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Summary

Target organ of metastasis determines the fate of metastasis. The soluble factors released from one or more cell
types in the new stroma may influence growth and survival of metastatic cells. In the present study, we used
conditioned media from the kidney, liver and lung, the latter being the target organ of metastasis of murine mam-
mary adenocarcinoma cell lines LM3, LMM3 and F3II, to assess whether the soluble factors released from these
organs could modulate in vitro survival of these cell lines after apoptosis-inducing treatments and to investigate
the mechanisms involved in this effect. We demonstrate that conditioned medium from lung, but not from liver
or kidney, promotes survival of these cells after doxorubicin, cisplatin, agonistic anti-Fas antibody and serum
withdrawal treatments. Furthermore, LMM3 cells treated with lung conditioned medium after doxorubicin expos-
ure maintained their tumorigenic capacity and metastatic potential. Neither IGF nor EGF could promote survival
but, surprisingly, TGF-β could reduce sensitivity of LMM3 cells to doxorubicin in vitro. Doxorubicin treatment
induced Bax expression and down-regulated Bcl-2 expression. In contrast, lung conditioned medium increased
Bcl-2 expression and inhibited doxorubicin-mediated Bcl-2 down-regulation. Neither of those treatments alone
modified Bcl-xL expression, although co-treatment induced a 3- to 5-fold increase of its expression. These results
suggest that the lung microenvironment could promote metastasis of these adenocarcinoma cell lines by increasing
survival of metastatic cells, possibly by modulation of Bcl-2 protein family expression.

Introduction

The main cause of cancer death is the natural or
acquired resistance of metastasis to conventional ther-
apies. The process of metastasis involves the release
of cells from the primary tumor, their dissemination
to distant sites, their arrest in the microcirculation in
organs and, finally, their survival and growth into new
tumor colonies [1]. It has been recognized that tumor
progression is not only determined by events intrinsic
to the tumor cells but also largely influenced by factors
present in tumor microenvironment [2].

Tumor cell growth and apoptosis in the target organ
may be key events that limit the ability to form meta-
stasis [3]. Many compounds used for the treatment of
malignant tumors are cytotoxic drugs that can induce
tumor cell death by apoptosis [4] and the intracellular

damage induced by these drugs is generally well char-
acterized. Genetic modifications intrinsic of the tumor
cell itself are key regulators of apoptosis and sugges-
ted as the main mechanism of tumor drug resistance.
They include the mutation of the p53 gene [5], overex-
pression of Bcl-2 or inactivation of Bax [6, 7] or lack
of function of the Fas/FasL system [8]. Furthermore,
the organ microenvironment may influence the biolo-
gical phenotype of metastatic tumor cells modulating
cell adhesion, invasiveness, migration and growth as
well as response to different therapies [9–15]. Dong
et al. [16] have shown that resistance to doxorubicin
(Dox) in lung metastases from CT-26 murine colon
carcinoma was due to the induction of a transient ex-
pression of mdr gene in lung microenvironment. It was
proposed that metastatic cells, even damaged by cyto-
toxic treatments, might acquire survival advantages
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in certain microenvironments that provide them with
survival factors that regulate the rate of apoptosis [12,
17]. It has also been reported [18] that the successful
metastatic growth of the malignant T lymphoma Cs-
21 cell line in the lymph nodes is mediated by direct
contact between Cs-21 cells and Ca-12 stromal cells,
which prevented apoptotic death and enhanced cell
proliferation.

Bcl-2 protein family is tightly involved in con-
trol of apoptosis. It consists in two sets of proteins,
which inhibit (Bcl-2, Bcl-xL) or promote (Bax, Bad,
Bid) apoptosis (reviewed in [19]). It is believed that,
rather than levels of individual proteins, the balance
between apoptosis inducing and inhibiting proteins is
what determines the cell fate [20]. In a recent re-
port, Wong et al. [21] demonstrated that apoptosis
is an early event involved in the selection of meta-
static cells in the lungs, and that Bcl-2 overexpression
can greatly reduce apoptosis of cancer cells and aug-
ment macroscopic lung nodules. In addition, Liu et al.
[22] showed that Bcl-xL overexpression promotes sur-
vival of mammary cancer cells after anticancer drugs
treatment in vivo.

In a previous work we demonstrated that soluble
factors from lung, the target organ for a murine mam-
mary adenocarcinoma dissemination, were able to
enhance local and metastatic growth when inoculated
together with the tumor cells via iv, or separately via ip
route [11]. We also showed that the conditioned media
from lung (LCM) also stimulated in vitro growth and
migration of the tumor cells and secreted uPA activity,
as well as enhanced tumor angiogenesis in vivo [9, 11,
23].

The purpose of this study was to determine
whether the target organ microenvironment influences
the tumor cells response to apoptosis-inducing treat-
ments in vitro and some of the mechanisms involved.
We demonstrate that the treatment of murine mam-
mary adenocarcinoma cell lines with soluble factors
from normal lung, but not from other organs such as
kidney or liver, enhanced the survival of cells pre-
viously exposed to various apoptosis-inducing treat-
ments, and that this inhibition of apoptosis may be
mediated by modulation of the expression of the Bcl-2
protein family.

Materials and methods

Mice and tumor cell lines

Ten week old male Balb/c mice were obtained from
the Animal Care Facility of the Institute of Oncology

‘A. H. Roffo’. Food and water were administered ad
libitum. All animal studies were conducted in accord-
ance with the NIH ‘Guide for the Care and the Use of
Laboratory Animals’.

LMM3 and LM3 cell lines were established in our
laboratory [24] from primary cultures of MM3 and
M3 related murine mammary adenocarcinoma, with
different metastatic ability [25]. F3II cell line was ob-
tained from the parental adenocarcinoma M3 by clonal
dilution [26]. The three cell lines share a high ca-
pacity to metastasize in lungs. Cells are cultured at
37◦C in humidified 5% CO2/air atmosphere, in min-
imum essential medium (MEM) (41500, Gibco BRL)
supplemented with 5% fetal calf serum (FCS) (Gen,
Argentina) and 80 µg/ml gentamicin (complete me-
dium). All experiments in LMM3 cells were carried
out within 160–170 in vitro passages. Routine con-
trols were periodically done to check the absence of
Mycoplasma infection by Hoescht staining.

Organ conditioned media

Conditioned media (CM) were prepared from lung,
or from kidney or liver as control organs. The or-
gans were obtained from 10 week old Balb/c nor-
mal mice, sliced into 1 mm3 fragments and carefully
washed. Homologous fragments from at least 10 anim-
als were pooled and weighted. They were aliquoted at
0.125 g tissue per ml medium MEM containing 2 mM
L-glutamine and 80 µg/ml gentamicin. After 24 h of
incubation at 37◦C in 5% CO2 in air, the CM were col-
lected and spun at 720 g for 20 min. The supernatants
were centrifuged again at 25,000 g for 30 min. CM
were aliquoted and stored at −40◦C. Non-conditioned
medium alone was also processed in the same way to
be used as control.

Cytotoxicity assays

Pure doxorubicin (Dox) was kindly provided by Gador
Laboratories (Buenos Aires, Argentina). Cisplatin
(Cis) and paclitaxel (Pac) (Sigma) were solubilized
in DMSO to a 1000 × solution. In the corresponding
experiments, controls were 0.1% DMSO in MEM.

Tumor cells were seeded at a density of 104

cells/200 µl of complete medium per well into 96-
well plates in triplicate. 24 h later, subconfluent cell
cultures were washed with PBS and treated for 2 h
with Dox, Cis or Pac. After treatment, cells were thor-
oughly washed and further incubated with or without
10% v/v of the different organ CM in serum free MEM
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or the purified growth factors TGF-β1 and -β2 (Calbio-
chem), EGF (Sigma) or IGF-I (kindly provided by Dr.
H. Werner).

To study Fas-dependent apoptosis, LMM3 cells
were treated for 48–72 h with an agonistic mono-
clonal anti-Fas antibody (clone Jo2, Pharmingen) in
the presence or absence of LCM. An isotypic anti-
body (anti-trinitrophenol, Pharmingen) was employed
as control.

To investigate serum withdrawal effect, 5–20
× 103 cells were seeded in a 96-well plate in complete
medium. After 24 h, cells were washed three times
with PBS and cultured in serum free MEM with or
without 10% LCM.

At different times (24–96 h), cytotoxicity was in-
directly evaluated with the Celltiter 96TM non ra-
dioactive proliferation assay (Promega). The extent
of apoptosis was determined as the amount of cell
death after that treatment versus incubation with MEM
alone.

Long term viability

The effect of LCM on the ability of LMM3 cells to
survive and maintain the proliferative capacity was
assessed. Semiconfluent LMM3 monolayers treated
with or without 1.2 µM Dox for 2 h at 37◦C were
washed and further incubated with MEM added with
10% LCM, or 5% FCS or serum-free MEM as con-
trols. 72 h later cells were washed with PBS and fed
with MEM added with 10% FCS. The number of sur-
viving cells in each condition was evaluated after 10
days. Then, 103–104 cells/well were seeded in 96-
well plates and the ability to regrow was determined
after 48 h by densitometric analysis of toluidine blue
stained cells as an indirect measure of cell content.

Assessment of DNA degradation

1 × 106 LMM3 cells were treated for 2 h with 2 µM
Dox and further grown for 24–48 h in the presence
or absence of LCM. Then attached and detached cells
were collected, washed in ice-cold 0.01 M Tris–HCl
pH 8.2 and spun at 3000 rpm for 5 min. Both pellets
were resuspended in 20 µl of digestion buffer (0.5%
w/v SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.0),
mixed and incubated at 50◦C for 2 h with 40 µg pro-
teinase K and then 1 h with 40 µg DNase-free RNase.
After incubation, 20 µl of loading buffer were added
and 30 µl were then analyzed by a 2% (w/v) agarose
gel electrophoresis with ethidium bromide.

Identification of apoptotic cells by acridine orange
(AO) staining

After removal of the medium, cells were washed
with PBS and one drop of AO solution (10 µg/ml
in PBS) was added to unfixed cell monolayers that
were immediately examined with a Nikon fluores-
cence microscope. Rounded cells exhibiting bright
green fluorescent condensed nuclei (intact or fragmen-
ted) were interpreted as apoptotic and expressed as a
percentage of the total cell number. More than 200
cells were scored for each plate in triplicate.

Flow cytometric analysis of apoptosis

After 24–72 h treatment with Dox and organ CM,
adherent and non-adherent cells of each dish were
combined, washed with PBS and fixed in 70% eth-
anol, stained with propidium iodide and analyzed
with a flow cytometer (Becton Dickinson). For each
treatment, 1200–2500 events were recorded.

Effect of LCM on the tumorigenic and metastatic
capacity of Dox-treated LMM3 cells

Subconfluent LMM3 monolayers were treated for
2 h with 1.2 µM Dox, washed and further incubated
overnight with MEM with 10% v/v LCM, or 5% FCS
or serum-free MEM. 5 × 105 viable cells were injected
sc into the left flank of syngeneic Balb/c female mice.
Mice were followed along 4 months evaluating tumor
take and growth rate.

Western blot assay

Cells were treated with or without Dox and/or LCM
for 8 or 24 h and then lysed in 1% Triton-X100 in
PBS plus protease inhibitors mix (Sigma). Protein
content in cell extracts were determined by the Brad-
ford assay (Bio-Rad), boiled with β-mercaptoethanol
and 30 µg of total protein per lane were separated by
12–15% SDS-PAGE and transferred to PDVF mem-
branes (Amersham), which were incubated with either
anti-Bcl-2, anti-Bax, anti-Bcl-x or anti-Cyclin-D1 an-
tibodies (Santa Cruz Biotechnology, cat n◦. sc-783,
sc-6236, sc-634 and sc-6281, respectively) and detec-
ted with the enhanced chemiluminiscence kit (ECL,
Amersham). Quantification was done with a GS-700
Densitometer (Bio-Rad). To determine the presence of
TGF-β2 in CM, the CM were concentrated 10 times
with a centricon 10 membrane (Chemicon) and 20 µl
of concentrated LCM were boiled and separated on a
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15% SDS-PAGE. PDVF membranes were incubated
with an anti-TGF-β2 antibody (Santa Cruz, sc-146),
and detected as described above. The observed band
co-migrated with a purified TGF-β2 control lane.

Results

Antineoplastic drug-induced apoptosis

A brief exposure (2–4 h) of exponentially growing
LMM3 cells to 2 µM Dox, followed by a further
incubation in serum-free medium, first showed a
marked hypertrophic morphology and cytoplasmic
granules surrounding the nuclear envelope. After 48 h,
typical apoptosis features, namely, condensed chro-
matin, nuclear fragmentation, membrane budding and
appearance of apoptotic bodies were evident (Fig-
ure 1A). Apoptotic death was further confirmed by
DNA laddering assay, as shown in Figure 1B. Fur-
thermore, Dox treatment induced cell death in a dose-
dependent fashion. An IC50 dose of about 1.5 µM
was determined after 48 h by the MTS assay (Fig-
ure 1C). The number of apoptotic cells was also
dose-dependent (data not shown). Similar results were
obtained in LMM3 cells treated with Cis (Figure 1D)
and Pac (Figure 1E).

Effect of LCM on drug-induced cytotoxicity

Incubation of LMM3 cell line in the presence of LCM
after Dox treatment significantly inhibited apoptosis
(Figures 1A and 1B). This ability to suppress apop-
tosis was evident even at high Dox doses, up to 4 µM
(Figure 1C), and persisted for at least 72 h after drug
treatment (data not shown). The same results were
obtained after Cis treatment (Figure 1D and data not
shown). Interestingly, LCM was unable to modify
Pac-induced cell death (Figure 1E).

As can be seen in Figure 2A, the related LM3
and F3II cell lines were protected from Dox induced
apoptosis by LCM similarly to LMM3 cells. In the
following figures, only results for LMM3 cells are
shown.

Counting of apoptotic cells in monolayers stained
with AO at 48 h after Dox exposure revealed a signi-
ficant reduction in the number of apoptotic cells when
cultures were treated with LCM (Figure 1A and 2B).
Cells receiving both Dox and LCM treatments exhib-
ited an important augment in size compared to controls
or single treated cells, suggesting that a very large
fraction of cells could be in the G2 phase of cell cycle

(Figure 1A and data not shown). LCM also diminished
apoptotic cell number in control cultures, to a level
similar to FCS treatment (Figure 2B). In contrast, pre-
treatment of LMM3 cells with LCM 6–120 h before
Dox exposure did not prevent Dox-induced apoptosis
(Figure 2C).

As can be seen in Figure 2B, FCS is a potent in-
hibitor of apoptosis in these cells. Thus, induction
of apoptosis and inhibition assays were done in the
absence of serum to avoid interference.

Effect of conditioned media from non-target organs

To determine if the activity of LCM could be mim-
icked by other organ CM, similar experiments to those
shown in Figure 2 were done, but cells were incubated
in the presence or absence of 10% or 50% v/v kidney
CM (KCM) or liver CM (HCM) after Dox treatment
(Figure 3 and data not shown). Neither of both CM
was able to inhibit or reduce Dox cytotoxic effect on
LMM3 cells, as measured by MTS assay (Figure 3A)
or AO staining (Figure 3B). Furthermore, these exper-
iments showed that HCM has itself cytotoxic activity
on LMM3 cells.

Effect of CM on cell cycle distribution of Dox-treated
LMM3 cells

Cell cycle distribution and loss of DNA fragments
were revealed by propidium-iodide staining followed
by flow cytometer analysis. LMM3 cells treated with
Dox and incubated for 72 h in serum-free medium
exhibited a lowering of G1 peak associated to an im-
portant subdiploid (sub-G1) peak, typical of apoptotic
cells, together with an increase in the percentage of
cells in G2/M when compared to control non treated
cells (Table 1). LMM3 cells exposed to Dox and
post-treated with KCM or HCM showed a marked
enhancement of sub-G1 peak, associated to a sig-
nificant reduction of the other peaks (Table 1 and
data not shown). In contrast, the combined treatment
with Dox followed by LCM resulted in an import-
ant reduction in the apoptotic sub-G1 peak together
with a marked retardation of cells in the G2/M stage,
in agreement to the prolonged survival and resist-
ance to apoptosis in vitro (Table 1). The same results
were obtained after evaluation on a single-cell basis,
using a computer-assisted evaluation cell analysis sys-
tem (CAS) of cultures grown on coverslips (data not
shown).

As no mitosis was observed at the phase-contrast
or fluorescence microscopy up to 72 h after Dox ex-
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Figure 1. Induction of apoptosis by antineoplastic drug treatment and effect of LCM. (A) Representative fields from Acridine Orange-stained
cultures treated with or without 2 µM Dox and 10% LCM (original magnification, 400 ×). (B) DNA laddering assay from cells treated as
in (A). (C–E) Dose-dependent cytotoxicity of LMM3 cultures treated with Dox (C), Cis (D) or Pac (E) (�) or with the drug plus LCM (�),
determined by MTS assay. ∗, p < 0.05 LCM versus control for each drug concentration (Tuckey test), n= 3. These results are representative of
at least three independent experiments.

posure, the raise in G2/M peak suggests a specific
block of cells in G2. Incubation with 10% LCM did
not prevent this block. However, incubation with 50%
LCM induced a small percentage of mitotic figures
after 72 h (data not shown).

Inhibition of Fas-induced apoptosis by LCM

The Fas death receptor is a well-known inducer of
apoptosis upon specific ligation and is one of the medi-
ators of cytotoxic T lymphocytes cytotoxicity [27]. A
monoclonal Fas antibody induced apoptosis in LMM3
cells in agreement with other reports [28, 29], al-
though the response was delayed compared to other
systems (Figure 4A). In a similar way to Dox-, Cis-
and serum withdrawal-induced cell death, LCM can
significantly prevent Fas-induced apoptosis, as shown
by MTS assay (Figure 4B) and AO staining (Fig-

ure 2B). The level of protection was similar to that
observed after FCS treatment (Figure 2B). No loss of
viability was observed after treatment with 0.5 µg/ml
isotypic control antibody (data not shown).

LCM-induced long term viability

Although the level of apoptosis induced by 2 or 3 days
incubation without serum is low in LMM3 cells (Fig-
ure 2B), long-term serum withdrawal promotes high
levels of cell death. Incubation of these cells for 10
days with LCM in the absence of serum completely in-
hibited the induced apoptosis. Furthermore, cells were
able to grow and form monolayers in these conditions
(data not shown).

To study the ability of LCM to protect cells from
drug induced apoptosis on a long-term basis, expo-
nentially growing LMM3 cells were treated with Dox
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Figure 2. (A) Comparison of LCM effect on LMM3, LM3 and F3II cell lines survival after 2 µM Dox treatment, as measured by MTS assay.
(B) Percentage of apoptotic cells measured by AO staining. Cells were left untreated or treated with 2 µM Dox or with 0.5 µg/ml of an agonistic
anti-Fas antibody in the presence or absence of 10% LCM or 5% FCS. At least 250 cells in random fields were recorded in each culture. (C)
Lack of effect of LCM pretreatment on Dox-induced apoptosis. LMM3 cells were pretreated with 10% LCM (�) or MEM alone (�). After 6 h,
medium was replaced with MEM with or without Dox and cell viability was determined by MTS assay after 48 h of incubation. ∗, p < 0.05
versus MEM for each apoptosis-inducing treatment (Two Way ANOVA), (A) n= 3, (B) n= 2, (C) n= 3. These results are representative of
three independent experiments.

for 2 h and then were incubated with 10% of LCM,
or 5% FCS or serum-free MEM (control). After 72 h,
only scarce cells were alive in the control group while
about 50% did so in the other two groups. Cells re-
maining attached were washed and fed every two days
with MEM plus 10% FCS. After 10 days, a high per-
centage of control and FCS treated cells had died,
while LMM3 cells treated with LCM not only survived
but also proliferated and gave rise to colonies with
mitotic figures and no sign of apoptosis as observed
in a phase-contrast microscope. Count of viable cells
of these cultures confirmed this observation (data not

shown). The cells were then trypsinized and seeded at
103–104 cells/well in 96 well plates in complete me-
dium. As shown in Figure 5, cells treated with LCM or
FCS showed a three-fold increase in their capacity to
regrow after Dox treatment, compared to control cells
treated with MEM alone.

Tumorigenic capacity

To examine whether the prevention of Dox-induced
apoptosis exhibited in vitro by LCM had any in vivo
correlate, we have tested the tumorigenic capacity of
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Figure 3. Lack of effect of HCM and KCM on Dox-induced apoptosis. LMM3 cells were treated or not with 2 µM Dox and then incubated
in the presence or absence of KCM, HCM or LCM. (A) Viability as measured by MTS assay. (B) Representative fields of AO-stained cultures
treated with or without 10% HCM or 10% KCM. ∗, p < 0.05 versus Control (Tuckey test), n = 3. These results are representative of three
independent experiments.

Table 1. Flow cytometry analysis of LMM3 cells
showing the effect of LCM and KCM on DNA content
after Dox treatment

Dox CM Stage

Pre G1 G1 S G2/M

− − 21.5 65.3 4.2 7.0

+ − 36.1 12.8 14.4 35.3

+ KCM 60.5 13.7 13.7 11.4

+ LCM 24.7 10.9 12.3 50.3

Cells were treated with or without 2 µM Dox and
then incubated with MEM alone, LCM or KCM as
indicated. The cell cycle distribution and the percent-
age of apoptotic cells (Pre-G1) are shown for each
group. These results are representative of at least three
independent experiments.

LMM3 cells after Dox exposure. LMM3 cultures were
incubated with Dox and then treated with LCM, FCS
or MEM overnight. Cells were then trypsinized and
injected subcutaneously into syngeneic (Balb/c) mice.
After 4 months, growing tumors were observed in four
of six (66%) mice injected with LCM treated cells,
whereas FCS or MEM-treated cells were incapable
(zero out of six mice each) to produce any tumors
or metastasis. The histopathological analysis of tu-
mors and lung metastasis showed the characteristic
features of a poorly differentiated adenocarcinoma
(Figure 6), suggesting that LMM3 cells treated with
LCM after Dox exposure maintain a similar pheno-
type than that of the untreated LMM3 cell line [24].
All mice bearing tumors showed spontaneous lung
metastasis, but no metastasis in other organs were
observed.

Effect of purified growth factors on Dox-induced
apoptosis

In an attempt to identify the molecule/s responsible
for the LCM apoptosis-protecting effect, we next in-
vestigated whether purified growth factors with known
apoptosis-modulating activity and known to be present
in the lungs, were capable to protect these cells against
Dox-induced apoptosis. Figure 7A–C shows experi-
ments in which IGF-I, EGF or TGF-β activities were
compared with LCM and FCS protective capacity.
While neither IGF-I nor EGF protected LMM3 cells
against apoptosis, surprisingly, TGF-β1 and -β2 sig-
nificantly diminished apoptosis induced by Dox treat-
ment (Figure 7C and data not shown). TGF-β1 or -β2
treatments, while promoting survival, did not promote
growth in the absence of serum (not shown). TGF-
β2 presence in LCM was detected by western blot
(Figure 7C, inset).

Modulation of Bcl-2 protein family and Cyclin D1 by
LCM

To get insight into the mechanisms of protection by
LCM treatment, analysis of Bcl-2 protein family ex-
pression was done by western blot. As shown in
Figure 8, while the treatment with Dox of LMM3
cells induced a 2-fold reduction Bcl-2 expression,
post Dox incubation with LCM for 8 h inhibited Dox-
induced reduction of Bcl-2 expression. Furthermore,
24 h incubation of LMM3 cells with LCM induced
a marked enhancement of Bcl-2 expression by itself,
to a level similar to that observed with FCS treat-
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Figure 4. Effect of LCM on Fas-induced apoptosis. (A) Time course of apoptosis induced by an agonistic anti-Fas antibody (0.5 µg/ml). At
96 h there were no living cells in the wells treated with the antibody. (B) Effect of 5% or 10% LCM treatment in the presence or absence of the
same antibody. ∗, p < 0.05 versus anti-Fas alone (MSD test), n= 3. This experiment was repeated with similar results.

Figure 5. Effect of LCM on the regrowth capacity of LMM3 cells
after Dox treatment. LMM3 cell cultures were treated with Dox
1.2 µM and then incubated 3 days with or without 10% LCM or 5%
FCS and then with 5% FCS. After another 7 days, the cells were
trypsinized, counted, replated and incubated to allow regrowing.
Densitometric analysis of cells stained with toluidine blue is shown.
∗, p < 0.05 versus MEM (Student t Test), n = 3.

ment (Figure 8A). Dox also induced 2-fold increase
on Bax expression, which could be inhibited partially
by posterior treatment with LCM in some experiments
(Figure 8B and data not shown). Neither Dox nor
LCM could by itself modulate Bcl-XL expression,
but, surprisingly, co-treatment with Dox and LCM in-
duced a three to five-fold increase Bcl-XL expression
(Figure 8C).

Dox induced a 2-fold decrease in Cyclin-D1 ex-
pression in similar experiments (Figure 8D). In agree-
ment to the absence of mitosis observed after 8 h Dox

Figure 6. Tumorigenic capacity of LMM3 cells treated with 1.2 µM
Dox and 10% LCM. When injected subcutaneously into the flank of
syngeneic (Balb/c) mice, these cells formed poorly differentiated
adenocarcinomas (A) and were able to spontaneously metastasize
the lungs (B) as shown in sections stained with hematoxylin and
eosin (400 X). T: tumor; P: lung parenchyma; M: metastasis. Results
are representative of two independent experiments.

and LCM co-treatment, this reduction could not be
inhibited by incubation of these cells with LCM.

Discussion

Several observations have suggested that the organ mi-
croenvironment can influence the response of tumors
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Figure 7. Effect of purified growth factors on LMM3 viability after Dox treatment. LMM3 cells were treated with 2 µM Dox and then incubated
with different concentrations of IGF-I (A) or EGF (B). Positive and negative controls were incubated with 10% LCM, 5% FCS or MEM alone,
as indicated. (C) Cells were treated with or without Dox 2 µM and then incubated in MEM alone or MEM with 4 ng/ml TGF-β1 or TGF-β2

∗,
p < 0.05 (Tuckey test), n= 3. Similar results were obtained in other two independent experiments. Inset in (C) shows the presence of TGF-β2
in LCM as revealed by western blot assay.

to chemotherapy. Experimental studies on mice have
demonstrated that direct interaction of tumor cells
with target stromal cells [18], paracrine modulation
from the latter [9, 13, 16, 17] or ECM components [30]
can profoundly influence tumor cell behavior. Further-
more, direct in vivo studies demonstrate that metastatic
cells can survive and grow in the target organ, while
non-metastatic cells cannot [3]. Aoudjit et al. [31]
have reported that two murine lymphoma cell lines
with different metastatic capacity in kidney, liver and
spleen have the same ability to colonize those organs
after 48 h post-injection, suggesting that their different
metastatic ability is a post-homing characteristic.

The present study was designed to determine the
ability of soluble factors present in target organ of
metastasis for regulating tumor cell response to vari-
ous apoptosis-inducing treatments. LMM3 tumor cells
are highly metastatic in lung [24]. We showed that

Dox, Cis and Pac were capable to induce apoptosis in
LMM3 cells in a dose dependent fashion. However,
treatment of LMM3 cell cultures with LCM during
24–72 h significantly enhanced cell survival after Dox
and Cis treatments with doses up to those correspond-
ing to the IC90 for each drug. CM from liver and
kidney, which are never colonized by these cells, were
not able to rescue LMM3 cells from apoptosis.

Apoptosis is characterized by a decrease in the
nuclear DNA content. The cytometric analysis of
LMM3 cultures exposed to Dox showed a strong
sub-G1 peak that was markedly reduced when cells
were incubated with LCM. Instead, cells treated with
CM from kidney and liver showed an important sub-
G1 peak, confirming the inability of these CM to
overcome Dox-induced apoptosis in LMM3 cells.

LCM can also inhibit Fas- and serum withdrawal-
induced apoptosis. Fas has recently been suggested



48 V Ladeda et al.

Figure 8. Effects of Dox and LCM on protein expression. Whole cell lysates from LMM3 cell cultures, treated with or without 2 µM Dox
and/or 10% LCM as indicated, were assayed for Bcl-2 (A), Bax (B), Bcl-xL (C) and Cyclin D1 (D) expression. The graphs below the gels
show the densitometric analysis of the corresponding band. (A) Bcl-2 expression after 8 h (left) or 24 h (right). (B–D) Expression after 8 h of
incubation. This experiment was repeated with similar results.

to mediate drug, p53 and serum withdrawal-induced
apoptosis as well [32–34], and studies are undergo-
ing to know whether the Fas pathway is involved in
LMM3 Dox- and serum withdrawal-induced apop-
tosis. If indirect Fas activation is involved, LCM could
prevent apoptosis induced by several distinct inducers
in a common step. Alternatively, the survival factors
present in LCM could inhibit apoptosis by different,
stimulus-dependent mechanisms.

IGF-I and EGF are well-known factors that can
inhibit apoptosis in different systems [35–37], al-
though EGF may increase antineoplastic drug sensitiv-
ity in some models [38]. We studied whether purified
growth factors could mimic the effect of LCM on
LMM3 growth and survival. We demonstrated that
IGF-I and EGF lacked of any effect on these cells.
We have previously established that the parental tu-
mor MM3 expresses both IGFs and functional IGF-Rs
[39], and recently we found that LMM3 cell line ex-
presses at least IGF-R 1 (unpublished data), so we
expected that IGF would be able to reduce Dox and
Fas sensitivity. A possible explanation for the absence
of protecting activity is that these cells may have a
fully active IGF autocrine loop, so addition of more

IGF would not increase survival. In fact, the sensitivity
of these cells to Dox is very low, compared to other
systems [30, 40, 41]. TGF-β, in contrast, is known to
inhibit growth and promote apoptosis in a variety of
normal and tumor cells [42–44]. Surprisingly, TGF-β
could inhibit, at least in part, Dox induced apoptosis.
We also showed that TGF-β2 is present in LCM, al-
though this molecule was found in KCM and HCM
also (not shown). In addition, TGF-β did not allow
growth in serum deprived media (unpublished data),
suggesting that other(s) factor(s) with survival and/or
proliferative activity may be present in LCM and that
not only one molecule, but a sum of many, may be
responsible for the observed effects.

Bcl-2 family proteins localize mainly in intracel-
lular membranes, where they interact with each other
[6, 19], and it is believed that the overall state of these
proteins determines whether apoptosis will occur [20].
Exposure of LMM3 cultures to Dox reduces the ex-
pression of Bcl-2, while augments expression of Bax.
This shift from an antiapoptotic state to a proapoptotic
one could be necessary for the induction of apoptosis
by the drug [20]. LCM only slightly modulated the
increase in the expression of Bax, but it inhibited the
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reduction of, and enhanced by itself, Bcl-2 expression.
If apoptosis is induced by the shift in Bcl-2 protein
family expression, this effect of LCM on Bcl-2 ex-
pression could be sufficient to inhibit Dox induced
apoptosis. Furthermore, the 3- to 5-fold increase in
Bcl-XL expression in co-treated cells could be im-
portant in maintaining the antiapoptotic state. Little is
known about the biochemical function of these pro-
teins and to what extent they modulate apoptosis. In
fact, Bcl-2 and Bcl-xL can be cleaved and inactivated
by caspases [45, 46] and overexpression of a caspase-
resistant form of Bcl-xL, but not wild type Bcl-xL,
promotes clonogenic survival after ionizing radiation
[47]. Bcl-2 can also be inactivated by phosphoryla-
tion after Pac exposure [48]. Interestingly, LCM was
unable to inhibit Pac-induced apoptosis, raising the
possibility that LCM-induced survival is dependent
on the non-phosphorylated form of Bcl-2. In some
models, Bcl-2 is capable to delay, but not inhibit, ap-
optosis [49]. We have detected a ∼15 kDa band that
may correspond to a proteolytic fragment of Bcl-2 (not
shown), but we always detected full length Bcl-2 pro-
tein, so the significance of proteolysis in this model is
not known.

Flow cytometry analysis showed that Dox treat-
ment induces an augment in the percentage of cells
in the G2/M that was further increased by LCM co-
treatment, suggesting that cells surviving the Dox
treatment are arrested in the G2 stage of the cell
cycle, at least up to 72 h of post-treatment. We also
found that LCM treatment prolonged survival in the
long term and increased the regrowth ability and
the tumorigenic and metastatic capacity of LMM3
cultures exposed to Dox. The significant increase
on long-term survival, both in vitro and in vivo,
demonstrates that LCM acts indeed by reducing ap-
optosis and not merely by delaying the effect of the
apoptosis-inducing treatments. The cell cycle arrest
after Dox and LCM co-treatment could allow these
cells to trigger DNA damage responses and permit
the correction of the damages before the next mi-
totic cycle, thus promoting long term survival. In
agreement with this hypothesis, mitotic figures in Dox
and LCM treated cells appear only after several days
of culture. In addition, we showed that Dox treat-
ment, either in the presence or absence of LCM,
induced a two-fold decrease in Cyclin-D1 expres-
sion. In agreement with this hypothesis, the latency
period was strongly increased from ∼11 days in un-
treated cells [24] to 3–4 months after the combined
treatment.

Nevertheless, LCM may promote survival by other
mechanisms. This is supported by the fact that LCM
inhibits not only Dox-induced cytotoxicity, but also
Fas- and serum withdrawal-induced apoptosis, sug-
gesting that LCM activity may be exerted at a common
level of apoptosis regulation, such as the modulation
of NF-κB, PKB, IAPs or Bcl-2 protein family [50–
52], and we have shown that LCM influences Bcl-2
protein family expression in a complex manner.

We have previously shown that the factors released
from the lung promote growth, migration, enhance-
ment of secreted uPA activity and angiogenesis [9, 11,
23], and this work shows that it can also inhibit ap-
optosis, induced by diverse mechanisms, of tumor cell
lines metastatic to lung. Our results contribute to the
knowledge that survival and growth in the target organ
of metastasis are key steps in metastasis formation and
that the new microenvironment plays an important role
modulating the fate of the metastatic cell and thus ‘de-
ciding’ whether the metastatic cell will succeed or die.
Inhibition of these pathways, either at the signal trans-
duction level or by blockade by specific antagonists or
antibodies of the survival factors involved would elim-
inate metastatic cells or induce a quiescence state and
tumor dormancy for prolonged periods. In either case,
this effect will reduce or inhibit metastasis, and will
surely increase the survival of patients in advanced
stages of cancer.
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