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Bcl-X, prevents serum deprivation-induced
oxidative stress mediated by Romol
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Abstract. B-cell lymphoma-extra large (Bcl-X;) has been
known to suppress serum deprivation-induced cell death,
while reactive oxygen species modulator 1 (Romol) is respon-
sible for a serum deprivation-induced increase in reactive
oxygen species (ROS). Therefore, we investigated whether
Bcl-X, expression could inhibit the serum deprivation-induced
increase in ROS and cell death, which are mediated by
Romol. We found that Bcl-X; expression effectively blocked
serum deprivation- and Romol-triggered ROS generation.
Bcl-X, also inhibited apoptotic cell death induced by both
serum deprivation and oxidative stress. From these results, we
suggest that increased Bcl-X, expression, which is observed in
many cancer cells, confers resistance to oxidative stress in the
cancer cells by suppressing Romol-mediated oxidative stress.

Introduction

A major function of Bcl-X; is to suppress apoptosis by inhi-
biting the release of cytochrome ¢ from mitochondria (1,2).
Bcl-X, is also known to prevent apoptosis from a variety of
external stimuli (3). One such stress that induces cell death is
serum deprivation. Serum contains growth factors, hormones,
attachment and spreading factors, minerals, trace elements,
lipids, and various other factors that are necessary for cell
growth, differentiation, transport, attachment, spreading,
pH maintenance, and protease inhibition (4). Therefore,
serum withdrawal causes the cells to stop growing. Serum
deprivation also induces apoptosis, and ROS generation
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contributes to this cell death in serum-starved cells (5-7).
Indeed, serum deprivation increases the cellular levels of ROS
and activates caspase activity. Apoptosis induced by growth
factor withdrawal is suppressed by antioxidant treatment (8),
and Bcl-X, expression inhibits serum deprivation-triggered
cell death (9-11).

Romol is reported to induce mitochondrial ROS genera-
tion through complex III of the mitochondrial electron
transport chain (12,13). Romol expression is up-regulated
in most cancer cells and in senescent cells, and it is induced
by external stimuli including serum deprivation and 5-FU
(6,13,14). Tumor necrosis factor (TNF)-a-induced ROS
production is also associated with Romol. TNF-a treatment
triggers the interaction between TNF complex II and the
C-terminus of Romol exposed to the outside of the mitochon-
drial outer membrane (15). Simultaneously, Romol recruits
Bcl-X, to reduce the mitochondrial membrane potential,
resulting in ROS generation and apoptosis. Romol is also
reported to be responsible for serum deprivation-induced
ROS production (6). Romol knockdown suppresses serum
deprivation-induced ROS increase and apoptotic cell death.
In the present study, therefore, we investigate whether Bcl-X;,
expression inhibits serum deprivation-induced ROS increase
and cell death, which are mediated by Romol.

Materials and methods

Cell culture and reagents. Human embryonic kidney (HEK)
293 cells and HeLa cervical carcinoma cells were cultured in
Dulbecco's modified Eagle's media (DMEM, Gibco-Invitrogen,
Grand Island, NY). WI-38 VA13 human lung fibroblasts
were cultured in Eagle's minimal essential media (EMEM,
Gibco-Invitrogen). All media contained 10% heat-inactivated
FBS (Gibco-Invitrogen), sodium bicarbonate (2 mg/ml;
Sigma-Aldrich, St. Louis, MO), penicillin (100 units/ml),
and streptomycin (100 uxg/ml; Gibco-Invitrogen). 6-Hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox)
was purchased from Sigma-Aldrich. 2',7'-Dichlorofluorescein
diacetate (DCF-DA) and MitoSOX were obtained from
Molecular Probes (Eugene, OR). For serum deprivation
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Figure 1. Serum deprivation-induced cell death in cells expressing Bcl-X| . (A) After HEK 293 cells were transfected with vector or Bcl-X; for 6 h, serum
was removed from the cells for 48 h, and the cells were then counted under inverted light microscopy. Magnified images of the white dot boxed areas are
shown on the right. Cells were treated with trolox (1 #M, 24 h) as a positive control. Magnified images of the white dot boxed areas are shown on the right.
(B) The number of HEK 293 cells was counted after serum deprivation for 48 h. **p<0.001; #p<0.05 by one-way ANOVA. (C) After WI-38 VA13 cells were
transfected with vector or Bcl-X for 6 h, the serum was removed from the cells for 48 h, and the cells were stained with 1% methylene blue in methanol.

experiments, HEK 293, HeLLa and WI-38 VA13 cells were
washed twice with serum-free media and further incubated
in DMEM or EMEM with 0.05% FBS for 48 h.

Measurement of cell growth and DAPI staining. For cell
growth assays, cells were stained with 1% methylene blue in
methanol for 30 min. Cells were observed under an inverted
light microscope (Olympus IX50, Olympus, Tokyo, Japan).
For DAPI staining, cells were fixed in phosphate-buffered
saline (PBS, Gibco-Invitrogen) with 3.7% paraformaldehyde
(Sigma-Aldrich) at 4°C for 10 min. After washing three times,
they were incubated with 0.5 pg/ml DAPI solution in PBS
buffer for 20 min. After incubation, cells were washed with
PBS twice and were examined with a fluorescence micro-
scope under UV light. For quantification of apoptosis number,
100-200 cells were monitored in each experiment.

Western blot analysis. PARP cleavage was examined by
Western blot analysis of cells transfected with either Bel-X.
or Romol. Cells were harvested and then washed with cold
PBS (pH 7.4). The cells were lysed with 70 pl of cold RIPA
buffer (10 mM Tris-HCI, pH 7.4, 150 mM NacCl, 1% sodium

deoxycholate, 1% NP-40, 0.1% SDS, 1 mM phenylmethyl-
sulfonyl fluoride, 5 pg/ml aprotinin, and 2 pug/ml leupeptin).
Equal amounts of the protein samples (20 ug) were separated
by 10 or 12% SDS-PAGE and transferred onto nitrocellulose
membranes. Immunodetection was performed using anti-
PARP (BD Transduction Lab, San Jose, CA), anti-Bcl-X.
(Santa Cruz Biotechnology, Santa Cruz, CA), anti-Flag
(Sigma-Aldrich) and anti-B-actin antibodies (Sigma-Aldrich).

Fluorescence microscopy for measurement of ROS production.
The cells were stained with DCF-DA (50 uM, Sigma-Aldrich)
and MitoSOX (5 uM, Molecular Probes) for 30 min. DAPI
staining was used to measure apoptotic cell death or nuclear
localization. Intracellular ROS production was measured by
fluorescence microscopy (Universal Imaging, Westchester,
PA).

Flow cytometric analysis for measurement of mitochondrial
ROS. ROS levels were measured by flow cytometry using
MitoSOX. Cells were harvested, fixed with ethanol for 20 min
and washed with PBS. The ROS levels were analyzed using a
FACScan flow cytometer (Becton-Dickson, San Jose, CA).
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Statistical analysis. Each assay was performed in triplicate
and independently repeated at least three times. Statistical
significance was defined as p<0.05. Means, SEs, and p-values
were calculated using GraphPad PRISM version 4.02 for
Windows (GraphPad Software, San Diego, CA).

Results

Bcl-X, blocks serum deprivation-triggered apoptotic cell
death. To investigate whether Bcl-X, suppressed serum
deprivation-induced cell death, cells were transfected with
Bcl-X, . After transfection for 48 h, the number of serum-
starved HEK 293 cells was counted under microscopy. As
shown in Fig. 1A and B, Bcl-X, inhibits serum deprivation-
induced cell death. However, the cell death induced by
serum deprivation was partially blocked by Bcl-X; expression
and trolox treatment. This result is consistent with previous
results (5-7). This finding was confirmed in WI-38 VA13 cells
(Fig. 1C). Trolox was used as a positive control antioxidant
after serum deprivation.

Numerous reports demonstrate that serum deprivation
induces programmed cell death characterized by DNA
fragmentation and apoptotic bodies (6,16-18). To investigate
the correlation between Bcl-X; expression and inhibition of
apoptosis caused by serum deprivation, DAPI staining was
used to measure apoptotic cell death. We stained the cells
with DAPI and visualized them with fluorescence microscopy
after Bcl-X| transfection in serum-starved HeLa cells. Bcl-X .
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Figure 2. Serum deprivation-induced apoptosis in cells expressing Bcl-X; .
After HeLa cells were transfected with vector or Bcl-X; for 6 h, serum
was removed from the cells for 48 h. The serum-starved cells were stained
with DAPI (A) and the apoptotic bodies were counted under inverted light
microscopy (B). The arrows indicate apoptotic bodies. Scale bar, 20 ym.
“p<0.01; *p<0.05 by one-way ANOVA. (C) PARP cleavage after serum
deprivation for 48 h was examined by Western blot analysis in cells trans-
fected with Bcl-X, . Trolox was given to cells as a positive control. Equal
amounts of protein (20 ug) were fractionated by 10% SDS-PAGE. (-actin
was used as a loading control. P, pro-PARP; C, cleaved PARP.

expression significantly blocked serum deprivation-triggered
apoptotic cell death (Fig. 2A). Trolox was used as a positive
control. Apoptotic bodies were quantified from three inde-
pendent experiments and shown in Fig. 2B. During apoptosis,
PARP, a 116-kDa nuclear poly (ADP-ribose) polymerase, is
cleaved into 89-kDa and 24-kDa fragments by caspase-3.
This PARP cleavage is considered to be one of the classical
characteristics of apoptosis as a marker of cells undergoing
apoptosis (19). As shown in Fig. 2C, cleaved PARP proteins
were observed in serum-deprived cells, but Bcl-X; expression
and trolox treatment partially inhibited serum deprivation-
induced apoptosis. These results demonstrate that serum
deprivation-induced apoptotic cell death was blocked by
Bcl-X, expression.

Bcl-X, blocks ROS increase induced by serum depriva-
tion and Romol expression. To investigate whether serum
deprivation-induced mitochondrial ROS generation was
suppressed by Bcl-X, expression, we first examined whether
serum deprivation enhanced cellular ROS levels. HeLa cells
were stained with DCF-DA and MitoSOX (mitochondrial
superoxide indicator) for live cell observation in the same
field. As shown in Fig. 3A, serum deprivation triggered ROS
production, which was consistent with a previous report (6).
Trolox was given to cells as an intracellular ROS scavenger
and positive control. Next, we observed whether Bcl-X|
inhibited the ROS increase induced by serum deprivation.
Mitochondrial ROS in serum-starved HEK 293 cells were
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Figure 3. ROS measurements and Romol-induced apoptosis in cells expressing Bcl-X, . (A) The serum-starved HeLa cells were stained with DCF-DA
(50 uM) or MitoSOX (5 uM) for 30 min and the increase in ROS was observed by fluorescence microscopy. Magnified images of the yellow dot boxed areas
are shown on the right. Arrows indicate apoptotic bodies. The scale bars are 20 ym. (B) After HEK 293 cells were transfected with vector or Bcl-X, for 6 h,
the cells were serum starved for 48 h and then stained with MitoSOX. Increased ROS levels were analyzed by flow cytometry. Cells were treated with trolox

as a positive control. (C) HEK 293 cells were transfected with Bel-X, or Flag-

Romol and stained with MitoSOX. Increased ROS levels were analyzed by flow

cytometry. (D) Western blot analysis of protein extracts from HeLa cells transfected with Bcl-X or Flag-Romol. P, pro-PARP; C, cleaved PARP.

stained with MitoSOX and analyzed by flow cytometry. As
shown in Fig. 3B, Bcl-X, expression partially blocked the
ROS increase induced by serum deprivation. A recent study
demonstrated that serum deprivation-induced mitochondrial
ROS increase and apoptotic cell death are mediated by Romol
(6). Therefore, we explored whether mitochondrial ROS
generation derived from Romol expression was suppressed
by Bcl-X, expression. As shown in Fig. 3C, Romol triggered
ROS production and this result was consistent with a previous
report (12). Bel-X; expression partially reduced the ROS
increase induced by Romol expression. Interestingly, Bel-X;,
expression itself reduced the cellular ROS levels. We recently
reported that Romol is responsible for apoptosis induced by
serum deprivation (6). To examine whether Bcl-X; inhibits
apoptosis induced by Romol, the cleavage of the PARP protein
by Romol was measured by Western blot analysis in cells

expressing Bcl-X, . As shown in Fig. 3D, Romol expression
induced PARP cleavage, which was consistent with a previous
report (6). The PARP cleavage was significantly blocked by
Bcl-X, . These data indicated that serum deprivation-triggered
ROS generation and Romol-induced apoptosis are regulated
by Bcl-X; .

Bcl-X, blocks oxidative stress-induced apoptotic cell
death. Excessive oxidative stress can lead to apoptosis
(20). To determine whether Bcl-X| inhibits H,0,-induced
apoptosis, HeLa cells were treated with H,O, and the
number of cells was counted by microscopy. As shown in
Fig. 4A, H,0, treatment caused cell death. However, Bcl-X;,
partially blocked H,0,-induced cell death. Next, the apop-
totic bodies in H,O,-treated cells were stained with DAPI.
As shown in Fig. 4B, Bcl-X, overexpression significantly
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Figure 4. H,0,-induced apoptosis in cells expressing Bcl-X; . (A) Cell viability in HeLa cells treated with H,O,. The cells were transfected with Bcl-X, and
treated with H,0, (20 uM) for 24 h. Cells were counted under inverted light microscope. Results represent the means + SE of three independent experiments
performed in triplicate. “*p<0.001 vs. control; #p<0.05 vs. mock treated with H,0, (20 M) by one-way ANOVA. (B) The cells treated with H,O, for 24 h
were stained with DAPI. Arrows, apoptotic bodies. Scale bar, 20xm. (C) Quantification of the apoptotic bodies shown in (B). The data represent the average
of three experiments and 200 cells were monitored in each experiment. ““p<0.01 vs. control; #p<0.01 vs. mock treated with H,0, (20 zM) by one-way

ANOVA.

inhibited H,0,-induced apoptosis. Quantification of apop-
totic bodies from three independent experiments revealed
statistically significant differences (Fig. 4C). These results
demonstrated that Bcl-X; regulates oxidative stress-induced
apoptosis.

Discussion

Many reports have demonstrated that Bcl-X,; expression
inhibits cell death triggered by various stresses including
serum deprivation (9-11). However, the exact mechanism by
which Bcl-X; suppresses oxidative stress-induced apoptotic
cell death has been not elucidated. Recently, we identified
a novel protein, Romol, which is associated with increased
cellular ROS levels in serum deprivation (6). We found that
Romol recruits Bcl-X; to reduce mitochondrial membrane
potential, resulting in ROS generation (15). We also showed
that Bcl-X, expression effectively inhibits TNF-a-triggered
ROS generation and cell death. In the present study, we
identified that Bcl-X; expression suppressed the serum depri-
vation/Romol/ROS/cell death pathway. We also showed that
oxidative stress-triggered cell death was blocked by Bcl-X,
expression (Fig. 4). These results demonstrate that Bel-X,
plays an important role in homeostasis of mitochondria by
preventing oxidative stress.

Romol is known to mediate ROS production in the mito-
chondria, and ROS produced by Romol expression induce
DNA damage and cell death (12,13). ROS are generated enzy-
matically or by the mitochondrial electron transport chain
and are removed by many intracellular antioxidant systems.
However, imbalance of ROS, which is sometimes elicited by
stressful conditions or infections, results in persistent oxida-
tive stress. This chronic oxidative stress can induce single- or
double-stranded DNA breaks, resulting in genomic instability
that contributes to carcinogenesis (21). However, oxidative
stress also triggers tumor cell death. In the present study, we
demonstrate that Bcl-X; overexpression contributes to tumor
cell survival against oxidative stress. In fact, increased Bcl-X;
expression is detected in many tumor tissues and is associated
with chemoresistance and poor prognosis (22,23). Therefore,
we suggest that Bcl-X; expression suppresses oxidative stress
mediated by Romol, which is triggered by external stimuli
such as serum deprivation, resulting in enhanced tumor cell
survival. The increased tumor cell survival contributes to
chemoresistance and poor prognosis of tumor patients.

Acknowledgements

This research was supported by a grant from the National
R&D Program for Cancer Control, Ministry for Health,



1342

Welfare and Family affairs, Republic of Korea (1020180),
by a grant of the Korea Healthcare technology R&D Project,
Ministry for Health, Welfare & Family Affairs, Republic
of Korea (A084537-0902-0000100), by a Korea University
Grant (K0823101) and by National Nuclear R&D Program
through the National Research Foundation of Korea (NRF)
funded by the Ministry of Education, Science and Technology
(20100018574).

References

10.

. Kluck RM, Bossy-Wetzel E, Green DR and Newmeyer DD: The

release of cytochrome ¢ from mitochondria: a primary site for
Bcl-2 regulation of apoptosis. Science 275: 1132-1136, 1997.

. Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, Peng TI,

Jones DP and Wang X: Prevention of apoptosis by Bcl-2: release
of cytochrome ¢ from mitochondria blocked. Science 275:
1129-1132, 1997.

. Chao DT, Linette GP, Boise LH, White LS, Thompson CB and

Korsmeyer SJ: Bcl-XL and Bcl-2 repress a common pathway of
cell death. J Exp Med 182: 821-828, 1995.

. van der Valk J, Mellor D, Brands R, Fischer R, Gruber F,

Gstraunthaler G, Hellebrekers L, Hyllner J, Jonker FH, Prieto P,
Thalen M and Baumans V: The humane collection of fetal
bovine serum and possibilities for serum-free cell and tissue
culture. Toxicol In Vitro 18: 1-12,2004.

. Satoh T, Sakai N, Enokido Y, Uchiyama Y and Hatanaka H:

Survival factor-insensitive generation of reactive oxygen species
induced by serum deprivation in neuronal cells. Brain Res 733:
9-14, 1996.

.Lee SB, Kim JJ, Kim TW, Kim BS, Lee MS and Yoo YD:

Serum deprivation-induced reactive oxygen species production
is mediated by Romol. Apoptosis 15: 204-218, 2010.

. Pandey S, Lopez C and Jammu A: Oxidative stress and activa-

tion of proteasome protease during serum deprivation-induced
apoptosis in rat hepatoma cells; inhibition of cell death by
melatonin. Apoptosis 8: 497-508, 2003.

. Lieberthal W, Triaca V, Koh JS, Pagano PJ and Levine JS: Role

of superoxide in apoptosis induced by growth factor withdrawal.
Am J Physiol 275: F691-F702, 1998.

. Chen SR, Dunigan DD and Dickman MB: Bcl-2 family members

inhibit oxidative stress-induced programmed cell death in
Saccharomyces cerevisiae. Free Radic Biol Med 34: 1315-1325,
2003.

Figueroa B Jr, Sauerwald TM, Oyler GA, Hardwick JM and
Betenbaugh MIJ: A comparison of the properties of a Bcl-xL
variant to the wild-type anti-apoptosis inhibitor in mammalian
cell cultures. Metab Eng 5: 230-245, 2003.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

LEE et al: Bcl-X; PREVENTS Romol-MEDIATED OXIDATIVE STRESS

Mastrangelo AJ, Hardwick JM, Zou S and Betenbaugh MJ: Part
II. Overexpression of bcl-2 family members enhances survival
of mammalian cells in response to various culture insults.
Biotechnol Bioeng 67: 555-564, 2000.

Chung YM, Kim JS and Yoo YD: A novel protein, Romol,
induces ROS production in the mitochondria. Biochem Biophys
Res Commun 347: 649-655, 2006.

Chung YM, Lee SB, Kim HJ, Park SH, Kim JJ, Chung JS and
Yoo YD: Replicative senescence induced by Romol-derived
reactive oxygen species. J] Biol Chem 283: 33763-33771,
2008.

Hwang IT, Chung YM, Kim JJ, Chung JS, Kim BS, Kim HJ,
Kim JS and Yoo YD: Drug resistance to 5-FU linked to reactive
oxygen species modulator 1. Biochem Biophys Res Commun
359: 304-310, 2007.

Kim JJ, Lee SB, Park JK and Yoo YD: TNF-alpha-induced
ROS production triggering apoptosis is directly linked to
Romol and Bcl-X(L). Cell Death Differ 17: 1420-1434, 2010.
Bialik S, Cryns VL, Drincic A, Miyata S, Wollowick AL,
Srinivasan A and Kitsis RN: The mitochondrial apoptotic
pathway is activated by serum and glucose deprivation in cardiac
myocytes. Circ Res 85: 403-414, 1999.

King AR, Francis SE, Bridgeman CJ, Bird H, Whyte MK
and Crossman DC: A role for caspase-1 in serum withdrawal-
induced apoptosis of endothelial cells. Lab Invest 83: 1497-1508,
2003.

Zhuge J and Cederbaum AI: Serum deprivation-induced HepG2
cell death is potentiated by CYP2EI. Free Radic Biol Med 40:
63-74,2006.

Oliver FJ, de la Rubia G, Rolli V, Ruiz-Ruiz MC, de Murcia G
and Murcia JM: Importance of poly(ADP-ribose) polymerase
and its cleavage in apoptosis. Lesson from an uncleavable
mutant. J Biol Chem 273: 33533-33539, 1998.

Martindale JL and Holbrook NIJ: Cellular response to oxidative
stress: signaling for suicide and survival. J Cell Physiol 192:
1-15,2002.

Droge W: Free radicals in the physiological control of cell
function. Physiol Rev 82: 47-95, 2002.

Krajewska M, Fenoglio-Preiser CM, Krajewski S,
Song K, Macdonald JS, Stemmerman G and Reed JC:
Immunohistochemical analysis of Bcl-2 family proteins in
adenocarcinomas of the stomach. Am J Pathol 149: 1449-1457,
1996.

Tu Y, Renner S, Xu F, Fleishman A, Taylor J, Weisz J, Vescio R,
Rettig M, Berenson J, Krajewski S, Reed JC and Lichtenstein A:
BCL-X expression in multiple myeloma: possible indicator of
chemoresistance. Cancer Res 58: 256-262, 1998.



