomach, and lung
(7) makes it an ideal candidate to contribute to the invasive and
metastatic phenotype of these tumors. Indeed, the overexpression of
MAT in prostatetumor-derivedcell lines enhancesthe abilityof these
cells to invade the diaphragm of immunodeficient mice (8). However,
MAT mRNA has been observed in benign breast fibroadenomas (4)
and in a high percentage of ductal carcinoma in situ specimens (6),
neither of which demonstrate invasive properties. MAT mRNA and
MAT proteinhave also been detected in nonmalignantbreastepithe
lium (6, 9) and at low levels in the mammary glands of adult cycling
female mice (10). Because MAT is expressed in normal, benign, and
malignant mammary tissues, the presence of the MAT protein is
apparently not sufficient for tumor cell invasion. In the colon, MAT is
expressed in a high percentage of adenomas (1 1), and the overexpres
sion of MAT in colon-derived cell lines enhances tumorigenicity but
not necessarily metastasis, following orthotopic injection into nude
mice (12). In addition, we have recently demonstrated that the lack of
MAT in a murine model of familial adenomatous polyposis reduces
the incidence of benign lesions (13). Thus, MAT in particular may
play a role in early stages of tumor progression, in addition to
contributing to late-stage tumor invasion and metastasis.

neu/ErbB-2 has been observed to be amplified and overexpressed in
a significant number of human breast cancers (14). Neu signaling is
dependent on heterodimerization with other ligand-binding ErbB re
ceptor family members because Neu does not directly bind ligand
(reviewed in Ref. 15). Members of the EGF family of ligands,
including EGF, TGF-a, HB-EGF, amphiregulin, and betacellulin, can
transmit this signal through their association with the EGFR. Simi
larly, binding of the heregulin family of ligands to ErbB-3 or ErbB-4
can also transmit a mitogenic signal. Several studies have shown that
a high degree of neulErbB-2 amplification is correlated with a poor
clinical outcome (14, 16). Because of this close correlation between
neu overexpression and mammary carcinogenesis, transgenic mice
that carry the native Neu protein under the control of the MMTV-long
terminal repeat promoter were generated to test the oncogenic poten
tial of neu in mammary epithelium directly. Overexpression of the neu
product in the mammary epithelium resulted in the appearance of
focal mammary adenocarcinomas in â€”70%of multiparous females by
an average of 205 days that metastasized to the lungs in 72% of
tumor-bearing animals (17). Although the enhancing effects of preg
nancy does not accurately recapitulate the human disease, the patho
logical features and metastatic potential of these tumors appropriately
mimic the majority of human breast cancers (18). The development of
mammary tumors in the MMTV-neu transgenic animals was found to
be caused by various deletions within the neu transgene, which,
although these same deletions have not yet been described in human
tumors, result in the same end point of constitutive activation of the
Neu signal transduction pathway (19). Thus, the MMTV-neu trans
genic mice represent a reasonable model of human breast cancer,
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