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Abstract. Dysregulation of epidermal growth factor receptor 
(EGFR) signaling is responsible for the resistance to EGFR 
tyrosine kinase inhibitors (TKIs), such as gefitinib and erlo-
tinib, and is thereby associated with the progression of tumors 
in non‑small cell lung cancers (NSCLCs). Immunoblotting 
results revealed that geranylgeranyl transferase 1 inhibitor 
(GGTI)‑298, a geranylgeranyl transferase 1 inhibitor 
with potential antitumor effects, effectively inhibited the 
phosphorylation of EGFR and its downstream target protein 
kinase B (AKT). A combination of gefitinib and GGTI‑298 
amplified the inhibition of the EGFR‑AKT signaling pathway. 
In addition, GGTI‑298 treatment produced a synergistic effect 
on the inhibition of proliferation as indicated by the combi-
nation index values of <1 when combined with gefitinib in 
the NSCLC cell lines HCC827 and A549. These synergistic 
effects were also observed to induce apoptosis and migra-
tion inhibition. Further mechanistic studies demonstrated 
that GGTI‑298 inhibited the activity of Ras homolog family 
member A (RhoA), and downregulation of RhoA with small 
interfering RNA impaired the phosphorylation of EGFR, 
which suggested that EGFR inhibition by GGTI‑298 may 
be exerted mainly through RhoA mediation. These results 
presented a novel, promising therapeutic strategy involving 
a combination of two drugs for targeting EGFR signaling in 
lung cancer.

Introduction

Tyrosine kinase inhibitors (TKIs), such as gefitinib and erlo-
tinib, target epidermal growth factor receptors (EGFRs) and 
have been demonstrated to be efficacious in treating non‑small 
cell lung cancers (NSCLCs)  (1‑3). The dysregulation of 
EGFR signaling is closely associated with cell proliferation 
and EGFR TKI resistance (4,5), which highlights the impor-
tance of complete EGFR signaling inhibition in lung cancer 
treatment.

Geranylgeranylation is an important biochemical modi-
fication for cellular localization and the function of small 
G proteins (6,7). Previous studies have reported that gera-
nylgeranylation is critical for cancer cell proliferation and 
invasion (8,9), which indicates the potential anticancer func-
tion of inhibiting geranylgeranylation. The geranylgeranyl 
transferase 1 (GGT1) inhibitor (GGTI)‑298 inhibits protein 
geranylgeranylation. Recent studies in vitro and in animal 
models have revealed that GGTI‑298 inhibited cell prolifera-
tion and induced apoptosis when applied as a single agent or 
in combination with chemotherapeutics (10‑12). In addition, 
GGTIs inhibited EGF‑mediated EGFR tyrosine phosphoryla-
tion, indicating that the GGT1 substrate may serve a vital role 
in the process of EGFR phosphorylation (13). However, the 
molecular mechanism underlying the GGTI‑induced inhibi-
tion of EGFR phosphorylation has not been well studied.

Ras homolog family member A (RhoA), a widely studied 
protein in the Rho family of guanosine triphosphate (GTP)‑ases, 
participates in various physiological processes, including 
cytoskeleton organization, cell cycle progression, cell survival 
and cell migration (14). A growing number of studies have 
revealed that RhoA interacts with various signaling molecules 
to exert effects on cell proliferation and apoptosis (15‑17). 
Thus, a deeper understanding of RhoA‑associated signaling 
regulation will support the identification of novel strategies 
and modalities in cancer treatment. 

In the present study, a potentially favorable interaction 
between GGTI‑298 and the EGFR TKI gefitinib was identi-
fied. The two combined stimulated cytotoxicity and induced 
apoptosis in lung cancer cells. The synergistic mechanism was 
also studied. 
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Materials and methods 

Cell culture and agents. The NSCLC cell lines (HCC827, 
A549, H1975, SPCA1 and H1299) were purchased from 
American Type Culture Collection (Manassas, VA, USA). All 
cell lines were cultured in Dulbecco's modified Eagle's medium 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with or without 10% heat inactivated fetal bovine 
serum (Gibco; Thermo Fisher Scientific, Inc.) depending on the 
assay. Cell cultures were maintained at 37˚C in a humidified 
(5% CO2, 95% air) incubator. GGTI‑298 and gefitinib were 
purchased from Selleck Chemicals (Houston, TX, USA), and 
dimethylsulfoxide (DMSO) and EGF were purchased from 
Sigma‑Aldrich; Merck KGaA (Darmstadt, Germany).

Immunoblotting analysis. A549 cells were treated with 5 µM 
GGTI‑298 in serum‑free medium for 48 h. Prior to protein 
extraction, the cultures were exposed to 30 ng EGF for 30 min. 
Cells (HCC827, A549, H1975, SPCA1 and H1299) were lysed 
with ice‑cold Radioimmunoprecipitation Assay buffer [150 mM 
NaCl, 1% NP‑40, 50 mM Tris‑HCl (pH 7.4), 1 mM phenyl-
methylsulfonyl fluoride, 1 µg/ml leupeptin, 1 mM deoxycholic 
acid and 1 mM EDTA] containing a protease inhibitor cocktail 
(Sigma‑Aldrich; Merck KGaA). The protein concentration 
was detected using the BCA assay (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). In total, ~20 µg total protein was 
loaded on to a 12% SDS‑PAGE gel, separated electrophoreti-
cally and then transferred to nitrocellulose membranes (EMD 
Millipore, Billerica, MA, USA). The membranes were blocked 
with 5% nonfat milk at room temperature for 30 min and were 
washed three times with phosphate buffer saline (PBS). The 
membranes were incubated with the following primary anti-
bodies: Phosphorylated (p)‑EGFR (cat. no. 3777), cyclin D1 
(cat. no. 2922), phosphatase and tensin homolog (PTEN; cat. 
no. 9552), GAPDH (cat. no. 97166), glutathione S‑transferase 
(GST; all Cell Signaling Technology, MA, USA), p‑extracellular 
signal‑regulated kinase (ERK; cat. no. EP197Y), ERK (cat. 
no. ab 17942), p‑protein kinase B (AKT; cat. no. EP2109Y), 
AKT (cat. no. EPR16798; all Abcam, Cambridge, UK), EGFR 
(cat. no.  sc‑03‑G), 3‑hydroxy‑3‑methylglutaryl‑co‑enzyme 
A reductase (HMGCR; cat. no.  sc‑271595) and RhoA 
(cat. no. sc‑418; all Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA). All of the primary antibodies were added at a 
1:1,000 dilution overnight at 4˚C. Subsequently, the membranes 
were incubated with the horseradish peroxidase conjugated 
anti‑mouse (cat. no. HA1022) or anti‑rabbit (cat. no. HA1001) 
secondary antibodies with dilution of 1:5,000 (Huabio, 
Hangzhou, China) at room temperature for 3 h and were 
washed with PBS. Protein expression was detected using the 
ODYSSEY Infrared Imaging System (LI‑COR Biosciences, 
Lincoln, NE, USA) and quantified using Image J 1.48 (National 
institute of Health, Bethesda, MA, USA).

Cell proliferation assay. HCC827 and A549 cells were seeded 
(~5x103 cells per well in 100 µl DMEM with 10% FBS) in a 
96‑well flat‑bottomed plate (Corning Incorporated, Corning, 
NY, USA) at 24 h prior to treatment, namely, HCC827 and 
A549 cells were treated with gefitinib (HCC827, 10  nM; 
A549, 5 µM) and/or GGTI‑298 (concentration indicated) for 
48 h at 37˚C in a humidified (5% CO2, 95% air) incubator. 

Following incubation at 37˚C, cell growth was measured using 
a Cell Counting Kit‑8 (Dojindo Molecular Technologies, Inc., 
Kumamoto, Japan). Synergistic activity between gefitinib 
and GGTI‑298 was assessed using combination index (CI) 
analysis, where a CI <1 indicated synergism, CI=1 indicated 
additive effects and CI >1 indicated antagonism (18).

Cell apoptosis assay. HCC827 and A549 cells were seeded 
(~5x103 cells per well in 100  µl medium) in a 6‑well 
flat‑bottomed plate 24 h prior to treatment, namely, HCC827 
and A549 cells were treated with DMSO, gefitinib (HCC827, 
10  nM; A549, 5  µM), GGTI‑298 (HCC827, 5  µM; A549, 
7.5 µM) or a combination of gefitinib and GGTI‑298 for 48 h at 
37˚C in a humidified (5% CO2, 95% air) incubator. Apoptotic 
cells were detected using Hoechst 33342 (Sigma‑Aldrich; 
Merck KGaA) DNA staining (room temperature for 10 min), 
according to the kit instructions. Apoptotic cells were char-
acterized by nuclear condensation and DNA fragmentation, 
which were observed by fluorescence microscopy (Nikon 
Corporation, Tokyo, Japan).

Wound healing assay. HCC827 and A549 cells (~5x105) were 
seeded in a 6‑well culture plate for 24 h at 37˚C. Wounding 
was performed by scraping through the cell monolayer with 
a 200 µl pipette tip. Medium and nonadherent cells were 
removed and replaced with 2 ml of fresh serum‑free medium 
containing the indicated reagents (DMSO, gefitinib, GGTI‑298 
or a combination of gefitinib and GGTI‑298). Cells were 
permitted to migrate for 48 h at 37˚C. Wound healing was 
photographed microscopically (light) at 0, 24 and 48 h. Three 
fields of view for each wound were randomly selected, and 
the average wound width was calculated. The relative wound 
width was calculated as follows: wound width at the indicated 
time (0, 24 or 48 h)/wound width at 0 h.

Pull‑down assays. Briefly, to detect the levels of active RhoA, 
equal amounts (~8x106 cells) of A549 cell lysates [20 mM 
Hepes, 100  mM NaCl, 0.5% NP‑40, 10% glycerol, 0.2% 
deoxycholic acid, and 10 mM MgCl2, (pH 7.5)] were incu-
bated with GST‑Rho binding domain proteins immobilized 
on glutathione‑Sepharose beads at 4˚C overnight. The beads 
were then washed three times with ice‑cold phosphate buff-
ered solution. Bound proteins were eluted from the beads with 
SDS‑PAGE sample buffer. RhoA protein was then analyzed 
by immunoblotting with anti‑RhoA antibody, which was 
performed as previously described.

Transfection. Small interfering (si)‑RNAs against RhoA and 
the control were synthesized by Shanghai GenePharma Co., 
Ltd. (Shanghai, China). The sequence of the RhoA siRNA was 
5'‑GAC​AUG​CUU​GCU​CAU​AGU​CTT‑3', and the sequence of 
the control siRNA was 5'‑AAU​UCU​CCG​AAC​GUG​UCA​CGU​
UU‑3'. A549 cells were transfected with 50 nM control siRNA 
and RhoA siRNA for 72  h using Lipofectamine 2000™ 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions.

Statistical analysis. All statistical analyses were performed 
with SPSS 14.0 for Windows software (SPSS, Inc., Chicago, 
IL, USA). The results were analyzed using the Student's t‑test 
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when two groups were compared, or by one‑way analysis of 
variance with Tukey's post hoc test for multiple comparisons. 
P<0.05 was considered to indicated a statistically significant 
difference. Values are presented as the mean ± standard error 
of the mean.

Results

Synergic antiproliferation effect of gefitinib and GGTI‑298 
in NSCLC cell lines A549 and HCC827. As GGTI‑298 is 
an inhibitor of a branch of the mevalonate pathway (19), the 
present study first detected the relative protein expression of 
HMGCR (the rate‑limiting enzyme of mevalonate pathway) 
in five cell lines (H1975, A549, HCC827, SPCA1 and H1299) 
and then the two cell lines with a relatively high expression of 
HMGCR, HCC827 and A549, were selected for further experi-
mentation (Fig. 1A). To determine the effect of GGTI‑298 on 
gefitinib sensitivity, lung cancer cells were treated with gefi-
tinib, GGTI‑298 and combination of gefitinib and GGTI‑298. 
The results revealed that the combined treatment of gefitinib 
and GGTI‑298 inhibited cell proliferation more thoroughly 
than either of the single drug treatments, in a dose‑dependent 
manner (Fig. 1B and C). The CI values indicated synergy, 
with values of 0.48 and 0.58 for HCC827 and A549 cells, 
respectively.

Enhanced effects of gefitinib and GGTI‑298 on the apoptosis 
and migration of lung cancer cells. To investigate the effect 
of GGTI‑298 on gefitinib‑induced apoptosis, Hoechst assays 

were conducted. The results demonstrated that a combination 
of GGTI‑298 and gefitinib markedly promoted cell apoptosis 
when compared with each monotherapy group (Fig. 2A and B). 
Addition of GGTI‑298 increased apoptosis by >25% when 
compared with gefitinib alone (percentage of apoptotic cells: 
HCC827, gefitinib vs. gefitinib+GGTI‑298=18.3 vs. 48.3%, 
P<0.01; A549, gefitinib vs. gefitinib+GGTI‑298=12 vs. 39.7%, 
P<0.01; Fig. 2B). Then, wound healing assays were conducted 
to investigate the influence of GGTI‑298 and gefitinib on cell 
migration. The results revealed that migration ability was 
significantly inhibited with a combination of gefitinib and 
GGTI‑298 when compared with either single drug treatment 
following 48 h (Fig. 2C and D). The relative wound widths 
(wound width at the indicated time/wound width at 0 h) at 48 h 
of gefitinib and gefitinib+GGTI‑298 were 57.5 and 89.0% in 
HCC827 cells, and 53.5 and 83.6% in A549 cells, respectively 
(P<0.05; Fig. 2D).

Effects of gefitinib and GGTI‑298 on the EGFR signaling 
pathway and cyclin D1. To gain a greater understanding of 
the mechanism underlying the combined effect of GGTI‑298 
and gefitinib, the present study evaluated protein expression by 
performing immunoblotting. Protein expression was examined 
following 48 h of treatment with gefitinib and/or GGTI‑298. 
As shown in Fig. 3, GGTI‑298 treatment effectively inhibited 
the expression of pEGFR and pAKT. Furthermore, inhibition 
of the EGFR‑AKT signaling pathway was substantially ampli-
fied when GGTI‑298 and gefitinib were combined (Fig. 3). 
However, the present study did not observe marked changes 

Figure 1. Synergic antiproliferation effect of gefitinib and GGTI‑298 in NSCLC cell lines. (A) The relative protein expression of HMGCR compared with 
GAPDH in each of the five NSCLC cell lines following immunoblotting analysis. GAPDH was used as an internal control; the relative amount of HMGCR 
was calculated as, HMGCR expression/GAPDH expression in each cell line, with the relative HMGCR expression of H1299 cells set as 1. Cell prolif-
eration was measured by Cell Counting Kit‑8 in (B) HCC827 and (C) A549 cells treated with gefitinib (HCC827, 10 nM; A549, 5 µM) and/or GGTI‑298 
(concentration indicated) for 48 h. The results were presented as the mean ± standard error of the mean (n=3 biological replicates). **P<0.01, as indicated. 
HMGCR, 3‑hydroxy‑3‑methylglutaryl‑co‑enzyme A reductase; GGTI‑298, geranylgeranyl transferase 1 inhibitor; NSCLC, non‑small cell lung cancer; 
DMSO, dimethylsulfoxide.
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in pERK expression with GGTI‑298 treatment alone (Fig. 3). 
The protein expression of cyclin D1 was also analyzed, 
which is a proliferation‑associated protein and a downstream 
target of AKT (20). Consistent with the pEGFR and pAKT 
results, treatment with gefitinib and GGTI‑298 induced addi-
tional cyclin D1 downregulation when compared with either 
monotherapy (Fig. 3). 

GGTI‑298 inhibits the EGFR‑AKT signaling pathway through 
RhoA. The present study then examined the specific mecha-
nism underlying pAKT downregulation. Immunoblotting 
was employed to analyze the expression of pEGFR (which is 
expressed upstream of pAKT), PTEN (a negative regulator of 
pAKT) and pAKT. The results revealed that pEGFR and pAKT 
expression increased markedly following treatment with EGF, 
while GGTI‑298 treatment reversed the activation of pEGFR 
and pAKT signaling induced by EGF (Fig. 4A). However, 
PTEN expression remained essentially unchanged (Fig. 4B). 
These results revealed that GGTI‑298 may have inhibited 
pAKT signaling primarily through regulating pEGFR expres-
sion. Further studies were then conducted to elucidate how 
GGTI‑298 mediates the downregulation of pEGFR. GGTI‑298, 
a GGT1 inhibitor, prevents the geranylgeranylation of small G 
proteins such as RhoA (19), one of the most intensely studied 
proteins within the Rho family of GTPases, which is involved 
in various signaling regulations. Thus, it was hypothesized that 
GGTI‑298 may have inhibited pEGFR through RhoA. Firstly, 
the present study detected the expression of RhoA. As shown 
in Fig. 4C, total RhoA increased in A549 cells following treat-
ment with 5 µM GGTI‑298 when compared with the untreated 

(DMSO) group. Then, pull‑down assays were conducted to 
detect active RhoA, which is responsible for the bioactivity of 
RhoA (21). Compared with control cells, GGTI‑298 markedly 
impaired RhoA activation (Fig. 4C). These results indicated 

Figure 3. Effects of gefitinib and GGTI‑298 on the EGFR signaling pathway 
and cyclin D1. Protein levels for the EGFR signaling pathway and cyclin D1 
were measured by immunoblotting analysis. HCC827 and A549 cells were 
treated with DMSO, gefitinib (HCC827, 20 nM; A549, 5 µM), 5 µM GGTI‑298 
or a combination of gefitinib and GGTI‑298 for 48 h. Representative results 
are shown (n=3 biological replicates). GGTI/GGTI‑298, geranylgeranyl 
transferase 1 inhibitor; Gef, gefitinib; DMSO, dimethylsulfoxide; p‑, phos-
phorylated; EGFR, epidermal growth factor receptor; AKT, protein kinase B; 
ERK, extracellular signal‑regulated kinase.

Figure 2. Synergistic effects of gefitinib and GGTI‑298 on apoptosis and migration. (A) Cell apoptosis was measured by Hoechst staining and (B) the number 
of apoptotic cells was recorded. HCC827 and A549 cells were treated with DMSO, gefitinib (HCC827, 10 nM; A549, 5 µM), GGTI‑298 (HCC827, 5 µM; A549, 
7.5 µM) or a combination of gefitinib and GGTI‑298 for 48 h. Representative images of immunofluorescence are presented. Apoptotic cells are indicated by 
white arrows (magnification, x400). At least 300 cells were scored in every replicate. (C) Cell migration was detected using wound healing assays for HCC827 
and A549 cells treated with DMSO, gefitinib (HCC827, 10 nM; A549, 5 µM), 5 µM GGTI‑298 or a combination of gefitinib and GGTI‑298 for 48 h. (D) The 
ratio of the relative wound width was calculated as follows: wound width at the indicated time (0, 24 or 48 h)/wound width at 0 h. Representative images from 
the wound healing assays are shown. The results were presented as the mean ± standard error of the mean (n=3 biological replicates). *P<0.05 and **P<0.01, as 
indicated. GGTI/GGTI‑298, geranylgeranyl transferase 1 inhibitor; Gef, gefitinib; DMSO, dimethylsulfoxide.
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that GGTI‑298 inhibited RhoA activation in A549 cells. To 
detect the involvement of the RhoA protein in EGFR signaling, 
cells were transfected with siRNAs for RNA interference and 
the effects were analyzed. As detected by immunoblotting, the 
transfection of RhoA‑specific siRNA resulted in the marked 
inhibition of total and active RhoA expression, and the down-
regulation of pEGFR (Fig. 4D). Taken together, these results 
validated the critical role of RhoA in the regulation of pEGFR 
and suggested that GGTI‑298 may inhibit pEGFR signaling 
primarily through RhoA in A549 cells.

Discussion

Treatment of advanced NSCLC was revolutionized by EGFR 
TKIs such as gefitinib and erlotinib. Inadequate inhibition of 
EGFR signaling is considered to significantly contribute to 
TKI resistance and disease progression (22). Thus, effective 
inhibition of EGFR function through multiple mechanisms 
may augment EGFR TKI activity and overcome TKI resis-
tance. The combination therapy consisting of afatinib and 
cetuximab previously presented promising clinical effi-
cacy (22), indicating that the co‑inhibition of EGFR may a 
potential method for enhancing the antitumor response. The 
present study revealed that GGTI‑298, a GGT1 inhibitor, 
inhibited the EGFR signaling pathway mainly through RhoA, 
and a combined treatment of GGTI‑298 and gefitinib impaired 
the phosphorylation of EGFR more thoroughly than either 
compound alone, significantly inhibiting cell proliferation and 
migration, and promoting apoptosis.

EGFR signaling is regulated by multiple protein mole-
cules (23‑26). In the present study, the EGFR‑AKT signaling 

Figure 4. GGTI‑298 inhibits the EGFR‑AKT signaling pathway through RhoA. (A) GGTI‑298 inhibited the phosphorylation of AKT and EGFR induced 
by EGF. A549 cells were treated with 5 µM GGTI‑298 in serum‑free medium for 48 h. Prior to protein extraction, cultures were exposed to 30 ng EGF for 
30 min, as indicated in the figure. (B) PTEN levels were measured by immunoblotting analysis. A549 cells were treated with DMSO, 5 µM gefitinib, 5 µM 
GGTI‑298 or a combination of gefitinib and GGTI‑298 for 48 h. GAPDH was used as an internal control. (C) Activity of RhoA was measured in A549 cells 
treated with DMSO and GGTI‑298 for 48 h. (D) A549 cells were transfected with control siRNA or siRhoA, and the activity of RhoA and the phosphorylation 
of EGFR were measured 72 h following transfection. GST was used as a control in the pull‑down assays. Representative results are shown (n=3 biological 
replicates). GGTI/GGTI‑298, geranylgeranyl transferase 1 inhibitor; Gef, gefitinib; DMSO, dimethylsulfoxide; p‑, phosphorylated; EGFR, epidermal growth 
factor receptor; AKT, protein kinase B; PTEN, phosphatase and tensin homolog; RhoA, Ras homolog family member A; si‑/siRNA, small interfering RNA; 
GST, glutathione S‑transferase.

Figure 5. Schematic representation of the effect of the combined treatment 
of gefitinib and GGTI‑298 on the inhibition of EGFR signaling. In vitro 
combination treatments of gefitinib and GGTI‑298 inhibited the EGFR 
signaling pathway more thoroughly than either agent alone, resulting in the 
inhibition of cell proliferation and migration, and the promotion of apop-
tosis. GGTI‑298, geranylgeranyl transferase 1 inhibitor; RhoA, Ras homolog 
family member A; EGFR, epidermal growth factor receptor; AKT, protein 
kinase B.
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pathway was inhibited by the GGT1 inhibitor GGTI‑298. 
Further experiments demonstrated that there was a slight 
upregulation of total RhoA expression following GGTI‑298 
treatment. However, the expression of active RhoA was mark-
edly inhibited by GGTI‑298. These results indicated that 
GGTI‑298 inhibited RhoA activation. Crosstalk involving 
RhoA and other proteins has been widely reported (14,27,28). 
In the present study, transfection experiments with siRNA 
against RhoA decreased the level of pEGFR. A study has 
previously demonstrated that actin organization served an 
important role in EGFR localization and activation (29), and 
the bioactivity of RhoA was critical for actin organization (30), 
which further supports the present study's results regarding 
the effect of RhoA on EGFR signaling. Taken together, these 
results indicated that GGTI‑298 may inhibit the EGFR‑AKT 
signaling pathway mainly through RhoA in A549 cells. 

AKT and ERK are two main downstream signaling 
proteins of the EGFR signaling pathway (31). In the present 
study, the expression of pAKT was markedly decreased 
following GGTI‑298 treatment. Mechanistic studies further 
revealed that GGTI‑298 inhibited the EGFR activation 
induced by EGF; however, it had little effect on PTEN 
expression, which negatively regulates pAKT expression. 
These results suggested that GGTI‑298 inhibited pAKT 
through EGFR, though not PTEN. However, the expression 
of pERK was essentially unchanged following treatment with 
GGTI‑298. It was hypothesized that Ras, which is upstream 
of pERK, may mediate activity mainly through farnesyl-
ation, but not geranylgeranylation, which is consistent with 
the results of Sebti et al (32). 

Recent studies have demonstrated the potential for meva-
lonate metabolite depletion to affect EGFR activity (33,34). 
Targeting the mevalonate pathway inhibited the function of 
EGFR (35). Combinations of statins, inhibitors of the meva-
lonate pathway, and an EGFR inhibitor, such as gefitinib and 
cetuximab, induced a potent synthetical cytotoxicity (31,36). 
However, it should be noted that statins inhibit the gera-
nylgeranylation of RhoA as well as the synthesis of many 
other types of bioactive substances such as cholesterol and 
ubiquinone (19). Cholesterol is a critical component for the 
structure of animal cell membranes (37), and ubiquinone 
participates in aerobic cellular respiration (38). Thus, the use 
of statins may cause multiple side effects associated with 
these bioactive substances. In the present study, the results 
revealed that the inhibition of RhoA geranylgeranylation 
by GGTI‑298 also suppressed the EGFR‑AKT signaling 
pathway, and it was not involved in the synthesis of choles-
terol and ubiquinone (19). Upon combination treatment with 
GGTI‑298 and gefitinib, the synthetical loss of EGFR‑AKT 
activation in A549 and HCC827 cells resulted in a marked 
increase in the inhibition of cell proliferation and migration 
inhibition, and increased levels of apoptosis (Fig. 5). The 
effect of the GGTI alone was not satisfactory (39), which 
indicated that a combination‑based therapy with a GGTI 
and other agents may be a potential option for augmenting 
the antitumor efficiency of GGTIs. Thus, these results were 
suggestive of the potential of combining these two drugs 
targeting EGFR, through distinct mechanisms; they there-
fore represent a novel, promising therapeutic strategy in 
lung cancer. 

In conclusion, the results of the present study suggested 
that the antitumor efficacy could be markedly increased by 
combining gefitinib with GGTI‑298, a specific inhibitor of 
protein geranylgeranylation. However, further investigation is 
required to evaluate the clinical efficacy of this combinatorial 
treatment in lung cancer. 
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