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Survival signaling by RAF occurs through largely unknown mechanisms. Here we provide evidence for the
first time that RAF controls cell survival by maintaining permissive levels of mitochondrial reactive oxygen
species (ROS) and Ca**. Interleukin-3 (IL-3) withdrawal from 32D cells resulted in ROS production, which
was suppressed by activated C-RAF. Oncogenic C-RAF decreased the percentage of apoptotic cells following
treatment with staurosporine or the oxidative stress-inducing agent zert-butyl hydroperoxide. However, it was
also the case that in parental 32D cells growing in the presence of IL-3, inhibition of RAF signaling resulted
in elevated mitochondrial ROS and Ca®* levels. Cell death is preceded by a ROS-dependent increase in
mitochondrial Ca>*, which was absent from cells expressing transforming C-RAF. Prevention of mitochondrial
Ca** overload after IL-3 deprivation increased cell viability. MEK was essential for the mitochondrial effects
of RAF. In summary, our data show that survival control by C-RAF involves controlling ROS production, which
otherwise perturbs mitochondrial Ca®>* homeostasis.

Apoptosis suppression by C-RAF may involve direct effects
on regulators of cell survival and recruitment of effector path-
ways, which through transcription-dependent and -indepen-
dent mechanisms suppress apoptotic cell death (37, 43). Like
other survival proteins, activated C-RAF maintains mitochon-
drial membrane integrity; however, the critical targets at the
mitochondria remain to be identified. Alterations in mitochon-
drial reactive oxygen species (ROS) and Ca*" commonly pre-
cede cell death. ROS-induced apoptosis implies direct toxic
effects, as well as a function of ROS as signaling molecules
which trigger the activation of prodeath pathways (38). Mito-
chondrial respiratory chain complexes I and III (NADH:
ubiquinone oxidoreductase and ubiquinone-cytochrome c re-
ductase) (12) and plasma membrane-located NAD(P)H oxi-
dases (14) are considered the main sites of cellular superoxide
generation. Unphysiologically high mitochondrial Ca®* levels
(“mitochondrial Ca** overload”) directly affect mitochondrial
permeability for apoptogenic factors and thus cause apoptosis
(30). The endoplasmic reticulum (ER) is an important source
for this Ca®*, and the Ca®>* content of this organelle deter-
mines the cell’s responsiveness to apoptotic stress. ER Ca**
levels are subject to control by Bcl-2 proteins whereby Bcl-2
decreases the ER Ca®* while proapoptotic BAX and BAK
enhance the flow of Ca®" from the ER to the mitochondria
(24). Here we demonstrate that the lack of growth factors, a
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common physiological cell death stimulus, causes increased
mitochondrial ROS production and elevated mitochondrial
Ca?" levels, which are directly linked to the onset of apoptosis.
C-RAF maintains cell survival by controlling mitochondrial
ROS and Ca*>* through a MEK-dependent mechanism.

MATERIALS AND METHODS

Cell culture. Parental promyeloid interleukin-3 (IL-3)-dependent 32D cells
and 32D-vRAF expression-activated C-RAF, AKT, and MEK have been de-
scribed before (4, 39). The cultivation and processing of cells for all experiments
was carried out as previously described (39). Cell viability was routinely assessed
using trypan blue exclusion, which correlates with nuclear DNA degradation and
DNA loss (4), changes in mitochondrial membrane potential, cytochrome ¢
release, and caspase activation (15). UO126 and L'Y294002 were obtained from
Promega and used as previously described (39). The RAF kinase inhibitor
BAY43-9006 was a gift from Bayer.

Generation of 32D cells expressing MnSOD, Bcl-2, or OHT-inducible acti-
vated C-RAF (BXB). The expression plasmid for human manganese-dependent
superoxide dismutase (MnSOD), pcDNA3hMnSOD, was provided by L. Ober-
ley. 32D cells were transfected using nucleofector technology (Amaxa Biosys-
tems, Cologne, Germany) and an established protocol provided by the manu-
facturer. The expression construct for Bcl-2, pLib-bcl2-iresPuro, was provided by
M. J. Ausserlechner. Production of retroviruses and retroviral infection were
done as described before (25). Following selection in 1 mg/ml G418 (MnSOD) or
2 pg/ml puromycin (Bcl-2), expression of these proteins was confirmed by West-
ern blotting following established procedures (39). To generate 32D cells ex-
pressing a 4-hydroxytamoxifen (OHT)-inducible oncogenic mutant of C-RAF
(11), parental 32D cells were transfected with the plasmid pBABE puro
BXB-ER (10) by use of the Amaxa nucleofector technology. Following puromy-
cin selection (2 pg/ml), the resulting cell pool was analyzed for OHT-regulated
activation of extracellular signal-regulated kinase 1/2 (ERK1/2) and survival and
used in the experiments described below.

Immunoblotting. Proteins were detected following a previously published pro-
cedure (29). The following proteins were detected by the antibodies indicated in
parentheses: BAX (sc-526; Santa Cruz Biotechnology), BAD (9292; Cell Signal-
ing Technology), Bcl-2 (sc-492; Santa Cruz Biotechnology), B-RAF (sc-166;
Santa Cruz Biotechnology), C-RAF (sc-133; Santa Cruz Biotechnology), Cu/
ZnSOD (SOD-101; Stressgen), GAPDH (AM4300; Ambion), glutathione per-
oxidase 1 (ab16798; Biozol), MnSOD (06-984; Upstate), AKT1/2 (sc-8312; Santa
Cruz Biotechnology), Puma (P4618; Sigma), Bim (AAP-330; Stressgen), Bcl-x
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(2762; Cell Signaling Technology), pERK (sc-7383; Santa Cruz Biotechnology),
ERK (sc-94; Santa Cruz Biotechnology), and MEK (9122; Cell Signaling Tech-
nology).

Measurement of ROS production. ROS production was measured by loading
cells (approximately 0.5 X 10° cells per ml) washed in phosphate-buffered saline
(PBS; Invitrogen, Carlsbad, CA) or medium either with 20 .M DCF-DA (2,7-
dichlorodihydrofluorescein diacetate; Molecular Probes, Eugene, OR) for 20
min in the dark or with 5 pM MitoSOX Red (Molecular Probes, Eugene, OR)
(23) for 20 min. After being washed with PBS or medium, cells were further
processed for analysis by spectrofluorometry or confocal microscopy. Treatment
with trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid; Sigma, St.
Louis, MO), a cell-permeable, water-soluble derivative of vitamin E with potent
antioxidant properties, or the direct-acting oxidative stress-inducing agent tert-
butyl hydroperoxide (+-BHP; Sigma, St. Louis, MO) was carried out by directly
adding the reagents to the tissue culture medium. The ROS production of
DCF-DA- or MitoSOX Red-preloaded cells was measured using a Shimadzu
RF-5301PC spectrofluorophotometer, and results are expressed as arbitrary
units per number of viable cells. The following settings were used: for DCF-DA,
488 nm excitation and 522 emission; for MitoSOX Red, 510 nm excitation and
580 emission. DCF-DA fluorescence intensity was linearly proportional up to a
cell density of 5 X 10° cells per ml (data not shown).

Confocal imaging of mitochondria, ROS, and mitochondrial calcium. Cells
were placed in Lab-Tek chambered cover glass (Nalge Nunc, Rochester, NY)
with a chamber volume of 0.3 to 0.4 ml at 10 X 10% to 20 X 103 cells per chamber.
In order to analyze mitochondrial inner membrane potential, cells were incu-
bated for 30 min with 50 nM tetramethylrhodamine methyl ester (TMRM;
Sigma, St. Louis, MO) added directly to the cell culture medium. In control
experiments, dissipation of membrane potential was observed after the addition
of 5 wM antimycin A (Sigma, St. Louis, MO), 4 uM FCCP (carbonyl cyanide-
p-trifluoromethoxyphenyl-hydrazone; Sigma, St. Louis, MO), or 0.5 pM rote-
none (Sigma, St. Louis, MO) (data not shown). For colocalization studies of
mitochondria and ROS, cells were loaded with DCF-DA (20 pM) and TMRM
(50 nM) or with MitoTracker Green (0.2 pM; Molecular Probes, Eugene, OR)
and MitoSOX Red (5 wM). To analyze the level of mitochondrial matrix calcium,
[Ca®"],,, cells were preloaded with fluorescent Ca®*-specific probe Rhod-2 (5
wM; Molecular Probes, Eugene, OR) for 60 min. Rhod-2 has a net positive
charge allowing its specific accumulation in mitochondria. In separate experi-
ments, Rhod-2 fluorescence was also analyzed in the presence of trolox (1 mM),
different concentrations of N-acetylcysteine (NAC; Sigma, St. Louis, MO), thap-
sigargin (TG, 1.25 wM; Sigma, St. Louis, MO), ruthenium red (RR, 25 pM;
Sigma, St. Louis, MO), or BAPTA-AM [1,2-bis-(0-aminophenoxy)-ethane-
N,N,N',N'-tetraacetic acid, tetraacetoxymethyl ester; Molecular Probes, Eugene,
OR]. The digital images of TMRM, DCF-DA, MitoSOX Red, and Rhod-2
fluorescence were taken using an inverted confocal microscope (Leica DM
IRE2) with a 63X water immersion lens or with the microlens-enhanced Nipkow
disk-based confocal system UltraVIEW RS (Perkin Elmer, Wellesley, MA)
mounted on an Olympus IX-70 inverse microscope with a 40X water immersion
lens (Olympus, Nagano, Japan). Images were acquired with the UltraVIEW RS
software (Perkin Elmer, Wellesley, MA). The DCF-DA fluorescence was excited
with the 488-nm line of a laser for excitation and with 505 to 550 nm for emission.
TMRM, MitoSOX Red, and Rhod-2 fluorescences were measured using 543 nm
for excitation (helium-neon laser) and more than 580 nm for emission. In all
cases, quantitative measurements of the fluorescence signal (gray value) were
performed using inverted confocal images and Scion Image for Windows soft-
ware (Scion Corporation, NIH). Data from 30 to 60 cells were averaged after
background (no-cell area) fluorescence correction.

siRNA. Transfection of 32D cells was performed using the Amaxa nucleofector
kit V following manufacturer’s instructions. ON TARGETplus SMARTpool
small interfering RNA (siRNA) for mouse C-RAF and B-RAF as well as ON
TARGETplus SMARTpool duplex (7) directed against mouse C-RAF was ob-
tained from Dharmacon. The effect of siRNAs on endogenous B- and C-RAF
expression was confirmed by immunoblotting. For negative controls, we used
microarray-tested siCONTROL nontargeting siRNA 2 (Dharmacon), which ac-
cording to company information possesses at least four mismatches to any hu-
man, mouse, or rat gene.

Total RNA isolation. Ten million cells were incubated for 8 h in the presence
or absence of IL-3, collected by centrifugation, washed twice with PBS, and
resuspended in 1 ml of TRIzol reagent (Invitrogen, Carlsbad, CA), followed by
an incubation step at room temperature for 5 min. Then, 200 wl of chloroform
was added, and samples were vortexed thoroughly, incubated for 2 min at room
temperature, and then centrifuged at 12,000 X g for 5 min at 4°C. The upper
phase was transferred to a clean tube and an equal amount of 70% ethanol was
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added. Then, samples were transferred to RNeasy spin columns (Qiagen, Hilden,
Germany) and further processed according to the manufacturer’s protocol.

cDNA synthesis and real-time quantitative PCR. First-strand cDNA synthesis
was carried using an RT? first-strand kit (SuperArray Inc., Bethesda, MD)
following the manufacturer’s protocol. For cDNA synthesis, 4 pg of total RNA
was used. Real-time quantitative PCR was performed using RT? real-time SYBR
green-fluorescein PCR master mix according to the protocol provided on an iQ5
multicolor real-time PCR detection system (Bio-Rad), and primers were pur-
chased from SuperArray Inc. (Bethesda, MD). The amplification reactions were
performed in a final volume of 25 pl using 100 ng of DNA template per reaction.
Expression was normalized to a reference gene, the GAPDH gene. The following
PCR primers obtained from SuperArray Inc. (Bethesda, MD) were used: those
for Bel-x (PPM02920E), Bim (PPM03429E), Puma (PPM04997A), Cu/ZnSOD
(PPM03582A), thioredoxin (PPM35777A), glutathione peroxidase 1 (PPM04345E),
catalase-1 (PPM04394B), and GAPDH (PPM02946E).

Each RNA sample was assayed in triplicate and the results are presented as an
expression ratio of 32D-vRAF cells against wild-type 32D cells. Data analysis was
performed using the 27 *2C” method (C is for threshold cycle) (16). Melting
curve analysis and agarose gel electrophoresis were done for quality control.
Each experiment was repeated three times.

Data analysis. All data are presented as means * standard deviations. Statis-
tical analyses were performed by ¢ test or by using analysis of variance followed
by the post hoc test (Tukey multiple-comparisons test) for comparison between
individual groups. Significance was considered at a P value of <0.05.

RESULTS

Proapoptotic stimuli cause enhanced ROS production
which is prevented by activated C-RAF or IL-3. IL-3 with-
drawal readily induces apoptosis of 32D cells (4, 39). ROS
production in IL-3-deprived cells was monitored by loading
cells with the ROS-sensitive dye DCF-DA (20, 34, 46), and
changes in fluorescence were followed up by confocal micros-
copy (Fig. 1). These experiments demonstrated a substantially
increased production of ROS detectable at 8 h, with peak
levels observed around 15 h after growth factor removal. Only
moderate levels of ROS were detected in cells maintained in
the presence of IL-3 (Fig. 1A and B), suggesting the involve-
ment of IL-3 signaling. C-RAF and phosphatidylinositol (PI
3)-kinase/AKT both control survival and proliferation down-
stream of the IL-3 receptor (39). Expression of an oncogenic
mutant of C-RAF, vRAF, was sufficient to significantly delay
the onset of apoptosis following IL-3 removal (4). Using 32D
cells stably expressing VRAF, we showed that activated RAF
prevented the increase in ROS as efficiently as IL-3 (Fig. 1B).
This finding suggested that RAF signaling downstream of the
IL-3 receptor was critical for maintaining permissive ROS lev-
els. Similar to IL-3 withdrawal, VRAF also protected cells
against the dramatically increased ROS production following
exposure to staurosporine (STS), a commonly used cell death
inducer (Fig. 1B), or exposure to the directly oxidative stress-
inducing agent +-BHP (data not shown). The protective effect
of VRAF was identical to that of IL-3 (Fig. 1B). Notably, the
presence of the antioxidant NAC during STS treatment had
the same effect as the expression of activated C-RAF (Fig. 1B),
supporting the view that in both cases ROS are critical inter-
mediates. Identical results were obtained when MitoSOX Red,
a specific mitochondrial superoxide indicator, was used (Fig.
1C and D). Taken together, our data identified ROS as a
critical RAF-controlled intermediate in cell death induction.

Increased mitochondrial ROS production is linked to cell
death induction. Treatment of cells with the oxidative stress-
inducing agent -BHP raised cellular ROS levels (data not
shown) and significantly increased the fraction of apoptotic
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FIG. 1. Cell death induction results in enhanced ROS production which is suppressed by IL-3 or activated RAF. (A) Representative confocal
images of DCF-DA-loaded cells show that IL-3 deprivation of 32D cells (8 to 9 h) triggers release of ROS, as detected by a significant increase
of DCF-DA fluorescence (top), which is suppressed by activated C-RAF (VRAF) (bottom). (B) Summary of spectrofluorophotometric ROS
measurements (DCF-DA labeling experiments). In addition to its protective effect during IL-3 deprivation (15 h), vRAF protects against
STS-induced ROS production (STS concentration, 5 nM), which can also be inhibited by antioxidant NAC (20 mM). Symbols: *, significantly
different from 32D cells plus IL-3 (P < 0.001; n = 9); #, significantly different from vRAF cells (P < 0.01; n = 7 to 9); §, significantly different
from plus-IL-3 and VRAF groups (P < 0.01; n = 4). au, arbitrary units. (C) Representative confocal images of intracellular ROS in cells preloaded
with specific mitochondrial superoxide indicator MitoSOX Red (5 uM) demonstrate results of increased ROS levels and protective effects of VRAF
similar to those seen for DCF-DA (panel A). (D) Statistical analysis of MitoSOX Red fluorescence intensity. ROS probe MitoSOX Red confirms
results obtained with DCF-DA and suggests a mitochondrial origin of ROS. 32D and 32D-vRAF cells were deprived of IL-3 through extensive
washing and set up at a density of 0.5 X 10%ml. Then, 15 to 16 h later, cells were labeled with MitoSOX Red. The fluorescence signal was quantified
using Scion Image software as described in Materials and Methods. Symbols: *, significantly different from control (+IL-3); #, significantly
different from VRAF (—IL-3) (P < 0.001; n = 4 to 6).
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FIG. 3. ROS production in IL-3-deprived 32D cells occurs primarily at mitochondrial sites. (A) The mitochondrial membrane potential-
sensitive dye TMRM fully colocalized with the mitochondrial marker MitoTracker Green (top) but also with DCF-DA fluorescence (green)
(middle). Visualization of ROS by the superoxide-specific indicator MitoSOX Red (red) demonstrated colocalization with ROS as detected by
DCF-DA (DCF) (bottom). (B) Treatment with either of the mitochondrial uncouplers FCCP (5 nM) and DNP (2 wM) was associated with
significantly reduced ROS production (P < 0.05; n = 3), whereas the inhibitor of NADPH oxidase diphenyleneiodonium chloride (DPI) (1 M)
had no effect. au, arbitrary units. (C) Western blot analysis of MnSOD-transfected 32D cells shows elevated expression of MnSOD (left). MnSOD
overexpression significantly protects growth factor-deprived 32D cells from excessive ROS production as measured by DCF-DA (DCF) fluores-
cence (percent control 32D-plus-IL-3 cells [right]). Symbols: *%, P < 0.01; **%, P < 0.001 (n = 3). (D) MnSOD overexpression protects 32D cells

from cell death induced by IL-3 withdrawal or by STS (7.5 nM).

couplers (“mild” uncoupling) normally decreases mitochon-
drial ROS production (21). Incubation with low concentrations
of FCCP or DNP significantly reduced ROS production in
IL-3-deprived 32D cells, whereas the commonly used
NAD(P)H oxidase inhibitor diphenyleneiodonium chloride
had no effect on ROS levels (Fig. 3B), supporting a mitochon-
drial origin of ROS.

SODs convert superoxide radicals into hydrogen peroxide
(H,0,), which can be further transformed into the highly re-
active hydroxyl radical or into water and oxygen by catalase or
glutathione peroxidase (6). Introduction of an MnSOD expres-
sion plasmid in 32D cells resulted in only a moderate increase
in MnSOD levels but caused (i) a significantly reduced ROS
production as measured by DCF-DA fluorescence (Fig. 3C)
and (ii) a decrease in the number of apoptotic cells induced by
growth factor withdrawal or by STS (Fig. 3D). These experi-

ments further confirm the mitochondria as the source of ROS
and additionally confirm the critical role of ROS as a trigger of
apoptotic cell death. The antiapoptotic potential of overex-
pressed MnSOD in these cells was comparable to the effects of
activated RAF.

Apoptosis induced by growth factor withdrawal is associated
with increased mitochondrial Ca** levels. Mitochondrial Ca**
overload leads to apoptotic cell death and thus may constitute
a common end point for many apoptosis triggers (30). Using
Rhod-2 to monitor mitochondrial Ca?" levels, we demon-
strated that growth factor withdrawal resulted in a significant
increase of mitochondrial Ca*>* compared to what was seen for
nonstarved 32D cells (Fig. 4A). IL-3 or activated C-RAF again
prevented this change in mitochondrial Ca**. A short-term
treatment of 32D cells with H,O, (for up to 20 min) caused a
remarkable increase in mitochondrial Ca®" (Fig. 4A’), sug-
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FIG. 4. Mitochondrial Ca** is involved in ROS-induced cell death. (A and A’) Growth factor withdrawal results in a ROS-dependent increase
in mitochondrial Ca?*. Cells preloaded with specific probe Rhod-2 (5 M) were used to monitor mitochondrial Ca®" levels following IL-3
deprivation and under conditions of oxidative stress (H,O,) or STS-induced apoptosis. (A) Representative confocal images of Rhod-2 fluores-
cence. (A’) Summary of the quantitative analysis of Rhod-2 imaging. The significant increase in mitochondrial Ca®* after IL-3 withdrawal was
similar to the effects of STS treatment or direct oxidant H,O, (500 wM) and was markedly suppressed through activated RAF (32D-vRAF).
Symbols: *, significantly different from control 32D-plus-IL-3 cells (P < 0.001; n = 8); #, significantly different from 32D-vRAF, IL-3-deprived cells
(P < 0.001; n = 8); T, significantly different from control 32D-plus-IL-3 cells (P < 0.001; n = 4 to 8); %, significantly different from STS-treated
32D-vRAF cells (P < 0.05; n = 4); §, significantly different from control 32D-plus-IL-3 cells (P < 0.001; n = 5 to 8). (B) Increase in mitochondrial
Ca** (Rhod-2 fluorescence intensity) in IL-3-deprived 32D cells is significantly suppressed by antioxidants trolox (1 mM) and NAC (20 mM). ##
and **x, significantly different from IL-3-deprived 32D cells (P < 0.01 and P < 0.001, respectively). (C) Mitochondrial Ca*" affects cell viability.
TG treatment (1.25 uM) is associated with cell death in parental 32D cells but this was much less so for 32D cells protected by activated RAF.
In the presence of IL-3, we observed a decrease in cell viability by 13% in the case of 32D-vRAF cells and 17% for 32D cells (average from two
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gesting that the changes observed are linked to oxidative stress.
Again, the effect of H,O, was almost abolished in cells pro-
tected by VRAF (Fig. 4A"). As shown before for cell survival
and ROS, the presence of the antioxidants NAC or trolox
significantly reduced the mitochondrial Ca®" overload in
growth factor-starved cells (Fig. 4B). Taken together, these
findings suggest a sequence of events in which ROS production
is required for and most likely precedes the increase in mito-
chondrial Ca®" observed in this study.

RR blocks mitochondrial Ca?* uptake via inhibition of the
mitochondrial uniporter (42). As shown in Fig. 4C and D, RR
efficiently protected cells against apoptosis (Fig. 4C) and mi-
tochondrial Ca®" overload (Fig. 4D), demonstrating that mi-
tochondrial Ca*>" uptake mechanisms are involved. Again, un-
der conditions of IL-3 deprivation, RR and activated C-RAF
displayed very similar protective effects (Fig. 4C and D). More-
over, treatment with RR substantially prevented excessive
ROS production in our model (data not shown). A similar
effect, much less pronounced but still significant, was observed
when the intracellular Ca®>* chelator BAPTA-AM was used
(Fig. 4E). This treatment also lowered the cytoplasmic Ca*"
level, as shown by Fura Red labeling (data not shown).
BAPTA treatment also improved the viability of IL-3-deprived
cells (41.7% = 5.2% [control] versus 76.5% =+ 2.9% [BAPTA-
AM-treated cells]).

TG (35), a specific inhibitor of ER Ca**ATPase (2, 35),
blocks ER Ca®" uptake, thereby increasing cytosolic Ca*™,
which may cause concomitant mitochondrial Ca** overload
(33, 45). TG treatment of 32D cells elevated Ca®" levels in
mitochondria and increased the number of apoptotic cells (Fig.
4C and D). Again, these effects of TG were prevented by
activated C-RAF.

Requirement for RAF, MEK, and AKT in maintaining ROS
and Ca** homeostasis by IL-3. To get a more general under-
standing regarding the role of RAF signaling in the control of
mitochondrial events, we also analyzed the effect of interfering
with RAF signaling in parental 32D cells growing in the pres-
ence of IL-3. To this end, we used two different approaches:
inhibition with the RAF-specific inhibitor BAY43-9006 and
conditional knockdown using siRNA targeting RAF. 32D cells
growing in IL-3 were incubated for 48 h with the RAF inhibitor
and then analyzed for changes in ROS and Ca®*. The presence
of 15 pM BAY43-9006 resulted in increased production of
ROS and elevated mitochondrial Ca*>* levels (Fig. 5A). A
similar effect was observed with the MEK inhibitor U0126,
suggesting a MEK requirement downstream of RAF. We have
shown previously that the PI 3-kinase inhibitor LY294002 had
the same effect on proliferation and survival of 32D cells as
U0126 (39). Blocking PI 3-kinase activity also resulted in en-
hanced mitochondrial ROS production (Fig. 5A), suggesting
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that mitochondrial alterations occurring in IL-3-starved 32D
cells are also controlled by this pathway.

We next tested the effect of conditionally knocking down
RAF in 32D cells growing in IL-3. Since both C- and B-RAF
are expressed in 32D cells and have been implicated in the
propagation of mitogenic and survival signals (43), we inde-
pendently targeted them (Fig. 5B, inset). Ablation of both
C-RAF and B-RAF resulted in ROS production, together with
increased mitochondrial Ca?" levels, with B-RAF inhibition
showing a more pronounced effect (Fig. 5B). These data con-
firm that RAF kinases are also involved in mitochondrial con-
trol during normal growth factor signaling and point to a role
for B-RAF in this process.

As reported earlier (39), the survival activity of VRAF in 32D
cells was severely compromised by inhibiting MEK or PI 3-ki-
nase activity. In agreement with the postulated role of ROS
and Ca®" in the induction of apoptosis in these cells, these
inhibitors also caused an increase in mitochondrial ROS and
Ca?" levels (Fig. 5C). The effect of inhibiting MEK in 32D-
VRAF cells deprived of IL-3 was comparable to that of inhib-
iting RAF, demonstrating again the critical role of this effector.
This was also directly addressed by analyzing cells expressing
constitutively active MEK, as described before (39). As shown
in Fig. 6, MEK efficiently suppressed mitochondrial changes in
ROS and Ca" in the absence of growth factor with a potency
similar to that of vRAF.

We have previously identified the requirement of AKT
downstream of PI 3-kinase in mediating cell survival in these
cells (39). We thus also examined 32D cells expressing acti-
vated AKT (Fig. 6B) for the effect on ROS production and
mitochondrial Ca®* levels and again observed a protective
effect (Fig. 6A). We also have shown in the past that oncogenic
RAF was able to protect Bcl-2-deficient cells, while Bcl-2 sim-
ilarly protected cells lacking C-RAF from apoptosis (44). We
therefore also tested Bcl-2 and found that Bcl-2 also controlled
mitochondrial ROS and Ca®" (Fig. 6). These data suggest that
major prosurvival pathways are able to control mitochondrial
Ca®* and ROS homeostasis, supporting the critical role of
these second messengers in regulating life/death decisions.

To exclude the possibility that the RAF effects observed
here with stably transfected cell lines require additional
changes, we generated 32D cells expressing a hormone-regu-
lated version of activated RAF described previously (10, 11).
Like VRAF, this mutant of RAF possesses transformation po-
tential and efficiently activates ERK1/2 (10, 11). In our exper-
iments, it demonstrated ERK1/2 activation (Fig. 5D) and sur-
vival potential (24-h survival in the absence of IL-3; 29.6% *
0.7% [without OHT] versus 68.1% = 2.6% [with OHT]). As
shown in Fig. 5D, conditional activation of RAF was sufficient

experiments). (D) TG (1.25 uM) causes mitochondrial Ca>" overload, which is suppressed by activated RAF. RR (50 uM) prevented Ca®"
overload, also displaying clear prosurvival activity (panel C). Symbols: ##%*, significantly different from IL-3-deprived 32D cells (P < 0.001, n =
4); #, significantly different from the 32D-plus-TG cell group (P < 0.05; n = 4 or 5). (E) BAPTA-AM (10 uM), an intracellular calcium chelator,
diminishes the increase in mitochondrial ROS and Ca®* caused by growth factor deprivation. Cells incubated for 16 h in the presence of
BAPTA-AM or dimethyl sulfoxide (DMSO; vehicle) were preloaded with specific probe MitoSOX Red (5 M) or Rhod-2 (5 uM) and used to
monitor mitochondrial ROS or Ca®" levels, respectively. * and **, significantly different from the IL-3-deprived sample (P < 0.05 and P < 0.001,

respectively; n = 3).
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FIG. 5. Requirement of RAF kinases in maintaining ROS and Ca*>" homeostasis. ROS and Ca®" analyses were performed loading cells with
specific probes MitoSOX Red (5 pM) and Rhod-2 (5 uM), respectively. (A) Inhibition of PI 3-kinase, MEK, and RAF increases mitochondrial
ROS and Ca?* levels in 32D cells growing in the presence of IL-3. Cells were incubated with specific inhibitors LY294002 (25 uM), UO126 (25
uM), and BAY43-9006 (15 wM) for PI 3-kinase, MEK, and RAF, respectively, or with DMSO (vehicle) for 48 h and then analyzed for
mitochondrial ROS and Ca®" levels. (B) RAF knockdown with siRNA in 32D cells growing in the presence of IL-3 significantly augments ROS
and Ca®" levels. 32D cells were transfected with control siRNA, C-RAF duplex 7 siRNA, C-RAF pool siRNA, and B-RAF pool siRNA (lanes 1,
2, 3, and 4, respectively, in the immunoblot) as described in Materials and Methods. Cells were analyzed for protein expression and ROS and Ca®*
levels 48 h after transfection. * and *#, significantly different from siRNA control sample (P < 0.05 and P < 0.01, respectively; n = 3).
(C) Inhibition of MEK or RAF remarkably increases mitochondrial ROS and Ca** levels in 32D-vRAF cells deprived of IL-3. Inhibition of PI
3-kinase also causes a less pronounced increase. Cells were incubated with the specific inhibitors LY294002 (25 pM), UO126 (25 pM), and
BAY43-9006 (15 wM) for PI 3-kinase, MEK, and RAF, respectively, or with DMSO (vehicle) for 16 h and then analyzed for mitochondrial ROS
and Ca*" levels. (D) Induction of RAF protects IL-3-deprived 32D cells from elevation of mitochondrial ROS and Ca**. 32D-BXB-ER cells were
grown in the absence or presence of OHT (200 nM) for 40 h and during the subsequent 16 h kept with or without IL-3 and then analyzed for ROS
and Ca®". x, significantly different from cells cultured without OHT (P < 0.05; n = 3 or 4). (Inset) parental 32D cells or 32D-BXB-ER cells were
grown in the presence or absence of IL-3 for 8 h and during this time either were left untreated or were incubated with OHT (200 nM) and
afterward were analyzed for phosphorylation of ERK1/2 and the expression of total ERK1/2 and C-RAF.

to prevent alterations in mitochondrial ROS and Ca*™ elicited
through IL-3 withdrawal.

Role of Bcl-2 family proteins and antioxidant systems in the
mediation of mitochondrial control by RAF. To address the
possibility that the effects of RAF are mediated via Bcl-2 fam-
ily members (31) or the upregulation of enzyme systems in-
volved in the detoxification of ROS (9), real-time quantitative
PCR and immunoblotting were performed. The data from
these experiments are summarized in Table 1 and Fig. 7. For
expression analysis, we compared 32D cells to 32D-vRAF cells
following an 8-h starvation to avoid signaling induced by

growth factors. Of the representatives of the Bcl-2 family and
of the major antioxidant systems analyzed, none showed any
striking changes in expression levels between parental 32D
cells and vRAF-expressing cells.

DISCUSSION

Here we identified ROS as essential intermediates which
turned the prolonged lack of growth factor into an apoptotic
stimulus that could be suppressed by wild-type and activated
RAF. Our data also suggested mitochondrial Ca*>* overload as
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FIG. 6. Expression of activated AKT; MEK or Bcl-2 protects IL-3-deprived 32D cells from elevation of mitochondrial ROS and Ca*™. (A) Cells
were deprived of IL-3 through extensive washing and 15 to 16 h later were labeled with MitoSOX Red or Rhod-2. * and **, significantly different
from corresponding vector values (P < 0.05 and P < 0.01, respectively; n = 3). (B). 32D Bcl-2, AKT, MEK, and vRAF cells and the corresponding
vector cells (G [GAPDH]) were washed two times with PBS and directly lysed in Laemmli buffer and processed for immunoblotting as described

in Materials and Methods.

a possible mechanism which turned the generation of ROS
into cell death (Fig. 8). A central role for ROS in cell death
induction is increasingly substantiated by work with different
cell models and for various modes of cell death induction,
including apoptosis caused by tumor necrosis factor alpha (8)
or by serum deprivation from various human and murine cells
and cell lines (27) and pancreatic B-cells (18). Various ap-
proaches were used in our study to confirm the critical involve-
ment of ROS in 32D cell death. The presence of the radical
scavenger NAC during the starvation of 32D cells resulted in
prolonged survival, whereas cell death was enhanced through
the addition of the direct prooxidant r~-BHP or the apoptosis
inducer STS (Fig. 2). Finally, MnSOD overexpression in 32D
cells efficiently protected cells against ROS-induced cell death.
Immunoblotting established the expression of MnSOD in pa-
rental 32D cells, which was further increased in transfected
cells (Fig. 3C and D). The degree of protection offered by
increasing MnSOD expression equaled the effects of vRAF or
Bcl-2 (1, 4). One possible explanation for our observation is
the transcriptional upregulation of protective factors in the
cells expressing oncogenic RAF. While certainly limited, our
data do not point to an increased expression of antioxidant

TABLE 1. Relative quantification of real-time quantitative PCR
results by the 27247 method®

Expression
Gene (fold cl?ange + SD)

Bcl-x 2.14 = 1.65
Bim 1.21 = 0.67
Puma 1.21 =0.32
Cu/ZnSOD 0.83 = 0.37
Thioredoxin 1 248 0.7
Glutathione peroxidase 1 0.99 = 0.34
Catalase 1.5+1.1

“ Data are shown as the change in gene expression by 32D-vRAF cells against
that by 32D cells. AC; values were obtained by normalization of data to the
GAPDH reference gene.

systems in these cells (Fig. 7; Table 1). Also, the total specific
activity levels of catalase were identical in parental and 32D-
VRAF cells (data not shown). We also failed to detect any
direct effect of VRAF on the expression of various Bcl-2 family
members (Fig. 7; Table 1), which are critically involved in the
mitochondrial pathway of cell death induction (31).
Theoretically, RAF also may regulate ROS levels by target-
ing the mitochondrial sites and enzyme systems, where ROS
production predominantly occurs (13). The tyrosine kinase
SRC, which has been implicated in signaling upstream of C-
RAF (5, 36), can phosphorylate and activate cytochrome c
oxidase, the terminal enzyme in the mitochondrial respiratory
chain that catalyzes the reduction of O, to H,O (22). The effect
on ROS production has not been analyzed in this context, but
reduced cytochrome ¢ oxidase activity as a result of genetically
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FIG. 7. Effect of oncogenic RAF on the expression of Bcl-2 and
antioxidant proteins. 32D and 32D-vRAF cells were incubated with or
without IL-3 for 8 h and then washed two times with PBS, directly lysed
in Laemmli buffer, and processed for immunoblotting as described in
Materials and Methods. Lanes: 1, 32D minus IL-3; 2, 32D plus IL-3; 3,
32D-vRAF minus IL-3; 4, 32D-vRAF plus IL-3.



2312 KUZNETSOV ET AL.

apoptosis

ERK

FIG. 8. Mitochondrial events controlled by RAF signaling. Apop-
tosis of 32D cells induced through the removal of the essential growth
and survival factor IL-3 is preceded by an increase in mitochondrial
ROS production. This in turn translates into significantly elevated
mitochondrial Ca?* levels, which may directly trigger cell death. An
increase in mitochondrial Ca®>" also may function as a stimulator of
ROS production. Changes in mitochondrial Ca** and ROS levels are
prevented by IL-3, antioxidants, or VRAF. mito, mitochondrion. C-
RAF*, activated C-RAF.

caused dysfunction (26) or inhibitory phosphorylation by pro-
tein kinase A has been correlated with vastly increased ROS
production (28). Data presented here do not support the re-
quirement for the physical presence of RAF at the mitochon-
dria to regulate ROS and Ca®* levels but rather point to the
critical involvement of the RAF effector MEK (Fig. 5C and 6).

A critical link between apoptotic cell death and mitochon-
drial Ca** overload has been worked out in the past (30), and
cross talk between ROS and Ca*>* may occur at many levels (3,
41). Multiple effects of ROS on intracellular targets have been
reported. ROS can directly damage lipids, protein, and DNA,
and equally important may be their role in redox signaling (6,
7). Our own experiments suggest that mitochondrial Ca®" lev-
els as well are subject to regulation by ROS and that mito-
chondrial Ca*" overload may represent the end point in ROS-
induced cell killing. Such a mechanism has been observed
previously for H,O,-induced apoptosis of mouse embryonic
fibroblasts (33) or for ROS generated in endothelial cells dur-
ing ischemia and reperfusion (17). Cellular uptake and shut-
tling of Ca®>" between intracellular stores and the mitochon-
dria are the critical processes regulating Ca®" signaling.
Disturbances in these processes can result in cell death. Un-
physiologically high matrix Ca®* levels lead to mitochondrial
swelling and rupture and permeability transition in the mito-
chondrial membrane, resulting in the release of factors into the
cytoplasm which are required for caspase activation. Mecha-
nisms which provide a mechanistic insight into how ROS may
lead to the upregulation of mitochondrial Ca?* have been
shown in the past (3). The alterations described above require
Ca®* fluxes which are regulated, e.g., through the activity of
membrane channels and pumps, which themselves may be af-
fected by ROS (41). Release of Ca?*, in particular from the
ER, also has been shown to be subject to regulation by Bcl-2
family members (33). It thus may turn out that the ER-mito-
chondrion interface provides a critical convergence point for
pro- and antiapoptotic signaling.

The data obtained in our study are most consistent with a
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mitochondrial origin of ROS (Fig. 3A and B). They also point
to a sequence of events in which ROS production precedes the
increase of mitochondrial Ca** levels (Fig. 8), while much
evidence has been presented for the regulation of intracellular
ROS by Ca** (3). The experimental approach used here, how-
ever, does not allow for resolution of the complete sequence of
events. It is possible that small changes in mitochondrial Ca**
trigger the sequence of events which increase mitochondrial
ROS production, which in turn may amplify mitochondrial
Ca?" uptake, thereby triggering a positive-feedback loop.

One main remaining question concerns the mechanisms by
which RAF links to the mitochondrial effects described here.
Evidence has been provided in the past suggesting that C-RAF
may localize to the outer mitochondrial membrane (40). How-
ever, our previous work with 32D cells expressing oncogenic
RAF demonstrated a requirement for MEK and AKT down-
stream of RAF for survival signaling (39). The existence of
such a survival pathway has been confirmed independently for
epithelial cells (32). In our current analyses, we also have
included MEK and demonstrated through the use of a specific
MEK inhibitor as well as a constitutively active MEK mutant
that this kinase potently represses changes in mitochondrial
ROS and Ca** occurring after IL-3 withdrawal (Fig. 5A and C
and 6A). We thus postulate that MEK constitutes an essential
effector for RAF in this process. The involvement of RAF and
MEK can also be demonstrated for 32D cells growing in IL-3
through the use of specific inhibitors and, in the case of C- and
B-RAF, also through conditional knockdown of the proteins
(Fig. 5A and B). For B-RAF, which was as efficient as C-RAF,
evidence for the requirement of mitochondrial localization for
survival is missing, and experiments using mitochondrion-tar-
geted active RAF failed to demonstrate the activation of MEK/
ERK (40). Taken together, our findings are most consistent
with the requirement of a cytoplasmic RAF-MEK-ERK sig-
naling module for survival signaling by wild-type as well as
activated RAF kinases.

RAF shares the ability to suppress mitochondrial alterations
with AKT (Fig. 6A). Recently, it has been shown that activa-
tion of glycogen synthase kinase-3 following the cessation of
signal flow through the IL-3 receptor, PI 3-kinase, and AKT
resulted in the phosphorylation of the antiapoptotic protein
Mcl-1, which targeted it for ubiquitination and subsequent
degradation followed by mitochondrial translocation of BAX/
BAK (19). This work thus establishes a link between the IL-3
receptor and the permeabilization of the mitochondrial mem-
brane, with a similar critical function in life/death decisions, as
shown for mitochondrially produced ROS here. A connection
between oncogenic RAF and AKT activation has been estab-
lished for these cells before (39), and here we show that AKT
is also involved in controlling mitochondrial ROS and Ca*"
levels (Fig. 5SA and C and 6A), while Mcl-1 is degraded in
vRAF-expressing cells (J. Smigelskaite, S. Scheidl, and J.
Troppmair, unpublished data). Further experiments will thus
dissect the cooperation of RAF signaling with other prosur-
vival molecules to control life/death decisions at the mitochon-
dria.
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