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La3"-Promoted Proliferation Is Interconnected
With Apoptosis in NIH 3T3 Cells

Siwang Yu," Lan Yuan,' Xiaoda Yang,'** Kui Wang,"? Ya Ke,"* and Zhong Ming Qian'>*

'Department of Chemical Biology and Joint Laboratory of Peking University & The Hong Kong Polytechnic
University, School of Pharmaceutical Sciences, Peking University Health Science Center,

Beijing 100083, People’s Republic of China

*National Research Laboratories of Natural and Biomimetic Drugs,

Peking University Health Science Center, Beijing 100083, People’s Republic of China

*Department of Applied Biology & Chemical Technology, The Hong Kong Polytechnic University,
Kowloon, Hong Kong, People’s Republic of China

Abstract Lanthanum ion (La**) has been reported to affect proliferation or apoptosis of different cells. In the present
study, La*>" was confirmed to promote both proliferation and apoptosis of NIH 3T3 cells at the same concentrations. La>"
was shown to promote proliferation by helping the cells to pass through the G1/S restriction point and enter S phase,
however, the proliferating cells induced by incubation with La*" eventually underwent apoptosis. The proliferation
and apoptosis of NIH 3T3 cells induced by La®* were well correlated with cell cycle alterations. La®>" caused the
phosphorylation of extracellular signal-regulated kinase (ERK) 1/2; while inhibition of ERK phosphorylation by 2’-amino-
3'-methoxyflavone (PD98059) suppressed both proliferation and apoptosis induced by La’". Based on the above
experimental results, we postulated that La**-promoted proliferation of NIH 373 cells could be interconnected with the
cell apoptosis, possibly through cell cycle machinery. Our results thus support the recent hypothesis that proliferation and
apoptosis of cell are intrinsically coordinated. J. Cell. Biochem. 94: 508—-519, 2005.  © 2004 Wiley-Liss, Inc.
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Lanthanides are a group of metals, increas-
ingly used in industry. Lanthanide ions exhibit
similar chemical properties and biological
effects. Although their physiological functions
as xenobiotics are still unknown, they were
noted for their diversified biological effects with
potential medical applications [Wang et al.,
1999], and have been widely used as diagnosis
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tools [Dobrynina et al., 1997]. In addition,
lanthanides compounds have been used to
increase the production of crops and to promote
the growth of livestock in China for many years
[He and Rambeck, 2000]. These applications
increased the chances of accidental exposure,
both acute and chronic [Qiang et al., 1994] and
therefore studies on their biological effects,
especially on cell proliferation and apoptosis,
are of increasing interest for researchers.
Among the members of lanthanides, La® " is of
considerable research interest because of its
pharmacologic properties [Das et al., 1988]. It is
used extensively as a calcium channel blocker or
antagonist in cellular or other biological sys-
tems [Miledi, 1971; Block et al., 1998]. A variety
of other biological activities have also been
noted including interaction with biological
membranes [Fiskin et al.,, 1980; Anghileri
et al., 1987] and modulation of neurotransmit-
ter receptor response [Barila et al., 2001].
However, apparently contradictory results
have been observed on the effects of La®" on
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cell proliferation or apoptosis. It has been shown
to inhibit cell proliferation and tumor growth
[Anghileri et al., 1987; Dai et al., 2002] as well
as to induce cell death [Palmer et al., 1987].
But in some other reports, it exhibits prolifera-
tive effects [Smith and Smith, 1984; Praeger
and Gilchrest, 1989] and functions to inhibit
apoptosis.

Such contradictory results were also observed
in the cellular effects of other inorganic ions
such as cadmium [Misra et al., 2002; Shih et al.,
2004], arsenic [Simeonova et al., 2000; Liu
et al., 2003b], and nickel [Lisby et al., 1999;
Kim et al., 2002]. These paradoxical results
described above have often been ascribed to the
differences between the cell lines or the con-
centrations of chemicals. Nevertheless, little
attention was paid to the interconnection be-
tween cell proliferation and apoptosis.

Proliferation and apoptosis are essential yet
opposing cellular processes. However, in recent
years it was postulated that cell proliferation
and apoptosis might be intrinsically coordi-
nated and the balance between them should be
stringently controlled [Vermeulen et al., 2003].
One possible mechanism for maintaining the
balance is via factor-dependent signaling from
the environment for cell survival and prolifera-
tion [Jones and Kazlauskas, 2001]. The cross-
talk between the signaling pathways, which
control proliferation and apoptosis, is more
important. It was suggested that proliferation
and apoptosis might be coordinated through the
direct coupling of cell cycle progression and
programmed cell death [Evan et al., 1995]. This
postulation was supported by the fact that
inappropriate signals to proliferate were often
found to promote apoptosis through this coordi-
nation [Guo and Hay, 1999]. For instants, a
number of oncogene products, which drive the
cell cycle progression, could also result in apop-
tosis [Packham et al., 1996; Latella et al., 2000;
Greene et al., 2004].

It was proposed that the coordination
described above should be crucial for normal
development and homeostasis in metazoans
[Evan and Vousden, 2001] and might play
important role in cellular response to xenobio-
tics [Schulte-Hermann et al., 1999]. However,
little research has been done on these issues for
xenobiotics.

In present study, we report for the first time
our investigation on the effects of La®" on
proliferation associated with apoptosis in NIH

3T3 cells. La®" was found to promote both
proliferation and apoptosis of NTH 3T3 cells at
the same concentration, and the processes were
shown to correlate with cell cycle alterations.
La®" caused a transient phosphorylation of
ERK, while inhibition of ERK phosphorylation
by the MEK inhibitor PD98059 eliminated
the La®*-promoted proliferation and apoptosis.
Based on the above observations, we postulated
that there could be a link between La®*-induced
cell proliferation and apoptosis, possibly thro-
ugh cell cycle machinery. And this might
account for the dual effects of La®" on cells.

MATERIALS AND METHODS
Materials

Dulbeccol’'s Modified Eagle’s Medium
(DMEM) was obtained from GibcoBRL; fetal
bovine serum (FBS) was purchased from Hy-
clone; trypsin, 5-bromo-2'-deoxyuridine (BrdU),
propidium iodide (PI), 3-[4, 5-dimethylthiazol-
2-yl]-2, 5-diphenyl-tetrazolium bromide (MTT),
Hoechst33258, and the MEK inhibitor 2'-
amino-3'-methoxyflavone (PD98059) were pur-
chased from Sigma. Antibodies against BrdU,
extra-cellular signal-regulated kinase (ERK),
phosphorylated ERK (pERK), and the corre-
sponding secondary antibodies were obtained
from Santa Cruz. Other reagents were of
analytical grade. La®" (lanthanum chloride)
solution was prepared from lanthanum oxide
(purity >99.9%).

Cell Culture

NIH 3T3, amurine embryo fibroblast cell line,
was obtained from Peking University Health
Science Center. The cells were cultured in
DMEM supplemented with 10% FBS and 100 U
penicillin-100 pg streptomycin per ml at 37°C
in a humidified 5% CO5 atmosphere. All ex-
periments were performed using cells within
30 passages.

Cell Proliferation and DNA Synthesis Assay

Half-confluent NTH 3T3 cells in exponential
growth were incubated at 37°C with various
concentrations of La®" in serum-free DMEM
medium for different time intervals. In other
experiments, cells were incubated with La®* in
presence of 10% FBS. MTT was dissolved in PBS
solution (5 mg/ml) and added to the culture
medium to reach a final concentration of 0.5 mg/
ml. After the cells were left at 37°C for 4 h, the
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medium was aspirated and 200 pl of DMSO
was added to dissolve the formazan crystals
formed. The absorbance of the samples was
determined at 570 nm with a reference at 650 nm
on a microplate reader (TECAN SUNRISE,
Switzerland). Another cell culture, after in-
cubation with La®" as described above, was
trypsinized and resuspended in PBS solution,
and the number of cells was counted with a
hemocytometer.

DNA synthesis of NIH 3T3 cells was assessed
by BrdU incorporation as described previously
[Zatterstrom et al., 1992]. Briefly, cells were
incubated with various concentrations of La®"
in serum-free DMEM medium for 24 h. The
BrdU solution in PBS (3 mg/ml) was added to
the culture medium to achieve a final concen-
tration of 10 pg/ml and left for 1 h. Cells were
then collected by trypsinizing and cellular DNA
was denatured with a 2 M HCI solution. The
BrdU incorporated was stained with a mouse
anti-BrdU monoclonal antibody followed by
a FITC-conjugated goat-anti-mouse IgG. The
fluorescence associated with BrdU was mea-
sured by Fluorescence-Activated Cell Sorting
(FACS; excitation, 490 nm; emission, 535 nm;
FACScan, BD Bioscience, San Jose, CA). The
percentage of BrdU-positive cells was calcul-
ated with the CELLQuest software.

Hoechst33258 Staining

NIH 3T3 cells were grown on slides and
incubated with 100 pM La®' in serum-free
DMEM medium at 37°C for 48 h. The medium
was removed and cells were fixed with 4%
formaldehyde in PBS solution at 4°C for
30 min. After three washes with PBS, the cells
were stained with 5 pug/ml of Hoechst33258 in
PBS solution and the nuclear morphology was
observed on a laser-scan confocal fluorescence
microscope (excitation, 363 nm; emission, 440 +
20 nm band pass. Leica, TCS SP2, Germany).

DNA Fragmentation Assay

La3*-induced cellular DNA fragmentation of
NIH 3T3 cells was analyzed as described
previously [Walker et al., 1999]. Briefly, half-
confluent cells in exponential growth were
incubated with various concentrations of La®"
in serum-free DMEM medium for 60 h. The cells
were harvested by trypsin digestion and dis-
solved with a lysis buffer (20 mM EDTA, 50 mM
Tris-HCI, 0.5% SDS, pH 8.0). The cell lysate was
treated with proteinase K and DNase-free

RNase A, and DNA was extracted by phenol-
extraction and ethanol-precipitation. The DNA
samples were then analyzed using agarose gel
electrophoresis.

Tracing of Cells’ Fate Upon
Incubation With La**

NIH 3T3 cells were grown on slides and
incubated with 100 pM La®" in serum-free
DMEM medium for 24 h. BrdU solution in
PBS (3 mg/ml) was added into the culture
medium to achieve a final concentration of
10 pg/ml and left for 1 h. Then the medium
was replaced with fresh one containing the
same concentration of La®" and incubated for
up to 24 h. Control cells were grown in either
medium supplemented with 10% FBS or serum-
free medium, pulse labeled with BrdU as
described above, and then cultured in the same
medium for an additional 24 h. The cells were
fixed with 4% formaldehyde in PBS and stained
with anti-BrdU antibodies as described above.
Then the samples were observed on a laser-
scanning confocal microscope (excitation, 488 nm;
emission, 540+20 nm band pass. Leica,
TCS SP2, Germany). Transmission gray-scale
graphs were also obtained for observation of
cellular morphology.

FACS Analysis of Cell Cycle Distribution
and Apoptosis

NIH 3T3 cells were incubated at 37°C with
various concentrations of La®" in serum-free
DMEM medium for different time intervals.
The cells were collected by trypsinizing and
fixed with 70% ethanol at 4°C overnight, then
treated with DNase-free RNase and stained
with 10 pg/ml PI in PBS for 0.5 h. The cellular
DNA content was analyzed on a Beckton
Dickinson FACScan cytometer. The cell cycle
distribution was calculated using the ModFit3.0
software, and the subdiploid population was
marked as apoptotic.

Western Blotting of ERK Phosphorylation

NIH 3T83 cells were growth in 10-cm plates.
The cells were serum-starved for 12 h and then
incubated with various concentrations of La®".
Thirty minutes later, the cells were lysed in cold
TGH buffer (1% Triton X-100, 10% Glycerol,
50 mM HEPES, pH 7.2) containing 100 mM
NaCl and a variety of protease and phosphatase
inhibitors (5 pg/ml aprotinin, 5 pg/ml leupeptin,
100 mM PMSF, 1 mM NasVO,, 50 mM NaF, and
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1 mM pB-phosphaglycerol). The lysate were
clarified by centrifugation (13,000g, 10 min),
and aliquots (80 pgin total protein) were subject
to SDS—PAGE. The protein was electrophor-
etically transferred to a nitrocellulose mem-
brane. The membrane was blocked with 10%
non-fat dry milk in Tris balanced saline (TBS,
50 mM Tris-HCl, 150 mM NaCl, pH 7.5) for 2 h.
The staining of phosphorylated ERK protein
was carried out by incubating with mouse
monoclonal anti-pERK antibodies in TBS con-
taining 5% BSA and 0.02% Tween 20 overnight
at 4°C followed by a HRP-conjugated rabbit-
anti-mouse IgG for 1 h. The amounts of pERK
were determined using the enhanced chemilu-
minescence kit (ECL, Santa Cruz) with Kodak
X-ray films according to the protocol provided by
the manufacturer.

The amounts of ERK were also determined by
Western blotting using a rabbit polyclonal anti-
ERK antibody and following a similar procedure
as above.

Effects of MEK1 Inhibitor
2'-Amino-3'-Methoxyflavone (PD98059)

Half-confluent NIH 3T3 cells in exponential
growth were incubated with 30 pM of PD98059
for 30 min. La®" was added into cultures to
obtain a final concentration of 100 uM and the
cells were left at 37°C for different time inter-
vals. Then analyses on cell viability (at 24 h, by
MTT assay), cell cycle distribution, apoptotic
proportion (at 48 h, by FACS), and ERK phos-
phorylation (at 30 min, by Western blot) were
carried out as described above.

Data Statistical Analysis

Data are represented as means + SEM. Dif-
ferences between values were tested using the
Student’s #-test, P<0.05 was considered as
statistical significant.

RESULTS
Effect of La®* on Proliferation of NIH 3T3 Cells

The effects of La®* on cell numbers, mito-
chondrial enzyme activity (measured by MTT
assays), and DNA synthesis (measured by BrdU
incorporation) are shown in Figure 1A—C. The
three characters in the process of cell prolifera-
tion were shown to increase upon incubation
with La®" in a similar concentration-dependent
manner, which clearly indicates that La®" could
promote NIH 3T3 cell proliferation. As shown in

Figure 1D, incubation of 3T3 cells with La®"
resulted in a time-dependent cell proliferation
within 36 h; but prolonged treatment of cells
with La®" led to a turning of the cell viability
curve to sharp decline, suggesting change of the
action pattern of lanthanide. In addition, addi-
tion of 10% FBS completely inhibited the effects
of La®" (data not shown).

Effect of La>" on Apoptosis of NIH 3T3 Cells

As shown in Figure 2A, 48 h of incubation of
3T3 cells with 100 pM of La®*" resulted in
perinuclear chromatin condensation and frag-
mentation of cell nucleus, which are typical
apoptotic characteristics. Agarose gel electro-
phoresis (Fig. 2B) showed that the cellular
DNA of La®"-treated cells exhibited typical
apoptotic DNA ladder accompanied with in-
creased electrophoretic mobility of high mo-
lecular weight DNA, indicating that both
inter-nucleosomal DNA cleavage and high
molecular weight DNA degradation had
occurred. By contrast, the addition of 10% FBS
completely inhibited the DNA fragmentation
induced by La®", and control cells grown in
serum-free medium showed only a little but
visible DNA fragmentation.

The fate of proliferating cells induced by La®*
was traced by pulse BrdU labeling as described
in the Materials and Methods. The results were
shown in Figure 3, and the statistical analysis of
data was in Table I. In the control samples, NTH
3T3 cells grown in medium supplemented with
10% FBS exhibited a high rate of BrdU labeling
(~66.3%) and few apoptotic cells (~2.6%) were
observed (Fig. 3A). Few of cells grown in serum-
free medium were labeled by BrdU (~3.7%) or
observed in apoptotic morphology (~13.2%)
characterized by chromatin condensation, cell
shrinkage, and detachment from the slides, etc.
[Saraste and Pulkki, 2000] (Fig. 3B). In con-
trast, cells incubated with La®" for 36 h gave a
high rate of BrdU labeling (~15.2%) (Fig. 3C),
and almost all BrdU-labeled cells (~93.0%)
exhibited apoptotic morphology after 48 h of
incubation with La®" (Fig. 3D), suggesting high
correlation between La®"-induced proliferation
and apoptosis of 3T3 cells.

Effects of La>" on Cell Cycle and Apoptosis

As shown in Figure 4A, the DNA synthesis (S)
phase population of control cells decreased
quickly after deprivation of serum, whereas
the S phase population of cells incubated with
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Fig. 1. Effects of La>" on the proliferation of NIH 3T3 cells. Cells in exponential growth were treated with
various concentrations of La®>* for 24 h, and then analyzed by MTT assay (A), BrdU incorporation assay (B),
and cell counting (C). The time-lapse change of cell viability upon incubation with 100 uM of La** is
determined by MTT assay and the result is shown in (D). Data shown are the means + SEM of quadruplicate

experiments, *P<0.05, **P<0.01.

La®" remained at the same level within 12h and
kept in a higher level compared with the control
samples. The changes of S phase population
were mainly compensated by the changes of
G0-G1 phase population. In addition, a time-
dependent increase of apoptotic population was
observed (Fig. 4B). These changes of cell cycle
distribution and apoptotic proportion were con-
centration-dependent. Upon incubating with
La®>" for 24 h, S phase population increased
along with the rising of La®" concentration
(Fig. 4C); meanwhile, cell population in the GO-
G1 phase decreased. It was also observed
that both the apoptotic (subdiploid) population
and the S phase population increased in a
similar concentration-dependent manner upon
incubation of cells with La®* for 48 h (Fig. 4D).
For cells incubated with La®" in the presence of
10% FBS, no changes were observed in the

population in S phase or the apoptotic state
(Table II).

La*>" Induces ERK Phosphorylation and Inhibition
of ERK Phosphorylation Inhibits Both
La**-Promoted Proliferation and Apoptosis

As ERK cascade is extensively participate in
cellular responses to a variety of extracellular
stimulations, the involvement of ERK activa-
tion in the La®'-induced proliferation and
apoptosis is investigated and the results were
shown in Figure 5. La®" induced a fast increase
of phosphorylated ERK level within 30 min in a
La®" concentration-dependent manner (Fig. 5A),
while the level of ERK showed no obvious
change. La®"-induced phosphorylation of ERK
was inhibited upon pretreatment with PD98059
(Fig. 5B). Meanwhile, PD98059 also suppressed
La®*-promoted cell proliferation (Fig. 5C).
Interestingly, whereas PD98059 itself induced
a moderate increase of cell apoptosis, it signifi-
cantly suppressed both La®-induced increase
of S phase and apoptotic population (Fig. 5D).
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Fig. 2. Effects of La’* on NIH 3T3 cell apoptosis. A: Nuclear
morphology of cells treated with 100 uM La>* for 48 h. B:
Agarose gel electrophoresis of cellular DNA upon treatment of
cells with La*>" for 60 h. Lane 1-3: Samples of cells treated with
100, 33.3, 11.1 uM of La*, respectively; lane 4, sample of cells
treated with 100 uM La*>* in the presence of 10% FBS; lane 5,
cells grown in serum-free medium; lane 6, molecular weight
marker. Data shown are the representative of three independent
experiments.

DISCUSSION

The proliferative effect of La®" on cells has
been reported by several authors [Smith and

Smith, 1984; Praeger and Gilchrest, 1989]. On
the other hand, it was also reported that La®"
could inhibit cell proliferation and promote
apoptosis [Yamage and Evans, 1989; Ji et al.,
2000; Liu et al., 2003a]. Those contradictory
results were obtained with different cells and
La3* concentrations. However, there emerged a
possible interconnection between La®*-induced
proliferation and apoptosis that might be more
important for the duality of the effect of La®*.
In the present study, the effects of La®" on cell
proliferation and apoptosis and their intercon-
nection were investigated employing a murine
embryo fibroblast cell line, NIH 3T3 cells.

The proliferative effect of La®" on NIH 3T3
cells was confirmed by various methods, which
measure different aspects of cell proliferation,
including cell numbers, mitochondrial enzyme
activity, and DNA synthesis (Fig. 1A—C). The
experimental results all demonstrated that
La®" promoted NIH 3T3 cell proliferation in a
concentration-dependent manner.

However, prolonged incubation of NIH 3T3
cells with La®" over 36 h resulted in significant
loss of cell viability (Fig. 1D). The observed
nuclear fragmentation and chromatin conden-
sation (Fig. 2A) of cells incubated with La®" for
48 h suggest that those cells underwent an
apoptotic process. This was ascertained by the
occurrence of apoptotic degradation of the cellu-
lar DNA of cells incubated with La®* for 60 h,
shown by agarose gel electrophoresis analysis
(Fig. 2B). The temporal change of cell viability
suggests that La®'-induced cell proliferation
might be rapidly followed by apoptosis.

To explore the possible relationship between
La®*-induced proliferation and apoptosis, the
proliferating cells were pulse labeled with BrdU
and their succeeding fate was monitored as
shown in Figure 3 and Table I. The experi-
mental results showed that La®" increased the
number of proliferating (BrdU-positive) cells,
but almost all La®"-induced proliferating cells
were observed to commit apoptosis later. In
contrast, fewer cells, which not treated with
La®*, were BrdU-positive or underwent apop-
tosis; and many cells grown in medium supple-
mented with 10% FBS were BrdU-positive but
very few of them underwent apoptosis, indicat-
ing that La®"-induced apoptosis was not the
result of BrdU incorporation. This complete
overlap of apoptotic cells with ever proliferating
ones suggested that proliferation promoted by
La3* could be intrinsically linked with the later
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Fig. 3. BrdU tracing of cells upon incubation with 100 uM of La®*. Cells were incubated with 100 uM of
La**for24h, pulse-labeled with BrdU, and incubated with fresh media containing the same concentration of
La** for another 12 (C) or 24 h (D). Control cells were grown in either medium supplemented with 10% FBS

(A) or serum-free medium (B). Data shown are the representative of three independent experiments.

apoptosis. Moreover, the fact that serum-star-
vation inhibited both the proliferative and
proapoptotic effects of La®" also supports the
above postulation.

The cell cycle is the innate mechanism by
which eukaryotic cells proliferate [Tapon et al.,
2001]; it was also proposed that cell cycle
machinery was involved in apoptosis. A hypo-
thesized linkage between proliferation and
apoptosis is through the direct coupling of cell
cycle progression and programmed cell death
[Guo and Hay, 1999]. Therefore, the effects of
La3* on the cell cycle were analyzed to explore
the mechanism of La®"-promoted cell prolifera-

tion and the possible relation with La®-induced
proliferation and apoptosis.

Based on the ways La®" affects the cell cycle,
it can be deduced that La®" could promote the
3T3 cells to pass through G1/S restriction point,
thus promoting more cells to enter into DNA
synthesis (S phase). The experimental results
supporting this interpretation include:

(i) Rising concentrations of La®" increased
the S phase population and decreased the
GO0-G1 phase population of NTH 3T3 cells
(Fig. 4C), which is in good agreement with
increased BrdU incorporation (Fig. 1B).

TABLE 1. Statistic Analysis of BrdU Tracing of Cells

Percentage of BrdU Percentage of Ratio of BPA cell to total

Sample®P labeled cell apoptotic cell® BrdU labeled cell?
SEM 3.7+0.4 13.2+2.6 Not detected
FBS 66.3 + 1.5%* 2.6 +£0.3% 0.7+0.2

La 15.2 +5.7%* 32.1+7.4%* 93.0 +3.8**

aCells were incubated with 100 uM of La®* for 24 h, pulse-labeled with BrdU, and incubated with fresh
media containing the same concentration of La®* for another 24 h (La). Control cells were grown in either
medium supplemented with 10% fetal bovine serum (FBS) or serum-free DMEM medium (SFM).

PData are average of two independent experiments. The total cell number counted was 295, 429, and 366 for
samples SFM, FBS, and La, respectively. *P < 0.05. **P < 0.01.

“The apoptotic cells were identified by their morphological features, including chromatin condensation, cell
shrinkage, detachment from the slides, etc.

9The BPA cell (both proliferating and apoptotic-featured cell) refers to the cells that showed apoptotic
features as well as labeled by BrdU in the mean time.
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Fig. 4. Effectsof La®>" on cell cycle distribution and apoptosis of
NIH 3T3 cells. A: Time-lapse analysis of change in cell
population upon incubation with 100 uM of La*". “/Ctl”” refers
to the control samples and ““La”’ refers to the samples treated with
La®*. B: Time-lapse analysis of change in the apoptotic
population of cells upon incubation with 100 uM of La> . Insert
shows La>*-induced apoptotic (subdiploid) peak revealed by

These results indicate that La®" pro-
moted the DNA synthesis activity of
NIH 3T3 cells.

(ii) The S phase population of control cells
decreased quickly after serum was

TABLE II. Effects of La®>" on NIH 3T3 Cells
in the Presence of 10% FBS*

Apoptosis S phase
Concentration of La* (uM) (%) (%)
0 2.21 33.12
3.7 1.44 30.77
11.1 2.67 33.62
33.3 1.5 29.39
100 3.94 31.81

*Data shown are from one representative experiment of three
independent experiments.
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FACS. The control samples in (A) and (B) were grown in serum-
free DMEM. C: Concentration dependency of cell population
upon incubation with 100 uM of La*>* for 24 h. D: Concentration
dependencies of apoptotic and S phase population upon
incubation with 100 pM of La** for 48 h. Data shown are the
representative of three independent experiments.

removed, but addition of La®* maintained
the S phase population for at least 12 h
(Fig. 4A). It was known that fibroblasts
require continuous exposure to growth
factors such as serum for continuous
cycling and proliferating. Upon depriva-
tion of growth factor, only the cells which
have passed the G1/S restriction point
continue to cycle until completing mitosis,
while the other cells will exit into GO
phase [Jones and Kazlauskas, 2001].
Therefore, the above results suggest that
La®" increased cellular DNA synthesis by
promoting G1 to S phase transition.

(iii) La®" could induce a fast increase of ERK1/
2 phosphorylation in a concentration-
dependent manner (Fig. 5A). It has been
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known that activation of ERK by phos-
phorylation is required for fibroblasts to
pass the G1/S restriction point [Weber
et al., 1997]. ERK activation has also been
shown to participate in cellular response
to xenobiotics [Kyriakis, 1999]. In addi-
tion, inhibition of ERK phosphorylation
by PD98059, a specific MEK inhibitor
[Hotokezaka et al., 2002], also stopped
the La®"-induced increase of S phase
population and cell proliferation
(Fig. 5B-D).

The effects of La®" on the cell cycle also
indicated that La®"-promoted proliferation of
NIH 3T3 cells could be correlated with La®"-

A 0 100 33.3

_— I 1

ERK
B Control ~ La* PD
pERK o -
-~ o S
Fig. 5. La’" induces ERK phosphorylation and its role in both

La*"-promoted proliferation and apoptosis. A: The concentra-
tion-dependency of the levels of ERK and pERK upon stimulation
of quiescent cells with La** for 30 min. B: The inhibitory effect of
PD98059 (30 uM) on La*-induced ERK phosphorylation. Data
shown are the representative of three independent experiments.
C: The inhibitory effect of PD98059 (30 uM) on La*"-promoted

11.1 3.9

induced apoptosis through cell cycle machinery.
The following experimental results supported
this viewpoint:

(1) Fluorescence activated-cell sorting (FACS)
analysis of cells incubated with La3" re-
vealed a time-dependent increase of apop-
totic (subdiploid) population (Fig. 4B),
suggesting that the apoptotic process was
initiated along with the beginning of cell
proliferation. Upon incubated with La®" for
48 h, the cells exhibited a remarkable apop-
totic population, and the apoptotic popula-
tion was found to increase in parallel with
increase of the S phase population (Fig. 4D).

Concentration of La** (uM)

. 44KkD, pERKI

42kD, pERK2

o~ MKD, ERKI1

42kD, ERK2

PD+La’"

44kD, pERK1
g P

T w42kD, pERK2

44kD, ERKI

Y\42kD, ERK2

cell proliferation. The proliferative activity was measured by
MTT assay after incubated with La®>" for 24 h. D: The inhibitory
effect of PD98059 (30 pM) on La’**-induced increase of
apoptotic and S phase population measured by FACS after
incubated with La>* for 48 h. Data shown are the means + SEM of
three independent experiments, *P < 0.05, **P < 0.01.
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Fig. 5. (Continued)

(i1)) The time course of cell viability change
(Fig. 1D) was in good agreement with
changes of S phase and apoptotic cell
population (Fig. 4A,B): upon incubation
of NIH 3T3 cells with La®*, the S phase
population was larger than apoptotic
population within 36 h, while the cell
viability kept increasing. After this per-
iod, apoptotic population increased
quickly and surpassed the S phase popu-
lation; consequently, the cell viability
decreased sharply. These results suggest
the existence of a balance between apop-
tosis and proliferation in the observed cell
populations; this equilibrium shifts to
apoptosis upon prolonged incubation of
cells with La®*.

(iii) PD98059 not only inhibited the La®'-
induced ERK phosphorylation, but also
eliminated the increase of both S phase
and apoptotic population of 3T3 cells upon
incubating with La®* (Fig. 5D).

Our results suggest that La®-induced cell
apoptosis is due to the inappropriate signaling
of cell growth initiated by La®'. This is in
consistent with our previous observation that
La®" induced apoptosis of hepatic cells via the
mitochondrial pathways [Liu et al., 2003al].
Nevertheless, we cannot rule out the possibility
of involvement of cell damage in the process of
apoptosis by the direct binding of La®" ions to
biological macromolecules [Cheng et al., 1999;
Lizon and Fritsch, 1999; Franklin, 2001;
Komiyama, 2001].

The interconnection for La®*-induced prolif-
eration and apoptosis could provide hints in
resolving the problem of contradictory results
observed in the effects of La®" on cell growth.
From these results, it is found that (i) La®*
tended to promote apoptosis in tumor cells, but
exhibited proliferative effect on embryo fibro-
blast cells, and (ii) the concentration of La®" to
promote cell apoptosis was normally higher
than that for promoting cell proliferation. We
speculated that La®" could initiate proliferative
as well as apoptotic signals in the same time.
However, the differences in the sensitivity to
apoptotic or proliferative signals of different
cells might result in shifts in the balance
between proliferation and apoptosis. In addi-
tion, the cell damage caused by direct binding of
La®" will increase with the increase of La®"
concentration, which should drive the balance
toward apoptosis.

The dual effect of La®" on cell proliferation
and apoptosis apparently exhibit some simila-
rities to that of some other toxic metals such as
cadmium [Misra et al., 2002; Shih et al., 2004],
arsenic [Simeonova et al.,, 2000; Liu et al.,
2003b], and nickel [Lisby et al., 1999; Kim
et al., 2002] described above. It is worthwhile to
note that La®" at high concentration induce cell
apoptosis by elevating cellular ROS level [Liu
et al., 2003a], which might be a common effect of
biology of heavy other metals [Liu and Shi,
2001] especially in the overload state. Also, it
might be possible that these metal ions could
function by acting as analogs of essential ions
such as iron, which play crucial role in regulat-
ing cell growth [Laskey et al.,, 1988]. None-
theless, it is too early so far to interpret whether
other metal ions share some mechanisms
similar to that of La®" in inducing cell prolifera-
tion or apoptosis.

In summary, the effects of La®" on prolifera-
tion and apoptosis of NIH 3T3 cells were



518 Yu et al.

investigated. La®" was shown to promote pro-
liferation by helping the cells to pass the G1/S
restriction point and enter S phase. At the same
time, incubation of cells with La®* resulted in
apoptosis, which was well correlated with cell
proliferation process. La®' was also shown to
induce phosphorylation of ERK, while the
inhibition of the ERK phosphorylation by
PD98059 suppressed both La®-induced prolif-
eration and apoptosis. Based on above results,
we postulate that La®'-promoted proliferation
of NIH 3T3 cells could be interconnected with
the cell apoptosis, possibly through the cell cycle
machinery. Our results thus also support the
recent hypothesis that proliferation and apop-
tosis of cell are intrinsically coordinated.
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