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Abstract
Background: The combination of EGFR tyrosine kinase inhibitors (TKIs) and
chemotherapy is thought to increase treatment efficacy in non-small-cell lung
cancer (NSCLC). This study investigated the efficacy and potential mechanisms
of different combined modes of icotinib plus pemetrexed in EGFR-mutant lung
adenocarcinoma cell line xenograft models.
Methods: Nude mice were subcutaneously injected with EGFR-mutant human
lung adenocarcinoma cells (HCC827) and randomized into six treatment groups.
Tumor xenograft volumes were monitored and recorded. Microvessel density
(MVD) and proliferation and apoptosis rates were evaluated with CD34 positive
cell counting, and Ki-67 and caspase-3 scores, respectively, and determined via
immunohistochemistry. Thymidylate synthase (TS), EGFR, and downstream sig-
naling molecule expression was detected by Western blotting.
Results: The volume and weight of tumor xenografts in the sequential peme-
trexed followed by icotinib (Pem-Ico) group and the concurrent icotinib and
pemetrexed (Ico + Pem) group were significantly smaller than those in the con-
trol, pemetrexed (Pem), icotinib (Ico), and sequential icotinib followed by peme-
trexed (Ico-Pem) groups. Compared to other groups, a decrease in the MVD and
proliferation rate and an increase in the apoptosis rate were observed in the
Pem-Ico and Ico + Pem groups. TS expression and EGFR, AKT, and MAPK
phosphorylation were significantly reduced in the Pem-Ico or Ico + Pem groups.
Conclusions: Pem-Ico had additive antitumor activity in vivo, similar to Ico +
Pem, both of which are suggested as potentially optimized strategies for treating
EGFR-mutant lung adenocarcinoma.

Introduction

Lung cancer is the leading cause of death of all cancer
types worldwide.1 Approximately 80–85% of lung cancers
are non-small-cell lung cancer (NSCLC), and more than
half of the patients diagnosed with NSCLC are in advanced
stages of disease. Lung adenocarcinoma is the most com-
mon histological subtype of NSCLC and accounts for more
than 50% of all NSCLC cases.2 Systemic treatment plays a
central role in clinical management. Platinum-based che-
motherapy affords a median survival of approximately
8–10 months.3 Currently, the development of agents that

target EGFR mutation and ALK rearrangement have pro-
vided a class of novel targeted therapeutic agents.4,5 EGFR-
tyrosine kinase inhibitors (TKIs) provide a clear clinical
benefit compared to platinum-based chemotherapy in
patients with advanced EGFR-mutant NSCLC,6 and are
now standard first-line therapy for patients with activating
EGFR mutations. However, acquired EGFR-TKI resistance
and disease progression eventually occurs in most of these
patients after a median of 10–14 months.7

Given the different mechanisms of chemotherapy and
target agents, combination treatment with chemotherapy
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and EGFR-TKIs might further increase the survival benefit
in advanced NSCLC patients. However, four phase III
studies did not show a clinical benefit of concurrent com-
binations in unselected patients.8–11 Two primary reasons
proposed for these failures are that potential antagonistic
effects of EGFR-TKIs and chemotherapy existed in the
concurrent combination and that patients with wild-type
EGFR were enrolled in the studies. The phase III
FASTACT-2 study conducted in unselected patients with
advanced NSCLC indicated that intercalated combinations
of chemotherapy and EGFR-TKIs significantly improved
progression-free survival (PFS) and overall survival (OS),
with no differences in toxicity observed compared to che-
motherapy plus placebo, and treatment benefits were only
observed in patients with activating EGFR mutations.12

However, this study did not address if the combination
treatment was more effective than EGFR-TKI monother-
apy in patients with activating EGFR mutations.
Pemetrexed, as an inhibitor of thymidylate synthase

(TS), dihydrofolate reductase (DHFR), and glycinamide
ribonucleotide formyltransferase (GARFT), arrests tumor
cells primarily in the S phase and induces apoptosis in a
broad spectrum of solid tumors, including NSCLC.13

Pemetrexed is widely used for the treatment of non-
squamous NSCLC patients, with a definite curative effect
and less toxicity.14 A preclinical study showed that cyto-
toxic synergism was observed when TKI-sensitive human
NSCLC cell lines were exposed to concurrent pemetrexed
and erlotinib or sequential pemetrexed followed by erloti-
nib.15 Another in vitro experiment by Feng et al. demon-
strated that the synergistic effect on EGFR-mutant lung
adenocarcinoma cell lines was only observed with the
sequential administration of pemetrexed followed by icoti-
nib/erlotinib.16 However, Chen et al. reported that concur-
rent pemetrexed and gefitinib improved PFS compared
with gefitinib alone in advanced non-squamous NSCLC
patients with activating EGFR mutations.17 Although these
results suggest a potential benefit from the combination of
pemetrexed and EGFR-TKIs in NSCLC with activating
EGFR mutations, the optimal administration schedule
needs to be elucidated.
Icotinib is a specific and effective EGFR-TKI with a rela-

tively short elimination half-life that has exhibited a posi-
tive clinical anti-tumor effect in advanced NSCLC patients
and fewer drug-related adverse events than gefitinib.18 As a
critical step for the initial development and progression of
solid tumors, angiogenesis is understood to be an impor-
tant therapeutic target.19 Activation of the EGFR pathway
is involved in angiogenesis, as well as cell proliferation and
anti-apoptosis, and these processes are affected by EGFR
inhibition.20 A previous in vitro study reported that
enhanced anti-vascular endothelial growth factor activity
in NSCLC cell lines was observed under the sequence of

paclitaxel followed by gefitinib, instead of the opposite
sequence.21 Microvessel density (MVD), which reflects the
formation of new vessels, is often used as an effective
marker for assessing angiogenesis.22 Therefore, we hypoth-
esize that the combination of icotinib and pemetrexed may
produce schedule-dependent effects of reducing MVD
in vivo.
The aim of this study was to explore the efficacy and

potential mechanisms of different combined schedules of
icotinib and pemetrexed in EGFR-mutant lung adenocarci-
noma cell line (HCC827) xenograft models, which may
provide potentially beneficial treatment strategies.

Methods

Cell line and culture

Non-small cell lung cancer cell line HCC827 cells bearing
an activating deletion mutation in exon 19 (19del) were
obtained from the Shanghai Cellular Library, Chinese
Academy of Medical Sciences. Cells were grown in RPMI-
1640 (HyClone, Shanghai, China) medium supplemented
with 10% fetal bovine serum (Gibco, Grand Island, NY,
USA) and 1% penicillin/streptomycin (100 units/mL peni-
cillin and 100 μg/mL streptomycin, HyClone). All cells
were incubated in a humidified incubator containing 5%
CO2 at 37�C.

Drugs

Icotinib and pemetrexed were purchased from Beta
Pharma Inc. (Hangzhou, China) and Qilu Pharmaceuticals
(Jinan, China), respectively.

Establishment of nude mice xenograft
models, treatment strategies

Four to six-week old female Balb/c-nu athymic mice pur-
chased from the Nanjing Biomedical Research Institute of
Nanjing University were fed freely in a specific pathogen-
free (SPF) environment with 12-hour light/dark. The
research protocol was approved, and all of the animal
experiments were performed in accordance with the Insti-
tutional Guidelines of the Shandong University Animal
Care and Use Committee. Mice were injected subcutane-
ously in the axillary region with 5 × 106 HCC827 cells that
had been diluted in 200 μL of RPMI-1640 without fetal
bovine serum.
When tumors reached a mean volume of 150 mm3, the

mice were randomized into six groups (six mice/group).
The treatment plans for each of the groups were as follows.
Icotinib (Ico) group: icotinib was prepared by dissolving in
0.5% sodium carboxymethyl cellulose and was later orally
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administered to the mice at a dose of 60 mg/kg daily from
days 1 to 5, five times per week. Pemetrexed (Pem) group:
pemetrexed was first diluted in normal saline and then
administered intraperitoneally at a dose of 250 mg/kg once
a week. Dosages of icotinib and pemetrexed were based on
previous related animal experiments.23,24 Sequential peme-
trexed followed by icotinib (Pem-Ico) group: pemetrexed
was administered on day 1 and then icotinib was from
days 2 to 6; both pemetrexed and icotinib were used at the
same dosage as in the single drug groups. The same drug
dosages were also applied to the other parallel groups.
Sequential icotinib followed by pemetrexed (Ico-Pem)
group: icotinib was administered from days 1 to 5 and then
pemetrexed on day 6. Concurrent icotinib and pemetrexed
(Ico + Pem) group: icotinib was administered from days
1 to 5 and concurrent pemetrexed on day 1. The control
group (Control): 0.5% sodium carboxymethyl cellulose was
administered at a dose of 0.01 mL/g daily, five days a week.
All treatments were administered for a total of three weeks.
The body weights and tumor volumes of the mice were
monitored every three days. The tumor volume was calcu-
lated by the ellipsoid formula with an expression of 3.142
(larger diameter × [smaller diameter]2)/6.25 The growth-
curves of the tumor volume were then drawn according to
time in all groups.
The mice were sacrificed by cervical dislocation at the

end of the 21st day. The tumor xenografts were collected
by dissection and subsequently weighed. The tumor growth
inhibition rate (TGIR) was assessed using the formula:
(1-mean tumor weight of the treatment group/mean tumor
weight of the control group) × 100%.23 Half of the tumors
were fixed with 4% neutral formaldehyde and embedded in
paraffin, while the other half were refrigerated at −80�C for
subsequent experiments.

Histopathological observation and
immunohistochemistry

Serial tissue sections (4 μm thick) from tumors wrapped
with paraffin were processed for hematoxylin and eosin
(H&E) and immunohistochemical staining. The tissue sec-
tions were immunostained by anti-CD34, anti-Ki-67, and
anti-caspase-3 according to the manufacturer’s instructions
(Servicebio, Wuhan, China). Two independent pathologists
blinded to the study assessed the results of H&E and
immunohistochemical staining. CD34 was mainly
expressed in the cytoplasm and membrane of vascular
endothelial cells. MVD was measured by counting the
number of cells that expressed CD34 in each xenograft
tumor tissue. The highly vascular areas were found by
scanning sections at low power (10 × 10), and then a vessel
count was performed on a × 200 field with the reference
that one brown stained endothelial cell counted as a vessel.

After assessing the vessel counts in five fields, the mean
number was selected as MVD. The proliferation and apo-
ptosis rates were assessed by Ki-67 and caspase-3 scores
and expressed as the percentage of positive cells among all
tumor cells. Five fields were randomly examined per sec-
tion, and approximately 100 cells were observed per field
at high power (10 × 40).

Western blotting

The total protein in tumor tissues was extracted from each
group and the protein concentration was determined (BCA
Protein Assay Kit, CWBIO, Beijing China) following the
manufacturer’s instructions. Thereafter, loading buffer was
added into the extracted protein samples to boil for
10 minutes at 95�C. The total proteins of each group were
electrophoretically separated with 10% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
gels and then transferred onto polyvinylidene difluoride
membranes (Millipore, Billerica, MA, USA). After blocking
with 5% bovine serum albumin at room temperature for
one hour, primary antibodies including anti-TS, anti-
EGFR, anti-phospho-EGFR, anti-AKT, anti-phospho-AKT,
anti-MAPK, anti-phospho-MAPK, and anti-β-actin anti-
body (Abcam, Cambridge, MA, USA) were added over-
night and incubated at 4�C. The membranes were washed
three times the next day with tris-buffered saline and
tween-20 before adding horseradish peroxidase-conjugated
secondary antibody (Proteintech Group Inc., Rosemont, IL,
USA). Immunoreactive protein bands were visualized using
the enhanced chemiluminescence (ECL) system (Pierce,
Rockford, IL, USA) and were developed using the Western
Blot Imaging System (Cell Biosciences, Santa Clara, CA,
USA). The density of each band was measured using Ima-
geJ software (NIH, Bethesda, MD, USA).

Statistical analysis

All collected data were expressed as the mean � standard
deviation. Statistical analysis was performed by one-way
analysis of variance (multiple group comparisons) or T test
(pairwise comparison) using SPSS version 22.0 (IBM
Corp., Armonk, NY, USA). P < 0.05 was considered to be
significant.

Results

Growth impact of combined treatment
with icotinib and pemetrexed

The effects of the combination of icotinib and pemetrexed
on EGFR-mutant lung adenocarcinoma tumor growth were
investigated using HCC827 cell line xenograft models. The
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tumor xenograft volumes of the control group gradually
increased, while tumor xenograft growth in the Pem, Ico,
and Ico-Pem groups slowed. In contrast, decreased tumor
volumes were observed in the Pem-Ico and Ico + Pem
groups. At the end of the 21st day, the tumor volumes in
the Pem-Ico (62.38 � 30.23 mm3) and Ico + Pem
(73.69 � 30.73 mm3) groups were significantly smaller
than those of the control (689.12 � 253.43 mm3), Pem
(393.64 � 154.73 mm3), Ico (236.56 � 121.95 mm3), and
Ico-Pem (149.33 � 65.11 mm3) (P < 0.05) groups. The
tumor volumes of the Ico and the Ico-Pem groups were
smaller than those of the Pem group (P < 0.05), while the
tumor volumes of the Pem group were smaller than those
of the control (P < 0.05). However, there were no signifi-
cant differences between the Pem-Ico and Ico + Pem
groups or the Ico and Ico-Pem groups (P > 0.05) (Fig 1).

Effect on tumor weight and growth
inhibition rate after combined treatment
with icotinib and pemetrexed

The tumor weights of the five treatment groups were
reduced when compared to those of the control group
(P < 0.05). The tumor weights of the Pem-Ico and the
Ico + Pem groups were significantly lower than the Pem,
Ico, and Ico-Pem groups (P < 0.05). The TGIR among the
five treatment groups in ascending order were: Pem, Ico,
Ico-Pem, Ico + Pem, and Pem-Ico (Table 1).

Drug-related adverse events

Adverse reactions were measured by monitoring the effects
of the treatments on mouse weight. Changes in the body
weight of nude mice before and after treatment were not

significant (P > 0.05) (Table 2). The behavior of nude mice
was not significantly affected during the experiment.

Histological morphology influence of
combined treatment with icotinib and
pemetrexed

Routine H&E stained slides of tumor xenografts were
examined under an optical microscope. Visible tumor tis-
sue with a solid structure was observed. The tumor cells
separated by fibrous tissue into various nests showed fusi-
form or elliptic form, obvious nucleolus, and were different
sizes. After treatment, the contents of the tumor cells were
reduced and the fibrous tissue increased among the five
drug treatment groups, particularly in the Pem-Ico and
Ico + Pem groups (Fig 2).

Microvessel density impact of combined
treatment with icotinib and pemetrexed

The MVD among the six groups was significantly different
(F = 86.49; P < 0.05). First, the MVDs in the Ico
(25.62 � 2.35), Pem-Ico (18.02 � 2.94), Ico + Pem
(19.93 � 2.14), and the Ico-Pem (26.72 � 2.32) groups
were significantly lower than the control (39.38 � 1.49)
and Pem groups (36.85 � 2.29) (P < 0.01). Furthermore,
the Pem-Ico and Ico + Pem group values were significantly
lower than those of the Ico and Ico-Pem groups (P < 0.01).
However, the MVD between the three paired groups
(Pem-Ico vs. Ico + Pem, Ico vs. Ico-Pem, and Pem vs. the
control) were not significantly different (P > 0.05). These
findings showed the additive effect of MVD inhibition in
sequential pemetrexed followed by icotinib and concurrent
icotinib combined with pemetrexed treatment (Fig 3).

Figure 1 Effects of different combinations of icotinib (Ico) and pemetrexed (Pem) on tumor xenograft growth and tumor size. Nude mice bearing
lung adenocarcinoma HCC827 cell xenograft tumors received different treatments for three weeks when the mean tumor volume reached 150 mm3

(n = 6 mice/group). Groups: control; Ico; Ico-Pem, sequential Ico followed by Pem; Ico + Pem, concurrent Ico and Pem; Pem; Pem-Ico, sequential
Pem followed by Ico. (a) Tumor growth curves of each group. P < 0.05 versus *control, #Pem, ▲Ico, §Ico-Pem. (b) Tumor sizes at the end of the
21st day.
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Influence of combined treatment with
icotinib and pemetrexed on proliferation
and apoptosis rates

There was a significant decrease in the Ki-67 score and an
increase in the caspase-3 score in the five drug treated groups
compared to the control (56.67 � 4.51%, 9.62 � 1.39%;
P < 0.01). The Ki-67 score was lower and the caspase-3 score-
was higher in the Pem-Ico (13.73 � 2.44%, 41.20 �
3.14%), Ico + Pem (15.37 � 3.11%, 37.83 � 3.35%), Ico
(34.83 � 6.49%, 22.08 � 3.01%), and Ico-Pem groups
(34.30 � 5.90%, 26.72 � 2.32%), than in the Pem group
(47.13 � 3.28%, 13.25 � 1.79%) (P < 0.01). The Ki-67 scores
of the Pem-Ico and Ico + Pem groups were significantly
lower than those of the Ico and Ico-Pem groups; by contrast,
the caspase-3 scores of the Pem-Ico and Ico + Pem groups
were significantly higher than those of the Ico and Ico-Pem
groups (P < 0.01). No significant differences were identified
between the Pem-Ico and Ico + Pem groups or the Ico and
Ico-Pem groups. These results showed additive anti-
proliferative and proapoptotic activity in the Pem-Ico and
Ico + Pem groups (Fig 4).

Effect on regulation of TS, and
phosphorylated EGFR, AKT, and MAPK
after combined treatment with icotinib
and pemetrexed

By Western blotting we found that both icotinib and
pemetrexed reduced TS expression, whereas a further
reduction was observed in the Pem-Ico and Ico + Pem
groups (P < 0.05). A decrease in phosphorylation of EGFR,
AKT and MAPK proteins was detected among icotinib-
containing treatments, with the most significant reductions
in the Pem-Ico and Ico + Pem groups (P < 0.05). How-
ever, there were no significant differences in TS, phospho-
EGFR, phospho-AKT, and phospho-MAPK expression
levels between the Ico and Ico-Pem groups. In the Pem
group, EGFR phosphorylation was slightly enhanced and
AKT phosphorylation was slightly inhibited, while MAPK
phosphorylation was not affected. These results suggested
that the mode of Pem-Ico and Ico + Pem treatments dra-
matically enhanced the inhibition of TS and phosphoryla-
tion of the EGFR signaling pathways (Fig 5).

Discussion

In this study, we established EGFR-mutant lung adenocar-
cinoma cell line HCC827 xenograft models and explored
the efficacy of different schedules of pemetrexed and icoti-
nib treatment in xenografts. The best anti-tumor effect was
observed in the sequential pemetrexed followed by icotinib
group, followed by the concurrent icotinib combined with
pemetrexed group; both of these groups were superior to
single treatment with icotinib or pemetrexed. However,
sequential icotinib followed by pemetrexed did not show
any additive effect. These results suggest that administering
icotinib concurrent with or after pemetrexed might exert a
better effect than using icotinib alone in NSCLC patients
with activating EGFR mutations.
An important clinical issue is retarding TKI resistance to

further increase survival benefits in advanced NSCLC
patients with activating EGFR mutations. Because NSCLC
is a kind of heterogeneous disease, combination treatment
with different mechanisms of anti-tumor drugs might fur-
ther improve outcomes and play a role in preventing drug
resistance.26 A preclinical study reported that acquired gefi-
tinib resistance was prevented when pemetrexed was
administered before or together with gefitinib.27 Recent
findings from two phase II clinical trials suggest a potential
benefit from the combination of EGFR-TKIs and peme-
trexed in EGFR-mutant patients.17,28 Yoshimura et al.
reported that the sequential administration of gefitinib fol-
lowing pemetrexed obtained a high overall response rate
(84.6%) and long median PFS (18 months), with accept-
able toxicity.28 Another phase II JMIT study conducted in

Table 1 Tumor weight (mean � SD) and proliferation inhibition rate
at the end of the 21st day (n = 6 mice/group)

Group 3-week Icotinib
3-week

Pemetrexed Tumor weight (g) TGIR%

Control Vehicle Vehicle 0.41 � 0.16 0.0
Ico 60 mg/kg d1-d5 — 0.13 � 0.06†,‡ 68.3
Pem — 250 mg/kg d1 0.24 � 0.15† 41.5
Pem-Ico 60 mg/kg d2-d6 250 mg/kg d1 0.05 � 0.03†,‡,§,¶ 87.8
Ico-Pem 60 mg/kg d1-d5 250 mg/kg d6 0.11 � 0.04†,‡ 73.2
Ico + Pem 60 mg/kg d1-d5 250 mg/kg d1 0.06 � 0.02†,‡,§,¶ 85.4

P < 0.05 versus. †Control, ‡Pemetrexed (Pem), §Icotinib (Ico), and
¶Ico-Pem. Ico-Pem, sequential Ico followed by Pem; Ico + Pem, concur-
rent Ico combined with Pem; Pem-Ico, sequential Pem followed by Ico;
SD, standard deviation; TGIR, tumor growth inhibition rate.

Table 2 Body weight of the nude mice before and after treatments
(n = 6 mice/group, mean � SD)

Group Initial body weight (g) Final body weight (g)

Control 21.75 � 0.90 22.87 � 1.17†,‡
Ico 21.20 � 0.85 22.42 � 1.24†,‡
Pem 20.47 � 0.85 21.47 � 0.95†,‡
Pem-Ico 20.37 � 0.91 21.32 � 0.62†,‡
Ico-Pem 19.62 � 1.73 20.12 � 2.12†,‡
Ico + Pem 21.75 � 0.90 21.07 � 1.08†,‡

P > 0.05 versus. †Before treatment within-groups and ‡After treatment
inter-groups. Ico, icotinib; Ico-Pem, sequential Ico followed by Peme-
trexed; Ico + Pem, concurrent Ico combined with Pem; Pem-Ico,
sequential Pem followed by Ico; SD, standard deviation
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East Asian patients with nonsquamous EGFR-mutant
NSCLC demonstrated that the concurrent combination of
gefitinib and pemetrexed led to a significant improvement
of nearly five months in PFS compared to gefitinib alone
(hazard ratio 0.68, 95% confidence interval 0.48–0.96;
P = 0.029).17 Supporting these results, our data indicate
that both the mode of sequential pemetrexed followed by
icotinib and concurrent combined icotinib and pemetrexed
for the treatment of EGFR-mutant lung adenocarcinoma
shows promising anti-tumor effects in vivo.
Angiogenesis plays an important role in cancer cell pro-

liferation, invasion, and tumor metastasis. The MVD,

reflecting angiogenesis, is an independent factor of lung
cancer prognosis.29 EGFR-TKIs have proven to have
the potential ability to reduce tumor MVD.30,31 The
anti-angiogenic effect of EGFR-TKIs could partially be
mediated by blocking epidermal growth factor-induced
neovascularization, suggesting that downregulation of
EGFR signaling is directly related to the inhibition of
angiogenesis.32 In this study, CD34, as marker of vascular
endothelial cells, reflected the status of tumor tissue MVD
and was quantitatively analyzed. Tumor xenograft MVD in
the Pem-Ico and Ico + Pem groups was dramatically
reduced compared to those of the other three treatment

Figure 2 Representative hematoxylin and eosin staining results in tumor xenograft tissues. Groups: control; Ico, icotinib; Ico-Pem, sequential Ico fol-
lowed by Pem; Ico + Pem, concurrent Ico and Pem; Pem, pemetrexed; Pem-Ico, sequential Pem followed by Ico.
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Figure 3 Microvessel density was assessed by immunohistochemical staining for CD34 (stained in brown) in tumor xenograft tissues after the admin-
istration of different treatments (n = 6 mice/group). Groups: control; Ico, icotinib; Ico-Pem, sequential Ico followed by Pem; Ico + Pem, concurrent
Ico and Pem; Pem, pemetrexed; Pem-Ico, sequential Pem followed by Ico. (a) Representative immunohistochemical staining results of CD34. (b)
Microvessel density assessed by CD34 positive cells. The numbers of CD34 positive cells are shown as a histogram: columns, mean � standard devia-
tion (SD, n = 6 mice/group). P < 0.01 versus *control and Pem, # Ico and Ico-Pem.

Figure 4 Immunohistochemical analysis of Ki-67 and caspase-3 in tumor xenograft tissues after the administration of different treatments (n = 6
mice/group). Groups: control; Ico, icotinib; Ico-Pem, sequential Ico followed by Pem; Ico + Pem, concurrent Ico and Pem; Pem, pemetrexed; Pem-Ico,
sequential Pem followed by Ico. Representative immunohistochemical staining results of (a) Ki-67 (stained in brown) and (b) caspase-3 (stained in
brown). (c) Proliferation rate assessed by Ki-67 score. (d) Apoptosis rate assessed by caspase-3 score. Ki-67 score and caspase-3 score shown as a his-
togram: columns, mean � standard deviation. P < 0.05 versus *control, #Pem, ▲Ico, §Ico-Pem.
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groups. The additive anti-angiogenesis effect was observed
in the Pem-Ico and Ico + Pem groups but not in the Ico-
Pem group; these results may relate to differences in EGFR
signaling inhibition among the groups, which was also
investigated.
The essential feature of malignant tumor development is

the process of unlimited proliferation and apoptosis resis-
tance of abnormal cells. Ki-67 is a typical protein marker
for cell proliferation activity, and is positively expressed in
the proliferative cell nucleus.33 Caspase-3 is one of the key
molecules of the apoptosis pathway, and its activation is a
sign of apoptosis entering the irreversible phase.34 In this
study, the proliferation and apoptosis of tumor cells were
reflected by Ki-67 and caspase-3 expression, respectively.
The proliferation rate was significantly decreased and the
apoptosis rate significantly increased in the Pem-Ico and
Ico + Pem groups when compared to the other three drug
treatment groups (Ico, Pem, and Ico-Pem groups). More-
over, the fibrous tissue increased and tumor cells decreased
dramatically in the Pem-Ico and Ico + Pem groups. The
proliferation and apoptosis rates in the Ico-Pem and Ico
groups were not significantly different, which suggests that
sequential icotinib followed by pemetrexed had no obvious
advantage over icotinib alone for inhibiting the prolifera-
tion or promoting the apoptosis of tumor cells.
As a key enzyme in DNA synthesis, TS is one of the

main targets of pemetrexed. The negative correlation

between TS expression and the efficacy of pemetrexed has
been reported in both in vitro and clinical studies.35,36 In
the present study, icotinib treatment markedly reduced TS
expression, and additional reductions were observed in the
Pem-Ico and Ico + Pem groups. Similar to a previous
in vitro study by La Monica et al., our findings also indi-
cate that the downregulation of TS by icotinib increased
the cytotoxicity of pemetrexed for the treatment of EGFR-
mutant lung adenocarcinoma xenografts when icotinib was
administered concurrent with or after pemetrexed.27 How-
ever, compared to icotinib alone, the sequential combina-
tion of icotinib followed by pemetrexed did not further
reduce TS expression. In addition, the inhibition of EGFR,
AKT and MAPK phosphorylation was enhanced when ico-
tinib was administered concurrent with or after peme-
trexed, which is consistent with the concept that EGFR
signaling pathways are more susceptible to inhibition by
TKIs because pemetrexed increases EGFR phosphoryla-
tion.37 The RAS/MAPK/ERK-dependent pathway is one of
the major EGFR downstream signaling pathways and
induces the elevation of cyclin D1 levels, while the downre-
gulation of cyclin D1 leads to E2F-1 inhibition.38 The addi-
tional decreased TS levels found in our study after the
administration of concurrent EGFR-TKI and pemetrexed
may have been the result of enhanced downregulation of
E2F-1 expression.37 It is worth noting that the inhibitory
effect on EGFR, AKT, and MAPK phosphorylation in the

Figure 5 Expression of thymidylate synthase (TS) and related EGFR signaling pathway proteins in tumor xenografts after the administration of differ-
ent treatments (n = 6 mice/group). Groups: control; Ico, icotinib; Ico-Pem, sequential Ico followed by Pem; Ico + Pem, concurrent Ico and Pem; Pem,
pemetrexed; Pem-Ico, sequential Pem followed by Ico. (a) The effects of different combinations of Ico and Pem on TS expression and EGFR, AKT,
and MAPK phosphorylation in tumor tissues was detected by Western blotting. The relative (b) TS (c) phospho-EGFR, (d) phospho-AKT, and (e)
phospho-MAPK expression levels. Data are shown as the mean � standard deviation of triplicate measurements. P < 0.05 versus *control, #Pem,
▲Ico, §Ico-Pem.
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Ico-Pem group was significantly weaker than in the Pem-
Ico and Ico + Pem groups, but not the Ico group. Hence,
we speculate that the sequential treatment associated inhi-
bition of TS expression might be related to the downregu-
lated level of the RAS/MAPK/ERK pathway in each
combined icotinib and pemetrexed group, respectively. The
inhibition of TS expression could also be explained by the
interaction of icotinib and pemetrexed in vivo. Further
work is needed to clarify the relationship between TS
expression and cyclin D1 in EGFR-mutant NSCLC cells.
Both modes of sequential pemetrexed followed by icoti-

nib and concurrent combinations of icotinib and peme-
trexed showed additive anti-tumor activity by reducing
angiogenesis, enhancing anti-proliferative and proapoptotic
effects, and the inhibition of TS expression and EGFR
downstream signaling pathways. No antagonism between
pemetrexed and icotinib was observed in the group admin-
istered sequential icotinib followed by pemetrexed, which
did not match in vitro results, possibly because of the dif-
ferent durations of treatment and the changing biological
characteristics of the tumor cells resulting from the com-
plex microenvironment. Our study provides evidence for
conducting clinical trials using combined icotinib and
pemetrexed in patients with EGFR-mutant lung
adenocarcinoma.
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