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Abstract. Hyperactive Ras promotes proliferation and malig-
nant phenotypic conversion of cells in cancer. Ras protein 
must be associated with cellular membranes for its oncogenic 
activities through post‑translational modifications, including 
farnesylation. Farnesyltransferase (FTase) is essential for 
H-Ras membrane targeting, and H-Ras, but not N-Ras, has 
been demonstrated to cause an invasive phenotype in MCF10A 
breast epithelial cells. In the present study, it was observed that 
an FTase inhibitor (FTI), FTI-277, blocked epidermal growth 
factor (EGF)-induced H-Ras activation, but not N-Ras activa-
tion in MDA-MB-231 cells, which express wild-type H-Ras 
and N-Ras. FTI-277 exerted a more potent inhibitory effect on 
the proliferation of H-Ras-MCF10A cells and Hs578T breast 
cancer cells expressing an active mutant of H-Ras than that 
of MDA-MB-231 cells. The invasive/migratory phenotypes of 
the H-Ras-MCF10A and Hs578T cells were effectively inhib-
ited by FTI-277 treatment. By contrast, FTI-277 did not affect 
the invasive/migratory phenotypes of MDA-MB-231 cells. 
However, the EGF-induced invasion of MDA-MB-231 cells 
was decreased by FTI-277, implicating that FTI-277 inhibits 
breast cell invasion and migration by blocking H-Ras activa-
tion. Taken together, the results of the present study suggest 
that FTase inhibition by FTI-277 may be an effective strategy 
for targeting H-Ras-mediated proliferation, migration and 
invasion of breast cells.

Introduction

The mutation of RAS is the most frequent event during the 
development of human cancer (1,2). Four closely related 
isoforms of the Ras protein exist and consist of H-Ras, 
K(A)-Ras, K(B)-Ras and N-Ras (3,4). Mutations of distinct Ras 

isoforms are detected in an organ‑specific manner and have 
different cellular functions (3,4). To be functionally active, 
the Ras protein must be associated with cellular membranes 
through several post‑translational modifications (5). Farnes-
yltransferase (FTase) is an essential enzyme for farnesylation 
on the cysteine of the CAAX motif of cytosolic Ras, resulting 
in the irreversible step of Ras membrane association (6). 
Membrane-anchored Ras protein becomes activated by cycling 
between the GDP-bound inactive state and the GTP-bound 
active state (5).

Farnesylation by FTase is the first irreversible, rate‑limiting 
step for Ras membrane association and an obligate modifica-
tion for oncogenic Ras biological activity (7). Initial attempts 
to inhibit FTase have been made in the development of 
anti-cancer agents (2,8,9). In vitro and in vivo tumor models 
have demonstrated that FTase inhibitors (FTIs) are potent 
against various forms of cancer (2,10). FTI treatment has also 
been reported to be effective against H-Ras-transformed cells 
and H-Ras-driven murine tumors (10,11). Following treatment 
with the FTI lonafarnib, transgenic mice with mammary 
tumors containing a H-Ras mutation underwent complete 
tumor regression (10). However, these drugs failed to increase 
survival in clinical trials of patients with K-Ras mutated 
pancreatic cancer (12). N-Ras and K-Ras become substrates 
for geranylgeranyltransferase I, resulting in alternative prenyl-
ation and membrane targeting (9,13). By contrast, H-Ras has 
no alternative prenylation for membrane targeting. Therefore, 
FTIs are emerging as an effective therapeutic approach for 
targeting H-Ras in cancer (9,13). FTI-277, an FTI, successfully 
inhibited Ras membrane association, resulting in prevention of 
Ras oncogenic signaling from the cell membrane (14).

Breast cancer has been estimated as the most commonly 
diagnosed form of cancer and the second highest cause of 
cancer-associated mortality among women in the United 
States (15). The metastatic spread of breast cancer is a major 
cause of mortality (16). Despite the low frequency (<5%) of 
mutated forms of RAS in breast cancer (13), elevated levels of the 
Ras protein have been identified in 60‑70% of human primary 
breast cancer cases (17). It was previously demonstrated that 
H-Ras and N-Ras induced a transformed phenotype in human 
breast epithelial MCF10A cells (18). However, H-Ras, but not 
N-Ras, led to an invasive phenotype in MCF10A cells (18). 
The H-Ras-specific Rac1-MKK3/6-p38 mitogen-activated 
protein kinase pathway is required for breast cell motility and 
invasion (19-21).
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The present study investigated the effect of FTI-277 on 
H-Ras activation and the migratory/invasive phenotypes of 
breast cancer cells. The results demonstrated that FTI-277 
inhibited activation of H-Ras, but not that of N-Ras. In addition, 
FTI-277 effectively inhibited the migratory/invasive abilities of 
breast cancer cells through inhibition of H-Ras activation.

Materials and methods

Cell culture conditions and reagents. H-Ras-MCF10A cells 
were established and cultured as previously described (18). 
Hs578T and MDA-MB-231 breast cancer cells were purchased 
from the Korean Cell Line Bank (Seoul, Korea). Hs578T and 
MDA-MB-231 cells were cultured in Dulbecco's modified 
Eagles's medium (GE Healthcare Life Sciences, Salt Lake 
City, UT, USA) supplemented with 10% fetal bovine serum 
(Corning Life Sciences, Cambridge, MA, USA) and 100 µg/ml 
penicillin-streptomycin as previously described (22). FTI-277 
(F9803) was purchased from Sigma-Aldrich (St. Louis, MO, 
USA) and dissolved in distilled water.

Immunoblot analysis. Immunoblot analysis was performed 
as described previously (23). Protein extracts in lysis buffer 
[50 mM Tris, 2% sodium dodecyl sulfate (SDS), 1 mM 
ethylenediaminetetraacetic acid (EDTA) and 0.1 M dithio-
threitol) containing protease inhibitor cocktail (Roche 
Diagnostics GmbH, Mannheim, Germany) were subjected 
to 12% SDS-polyacrylamide gel electrophoresis. The PVDF 
membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA) 
was probed with rabbit polyclonal anti-human H-Ras [dilu-
tion, 1:1,000 in phosphate-buffered saline with Tween (PBST); 
#sc-520] and anti-N-Ras (dilution, 1:1,000 in PBST; sc-519) 
antibodies (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). 
WesternBright ECL kit was used for detection (#K-12045-D50; 
Advansta Inc., Menlo Park, CA, USA). Relative band intensi-
ties were determined by quantification of each band using the 
Gel Doc™ XR+ system (Bio-Rad Laboratories, Inc.).

Membrane fractions. Membrane fractions were collected as 
previously described (24). Cells were treated with FTI-277 
(50 µM) for 24 h and epidermal growth factor (EGF) 
(10 ng/ml) for 30 min prior to lysis. Cells were rinsed with 
PBS buffer, suspended in homogenization buffer (0.25 M 
sucrose, 25 mM Tris-HCl and 10 µg/ml leupeptin, pH 7.4), 
and homogenized in a ground-glass dounce homogenizer 
(Heidolph Instruments, Schwabach, Germany). The lysates 
were centrifuged for 10 min at 3,000 x g, resulting in the pellet 
and supernatant. The supernatant was centrifuged again at 
12,000 x g for 10 min. The resulting pellet was suspended in 
chelating buffer (25 mM Tris-HCl, 5 mM EDTA and 10 µg/ml 
leupeptin, pH 7.4), followed by centrifugation at 12,000 x g for 
10 min. The resulting pellet (membrane fraction) was washed 
and resuspended in incubation buffer (25 mM Tris-HCl and 
10 µg/ml leupeptin, pH 7.4).

Ras activity assay. The level of Ras-GTP was measured by 
Ras assay reagent (Merck Millipore, Darmstadt, Germany) 
following the manufacturer's protocol, as previously 
described (22). The cells were treated with 10 ng/ml EGF 
(Sigma-Aldrich) for 30 min and lysed in Mg2+ lysis/wash buffer. 

Raf-1 RBD-agarose was added to the lysates and incubated for 
45 min at 4˚C. The bead pellet was washed 3 times with MLB 
buffer, boiled in 2X Laemmli sample buffer, and subjected 
to immunoblot analysis with anti-H-Ras or anti-N-Ras anti-
bodies.

MTT assay. MTT assay was performed as previously 
described (25). Cells (5x103) were seeded in a 96-well plate 
and incubated for 24 h at 37˚C. Cells were then treated with 
various concentrations of FTI-277 (0, 10, 20 and 50 µM) 
for 24 or 48 h. Following incubation, 25 µl 5 mg/ml MTT 
(Sigma-Aldrich) was added and incubated for 3 h, and 
formazan was dissolved in 100 µl dimethyl sulfoxide. The 
optical density was measured at 540 nm using a Synergy 2 
Multi-Mode Reader (BioTek Instruments, Inc., Winooski, VT, 
USA). Each sample was assayed in triplicate.

In vitro invasion/migration assays. In vitro invasion/migration 
assays were performed using a 24-well Transwell unit with 
polycarbonate filters (Corning Life Sciences) as previously 
described (26). The lower side of the filter was coated with 
type I collagen (Sigma‑Aldrich) and the upper side of the filter 
was coated with Matrigel (BD Biosciences, Bedford, MA, 
USA). Cells (5x104 cells) suspended in DMEM supplemented 
with 100 µg/ml penicillin-streptomycin were placed in the 
upper chamber. The lower chamber was filled with DMEM 
supplemented with 10% fetal bovine serum and 100 µg/ml 
penicillin-streptomycin. Following 24 h of incubation, cells 
that had invaded the lower side of the filter were solubilized 
with 0.5% crystal violet solution and measured at 595 nm using 
a micro-ELISA reader. Each sample was assayed in triplicate.

Results

FTI‑277 inhibits EGF‑induced H‑Ras activation in 
MDA‑MB‑231 cells. The present study examined the effect of 
FTI-277 on the localization and activation of H-Ras and N-Ras 
in breast cancer cells. Membrane fractions were extracted 
from MDA-MB-231 cells in which both H-Ras and N-Ras 
may be activated by EGF (22,27,28). H-Ras-GTP was induced 
by EGF in the membrane fractions (Fig. 1A). Following treat-
ment with 50 µM FTI-277 for 24 h, H-Ras-GTP was almost 
completely abolished in the membrane fractions. However, in 
whole cell lysates, FTI-277 did not inhibit H-Ras-GTP induced 
by EGF. Unfarnesylated H-Ras (upper band) was detected 
following FTI-277 treatment in whole cell lysates, but not in 
the membrane fractions (Fig. 1A). These results indicate that 
FTI-277 inhibited farnesylation, and therefore also inhibited 
the membrane localization of H-Ras in MDA-MB-231 cells.

EGF treatment induced activation of N-Ras in membrane 
fractions and whole cell lysates (Fig. 1B). The level of 
N-Ras-GTP in membrane fractions was not decreased by 
treatment with FTI-277. These results suggest that N-Ras 
has an alternative prenylation for membrane targeting, unlike 
H-Ras. In combination, these data demonstrate that FTI-277 
inhibited the EGF-induced activation of H-Ras, but not that of 
N-Ras, in membrane fractions of MDA-MB-231 cells.

FTI‑277 exerts an anti‑proliferative effect in breast cells 
expressing active H‑Ras. The current study subsequently 
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examined the effect of FTI-277 on the proliferation of breast 
cells. H-Ras-activated breast H-Ras-MCF10A cell lines, in 
which a constitutively active mutant of H-Ras (G12D) was stably 

introduced (18), and Hs578T cells, which endogenously express 
active H-Ras (G12D), were analyzed (29). MDA-MB-231 cells 
harboring wild-type H-Ras and N-Ras were also used (30). 
MTT assay demonstrated that FTI-277 inhibited proliferation 
of the H-Ras-MCF10A, Hs578T and MDA-MB-231 cells in 
a dose-dependent manner (Fig. 2). FTI-277 exerted a strong 
anti-proliferative effect on the H-Ras-MCF10A and Hs578T 
cells with 50% inhibitory concentration (IC50) values of 
6.84 and 14.87 µM for 48 h, respectively. FTI-277 treatment 
inhibited proliferation of the MDA-MB-231 cells with an IC50 
value of 29.32 µM for 48 h. The results suggest that breast 
cells in which H-Ras is activated may be more susceptible to 
FTI-277 compared with the cells with wild-type H-Ras.

FTI‑277 inhibits invasive and migratory phenotypes of 
breast cells expressing active H‑Ras. Next, the present study 

Figure 1. FTI-277 inhibits EGF-induced H-Ras activation in MDA-MB-231 
cells. MDA-MB-231 cells treated with 50 µM FTI-277 for 24 h were exposed 
to 10 ng/ml EGF for 30 min prior to cell lysis. Membrane fractions and 
whole cell lysates were extracted and then subjected to Ras activity assay and 
immunoblot analysis with (A) anti-H-Ras or (B) anti-N-Ras antibodies. FTI, 
farnesyltransferase inhibitor; EGF, epidermal growth factor.

  A

  B

Figure 2. FTI-277 exerts anti-proliferative effects in breast cells. 
H-Ras-MCF10A, Hs578T and MDA-MB-231 cells were subjected to MTT 
assay with various concentrations (0, 10, 20 and 50 µM) of FTI-277. The 
results are presented as the mean ± standard error of triplicates. *P<0.05 and 
**P<0.01 vs. control. FTI, farnesyltransferase inhibitor; IC50, 50% inhibitory 
concentration.

Figure 3. FTI-277 inhibits invasive and migratory phenotypes in breast cells 
expressing active H-Ras. H-Ras-MCF10A, Hs578T and MDA-MB-231 cells 
were subjected to in vitro (A) invasion and (B) migration assays with various 
concentrations (0, 10 and 20 µM) of FTI-277. The results are presented as the 
mean ± standard error of triplicates. *P<0.05 vs. control. FTI, farnesyltrans-farnesyltrans-
ferase inhibitor.
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  B

Figure 4. FTI-277 inhibits EGF-induced invasion of MDA-MB-231 cells. 
MDA-MB-231 cells were subjected to in vitro invasion assay with 10 ng/ml 
EGF and various concentrations (0, 10 and 20 µM) of FTI-277 in the lower 
chamber. The results are presented as the mean ± standard error of triplicates. 
*P<0.05 vs. EGF-treated controls. EGF, epidermal growth factor; FTI, farne-farne-
syltransferase inhibitor.
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investigated the effect of FTI-277 on the invasive pheno-
types of H-Ras-MCF10A, Hs578T and MDA-MB-231 cells, 
which have been previously demonstrated to be highly inva-
sive (18,19,30). The invasiveness of the H-Ras-MCF10A and 
Hs578T cells was significantly inhibited by FTI‑277 (Fig. 3A). 
By contrast, FTI-277 did not affect the invasive ability of the 
MDA-MB-231 cells.

Similarly, FTI‑277 treatment significantly inhibited the 
migratory phenotypes of the H-Ras-MCF10A and Hs578T 
cells, but not that of the MDA-MB-231 cells (Fig. 3B). 
Given that the active state of H-Ras is important in invasive 
phenotypes of H-Ras-MCF10A and Hs578T cells (18,19,22), 
the results suggest that FTI-277 may inhibit the invasive and 
migratory abilities of breast cells through inhibition of H-Ras.

FTI‑277 inhibits EGF‑induced invasion of MDA‑MB‑231 
cells. To further examine if the inhibitory effect of FTI-277 
on breast cell invasion involves inhibition of H-Ras activation, 
the present study analyzed whether FTI-277 affects the inva-
sive phenotype of MDA-MB-231 cells treated with EGF. As 
presented in Fig. 4, the invasive phenotype of the MDA-MB-231 
cells was enhanced by EGF stimulation. FTI‑277 significantly 
decreased the EGF-enhanced invasion of the MDA-MB-231 
cells in a concentration-dependent manner (Fig. 4). Given 
that FTI-277 inhibited the EGF-induced H-Ras activation in 
MDA-MB-231 cells (Fig. 1A), the present data indicates that 
FTI-277 inhibits breast cell invasion, possibly through inhibi-
tion of H-Ras activation.

Discussion

FTase has been recently suggested as a drug target in the 
development of anti-cancer therapy (7,9). In the present study, 
it was demonstrated that FTI-277 exerted a more potent 
anti-proliferative effect on breast cells expressing an active 
mutant of H-Ras (H-Ras-MCF10A and Hs578T cells) than 
breast cells expressing wild-type H-Ras (MDA-MB-231 cells). 
Although H-Ras mutation is infrequent compared with K-Ras 
or N-Ras (13), the current data suggests that FTIs may serve 
as an effective strategy for targeting H-Ras-mediated prolif-
eration of breast cancer cells. A promising FTI, tipifarnib, 
demonstrated anti-cancer activity against breast cancer in a 
phase II study, which warrants further study (9).

In addition, the present study observed that FTI-277 treat-
ment markedly decreased the level of H-Ras-GTP, but not that 
of N-Ras-GTP, in membrane fractions of MDA-MB-231 cells 
stimulated by EGF. As Ras proteins trigger signaling path-
ways and activate downstream effector molecules when they 
are located in membrane (31), the results imply that FTI-277 
effectively blocked H-Ras activation by inhibiting H-Ras traf-
ficking to the cell membrane of breast cancer cells.

Furthermore, in whole cell lysates, FTI-277 was not able to 
inhibit H-Ras-GTP or N-Ras-GTP in the current study. It was 
previously reported that FTI-277 induced the accumulation of 
Ras-Raf complexes in the cytoplasm where Ras is GTP-bound, 
but Raf kinase was not activated (14). Hence, it is plausible that 
the H-Ras-GTP in the cytoplasm of MDA-MB-231 cells may 
not be active.

There is increasing evidence that FTIs inhibit the migration, 
invasion and metastasis of various forms of cancer, including 

breast, head and neck, pancreatic and colon cancer (32-35). The 
present study demonstrated that FTI-277 effectively inhibited 
the invasive/migratory phenotypes of H-Ras-MCF10A and 
Hs578T cells, but not those of MDA-MB-231 cells. Consistent 
with these results, a previous study observed that FTI-277 did 
not inhibit the Transwell invasion of MDA-MB-231 cells (36). 
By contrast, it has been reported that the transendothelial 
invasion of MDA-MB-231 cells was mildly inhibited by 
FTI-277 (33). These results suggest that FTI-277 exerts mild or 
no effect on the invasion of MDA-MB-231 cells without EGF 
stimulation, depending on the different methods of invasion 
assays.

Notably, EGF-enhanced invasion of MDA-MB-231 cells 
was significantly decreased by FTI-277 treatment in the 
current study. Given that EGF enhances the invasive pheno-
types of MDA-MB-231 cells by activation of H-Ras and 
K-Ras (22), these results indicate that FTI-277 may partially 
inhibit EGF-increased invasion mediated by H-Ras.

In conclusion, the present study demonstrated that FTI-277 
exerted a potent inhibitory effect on the proliferation and 
invasive/migratory abilities of breast cells expressing active 
H-Ras. In addition, FTI-277 inhibited EGF-induced H-Ras 
activation and invasion of breast cancer cells. This suggests 
that FTase inhibition may be an effective therapeutic approach 
for targeting H-Ras-mediated proliferation, migration and 
invasion of breast cells.
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