
Antitumor effects of low-dose tipifarnib on the mTOR
signaling pathway and reactive oxygen species production
in HIF-1a-expressing gastric cancer cells
Noriyuki Egawa1 , Tomokazu Tanaka1, Shohei Matsufuji1, Kohei Yamada1, Kotaro Ito1,
Hiroshi Kitagawa1, Keiichiro Okuyama1, Yoshihiko Kitajima1,2 and Hirokazu Noshiro1

1 Department of Surgery, Saga University Faculty of Medicine, Japan

2 Department of Surgery, National Hospital Organization Higashisaga Hospital, Saga, Japan

Keywords

farnesyltransferase inhibitor; gastric cancer;

HIF-1a; mTOR; ROS; tipifarnib

Correspondence

T. Tanaka, Department of Surgery, Faculty

of Medicine, Saga University, 5-1-1,

Nabeshima, Saga 849-8501, Japan

Fax: +81-952-34-2019

Tel: +81-952-34-2349

E-mail: f8642@cc.saga-u.ac.jp

(Received 10 November 2020, revised 15

February 2021, accepted 24 March 2021)

doi:10.1002/2211-5463.13154

Edited by Cristiano Simone

Farnesyltransferase inhibitors (FTIs) suppress tumor aggressiveness in sev-

eral malignancies by inhibiting Ras signaling. However, treatment of cells

with a low dose of the FTI tipifarnib suppresses the expression of hypoxia-

inducible factor-1a (HIF-1a) and results in antitumor effects without

inhibiting the Ras pathway. Although we previously reported that elevated

HIF-1a expression is associated with an aggressive phenotype in gastric

cancer (GC), little is known about the antitumor effects of FTIs on GC. In

this study, we examined the relationship between the antitumor effects of

low-dose tipifarnib and HIF-1a expression in GC cells. Under normoxic

conditions, HIF-1a was expressed only in MKN45 and KATOIII cells.

The inhibitory effect of tipifarnib on HIF-1a was observed in HIF-1a-posi-
tive cells. Low-dose tipifarnib had antitumor effects only on HIF-1a-posi-
tive cells both in vitro and in vivo. Furthermore, low-dose tipifarnib

inactivated ras homolog enriched in brain (Rheb)/mammalian target of

rapamycin (mTOR) signaling and decreased intracellular reactive oxygen

species (ROS) levels in HIF-1a-positive GC cells. Our results that the anti-

tumor effects of low-dose tipifarnib are at least partially mediated through

suppression of mTOR signaling and HIF-1a expression via inhibition of

Rheb farnesylation and reduction in ROS levels. These findings suggest

that low-dose tipifarnib may be capable of exerting an antitumor effect

that is dependent on HIF-1a expression in GC cells. Tipifarnib may have

potential as a novel therapeutic agent for HIF-1a-expressing GC exhibiting

an aggressive phenotype.

Gastric cancer (GC) is the sixth most common malig-

nancy in the world and the second leading cause of

cancer-related deaths [1]. To date, the development

of systemic chemotherapy and the incorporation

of immunotherapy have improved the survival of

patients with advanced GC. However, treatment of

patients with advanced stage or potentially aggressive

GC often results in poor survival because of metastasis
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and peritoneal dissemination [2,3]. Therefore, a novel

therapeutic strategy for GC exhibiting an aggressive

phenotype is needed to improve clinical outcome.

Hypoxia-inducible factor-1a (HIF-1a) is stabilized

under hypoxic conditions and plays an essential role in

oxygen homeostasis [4]. Previous studies have reported

that HIF-1a is stabilized by reactive oxygen species

(ROS) generated within cells in a normoxic environ-

ment [5]. Furthermore, the translation efficiency of

HIF-1a is activated by the mammalian target of rapa-

mycin (mTOR) signal pathway, intracellular calcium

ion concentration, and protein kinase A (PKA) phos-

phorylation in an oxygen concentration-independent

manner [6]. HIF-1a is a powerful transcriptional factor

for cancer-related genes, and it regulates energy meta-

bolism, angiogenesis, apoptosis, and cell survival [7–9].
Therefore, the inhibition of HIF-1a represents an

attractive and promising strategy to improve cancer

therapy [10–12]. We have determined the relationship

of HIF-1a with cancer aggressiveness and its potential

role as a therapeutic target [13–17].
Protein farnesylation, a posttranslational protein

prenylation modification, is catalyzed by farnesyltrans-

ferase (FTase) and is an essential step for the Ras mat-

uration and function [18]. FTase inhibitors (FTIs)

inhibit the Ras signaling pathway and the proliferation

of many cancer and leukemia cell lines [19,20]. Phase

II and phase III clinical trials have been conducted to

evaluate the safety and efficacy of FTIs in combination

with other cytotoxic chemotherapeutic agents in cancer

and hematologic malignancies [21–23]. However, there

are no reports describing the effects of FTIs on GC

cells in vitro or in vivo.

With respect to the effect of FTIs on HIF-1a expres-

sion under normoxic conditions, it has been shown

that a low dose (300 nM) of the FTI, tipifarnib

decreases HIF-1a expression, migration, and tumor-

sphere formation in human triple-negative breast can-

cer cells (TNBCs) that are devoid of any hormone or

human epidermal growth factor receptor 2 receptor

under normoxic conditions in vitro. In addition, tipi-

farnib ameliorated the Warburg effect and suppressed

the epithelial-to-mesenchymal transition [24]. Thus,

FTIs may be an effective agent for TNBCs with ele-

vated expression of HIF-1a, which is associated with

cancer aggressiveness. It has also been established that

elevated HIF-1a expression is associated with the

aggressiveness of GC [13–17]. However, the antitumor

effects of FTIs have not yet been studied in GC. These

observations prompted us to study the effects of FTIs

in MKN45 and KATOIII GC cells relative to HIF-1a
expression under normoxic conditions.

We determined whether clinically relevant, low-dose

tipifarnib could inhibit HIF-1a expression and cancer

aggressiveness. We also measured its effect on cell pro-

liferation and migration in GC cell lines with HIF-1a
expression under normoxic conditions. In addition, we

examined the mechanism of HIF-1a inhibition by low-

dose tipifarnib with respect to ROS levels.

Materials and methods

Cell culture and reagents

To study the effects of FTIs on the HIF-1a pathway, the

GC cell line MKN45 (poorly differentiated adenocarci-

noma), MKN74 (moderately differentiated type), and

KATOIII (signet ring cell carcinoma) were selected for

study. These cell lines were purchased from the RIKEN

Cell Bank (Tsukuba, Japan). The cells were grown in com-

plete culture medium [RPMI-1640 medium (Sigma-Aldrich,

St. Louis, MO, USA) supplemented with 10% FBS (Biow-

est, Nuaill�e, France) and 100 µg�mL�1 kanamycin (Meiji,

Tokyo, Japan)] at 37 °C in a humidified atmosphere under

normoxic conditions (5% CO2 in air). The cells were then

treated with tipifarnib (R115777; Chemscene, Monmouth

Junction, NJ, USA) at different concentrations for 24 h

unless otherwise indicated. Stock solutions of tipifarnib

(24 mM) were prepared using DMSO.

Western blot analysis

Whole-cell lysates were prepared by resuspending cells in

lysis buffer [150 mM NaCl, 50 mM Tris/HCl, pH 7.5, 2 mM

EDTA, 1% Triton X-100, 1% sodium deoxycholate, 2%

SDS, 28 µM PMSF, and a protease inhibitor cocktail mix

(Roche, Mannheim, Germany)]. The lysates were sonicated

for 30 s. Western blot analysis was performed as previously

described [25]. In brief, aliquots containing 30 µg of protein

were separated on 5–20% Bis/Tris gels (Intertechno,

Tokyo, Japan) and transferred to Hybond ECL membranes

(GE Healthcare, Little Chalfont, UK). Membranes were

blocked with 5% skim milk or 2% BSA in Tris-buffered

saline containing 0.01% Tween 20 for 30 min and then

incubated overnight at 4 °C with the following primary

antibodies: anti-HIF-1a (1 : 1000, #610958; Becton Dickin-

son Biosciences, Franklin Lakes, NJ, USA), anti-HDJ2

(1 : 1000, ab126774; Abcam, Cambridge, UK), anti-ras

homolog enriched in brain (Rheb; 1 : 1000, GTX54697;

GeneTex, Irvine, CA, USA), anti-phospho-mTOR

(1 : 1000, #5536; Cell Signaling Technology, Danvers, MA,

USA), anti-mTOR (1 : 1000, #2983; Cell Signaling Tech-

nology), anti-phospho-S6 ribosomal protein (1 : 1000,

#5364; Cell Signaling Technology), anti-S6 ribosomal pro-

tein (1 : 1000, #2217; Cell Signaling Technology), anti-

eukaryotic translation initiation factor 4E-binding protein
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(4E-BP; 1 : 1000, #9955; Cell Signaling Technology), anti-

phospho-4E-BP (1 : 1000, #2855; Cell Signaling Technol-

ogy), anti-NF-E2-related factor 2 (Nrf2; 1 : 500, sc-365949;

Santa Cruz Biotechnology, Dallas, TX, USA), anti-Kelch-

like ECH-associated protein 1 (Keap1; 1 : 1000, #8047;

Cell Signaling Technology), and anti-b-actin (1 : 10 000,

AC15; Sigma-Aldrich). The signal was developed using

ECL Prime Western Blotting Detection Reagent (GE

Healthcare, Chicago, IL, USA). Images were acquired

using a FUSION FX7.EDGE (Vilber-Lourmat, Marne-la-

Vall�ee, France).

Cell proliferation assay

The effect of tipifarnib on cell proliferation was assessed by

counting the number of viable cells using the trypan blue

exclusion assay with a hemocytometer. Cells (1 9 105) were

seeded into 6-cm culture dishes. After 18 h, they were trea-

ted with tipifarnib (300 nM or 3 lM) or vehicle alone (0.1%

DMSO) for up to 72 h. Every 24 h, the culture media were

replaced with fresh media and incubated with or without

inhibitor.

Wound-healing assay

Migratory capacity was assessed by a wound-healing assay

using culture inserts (ibidi, Madison, WI, USA) in six-well

plates. After cells were cultured in the culture inserts over-

night, the cells were treated with or without tipifarnib

(300 nM) for 24 h. The culture inserts were then gently

removed with sterile tweezers, and the cells were cultured

with tipifarnib (300 nM) or vehicle alone (0.01% DMSO)

for an additional 72–120 h. Wound closure was monitored

by images captured with a microscope immediately after

the removal of the culture inserts (0 h) and every 12 h

thereafter. The rate of wound closure was quantified by

ImageJ software.

Animal experiments

The animal experimental protocols were approved by the

Animal Care Committee of Saga University (Saga, Japan;

Permission No. 30-032-0). Female athymic BALB/cAJcl

mice (nu/nu, 4 weeks old) were obtained from Nihon Crea

Co. (Tokyo, Japan). They were kept under specific patho-

gen-free conditions and were provided with sterile food and

water. The ambient light was controlled to provide regular

12-h light and dark cycles. Approximately 5 9 106 MKN74

and MKN45 cells were injected subcutaneously into both

flanks of the mice. Thereafter, 15 mice (30 tumors) were

evaluated per cell line. Once the tumor xenografts became

palpable, the tumors were measured in two perpendicular

dimensions with a caliper every day. The tumor size (T)

was evaluated as the maximum cut area, determined by the

following formula T = p/4 9 a 9 b, where a was the

shorter axis (mm) and b was the longer axis (mm). From

day 7, the mice were treated with daily subcutaneous injec-

tions of 3 mg�kg�1�day�1 tipifarnib or vehicle (5% DMSO

in 0.1 mL normal saline) alone for 2 or 4 weeks.

Quantification of intracellular ROS levels by flow

cytometry

Intracellular ROS levels were evaluated using a 2,7-dichlo-

rofluorescein diacetate-based Total ROS Detection Kit

(ENZO Life Sciences, Farmingdale, NY, USA), in accor-

dance with the manufacturer’s instructions. In brief, at the

end of the experiment, cells (1 9 105/sample) were washed

and resuspended in ROS detection solution. Fluorescence

was detected using a FACSCalibur flow cytometer (Becton

Dickinson, San Jose, CA, USA) using excitation and emis-

sion wavelengths of 488 and 545 nm, respectively. Data

were analyzed using FlowJo version 10.0 software (FlowJo,

Ashland, OR, USA). All experiments were performed in

triplicate. Data are displayed as the geometric mean fluo-

rescence.

Extraction of RNA and quantitative real-time PCR

analysis

Total RNA was extracted from cells using Isogen II (Nip-

pon Gene, Osaka, Japan), and 1 lg aliquots of each RNA

sample was reverse-transcribed using a ReverTra Ace Kit

(Toyobo, Osaka, Japan). Quantitative real-time PCR (RT-

qPCR) was performed using a CFX Connect Real-Time

PCR Detection System (Bio-Rad, Hercules, CA, USA) with

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad),

in accordance with the manufacturer’s protocol. The PCR

program was performed using a Two-Step Amp procedure

as described previously [25]. b-actin mRNA served as an

internal control. Primers for lactate dehydrogenase A sub-

unit (LDHA), fructose-bisphosphate aldolase C (ALDOC),

carbonic anhydrase 9 (CA9), angiopoietin-like 4

(ANGPTL4), dependent protein kinase 1 (PDK1), vascular

endothelial growth factor A (VEGFA), superoxide dismu-

tase 2 (SOD2), catalase (CAT), glutathione peroxidase 2

(GPX2), and b-actin (ACTB) were as follows: LDHA for-

ward, 50-GGC CTG TGC CAT CAG TAT CT-30, and

reverse, 50-CTT TCT CCC TCT TGC TGA CG-30;
ALDOC forward, 50-AAA TTG GGG TGG AAA ACA

CA-30, and reverse, 50-AGA AAA TGA CGC CTC CAA

TG-30; CA9 forward, 50-CCG AGC GAC GCA GCC TT

TGA-30, and reverse, 50-GGC TCC AGT CTC GGC TAC

CT-30; PDK1 forward, 50-GGT TAC GGG ACA GAT

GCA GT-30, and reverse, 50-CGT GGT TGG TGT TGT

AAT GC-30; VEGFA forward, 50-GGA GGG CAG AAT

CAT CAC GA-30, and reverse; 50-TTG GTG AGG TTT

GAT CCG CA-30; SOD2 forward, 50-TCT GTT GGT
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GTC CAA GGC TC-30, and reverse, 50-GCC TGT TGT

TCC TTG CAG TG-30; CAT forward, 50-CTC CGG AAC

AAC AGC CTT CT-30, and reverse, 50-ATA GAA TGC

CCG CAC CTG AG-30; GPX2 forward, 50-TCC TGT

CTT CGC CTAC CTG A-30, and reverse, 50-CCG GCC

CTA TGA GGA ACT TC-30; and ACTB forward, 50-ACG

CCT CTG GCC GTA CCA CT-30, and reverse, 50-TAA

TGT CAC GCA CGA TTC CC-30. All experiments were

performed in triplicate, and the mean values were calcu-

lated.

Statistical analysis

All data are expressed as the means � SEM. For compar-

isons between two groups, significant differences were eval-

uated by an unpaired, two-tailed Student’s t-test. P < 0.05

was considered statistically significant. Data were analyzed

using JMP Pro 14 software (SAS Institute, Inc., Cary, NC,

USA).

Ethics approval and consent to participate

An animal experimental protocol was reviewed and

approved by the Animal Care Committee of Saga Univer-

sity (Saga, Japan; Permission No. 30-032-0).

Results

Tipifarnib decreases HIF-1a expression in HIF-1a-
positive GC cells under normoxia

The expression of HIF-1a was investigated in GC

cell lines cultured under for 24 h under normoxic

conditions. HIF-1a expression was significantly ele-

vated in MKN45 and KATOIII cells compared with

MKN74 cells as determined by western blot analysis

(Fig. 1A). Tipifarnib decreased HIF-1a protein

expression in a dose-dependent manner in MKN45

and KATOIII cells. HIF-1a expression in MKN45

and KATOIII cells was not detectable with tipifarnib

at 3 lM. Tipifarnib did not affect HIF-1a expression

in MKN74 (Fig. 1B). Neither tipifarnib at 300 nM

nor tipifarnib at 3 lM altered b-actin protein expres-

sion in these cell lines. Furthermore, we showed the

change in mRNA levels of HIF-1a target genes such

as LDHA, PDK1, ALDOC, VEGFA, and ANGPT

L4 in MKN45 and KATOIII by RT-qPCR (Fig. 2).

These genes were key factors in tumor proliferation,

migration, and cancer energy metabolism. The

mRNA levels of these genes were decreased in MKN

45 and KATOIII by the treatment of tipifarnib at

300 nM for 24 h.

Tipifarnib decreased cell proliferation in HIF-1a-
positive GC cells

We examined the effects of tipifarnib on cell prolifera-

tion in three GC cells under normoxic conditions. Try-

pan blue and MTS assays showed that treatment with

tipifarnib at both 300 nM and 3 lM inhibited cell

growth for up to 72 h in MKN45 and KATOIII cells.

However, tipifarnib had no effect on cell proliferation

in MKN74 at any dose (Fig. 3). These results sug-

gested that tipifarnib decreased cell proliferation only

in HIF-1a-positive GC cells.

Tipifarnib inhibits the migration capabilities of

HIF-1a-positive GC cells

A wound-healing assay revealed that tipifarnib inhib-

ited migration of MKN45 and KATOIII cells signifi-

cantly for up to 96 h or 120 h (Fig. 4). However,

tipifarnib did not affect migration of MKN74 cells.

These results indicate that tipifarnib inhibits the migra-

tion of HIF-1a-positive GC cells.

Fig. 1. Effects of tipifarnib on HIF-1a expression in GC cells. (A)

HIF-1a expression was observed in MKN45 and KATOIII under

normoxic conditions, but not in MKN74 cells. (B) Treatment with

tipifarnib for 24 h decreased HIF-1a expression in a dose-

dependent manner.
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Tipifarnib suppresses the growth of HIF-1a-
positive GC cell tumor xenografts in nude mice

We determined the effect of tipifarnib on GC tumor xeno-

grafts in vivo. MKN74, MKN45, and KATOIII cells were

injected subcutaneously into the backs of nude mice. As

KATOIII cells (signet ring cell carcinoma) did not form

any subcutaneous nodule, the animal experiments were

limited to MKN74 and MKN45 cells. Figure 5A demon-

strates the experimental design of the xenograft murine

model after subcutaneous injection of MKN74 or

MKN45 cells, in the backs of nude mice. Subsequently,

vehicle or tipifarnib (3 mg�kg�1) was injected intraperi-

toneally into the mice bearing GC tumors. Representative

images of the tumor-bearing mice that were treated with

vehicle or tipifarnib are shown in Fig. 5B. The sizes of the

MKN74 tumors were similar between the control and tip-

ifarnib groups. Conversely, the MKN45 cell tumors in the

tipifarnib group were significantly smaller than those in

the control group (Fig. 5C).

Tipifarnib inhibits activation of the mTOR

pathway in GC cell lines

To further investigate the inhibitory effect of tipifarnib

on GC cells, we assessed farnesylation of the HDJ2

and Rheb proteins. Figure 6A shows that the farnesy-

lation activity in MKN74, MKN45, and KATOIII

cells was inhibited by 300 nM and 3 lM tipifarnib. To

investigate the molecular events underlying the inhibi-

tion of HIF-1a expression and the antitumor effects of

FTIs, we measured mTOR signaling downstream of

Rheb following tipifarnib treatment. Tipifarnib inhib-

ited mTOR phosphorylation in the three GC cell lines.

Activation of the mTOR/S6k and mTOR/4E-BP1

pathways was inhibited by tipifarnib. Therefore, the

expression of HIF-1a in MKN45 and KATOIII cells

was inhibited (Fig. 6B).

Tipifarnib had different effects on the antioxidant

response in GC cells

To investigate the difference in response to tipifarnib

in GC cells, we evaluated the effects of tipifarnib on

ROS levels. Tipifarnib reduced ROS levels in MKN45

and KATOIII cells, whereas tipifarnib increased ROS

in MKN74 cells (Fig. 7A). In addition, the Nrf2/

Keap1 pathway, which regulates antioxidant enzymes,

was activated in MKN45 and KATOIII cells

(Fig. 7B). The expression of SOD2, CAT, and GPX2,

which are representative antioxidant enzymes, was

induced by tipifarnib (Fig. 7C).

Discussion

In this study, low-dose (300 nM) tipifarnib exerted

antitumor effects on HIF-1a-positive GC cell lines

both in vitro and in vivo. In contrast, it did not show

any effect on a HIF-1a-negative GC cell line. These

findings strongly suggest that the antitumor effect of

low-dose tipifarnib may be dependent on HIF-1a
expression. Therefore, inhibition of FTase by low-dose

tipifarnib exhibits an antitumor effect by decreasing

HIF-1a expression in MKN45 and KATOIII cells,

which are HIF-1a-positive GC cell lines. Low-dose tip-

ifarnib inhibits Rheb farnesylation, which suppresses

the mTOR/HIF-1a pathway. Furthermore, low-dose

tipifarnib reduced ROS levels through the induction of

antioxidant enzymes and subsequent activation of the

Nrf2/Keap1 pathway in HIF-1a-positive GC cells.

In this study, we mainly performed in vitro experi-

ment under normoxic condition. The reason is that

solid cancers also have heterogeneity for oxygen par-

tial pressure, as well as the gene expression and blood

distribution. Of note, previous studies reported that

the induction or stabilization of HIF-1a occurs by

increased ROS, mTOR signal pathway, the concentra-

tion of intracellular calcium ion, and the phosphoryla-

tion by protein kinase A in an oxygen concentration-

Fig. 2. Effects of tipifarnib on mRNA expression of HIF-1a’s

downstream genes. Effects of tipifarnib (300 nM) treatment for

24 h on mRNA levels of LDHA, ALDOC, CA9, PDK1, ANGPTL4,

PDK1, and VEGFA downstream genes of HIF-1a were evaluated by

real-time RT-qPCR. Data are expressed as means � SEM and are

representative of three independent experiments and statistically

analyzed by two-tailed Student’s t-test. N.S.: not significant,

*P < 0.05, **P < 0.01 versus control.
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Fig. 3. Effects of tipifarnib on cell

proliferation in GC cells. Trypan blue

exclusion assay (A) and MTS assay (B)

revealed that tipifarnib inhibited cell

growth in a dose-dependent manner only

in MKN45 and KATOIII cells. Values are

presented as the mean � SEM of three

independent experiments and statistically

analyzed by two-tailed Student’s t-test.

N.S.: not significant, *P < 0.05,

**P < 0.01, ***P < 0.001 versus control.

Fig. 4. Tipifarnib inhibited migration of GC

cells. A wound-healing assay revealed that

tipifarnib (300 nM) significantly inhibited

migration in MKN45 and KATOIII cells, as

judged by a reduction in wound area.

Scale bars, 400 µm. Data are expressed

as means � SEM and are representative

of three independent experiments and

statistically analyzed by two-tailed

Student’s t-test. N.S.: not significant,

*P < 0.05, **P < 0.01 versus control.
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Fig. 5. The in vivo effect of tipifarnib

treatment on tumor xenografts. (A) The

experimental schedule of MKN74 or

MKN45 (n = 15/group) tumors treated

with DMSO or tipifarnib. (B)

Representative images of MKN74 or

MKN45 tumors treated with DMSO or

tipifarnib. (C) Tumor sizes in the control

and tipifarnib groups were estimated on

the indicated days. The mean

value � SEM of tumor volumes was

calculated and plotted on the graph and

statistically analyzed by two-tailed

Student’s t-test. N.S.: not significant,

**P < 0.01 versus control.

Fig. 6. Effects of tipifarnib on

farnesylation inhibition in GC cells.

(A) Tipifarnib treatment for 24 h inhibited

farnesylation of HDJ2 and Rheb in

MKN74, MKN45, and KATOIII cells.

(B) Effects of low-dose tipifarnib on the

mTOR signaling pathway in GC cells.

Tipifarnib (300 nM) treatment for 24 h

altered the phosphorylation and protein

expression of mTOR, S6k1, and 4E-BP1 in

MKN74, MKN45, and KATOIII cells.
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independent manner [5,6]. Moreover, it was also

reported that cancers with high malignant potential

such as triple-negative breast cancer show HIF-1a
expression even under normoxic environment [24].

Furthermore, a low-dose tipifarnib suppressed the cell

proliferation in MKN74 cells under the hypoxic condi-

tion. A hypoxic environment induced HIF-1a expres-

sion in even if MKN 74 which is low-HIF-1a
expressing GC cells under normoxia, however, a low-

dose tipifarnib suppressed HIF-1a expression in

MKN74 under hypoxic condition (data not shown).

These results would also support that the antitumor

effect of FTI, tipifarnib, depends on HIF-1a expres-

sion.

In previous studies, high-dose tipifarnib (> 5 lM)
exerted an antitumor effect by inhibiting RAS signal-

ing [26,27]. Another study showed that 300 nM tipi-

farnib decreased HIF-1a expression, migration, and

tumorsphere formation in human triple-negative breast

cancer cells without inhibiting the RAS pathway [24].

Thus, the antitumor effects of low-dose tipifarnib

might be dependent on HIF-1a expression. The antitu-

mor effects observed at high tipifarnib doses (> 5 lM)
may be the result of inhibition of RAS signaling irre-

spective of the presence or absence of HIF-1a expres-

sion. It is well known that HIF1-a expression is

strongly associated with an aggressive phenotype of

cancer that includes metastasis and chemoresistance

[13,15]. Therefore, low-dose tipifarnib is expected to be

effective only for cancers with a highly malignant phe-

notype. The results of pharmacokinetic studies in

phase I clinical trials of tipifarnib (200 or 300 mg,

b.i.d.) in advanced cancer patients indicated that the

average circulating concentrations of the drug reached

approximately 500 nM to 1.5 mM [28–30]. Compared

with these studies, the dose of tipifarnib used in our

study was clinically relevant both in vitro and in vivo.

The mTOR protein is associated with various path-

ways that regulate glucose or oxygen levels, and it

plays a central role in the regulation of nutrition and

energy signals [31]. This serine/threonine kinase binds

to multiple proteins to form two distinct complexes,

mTOR complexes 1 and 2 (mTORC1 and mTORC2).

Each complex recognizes various molecules and per-

forms different biological functions [32,33]. For exam-

ple, mTORC1 activates the synthesis of proteins,

including HIF-1a, by phosphorylating p70S6 kinase

(S6K) and 4E-BP [34,35]. It also suppresses autop-

hagy, a process that degrades unnecessary cytoplasmic

components and organelles, and lysosomal function

[36–38]. Activation of mTORC1 requires GTP bound

to Rheb (Rheb-GTP) [38]. Of note, the activation of

Rheb requires farnesylation. Thus, FTI inhibits

mTORC1 activation by inactivating Rheb. In addition,

Fig. 7. Tipifarnib suppressed the

antioxidant response in MKN74, but

promoted it in MKN45 and KATOIII cells.

(A) Tipifarnib treatment for 48 h decreased

ROS levels in MKN45 and KATOIII cells.

(B) Tipifarnib activated the Keap1-Nrf2

pathway and increased antioxidant enzyme

expression. (C) Conversely, tipifarnib

decreased antioxidant enzyme expression

and increased ROS levels in MKN74 cells.

Data are expressed as means � SEM and

are representative of three independent

experiments and statistically analyzed by

two-tailed Student’s t-test. *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001

versus control.
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several studies reported that Rheb was activated by

farnesylation independently of the RAS pathway. Fur-

thermore, FTIs did not inhibit RAS activity, but sup-

pressed the mTOR pathway by inhibiting the

farnesylation of Rheb [27,39]. In this study, we demon-

strated that low-dose tipifarnib inhibited the farnesyla-

tion of Rheb and simultaneously suppressed

phosphorylation of mTOR and the downstream target

genes of mTORC1, namely S6K and 4E-BP1. Our

data suggest that the suppression of mTOR/HIF-1a
through the inhibition of Rheb farnesylation is a com-

ponent of the antitumor mechanism of low-dose tipi-

farnib.

Next, we addressed the mechanism through which

tipifarnib exerts its antitumor effects in a HIF-1a-de-
pendent manner. To clarify the underlying mechanism,

we focused on cancer energy metabolism, in particular,

ROS. Several reports have demonstrated that ROS sta-

bilize HIF-1a and contribute to cancer aggressiveness

in an oxygen concentration-independent manner [40–
42]. It is well known that ROS are regulated by vari-

ous factors. Under hypoxic conditions, ROS produc-

tion in mitochondria increases. It is also reported that

ROS are hydrolyzed by antioxidant enzymes induced

by autophagy [43,44]. In our study, tipifarnib reduced

ROS levels in the HIF-1a-positive GC cells, MKN45

and KATOIII, whereas it increased ROS in the HIF-

1a-negative MKN74 cell line. We hypothesize that the

altered ROS levels in GC cells after treatment with tip-

ifarnib were related to its antitumor mechanism of the

action. Exposure of MKN45 and KATOIII cells to

low-dose tipifarnib, which suppressed ROS levels,

inhibited cell proliferation and migration. In contrast,

there was no significant tipifarnib antitumor effect in

MKN74 cells, which did not exhibit decreased ROS

levels. Therefore, ROS levels are a key factor in the

antitumor effects of low-dose tipifarnib and decreased

ROS levels lead to the suppression of HIF-1a expres-

sion and cancer aggression.

Moreover, we showed that the effect of reduced

ROS levels in MKN45 and KATOIII cells by tipi-

farnib was associated with Nrf2/Keap1 pathway acti-

vation, which is required for the induction of

antioxidant enzymes. In contrast, antioxidant enzyme

expression was decreased after treatment with tipi-

farnib in MKN74 cells. Thus, it is possible that the

status of HIF-1a expression may be related to an

increase or decrease in antioxidant enzymes following

exposure to low-dose tipifarnib.

In conclusion, this study suggests that FTase repre-

sents a novel target for GC therapy. Low-dose tipi-

farnib is a promising treatment to control GC with an

aggressive phenotype that exhibits high HIF-1a

expression by regulating Rheb farnesylation, mTOR/

HIF-1a signaling, and ROS levels.
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