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Abstract
Ras activation is frequently observed in multiple myeloma
either by mutation or through interleukin-6 receptor
signaling. Recently, drugs designed to inhibit Ras have
shown promise in preclinical myeloma models and in
clinical trials. In this report, we characterize the pathways
by which the clinically tested farnesyl transferase inhibitor
(FTI) R115777 induces apoptosis in multiple myeloma
cells. Contrary to the proposed mechanistic action of FTIs,
we found that R115777 induces cell death despite Ras
prenylation implying participation of Ras-independent
mechanism(s). Apoptosis proceeded via an intrinsic cascade and was associated with an increase in the expression
and activity of Bax. Bax activation correlated with a loss of
mitochondrial membrane integrity and activation of the
endoplasmic reticulum (ER) stress response. These pathways activate caspase-9 and consistent with this, cell
death was prevented by caspase-9 blockade. Interestingly,
cells overexpressing Bcl-XL remained partially sensitive to
R115777 despite suppression of mitochondrial membrane
dysfunction and ER-related stress. Taken together, these
results indicate that R115777 induces apoptosis in a
Ras-independent fashion via multiple intrinsic pathways.
[Mol Cancer Ther. 2004;3(2):179 – 186]

Introduction
Multiple myeloma is an incurable plasma cell malignancy
in which Ras activation is frequently observed either
secondary to ras mutations (1, 2) or through interleukin-6
receptor signaling (3). Since Ras activation has been linked
to myeloma cell growth (3) and Ras signaling may also
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contribute to myeloma cell survival (4), we and others have
tested the efficacy of several classes of farnesyl transferase
inhibitors (FTIs) in multiple myeloma models. Initial
preclinical investigations revealed that FTIs could effectively induce growth arrest and cell death in diverse
myeloma cell lines regardless of Ras mutation status,
P-glycoprotein overexpression, or chemotherapy and steroid resistance (5 – 7). More importantly, in primary
myeloma isolates, FTIs induced cell death with relative
sparing of host mononuclear cells (5, 6). A phase II clinical
trial testing the efficacy of R115777 has recently been
completed in myeloma patients with refractory disease and
the results indicate that the majority achieve at least disease
stabilization (8). Taken together, these observations imply
that FTIs may serve as a useful therapeutic strategy in
multiple myeloma and further understanding of their
molecular targets and mechanisms of action are warranted.
Previously we reported that the FTI perillic acid inhibits
Ras farnesylation and induces cell death via an intrinsic
cascade in myeloma cell lines (5). To further advance on
these observations, we tested the clinically promising and
pharmacologically superior molecule R115777. Similar to
perillic acid, R115777 induced cell death via intrinsic
pathways. However, growth arrest and cell death occurred
despite Ras prenylation implying a Ras-independent
mechanism(s) of cell death. This report delineates several
of the involved pathways.

Materials and Methods
Cell Lines, Antibodies, and Reagents
The U266 cell line was obtained from the American Type
Culture Collection (Manassas, VA) and the U266 Bcl-XL line
was kindly donated by William S. Dalton (Moffitt Cancer
Center, Tampa, FL). U266 lines were maintained in RPMI
1640 supplemented with 2 mM L-glutamine, 15% fetal
bovine serum, 25 mM HEPES (pH 7.4), and 50 Ag/ml
gentamicin (culture reagents from Life Technologies, Inc.,
Grand Island, NY). FL5.12 lines were maintained in RPMI
1640 supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 20 mM HEPES (pH 7.4), WEHI-3B supernatant
(source of interleukin-3), penicillin and streptomycin, and
1 mg/ml G418 (culture reagents from Life Technologies).
Antibodies were purchased from the following vendors:
anti-pan Ras (Oncogene Research Products, Boston,
MA); anti-Bcl-2 (Dako Corporation, Carpinteria, CA); antiBcl-XL, anti-Mcl-1, anti-Bak, anti-Bax, and anti-GADD153
(Santa Cruz Biotechnology Inc., Santa Cruz, CA);
anti-h-actin (Sigma Chemical, St. Louis, MO); anti-cytochrome c (Biovision, Palo Alto, CA); anti-Smac (Upstate
Biotechnology, Lake Placid, NY); anti-cytochrome oxidase
subunit IV (Molecular Probes, Eugene, OR); and
anti-BiP/GRP78 (BD PharMingen, San Diego, CA).
Annexin-V FITC, propidium iodide (PI), 500X protease
inhibitor cocktail, and z-LEHD-fmk were obtained from
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Biovision. Tetramethylrhodamine ethyl ester (TMRE) was
purchased from Molecular Probes and U0126 from Promega (Madison, WI). R115777 was kindly provided by David
End (Johnson & Johnson Pharmaceutical Research and
Development, LLC, Titusville, NJ) and was dissolved in
DMSO (Sigma) with sonication for 10 min at room
temperature before its use. Melphalan was purchased from
Sigma and tunicamycin was obtained from Calbiochem
(San Diego, CA).
Analysis of Cell Cycle, Cell Death, and Mitochondrial
Membrane Potential
U266 and U266 Bcl-XL lines were plated at 5  105
cells/ml for the desired time periods in the presence of
0.4% DMSO containing medium (control medium) or
R115777. Cell cycle analysis along with quantitative and
qualitative analysis of apoptotic and live cells was
performed by flow cytometry as previously described (5).
Otherwise 20,000 events were analyzed to determine the
percentage of annexin-V FITC and PI-positive cells. Evaluation of mitochondrial membrane potential was performed using TMRE staining as described previously (9).
Isolation of Cytoplasmic and Mitochondrial Fractions
Isolation of cytoplasmic and mitochondrial fractions was
performed according to Khaled et al. (10). Briefly, U266 and
U266 Bcl-XL cells were plated at 5  105 cells/ml for 72 h in
the presence of control media or R115777. Cells (5  107)
were harvested, washed with PBS, and then pellets were
resuspended in 500 Al of isotonic buffer [200 mM mannitol,
70 mM sucrose, 1 mM EDTA, 10 mM HEPES (pH 6.8), 1
protease inhibitor cocktail]. Samples were incubated on ice
for 10 min and homogenized by douncing with a tight
pestle. Cellular debris was removed by centrifugation at
3500 rpm in an Eppendorf centrifuge and supernatants
were collected and spun at 12,000 rpm to recover the
cytoplasmic fraction (supernatant). The mitochondrial
pellet was washed once with isotonic buffer and then
resuspended and solubilized in 100 Al of RIPA lysis buffer
(1 PBS, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS,
1 protease inhibitor cocktail).
Western Blotting
U266 and U266 Bcl-XL cell lysates were harvested after
the indicated treatments and evaluated by Western blotting
as previously described (5). For Western blotting of
cytoplasmic and mitochondrial fractions, protein concentrations from isolated cellular fractions were determined
using the Bio-Rad DC protein assay kit (Bio-Rad, Hercules,
CA). Equal amounts of cytoplasmic and mitochondrial
protein (100 Ag) were then evaluated by Western blotting as
referenced above. Densitometric quantitation of bands was
performed using Alpha Ease FC software.
Flow Cytometric Detection of Bax Activation
Cell staining for Bax activation was performed according
to Bellosillo et al. (11). Briefly, U266 cells were plated at
5  105 cells/ml for 72 h in the presence of increasing
concentrations of R115777 or control media. Samples were
harvested for staining with annexin-V FITC and PI as
described above and aliquots of 1  106 cells were fixed and
permeabilized using the Cytofix/Cytoperm kit (BD Phar-

Mingen) as per the manufacturer’s instructions. Samples
were then stained with the anti-Bax antibody YTH-6A7
(Trevigen, Gaithersburg, MD) at 0.125 Ag/l for 20 min
at room temperature, washed twice in 1 Perm/Wash
buffer before staining with a phycoerythrin (PE)conjugated goat anti-mouse antibody (Dako) at 1:20 dilution. After 20 min at room temperature, samples were
washed as above and analyzed in a FACScan flow
cytometer (Becton Dickinson, San Jose, CA).
Statistical Analysis
Statistical data are expressed as mean F SD using
descriptive statistics.

Results
R115777 Induces Growth Arrest and Cell Death
Despite Ras Prenylation
Previously, we observed that the nonselective FTI perillic
acid [which inhibits both farnesyl transferase (FTase) and
geranylgeranyl transferase I (GGTase I)] inhibits Ras
prenylation and triggers G1 growth arrest and cell death
in multiple myeloma lines (5). Similarly, our laboratory and
others have noted that the more selective FTI R115777
(which inhibits mainly FTase) also induces growth arrest
and cell death in myeloma lines and primary isolates (5, 6).
In contrast to our results with perillic acid, however,
treatment of U266 cells with R115777 was associated with
an accumulation of cells in the late S phase of the cell cycle
(Fig. 1A). As noted above, R115777 also efficiently induced
cell death as determined by annexin-V FITC staining
(Fig. 1B). To address the similarities and differences
between perillic acid and R115777, the status of Ras
farnesylation was determined. Unlike our observations
with perillic acid, R115777 did not inhibit Ras prenylation
(Fig. 1C). This led us to resolve whether U266 cell survival
required Ras-MAP kinase signaling. Treatment of U266
cells with the selective MEK inhibitor U0126 resulted in
decreased proliferation (Fig. 1D, see viable cell number);
however, there was no appreciable evidence of apoptosis as
per morphological evaluation (data not shown) or by
annexin-V FITC and PI staining (Fig. 1D, see % viability).
Taken together, these observations imply that R115777
targets survival pathways that are independent of Ras in
multiple myeloma cells.
Inhibition of Caspase-9 Activity Blocks R115777Induced Apoptosis
Caspase-9 is an important regulator of apoptosis
whereby its activity is known to increase in response to
mitochondrial membrane dysfunction (12) and endoplasmic reticulum (ER)-related stress (13). To functionally
determine if cell death induced by R115777 involved
caspase-9 activation, we investigated a pro B lymphocyte
cell line (FL5.12) that ectopically expresses dominantnegative caspase-9 (DN-C9).4 Treatment with increasing
concentrations of R115777 resulted in a dose-dependent

4
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Figure 1. Growth arrest and cell
death induced by R115777 occur
without alterations in Ras prenylation. A, U266 cells were maintained
with control media or 5 AM R115777
for 48 h to encompass one doubling
time. Cells were then fixed and
stained with PI for cell cycle analysis
by flow cytometry. Forward scatter
and side scatter gating was on viable
cells only. B, U266 cells were maintained with either control media or
5 AM R115777 for 72 h. Cells were
harvested and stained with annexin-V
FITC for analysis by flow cytometry.
C, U266 cells were maintained as in B
and harvested lysates were analyzed
by Western blotting using the indicated antibodies. U266 cells express
the N-Ras isoform (7). D, U266 cells
were treated with either control media
or the indicated concentrations of the
MEK inhibitor U0126 for 72 h. After
annexin-V FITC and PI staining, the
absolute number and percentage of
viable cells was determined as described in Materials and Methods. The
data presented in A – D are from
three independent experiments.

decrease in cell growth in both the control (neomycin
vector) and DN-C9-expressing line (Fig. 2A), see viable
cell number). As seen in U266 cells (Fig. 1A), growth
inhibition was associated with cell cycle arrest (Fig. 2B).
Evaluation of cell death, however, revealed that cells
ectopically expressing DN-C9 were protected (Fig. 2A, see
% viable). To determine whether cell death was associated
with caspase-9 activation in our myeloma model, U266

cells were treated with 5 AM R115777 in the absence or
presence of the caspase-9 inhibitor z-LEHD-fmk. Compared to cells treated with R115777 alone, increasing
concentrations of the caspase-9 inhibitor resulted in a
dose-dependent increase in the number of live cells and a
reciprocal decrease in cell death (Fig. 2C). These results
imply that death induced by R115777 requires caspase-9
activity.

Figure 2. Blockade of caspase-9
activity prevents R115777-induced
apoptosis. A, FL5.12 cells harboring either a neomycin control vector
(Neo control) or ectopically expressing dominant-negative caspase-9
(DN caspase-9) were treated with
either control media or increasing
concentrations of R115777 for
48 h. The viable cell number and
percentage of viable cells were determined by flow cytometry as
described in Materials and Methods.
B, the FL5.12 control line (Neo) and
dominant-negative caspase-9expressing line (DN caspase-9)
were treated with control media or
1 AM R115777 for 48 h. Cell cycle
analysis of viable cells was determined by PI staining as described in
Materials and Methods. C, U266
cells were treated with either control
media or 5 AM R115777 for 48 h in
the absence or presence of increasing concentrations of the caspase-9
inhibitor z-LEHD-fmk. Histograms,
annexin-V FITC-stained cells. The
results of A– C are from two independent experiments.
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R115777 Activates an Intrinsic Cascade That Promotes the Loss of Mitochondrial Membrane Integrity
Perillic acid induces apoptosis in U266 cells independent
of death receptor signaling and activation of caspase-8 (5).
Similarly, R115777 induced cell death in the presence of a
caspase-8 inhibitor (z-IETD-fmk, data not shown) under
conditions that we found abolishes death receptor-mediated apoptosis (5). These results imply that R115777 triggers
apoptosis via an intrinsic cascade. Intrinsic cell death can be
initiated via mitochondrial membrane dysfunction whereby leakage of mitochondrial proteins including cytochrome
c and Smac can result in caspase-9 activation (12). Indeed,
we observed that treatment with R115777 was associated
with mitochondrial membrane depolarization (Fig. 3A).
Furthermore, an increase of cytochrome c and Smac was
detected in cytoplasmic fractions with a reciprocal decrease
from mitochondrial fractions under standardized conditions using h-actin (cytoplasmic fraction) and cytochrome
oxidase IV (mitochondrial fraction) as controls (Fig. 3B)
(10). These results indicate that cell death induced by
R115777 involves alterations in mitochondrial membrane
integrity and release of proapoptotic molecules.
R115777 Increases the Expression and Activity of Bax
Antiapoptotic proteins including Mcl-1, Bcl-XL, and Bcl-2
serve to stabilize mitochondrial membrane integrity (12)
and are frequently overexpressed in multiple myeloma
(14 – 20). Therefore, we investigated whether treatment with

Figure 3. Treatment with R115777 is associated with mitochondrial
membrane depolarization and release of cytochrome c and Smac. A, U266
cells were maintained with control media or 5 AM R115777 for 72 h. Cells
were stained with TMRE to monitor mitochondrial membrane potential
(histograms ). Percent cell death was determined by annexin-V FITC
staining. B, U266 cells were treated as in A and cytoplasmic (cytoplasm )
and mitochondrial (mitochondria ) fractions were analyzed by Western
blotting using the indicated antibodies at the time of maximal mitochondrial membrane dysfunction (72 h). Cytochrome oxidase IV was not
detected in cytoplasmic fractions (data not shown). cyto C, cytochrome c ;
cyto ox IV, cytochrome oxidase IV. The data presented in A and B are from
two independent experiments.

R115777 was associated with a decline in their expression.
Western blotting revealed no decrease in the expression of
these Bcl-2 family members (Fig. 4A). To address an
alternate trigger for mitochondrial membrane dysfunction,
we also evaluated the proapoptotic proteins Bak and Bax
(21). There was no significant change in the expression of
Bak (as compared to h-actin by densitometry); however,
Bax expression increased in a dose-dependent fashion with
a 2.6-fold increase at the 4-AM dose (Fig. 4B). Because an
increase in the expression of Bax is not necessarily related
to an increase in Bax activity, its activation was determined
using an antibody that recognizes only its active conformation (11). As R115777 induced a dose-dependent increase in cell death (Fig. 5A), a parallel increase in Bax
activation was detected (Fig. 5B, see 10 + 20) when
compared to background for the secondary antibody
(Fig. 5B, see 20 only). These results imply that R115777
triggers loss of mitochondrial membrane integrity by
increasing the expression and activity of Bax.
Intrinsic Cell Death Induced by R115777 Involves
Pathways That Are Independent of MitochondriaMediated Apoptosis
The activation of Bax coupled with loss of mitochondrial
membrane integrity suggested that the mitochondria play
an essential role in R115777-induced apoptosis (22). To
address this, we evaluated the U266 Bcl-XL line that
ectopically overexpresses Bcl-XL (5, 7). Treatment of U266
Bcl-XL cells with R115777 resulted in mitochondrial
membrane depolarization and apoptosis as determined
by TMRE and annexin-V FITC staining (Fig. 6A). To
identify whether the loss of mitochondrial membrane
potential was associated with an alteration in the localization of Bcl-XL, cytoplasmic and mitochondrial fractions
were tested for their Bcl-XL content. A shift of Bcl-XL from
cytoplasmic to mitochondrial fractions was noted (Fig. 6B)
consistent with prior observations in thymocytes where
apoptosis resulted in redistribution of Bcl-XL to membrane
fractions (23). Compatible with the ability of Bcl-XL to
prevent the release of mitochondrial proteins, we observed
that neither cytochrome c nor Smac was released (Fig. 6B).
These results indicate that cell death induced by R115777
also involves additional intrinsic pathways that may
cooperate with but are independent of mitochondriamediated apoptosis.
The ER stress response (unfolded protein response) has
been shown to activate caspase-9 directly independent of
the release of mitochondrial proteins (13). Because potential targets of FTIs may be localized to the ER, we evaluated U266 cells for evidence of ER-related stress. This was
accomplished by monitoring the expression of GRP78, an
ER chaperon protein the expression of which increases on
triggering of the ER stress response (24, 25). Treatment of
U266 cells with increasing concentrations of R115777
resulted in a dose-dependent increase in GRP78 protein
levels with a 3.6-fold increase noted at the 15-AM dose
(Fig. 7A). Similarly, the expression of another ER stressrelated protein, GADD153 (26), was also increased although to a lesser extent than that induced by the
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Figure 4. Expression of antiapoptotic and proapoptotic proteins after
treatment with R115777. U266 cells were treated with control media or
increasing concentrations of R115777 for 72 h and cell lysates were
analyzed by Western blotting for expression of antiapoptotic proteins (A)
or proapoptotic proteins (B). The data presented in A and B are from three
independent experiments.

ER stressor tunicamycin (Fig. 7B). Treatment of U266 cells
with the alkylating agent melphalan did not result in an
increase in GADD153 expression (Fig. 7B). Interestingly,
both GRP78 and GADD153 did not significantly increase
when Bcl-XL was overexpressed, suggesting that Bcl-XL
may confer ER protection (Fig. 7, B and C). Of note, U266
Bcl-XL cells remained partially sensitive to R115777
(Fig. 7D) despite suppression of mitochondrial membrane
dysfunction and ER stress. These results indicate that
additional intrinsic pathway(s) also cooperate in R115777induced apoptosis.

in myeloma cell lines and primary isolates (5 – 7, 30). This
class of drugs, which includes R115777, has been designed
to inhibit Ras processing leading to its inactivation (31).
Here, however, we found that R115777 induced apoptosis
independent of Ras prenylation (Fig. 1C). U266 cells
express wild-type N-Ras (7) which can be alternatively
processed in cells exposed to FTIs (32, 33). The fact that
perillic acid (which inhibits both FTase and GGTase I)
reverses the ratio of farnesylated to unmodified Ras (5)
implies that R115777 permits N-Ras geranylgeranylation.
Because death proceeded despite Ras processing, our
results indicate that R115777 targets survival and/or death
pathways that are independent of Ras in myeloma cells.
This is supported by the observation that inhibition of MEK
(a major downstream kinase) had no significant effect on
myeloma cell viability (Fig. 1D and data not shown).
Intrigued by these findings, we set out to discern the
mechanisms by which R115777 triggers apoptosis.
Two major pathways promote programmed cell death in
mammalian cells (12). Extrinsic pathways are initiated by
death receptor signaling leading to activation of caspase-8.
Because R115777 induced cell death in the presence of a
caspase-8 inhibitor, we focused our attention on intrinsic
mechanisms of cell death. The best characterized of these is
triggered by activation of proapoptotic Bcl-2 family
members (such as Bax) resulting in mitochondrial membrane dysfunction. Indeed, the expression and activity of

Discussion
Due to the prominent role of Ras in multiple myeloma
(27 – 29), we and others have evaluated the efficacy of FTIs

Figure 5. Bax activity is increased after treatment with R115777. U266
cells were maintained with control media or 5 – 15 AM R115777 for 72 h
and cells were evaluated by flow cytometry. A, annexin-V FITC- and PIstained samples with percentages indicated in quadrants. B, samples in A
were stained with primary anti-Bax antibody followed by a phycoerythrinconjugated secondary antibody (1 0 + 2 0 ) or with secondary antibody alone
(2 0 only ). Percentages indicate Bax activation (1 0 + 2 0 ) versus
nonspecific background staining (2 0 only). The data presented in A and
B are from three independent experiments.

Figure 6. R115777 induces apoptosis in U266 Bcl-XL cells independent
of Bcl-XL redistribution and the release of cytochrome c and Smac. A,
U266 Bcl-XL cells were maintained with control media or 5 AM R115777
for 72 h. Cells were stained with TMRE to evaluate mitochondrial
membrane potential (histograms ). Percent cell death was determined by
annexin-V FITC staining. B, U266 Bcl-XL cells were treated as in A and
cytoplasmic (cytoplasm ) and mitochondrial (mitochondria ) fractions were
analyzed by Western blotting for their Bcl-XL, Smac, cytochrome c (cyto C),
cytochrome oxidase IV (cyto ox IV ), or h-actin content at the time of
maximal mitochondrial membrane dysfunction (72 h). Cytochrome oxidase
IV was not detected in cytoplasmic fractions (data not shown). The data
presented in A and B are from two independent experiments.
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Figure 7. R115777 triggers a Bcl-XL-sensitive ER stress response in
U266 cells. A, U266 cells were maintained with control media or 5 – 15 AM
R115777 for 72 h and cell lysates were analyzed by Western blotting
for expression of GRP78 and h-actin. B, U266 cells were maintained
with 50 AM tunicamycin (lane 1), 20 AM melphalan (lane 2 ), control media
(lane 3), or 5 AM R115777 (lane 4) for 24 h. U266 Bcl-XL cells were
maintained with either control media (lane 5 ) or 5 AM of R115777 (lane 6 )
for 24 h. Expression of GADD153 and h-actin was determined by Western
blotting. C, U266 Bcl-XL cells were maintained with control media or
5 – 15 AM R115777 for 72 h and cell lysates were analyzed by Western
blotting for expression of GRP78 and h-actin. D, U266 and U266 Bcl-XL
cells were maintained as in A and C. Percent cell death was evaluated by
annexin-V FITC and PI staining. A – C are from two independent experiments. D is from three independent experiments.

Bax increased in our myeloma model (Figs. 4B and 5B) and
was associated with a loss of mitochondrial membrane
potential and release of cytochrome c and Smac (Fig. 3); the
prototypical outcome of mitochondria-mediated apoptosis
(34). Furthermore, death required caspase-9 activity (Fig. 2)
which increases on release of these mitochondrial proteins
(12). However, U266 cells ectopically expressing Bcl-XL
remained susceptible to R115777 despite their inability to
release these proapoptotic molecules (Fig. 6B). These
results implied involvement of additional pathways that
function independent of the release of mitochondrial
proteins.

Another intrinsic pathway that triggers caspase-9 activity
is that associated with ER stress which also occurred in our
myeloma model (Fig. 7, A and B). ER stress can result in
activation of caspase-12 (35) with subsequent activation of
caspase-9 and 3 (13). This pathway can proceed independent of the release of mitochondrial proteins (13) exactly as
observed in U266 Bcl-XL cells (Fig. 6B). It has been reported
that Bax can localize to the ER (36, 37) where it promotes
apoptosis by triggering ER calcium release (38, 39).
Elevation of intracellular free calcium can result in opening
of the mitochondrial permeability transition pore (40)
which may explain the loss of mitochondrial membrane
potential seen in the U266 Bcl-XL line. Calcium also
activates calpains that promote apoptosis through proteolytic cleavage of pro-caspase-12 (41). We are currently
designing experiments to address alterations in ER calcium
stores as well as assessing potential functional analogs of
caspase-12 in myeloma lines.
Of particular interest was our observation that ER stress
was suppressed in cells ectopically expressing Bcl-XL (Fig. 7,
B and C). Nevertheless, despite suppression of both
mitochondrial membrane dysfunction and ER stress,
R115777 partially retained its ability to induce apoptosis
(Fig. 7D). These results imply cooperation of yet another
intrinsic pathway that is Bcl-XL insensitive. To that end,
caspase-2 is a nuclear resident protein (42) involved in
nuclear stress the ability of which to induce apoptosis
requires caspase-9 activity (43). Nuclear stress can be
triggered via inhibition of DNA synthesis which results in
caspase-2 activation (44 – 46). Coincidentally, we found that
R115777 arrested cells in the late S phase of the cell cycle
with an apparent inability to complete the 2N complement
of DNA (Fig. 1A). Another potential link between FTIs and
nuclear stress may reside within the nuclear cytostructure
because these compounds also inhibit the farnesylation of
nuclear lamins (47). Further efforts in our laboratory will
attempt to more clearly define nuclear events and the
potential role of caspase-2 in FTI-induced apoptosis.
R115777 has shown clinical promise in trials conducted for
hematologic disorders including multiple myeloma (8), acute
leukemia (48), chronic myeloid leukemia (49, 50), and
myelodysplasia (51). Interestingly, a correlation between Ras
inactivation and response has not been established using
surrogate biological markers (8, 48) nor has there been an
association between response and Ras mutation status
(48, 49, 51). These clinical observations are supported by our
molecular results and imply that other molecules and/or
pathways targeted by FTIs execute tumor cell death. Continuing to uncover the mechanisms by which FTIs trigger apoptosis in multiple myeloma may ultimately lead us to more
predictable clinical markers or even novel therapeutic targets.
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