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Receptor tyrosine kinases, mediators of a variety of critical cellular functions, contribute to tumor pro-
gression and metastasis. The epidermal growth factor receptor (EGFR), a member of the receptor tyrosine
kinase family, is ubiquitously expressed on the surface of mammalian cells. Erlotinib hydrochloride
(Tarceva) can inhibit the intracellular phosphorylation of tyrosine kinases. To investigate the influence of

Keywords: dosing time on the ability of erlotinib to inhibit tumor growth and the underlying molecular mechanisms
g?lgzir:]c;gharmacology via the PI3K/AKT and ERK/MAPK pathway, we established nude mice HCC827 tumor xenografts models.
Circadian rhythms The tumor-bearing mice were housed 3—4 per cage under standardized light/dark cycle conditions
NSCLC (lights on at 07:00 h, off at 19:00 h) with food and water ad libitum. The mice were randomly divided
HCC827 into erlotinib treated groups and control groups, gavaged with erlotinib and vehicle respectively at 6

different time points for 21 days. To draw tumor growth curves, the tumor volume was measured every
three days. After the mice were sacrificed, the tumor masses of each group were removed and weighed.
The relative protein expression levels of p-EGFR, p-AKT and p-MAPK were assayed at 4 h after erlotinib or
vehicle gavage by Western blot analysis. The antitumor effect of erlotinib presented diurnal rhythmicity.
The growth of HCC827 xenograft was more potently inhibited by erlotinib in the early light phase than in
the early dark phase (p < 0.05). The inhibitory effect of erlotinib on phosphorylation of EGFR, AKT and
MAPK varied with its administration time. The results indicate that the antitumor effect of erlotinib is
more potent when the drug was administered when the activities of EGFR and its downstream factors
increased. Our findings may provide a clue to optimize the dosing schedule of erlotinib.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Lung cancer, one of the most prevalent malignancies, is the
leading cause of cancer-related death worldwide [1,2]. Of all the
types of lung cancer, most cases are non-small-cell lung cancer
(NSCLC), approximately accounting for 80—95% [3,4]. Although
tumor recurrence and metastasis can largely be controlled by the
traditional chemotherapy [5—7], it still causes severe side effects.
Due to the better understanding of molecular mechanisms of
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tumorigenesis and the development in gene screening, small-
molecule-targeted drugs have been designed to improve the
treatment outcomes [8]. Erlotinib, a molecule-targeted drug, has
been proved effective in the treatment of patients with advanced
metastatic non-small-cell lung cancer, especially in patients with
epidermal growth factor receptor (EGFR) mutation [9]. It is a
tyrosine kinase inhibitor that suppresses intracellular phosphory-
lation of tyrosine kinase related to EGFR. EGFR is a crucial member
of receptor tyrosine kinase family and is involved in plenty of
cancer-related signal transduction pathways, such as proliferation,
metastasis and angiogenesis [10]. Rat sarcoma/rapidly accelerated
fibrosarcoma/mitogen-activated protein kinase (Ras/Raf/MAPK)
and phosphatidylinositol-3-kinase/protein kinase B(PI3K/AKT) are
two principal pathways of EGFR downstream, which can promote
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mitosis and prevent apoptosis [11]. Once the EGFR is autophos-
phorylated, the downstream signal is triggered.

Most of light-sensitive organisms possess physiological and
behavioral rhythms which are consistent with 24-h day [12].
Circadian rhythms not only exist in normal physiological processes,
but also in some pathophysiological courses, such as diabetes,
cardiovascular disease, and autoimmune disease [12,13]. Recent
understanding of the molecular control mechanisms of diurnal
rhythms and subsequent signal pathways has revealed that the
biological rhythmic variations might affect both the therapeutic
effect and the side effects of the drugs [14,15]. It has been proved
that treatment outcomes can be optimized by giving the drugs at
appropriate time of a day by strengthening efficacy and reducing
toxicities [16]. Although chronopharmacological strategy has been
gradually used in clinical therapy and many patients benefit from it,
many antitumor drugs are administered without instruction of
optimal dosing-time.

The purpose of this study was to investigate the dosing time-
dependent changes in the antitumor effects of erlotinib and the
underlying mechanisms in tumor-bearing mice. It was expected
that specific circadian time points can be selected to warrant
further exploration of chronopharmacology of erlotinib in clinical
trial.

2. Materials and methods
2.1. Media and reagents

RPMI 1640 (Hyclone, USA) was used as culture medium, sup-
plemented with 10% fetal bovine serum (FBS) and 1% Pen-
icillin—Streptomycin Solution. Erlotinib hydrochloride tablets
(150 mg erlotinib/tablet) were provided by Roche Ltd. Because of its
insolubility in water, erlotinib was made into suspension with the
vehicles of Captisol [17,18] (sulfobutyl ether B-cyclodextrin, 6% so-
lution in water), which was purchased from Medchemexpress LLC.
Antibodies against phospho-EGFR, phospho-AKT, phospho-p44/42
MAPK (ERK1/2) and Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were purchased from Cell Signaling Technology (Boston,
MA).

2.2. Animals and cells

Female BALB/c nude mice (4 weeks old) were purchased from
Vital River Laboratory Animal Technology Co. Ltd. The mice were
housed 4—5 per cage in light-controlled room (lights on at 07:00 h,
off at 19:00 h) at a room temperature of 25 + 3 °C and a humidity of
50 + 10% with food and water available ad libitum. Before experi-
ments, they were allowed to adapt to the standardized light/dark
cycle for two weeks. All animal procedures were done in strict
accordance with Animal Ethics Guidelines and approved by Ethic
Committee of the No. 401 Hospital of Chinese People's Liberation
Army.

HCC827, an EGFR-mutated cell line, was provided by Chinese
Academy of Sciences, and maintained in RPMI 1640 medium sup-
plemented with 10% FBS and 1% penicillin-streptomycin solution at
37 °Cin a humidified atmosphere with 5% CO,. After an adaptation
period of two weeks, the mice were subcutaneously inoculated
with a 200-pl volume of 1.0 x 107 viable HCC827 cells into the right
flank.

2.3. Experimental design
To investigate the influence of dosing-time dependent changes

on the antitumor effect induced by erlotinib, groups of 8 tumor-
bearing nude mice were gavaged with a single daily dose (5 mg/

kg) of erlotinib suspension (treatment groups) or vehicle (6% Cap-
tisol aqueous solution, model groups) at different circadian time
(08:00, 12:00, 16:00, 20:00, 24:00 and morrow 04:00) for 21 days.
After the final intragastric administration, tyrosine kinase activity
of EGFR, AKT and MAPK of the non-drugged groups were detected
by Western blot to explore whether 24-h oscillation existed in the
phosphorylation of these proteins. To investigate the influence of
dosing time on the ability of erlotinib to inhibit the phosphoryla-
tion of EGFR, AKT and MAPK, tumor-bearing mice were gavaged
with erlotinib (5 mg/kg) suspension or vehicle at 08:00 or 20:00. At
4 h after administration, the phosphorylation state was detected by
Western blotting.

2.4. Determination of antitumor effect

The influence of dosing-time on the antitumor effect of erlotinib
was evaluated by the change of tumor volume and the tumor in-
hibition rate. The tumor volume was measured with caliper every
three days and estimated according to the following formula: tu-
mor volume (mm?) = a® x b/2, where a is the shortest diameter and
b is the longest diameter. The tumor growth curves were drawn to
describe the tendency of tumor volume change in each group. After
the final administration, the mice were sacrificed and the xeno-
grafts were removed and weighed at the corresponding circadian
time (08:00, 12:00, 16:00, 20:00, 24:00 and marrow 04:00). The
tumor inhibition rate was calculated by the formula: tumor inhi-
bition rate (%) = (average tumor weight of model group — average
tumor weight of treatment group)/average tumor weight of model
group x 100%.

2.5. Histopathological analysis

Three tumor masses were randomly collected from each group
to do the histopathological analysis. They were fixed in 10%
formalin overnight immediately after being removed. The fixed
tumor masses were washed with flowing water for 8 h and cut into
slices, and then dehydrated successively with 70%, 80%, 90% and
pure ethanol. The slices were put into xylene solution for 40 min,
dipped into molten paraffin and then made into paraffin blocks.
After HE staining, the images were obtained under the optical
microscope.

2.6. Western blot (WB) analysis

The frozen tumor masses were ground into powder by using
liquid nitrogen. The total proteins were extracted in lysis buffer
(50 mM Tris—HCI, pH 7.8, 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet
P-40, 2 mM PMSF, 1 mM Na3VOg4) and quantified using the BCA
method. The lysate samples were separated on SDS—PAGE (10%)
and transferred to polyvinylidene fluoride (PVDF) membrane
(Millipore, US). Subsequently, the PVDF membranes were incu-
bated overnight at 4 °C with the following antibodies: GAPDH, anti-
phospho-EGFR, anti-phospho-AKT and anti-phospho-p44/42
MAPK (1:1000; Cell Signaling Technology, MA). After incubation
with horseradish peroxidase-linked anti-rabbit IgG (1:3000; Cell
Signaling Technology, MA) at 37 °C for 1 h, bound proteins were
made visible using immobilon Western chemiluminescent HRP
substrate (Millipore, US) and detected by NIH image software. All
the relative protein expression levels were calculated based on
GAPDH protein as the loading control.

2.7. Statistical analysis

SPSS version 17.0 was used for all the analysis. The statistical
significance among different groups was validated by one-way
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ANOVA and Bonferroni test was used to compare the statistical
significance of differences for multiple comparisons. A 5% level of
probability was considered to be significant.

3. Results

3.1. Influence of erlotinib administration time on the antitumor

effect

3.1.1. Influence of administration time on tumor volume

Since there was no significant difference in the growth of tu-
mors among the non-drugged groups, the mean value of the tumor
volume from 6 model groups was regarded as the control. After the
administration of erlotinib, the tumor growth of all the treatment
groups was suppressed when compared with that of the model
group (Fig. 1). Among all the treatment groups, tumor growth was
more significantly suppressed and the tumors were smaller at the
end of 21-day of administration in mice gavaged at 08:00 than at
20:00 (p < 0.01, respectively).

3.1.2. Influence of administration time on tumor inhibition rate
Although the tumor weight of all the treatment groups was
tremendously decreased when compared with the model group,
the suppressive effect was more potent in the mice gavaged at
08:00 than at 20:00; namely, the tumor inhibition rate was the
largest when erlotinib was given at 08:00 (p < 0.01, Table 1).

3.1.3. Influence of administration time on histopathology

We also detected the influence of erlotinib dosing-time on his-
topathology. The 7 photographs in Fig. 2 respectively represent the
images of sections of tumor tissues from 6 erlotinib treated groups
gavaged at different circadian times and from the model group.
Poorly differentiated and tightly arranged tumor cells were
observed in the mice of the model group without obvious necrosis
of tumor cells. Large areas of cystic degeneration and inflammatory
infiltration can be easily spotted in the tumor tissue of mice given
erlotinib at 08:00, 12:00 and 04:00, and the tumor cells arranged
irregularly with necrosis and minimal bleeding. Although inflam-
matory ooze, necrosis and cystic degeneration can also be observed
in the mice gavaged with erlotinib at 16:00, 20:00 and 24:00, the
levels were much lower than that of the mice gavaged at 08:00,
12:00 and 04:00.
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Fig. 1. Influence of administration time on the ability of erlotinib to inhibit the tumor
growth. Erlotinib (5 mg/kg, bid.) (08:00, 12:00, 16:00, 20:00, 24:00, 04:00) or vehicle
was gavaged every day for 21 days. Each value is the mean with S.E. of 8 mice.
*p < 0.05, **p < 0.01 when compared with the model group using Bonferroni-test.

Table 1
Comparison of transplanted tumor weight and inhibition rate in each group (x + s,
n=38).

Group Tumor weight (g) Tumor inhibition rate (%)
Model 0.74 + 0.26 -

08:00 0.30 + 0.17** 59.24

12:00 0.48 + 0.34* 34.50

16:00 0.61 + 0.35 17.10

20:00 0.70 + 0.36 5.14

24:00 0.59 + 0.32 19.81

04:00 0.39 + 0.29* 47.72

*p < 0.05, **p < 0.01 when compared with the model group.

3.2. Influence of administration time on the ability of erlotinib to
inhibit the phosphorylation of EGFR

Erlotinib exerts its anti-tumor effect by inhibiting the intracel-
lular phosphorylation of tyrosine kinase which is related to EGFR.
We investigated whether the administration time can affect the
ability of erlotinib to inhibit the phosphorylation of EGFR. Under
non-drugged state, the phosphorylation of EGFR showed obvious
oscillation (p < 0.05, Fig. 3A). From the late dark phase (24:00 and
04:00) to the early light phase (08:00 and 12:00), the relative
expression level of p-EGFR was higher than the late light phase
(16:00) and the early dark phase (20:00). Then we detected the
expression of p-EGFR in mice gavaged with erlotinib at 08:00 and
20:00. Since erlotinib concentration in tumor mass can reach the
peak about 4 h after administration [19], the expression of p-EGFR
was assessed at 4 h after erlotinib gavage. As we can see in Fig. 3B,
the phosphorylation of EGFR was more significantly inhibited by
erlotinib than vehicle at 08:00 (p < 0.01), while there was no sig-
nificant difference in the expression of p-EGFR between the model
group and the treatment group at 20:00.

3.3. Influence of administration time on the ability of erlotinib to
suppress the phosphorylation of AKT and p44/42 MAPK

Ras/Raf/MAPK and PI3K/AKT are two chief downstream signal
pathways of EGFR [20]. Once the EGFR is autophosphorylated, the
downstream signal will be triggered. We investigated whether the
administration time had the same effect on the phosphorylation of
AKT and p44/42 MAPK. The study procedure was the same as that
of investigating p-EGFR. Under non-drugged state, the expressions
of p-AKT and p-p44/42 MAPK protein showed obvious 24-h oscil-
lation, which was similar to the phosphorylation of EGFR (Fig. 4A
and C). The expressions of p-AKT and p-p44/42 MAPK protein at4 h
after erlotinib gavaging were significantly lower than those of their
corresponding vehicle groups gavaged at 08:00 (p < 0.01, Fig. 4B
and D). There was no significant difference in the expressions of p-
AKT or p-p44/42 MAPK proteins between the model group and the
treatment group at 20:00.

4. Discussion

This study has demonstrated that the antitumor effect of erlo-
tinib varied with its administration time in HCC827 implanted nude
mice. The ability of erlotinib to inhibit the tumor growth was more
pronounced when it was given at the early light phase than at the
early dark phase. The results correspond with previous chro-
nopharmacological studies on the antitumor effect of interferon-§,
TNP-470 and imatinib [21-23].

Diurnal rhythmic oscillation in biological functions, such as
signal transduction and receptor sensitivity, is thought to be related
with the efficacy and toxicity of drugs. Erlotinib, acting as ATP
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Fig. 2. Microscopic images of pathological sections from model group and erlotinib-gavaged groups after 21 days of administration (HE staining, original magnification x100).
Model group: Pathological section from the mice gavaged with vehicle. The tumor cells arranged tightly without obvious necrosis and cystic degeneration. Group 8:00, 12:00 and
04:00: Pathological sections from the mice gavaged with erlotinib at 08:00, 12:00 and 04:00, respectively. Large areas of cystic degeneration and inflammatory infiltration can be
easily observed. Necrosis and minimal bleeding can also be found. Group 16:00, 20:00, 24:00: Pathological sections from the mice gavaged with erlotinib at 16:00, 20:00 and 24:00:
Small areas of inflammatory ooze, necrosis and cystic degeneration can be observed with the irregular arrangement of tumor cells.
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Fig. 3. Tyrosine kinase activity of EGFR under non-drugged state (A) and the influence of administration time on the ability of erlotinib to inhibit the phosphorylation of EGFR (B).
The protein level is normalized by B-actin. Each value is the mean with S.E. of 5 or 6 mice. The expression of p-EGFR presents 24-h variations (p < 0.05, ANOVA) under non-drugged
state. The mice were given a single intragastric administration of erlotinib (M) or vehicle (01) at 08:00 and 20:00, respectively. “p < 0.05, **p < 0.01 when compared between groups

using Bonferroni-test.

mimetic agents, inhibits the binding of ATP to the pocket domain
and consequently restrains the phosphorylation of EGFR and its
downstream pathways [24]. Namely, EGFR is the target of erlotinib
to exert its antitumor effect. For a higher sensitivity to erlotinib in
mutated-EGFR tumors [25,26], we chose EGFR mutation cell line
HCC827 to establish the xenograft mouse model. Ras/Raf/MAPK
and PI3K/AKT are two principal pathways of EGFR downstream,
which contribute to cell survival (apoptosis) and cell growth.
Although different mutation types of EGFR are different in acti-
vating EGFR downstream signaling pathways [27—30], the p-p44/
42 MAPK is highly susceptible to the inhibitory effect of erlotinib
just as p-AKT in HCC827 [31]. Therefore, we detected the under-
lying mechanisms of dosing-time-dependent change from the
activation of EGFR and its downstream pathways.

Under non-drugged states, the phosphorylation of EGFR showed
significant rhythmic variation, which is similar to the findings of
Lauriola et al. [32]. We also found that the anti-EGFR drug, given
during the resting phase instead of the active phase, showed more
potent anti-tumor efficacy in animals. EGFR, which is expressed in
the core circadian pacemaker and transcription-factors, is impli-
cated in circadian function and responsible for the circadian phase-
dependent EGFR responses [33]. Therefore, one possible mecha-
nism accounting for the oscillation in p-EGFR expression is that the
core circadian clock influences EGFR gene and then affects the
protein expression level. Several EGF family ligands, which are
bound to EGFR, can mediate the dimerization of EGFR and ensue
autophosphorylation [34]. Thereby, it is also probable that the
binding amount of these EGF family ligands to EGFR varies with
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Fig. 4. Tyrosine kinase activity of AKT and p44/42 MAPK under non-drugged state (A and C) and the influence of administration time on the ability of erlotinib to inhibit the
phosphorylation of AKT and p44/42 MAPK (B and D). The protein level is normalized by B-actin. Each value is the mean with S.E. of 5 or 6 mice. The expression of p-AKT and p-p44/
42 MAPK presents 24-h variations (p < 0.05, ANOVA) under non-drugged state. The mice were given a single intragastric administration of erlotinib () or vehicle (00) at 08:00 and
20:00, respectively. *p < 0.05, **p < 0.01 when compared between groups using Bonferroni-test.

different circadian times. The phosphorylation of EGFR was notably
inhibited by erlotinib gavaged at 08:00 than at 20:00, which im-
plies that there are dosing-time dependent changes in the sup-
pression effect of erlotinib, and it seems to be induced by the 24-h
oscillation in the expression of p-EGFR. EGFR is a member of re-
ceptor tyrosine kinase family, whose gene is recognized as onco-
gene [35]. EGFR are considered to be related with plenty of tumor
growth processes. As a result, the dosing-time dependent changes
induced by erlotinib on the expression of p-EGFR may contribute to
the different anti-tumor effects at different times. As it is well
known, Ras/Raf/MAPK and PI3K/AKT are two crucial signal path-
ways involved in EGFR signaling cascade and both of them are
closely related to cell growth and apoptosis. The inhibitory effect of
erlotinib on the tyrosine kinase activity of both AKT and p44/42
MAPK shows the same tendency as that of EGFR. Overall, the
dosing-time dependent changes on the inhibitory effect of EGFR-
ERK/MAPK and EGFR-PI3K/AKT signal pathways induced by erlo-
tinib seems to be involved in the mechanism of the 24-h variation
in the antitumor effect of erlotinib.

This study demonstrates a potential mechanism underlying the
24-h oscillation in antitumor effect of erlotinib in HCC827 xenograft
nude mice. Furthermore, diurnal rhythmic changes in the receptor
tyrosine kinase activities of EGFR and its downstream signal
pathways seem to influence the dosing-time dependent changes of
antitumor effect induced by erlotinib. A rational chronotherapeutic
strategy of erlotinib could be expected by choosing the most
appropriate administration time. Our results may provide a clue for
reasonable usage of erlotinib in its further clinical chro-
nopharmacological research. In the future, we will perform further
studies on the chronopharmacokinetics in the mice model and
clinical chronopharmacological administration strategy of
erlotinib.
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