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Summary

Genomic studies have established a set of three core-signaling pathways, receptor tyrosine kinase (RTK), p53 and retinoblastoma
(Rb) signaling pathways, contributing glioblastoma (GBM) and revealed that dysregulation of at least two pathways is required
for GBM progression. In the present study, we investigate efficacy of combination of palbociclib, cyclin-dependent kinase 4/6
(CDK4/6) inhibitor, and erlotinib, epidermal growth factor receptor (EGFR) inhibitor in GBM cell systems with different p53
status. Cell proliferation and colony formation assays showed that the combination treatment synergistically suppressed GBM
cell proliferation. LN229 cells with mutant p53 and wild-type PTEN were more sensitive to the combination treatment. Further
studies indicated that the synergetic anti-GBM effects were due to cell apoptosis induction and cell cycle arrest at G1 phase.
Signaling examination indicated that levels of p-Rb and p-4E-BP1 significantly decreased by the combination treatment; how-
ever, Akt and MAPK signaling were differentially suppressed among the three GBM cell lines. Hence, our data demonstrate that
palbociclib and erlotinib exert synergistic anti-GBM activity, providing pre-clinical evidence and a proof-ofconcept that usage of

the combination of EGFR and CDK4/6 inhibitors for GBM treatment.
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Introduction

Glioblastoma (GBM) is the most aggressive and the most
common gliomas in humans [18]. Combination therapy for
treating glioblastomas consists of surgery, radiotherapy, and
chemotherapy [16]. However, even such a radical treatment
strategy gives rise to mean patient survival time reaching only
14.6 months [36]. Patients with high grade tumors typically
suffer poor prognosis due to the resistant nature to available
therapies [31]. Comprehensive efforts by The Cancer Genome
Atlas Research Network (TCGA) revealed therapeutic targets
in up to 90% of GBM samples including targets of Receptor
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Tyrosine Kinase (RTK), PI3-Kinase, and Rb1 pathway [4].
There is a statistical tendency towards mutual exclusivity of
alterations of components within each pathway, consistent
with the thesis that deregulation of one component relieves
the selective pressure for additional ones [5]. In other words,
dysregulation of the at least two pathways among the three is a
core requirement for glioblastoma pathogenesis.

Recent progress in understanding the molecular events that
occur during GBM development has drawn interest in devel-
oping signal pathway-specific small-molecule kinase inhibi-
tors for treatment [24]. Among these inhibitors are erlotinib
and gefitinib, which target the epidermal growth factor recep-
tor (EGFR) [33]. Erlotinib is the well-studied compound for
GBM treatment [13, 28]. Although EGFR inhibitors have
shown good preclinical inhibitory activity, the monotherapy
is not sufficient to suppress tumor growth and have shown
disappointing results in patients with GBM [3]. Thus, the
targeted approach against EGFR signaling likely requires a
synergistic drug combination strategy to become successful
in cancer ultimately [7, 15, 27]. Cell cycle progression is fre-
quently unbalanced in cancer and its inhibitors also attract
plenty of attention for therapeutic application [1]. Palbociclib
(PD0332991) is a selective cyclin-dependent kinase 4/6
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(CDK4/6) inhibitors, leading to inhibition of Rb1 phosphory-
lation and eventually to cell cycle blockage [10]. It has been
reported having anti-tumor activity in hepatocellular carcino-
ma [2], synovial sarcoma [34], head and neck squamous cell
carcinoma [22], liposarcoma [8], and non-small cell lung can-
cers [32]. Recently, it is approved for breast cancer treatment
by the U.S. Food and Drug Administration [9]. Here, we in-
vestigate the efficacy a combination treatment with erlotinib
and palbociclib in various GBM cells. Data indicates that
palbociclib and erlotinib exert synergistic inhibition in human
GBM cells, which due to stronger apoptosis inducing and cell
cycle arresting activity. Further investigations show that syner-
gistic inhibiting Rb and mTOR signaling contributing the effi-
cacy of the combined treatment. Collectively, our data suggest
that combined inhibition of both EGFR and CDK4/6 may
serve as a therapeutic strategy for GBM treatment.

Results

Palbociclib/erlotinib attenuates cell proliferation
in human glioblastoma cells

To study the efficacy of combination therapy of CDK4/6 and
EGFR inhibitors, we firstly investigated inhibitive effects of
palbociclib and erlotinib in three human glioblastoma cell
lines: U87MG (PTEN—/-), LN229 (p53 mutant), and
LNZ308 (TP53 —/— & PTEN —/-). The three cell lines were
treated with various concentrations of palbociclib/erlotinib for
three days followed by proliferation examination using MTT
assay. Proliferations of all the three GBM cell lines were sup-
pressed by both palbociclib and erlotinib in a dose-dependent
manner (Fig. la and b). However, their sensitivities to the
drugs were distinct: LN299 cells were the most sensitive cells
to both palbociclib and erlotinib, with IC50 values 2.7 and
2.3 uM, respectively. U87MG and LNZ308 were less sensi-
tive and LNZ308 was the lest sensitive cell line among them.
Furthermore, we conducted time-course experiment to con-
firm the anti-GBM activity of palbociclib/erlotinib with the
concentration of IC50 indicated above. Data showed that both
palbociclib and erlotinib suppressed GBM cell proliferation in
a time-dependent manner. Consistent with the dose-response
data, LN299 and LNZ308 are the most and least sensitive cell
lines to the two drugs, respectively (Fig. 1c and d).

Combination of palbociclib and erlotinib
synergistically suppresses GBM cell proliferation

Based on the data described above, we further examined the
effects of the combined treatment of palbociclib and erlotinib
in the GBM cells. Cells were treated with palbociclib and
erlotinib at different concentrations for 72 h. Compared to
palbociclib alone, treatment with combination of erlotinib
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significantly decreased cell proliferation in all three GBM cell
line, even with the low concentration of erlotinib (Fig. 2a-c).
Combined treatment showed similar pattern of inhibition in
LNZ308 and US7MG cells: with erlotinib, the effects of var-
ious concentrations of palbociclib (0.5~2 uM) are not signif-
icant different (Fig. 2a and c). Higher concentrations of erlo-
tinib showed stronger effects than those of lower concentra-
tions when combined with palbociclib. In LN229 cells, treat-
ment with low concentrations of palbociclib (0.5 uM) and
erlotinib (1.25 uM) dramatically suppressed cell growth com-
pared to control cells. However, the inhibition was not in-
creased as the concentration increased (Fig. 2b). To further
confirm the observed synergistic effect, the combined effect
of palbociclib and erlotinib (palbociclib: erlotinib molar ratio
was 1:2) was determined using the combination index (CI)
method developed by Chou et al. [6]. The CI value for each
combination was <1 (Fig. 2d), indicating there is a synergistic
inhibitory effect. Still, the differences of the synergistic pat-
terns among the three GBM cell lines were noticed. In LN229
cells, the fraction affected values ranged from 0.10 ~ 0.82,
whereas in LNZ308 and U87MG cells, the fraction affected
values ranged from 0.12 ~ 0.41 and 0.16 ~ 0.86, respectively,
indicating that LN229 cells were more sensitivity to the com-
bination treatment. Collectively, the data indicate that combi-
nation of palbociclib and erlotinib dramatically potentiates
that anti-proliferative activity against human GBM cells.

Combined treatment of palbociclib and erlotinib
suppresses GBM colony formation

To further determine the synergistic activity of palbociclib
and erlotinib against GBM. Soft agar colony formation
assay, a cellular anchorage-independent grow assay that
examines tumorigenic potential of transformed cells, was
employed. Different from cell proliferation assay (Fig. 1),
the inhibitive activity of the combination on colony forma-
tion among U87MG, LN229, and LNZ308 cell lines are
similar. Combined treatment with palbociclib and erlotinib
significantly suppressed colony formation compared to
single drug treatment (Fig. 3a-c). However, among the
three cell lines, LN229 was the most sensitive one respond
to the combined treatment. The synergistic effects were
further analyzed by calculating the CI values. As shown
in Fig. 3d, unlike the distinct CI curve patterns from cell
proliferation assay (Fig. 2d), patterns of the CI curves wee
similar among the tree GBM cell lines (Fig. 3d). Combined
treatment synergistically suppressed colony formation in
all GBM cell lines. However, the beginning value of the
fraction affected in LNZ308, U87MG, and LN229 were
0.21, 0.31, and 0.37, showing the different sensitivities of
the cell lines to the combination therapy. These data con-
firm that combination of palbociclib and erlotinib exerts
synergistic inhibition in GBM progression.
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Combined treatment of palbociclib and erlotinib
induces apoptosis and cell cycle arrest in GBM cells

Palbociclib arrests cell cycle at G1 phase. It is also reported
that cell cycle can be arrested by erlotinib in lung cancer [20]
and hepatocellular carcinoma cells [17]. In addition, effect of
erlotinib against cancer is also due to its apoptosis-inducing
activity [23, 29]. Our data have demonstrated that combined
treatment with palbociclib and erlotinib significant suppresses
cell proliferation and tumorigenesis in human GBM cells. To
determine whether cell cycle arrest is responsible for the syn-
ergistic effects, we carried our cell cycle analysis using flow
cytometry. Data showed that palbociclib induced cell arrest at
G1 phase in all GBM cell lines and LN229 cells were more
sensitive to palbociclib (Supplemental Fig. 1, Fig. 4a). In ad-
dition, erlotinib blocked cell cycle progression at G1 phase in
LN229 and U87MG cells (Supplemental Fig. 1, Fig. 4a).
Treatment with both palbociclib and erlotinib significantly
increased the cell number ratio in G1 phase compared to sin-
gle drug treatment (Fig. 4a). To examine whether apoptosis
was responsible for the suppression of cell proliferation and
colony formation, we examined levels of an apoptosis marker
by staining with active-caspase 3 in LN229 cells. As shown in
Fig. 4b, the positive cells can be observed in erlotinib treated

cells and treating with combination of palbociclib and erloti-
nib induced more apoptotic cells. Quantification by flow cy-
tometric indicated that combination therapy synergistically
enhanced the apoptosis-inducing effect compared to treatment
with single agent (Fig. 4c). Moreover, PARP cleavages were
notable in cells treated by the combination (Fig. 5a).
Collectively, these data indicate that combined treatment with
palbociclib and erlotinib blocks cell cycle at G1 phase and
induces apoptosis in GBM cells.

Involvement of Rb and Akt/mTOR signaling
in palbociclib and erlotinib induced synergism
against glioblastoma

Our data suggest that combination of palbociclib and erlotinib
synergistically suppressed GBM tumorigenesis due to cell cy-
cle arresting and apoptosis inducing activities. It is notable that
the potencies of the combination are different among various
cell systems. To define the molecular mechanism by which the
combination treatment exerts synergistic activity against
GBM, we further examined the cell survival, growth, as well
as cell cycle regulation signalings with the lysates collected
from the cells treated by palbociclib, erlotinib, and the com-
bination. As shown in Fig. 5a and b, levels of p-Rb were all
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Fig. 2 Synergistic effect of palbociclib and erlotinib against glioblastoma
cells. LNZ308 (a), LN229 (b), and US7MG (c¢) cells were seeded in 96-
well plate (3000 cells/well) and treated with indicated concentrations of
palbociclib with various concentrations of erlotinib for 72 h. Cell
proliferation of each treatment group was assessed by MTT assay as

decreased in cells treated by palbociclib, which was consisted
with the activity of CDK4/6 inhibition. It was also showed
that erlotinib decreased p-Rb expression in LN229 cells.
Expression levels of Rb signaling upstream regulators,
CDK4/6 and Cyclin D1, were not affected by the drugs
(Supplemental fig. 2). In LN229 and U87MG cells, both er-
lotinib and palbociclib suppressed and showed synergistic in-
hibition on Akt signaling, while the inhibitive effects were not
notable in LNZ308 cells (Fig. 5a and b). However, combina-
tion treatment led to synergistic inhibition on p-4E-BP1 that is
a readout of mTOR signaling pathway, downstream of Akt
activity. Since MAPK/ERK signaling regulates cell functions
including proliferation, gene expression, differentiation, and
apoptosis [26], we further examined levels of p-ERK in cells
treated by drugs. Data showed that erlotinib treatment induced
p-ERK down-regulation in LN229 cells, while it had no co-
operation effect in the presence of palbociclib (Fig. 5a and b).
To further analyze the different synergistic efficacy in cell
lines with distinct genomic background, we calculated the
inhibition ratio of signalings described above. As shown in
Fig. 5c, in LN229 cells, signaling of Rb, Akt/mTOR, as well
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described in Materials and Methods. Data were expressed as mean =+
SD. d. Isobologram analysis and combination index analysis of the
proliferation inhibition in GBM cells treated with the combination of
palbociclib and erlotinib. CI < I indicates a synergistic effect

as ERK were all significantly suppressed compared to
U87MG and LNZ308 cells. In US7MG and LNZ308 cells,
the synergistic effects on the signaling described above were
similar except for Akt signaling. Following the combined
treatment, the inhibition rate of p-Akt in U87MG was dramat-
ically higher than that in LNZ308 cells (Fig. 5c). Together,
these data indicate that combination of palbociclib and erloti-
nib exerts synergetic anti-GBM activity through blocking the
Rb and Akt/mTOR signaling pathway.

Discussion

Since cancers establish themselves by multiple steps and their
cellular signaling is executed through complex networks rath-
er than linear pathways, it may not be straightforward for
defining the drug target. Extent genomic studies have demon-
strated that malignant tumors are induced by a combination of
gene mutations, as well as mutation regulated signaling alter-
ation. Accumulating data has shown that suppressing one sig-
naling or blocking one specific signaling pathway by
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monotherapy is not enough for cancer treatment. Herein, uti-
lization of combination treatment including combination of
various chemotherapeutic agents has been well accepted for
treating various cancers. GBM is the most common primary
malignant brain tumor with highly infiltrative and invasive
features. Molecular studies have identified three key genetic
events contributing its development, including dysregulation
of growth factor signaling induced by amplification and mu-
tational activation of RTK genes, inactivation of the p53 and
Rb tumor suppressor pathways [11], providing potential tar-
gets for conquer the most malignant cancer.

Among cancer therapies via blocking signaling path-
ways, targeting EGFR signaling has been well studies
and a large number of drugs have been developed for treat-
ment of glioma, such as monoclonal antibodies, tumor-
antigen specific vaccines, tyrosine kinase inhibitors (TKI)
[12, 14]. TKIs (erlotinib, gefitinib, lapatinib, and
canertinib) are small molecules that mechanistically com-
pete for the ATP-binding site in the TK domain of EGFR,
blocking phosphorylation dependent downstream signal-
ing [19]. Among them, erlotinib is an orally active and
represents the best explored TK inhibitors in the clinic
for the treatment of GBM [19]. However, most studies
have shown very modest or no significant survival benefit
from TKIs due to the recurrent problem of resistance
caused by mutations in EGFR or tumor heterogeneity
[12, 37]. Hence, with TKIs, combination treatment is re-
quired for achieving a better efficacy against GBM. It is
reported that erlotinib can be used in combination with

radiotherapy and temozolomide, prolonging survival of
GBM patents [19]. The Rb pathway plays critical roles in
the regulation of cell cycle progression and cell death.
CDK4/6 contributes proliferation via suppressing the Rbl
tumor suppressor and by sequestering p27Kipl and
p21Cipl, thereby promoting E2F- and Cdk2- dependent
cell cycle progression [30]. Amplification of chromosome
12q13-ql5 [Cyclin-dependent kinase 4 (CDK4) amplicon]
is frequently observed in numerous human cancers includ-
ing GBM. The CDK4, CDK6 and CCND2 genes are am-
plified in 18%, 1% and 2% of the glioblastoma tumors
examined [5]. Therefore, the frequent alterations of com-
ponents of the Rb-pathway in cancer, such as CDK4, raise
the possibility for rationally designed therapeutic strategies
that targeting this pathway. Palbociclib, an orally active
small molecule that potently and specifically inhibits cy-
clin D kinase 4/6, has been developed as chemotherapeutic
agent for breast cancer treatment. It has synergistic anti-
tumor activities in combination with other drugs in breast
carcinoma, multiple myeloma, and other tumors [21, 25],
indicating the therapeutic activity of palbociclib in vivo.
Since both EGFR and Rb signaling pathways play impor-
tant roles in GBM progression, it is promising that blocking
the two pathways by combination of erlotinib and palbociclib
provides strong efficacy for GBM treatment. Since p53 path-
way is the third key regulator of GBM development, we em-
ploy three cell systems (LN229, p53 mutant; U87MG, PETN
deletion; and LNZ308, p53 and PTEN deletion) to study the
effects of the combination treatment on GBM. Our data
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Fig. 4 Combined treatment with palbociclib and erlotinib induces G1
phase arrest and cell apoptosis. a Combined treatment enhanced Gl
phase arrest in GBM cells. Cells treated with palbociclib (0.5 pM),
erlotinib (2 M) alone or combination for 24 h. Ratios of cells at the
G1 phase were analyzed compared to control (as 1-fold). Data
represents mean + SD. *P <0.05, **P <0.05, compared to control
respectively. b Combination of palbociclib and erlotinib synergistically
induced cell apoptosis. LN229 cells were treated with palbociclib/
erlotinib as describe above following by staining with active-caspase-3.
Bar scale, 50 um. ¢ Following Annexin V/PI staining, quantification of
apoptosis was accessed by flow cytometry analysis with cells treated with
palbociclib, erlotinib alone or combination. Data represents mean + SD.
*P <0.05, **P <0.05, compared to control, respectively

showed that erlotinib and palbociclib exert synergistic inhibi-
tion in all human GBM cell lines: LN229, U87MG, and
LNZ308 (Figs. 2 and 3). Among the three cell lines, LN299
cells are more sensitive to the combined treatment compared
to US7MG and LNZ308 cells. Further signaling examinations
defined that the inhibition on the Rb and Akt/mTOR signaling
was stronger than that of two other cell lines (Fig. 5¢). These
data indicate that in the presence of PTEN, GBM cells with
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P53 mutation are more sensitive to the combined treatment of
erlotinib and palbociclib. Between US7MG and LNZ308 cell
lines, it is notable that U87MG cells were more sensitive to the
combined treatment, which is consistent with the inhibition on
Akt signaling. Therefore, it is possible that in the absence of
PTEN, a tumor suppressor and key regulator of PI3K/Akt
pathway, p53 contributes the inhibition of Akt signaling
through blocking EGRF and CDK4/6 activity. Except for
CDK4/6, Rb is tightly regulated by CDK inhibitors (CKIs)
such as pl6™***(CDKN2A) and p18™*4“(CDKN2C) [35].
Among the three cell lines used, LN229 and U887MG are
CDKN2A/CDKN2C deleted cell lines, while LNZ308 is a
cell line with CDK4 amplification, which is the least sensitive
one to either palbociclib or erlotinib, as well the combination.

Taken together, our study demonstrates that combina-
tion of EGFR inhibitor, erlotinib, and CDK4/6 inhibitor,
palbociclib exhibits synergistic effects against human
GBM, which stands a proof-of-concept of dual blocking
the key signaling pathways contribute tumor suppression.
Data presented here provides evidence that blocking
EGFR and Rb signaling are a potential strategy for
GBM treatment. Dosages of these approved anti-cancer
drugs can be reduced when used in combination, which
could avoid potential side effects and toxicities.

Materials and methods
Cell lines and reagents

Human glioblastoma US7MG, LN299, and LNZ308 cells
were cultured in DMEM with 10% FBS and 1 x Pen/Strep/
glutamine. Erlotinib and palbociclib were from Elleckchem
and dissolved in DMSO at 10 mM concentration as stocking
solution. CaspGLOW™ red active caspase-3 staining kit was
from Biovision. 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazol-iumbromide (MTT) and antibody against
[3-actin (A2228) were purchased from Sigma. All other anti-
bodies (p-Rb, #8181; Rb, #9309; p-Akt, #4060; Akt, #4685;
p-4E-BP1, #2855; 4E-BP1, #9644; p-ERK, #4370, ERK,
#4695; PARP, #9532; CDK4, #12790; CDK6, #13331;
Cyclin D1, #2978) were obtained from Cell signaling
(Beverly, MA). The horseradish peroxidase linked IgG sec-
ondary antibodies were purchased from GE healthcare.

Cell proliferation assay

Cells were seeded in 96-well plates (3000 cells/ well) for
treatment. The next day, the cells were treated with com-
pounds in fresh medium. Triplicate experiments were per-
formed in a parallel manner for each concentration point.
Following treatment, the culture medium was removed
and the cells were washed twice with PBS. Then
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0.5 mg/ml MTT solution was added to each well. The
cells were further incubated at 37 °C for 4 h. The super-
natant was discarded and 100 pl of dimethyl sulfoxide

LN229

us7MG

LNZ308

(DMSO) was added to each well. The mixture was shaken
on a micro-vibrator for 5 min and the absorbance was
measured at 570 nm.
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Flow cytometric analysis

Cells were collected and washed twice with ice-cold PBS.
Then the cells stored at =20 °C for over 24 h following fixing
with 70% ethanol. Before staining, the fixed cells were cen-
trifuged at 3000 rpm for 10 min and the supernatant was
discarded. Cells were then washed with 5 ml PBS and incu-
bated with propidium iodide (20 pg/ml) /RNase A (20 pg/ml)
in PBS for 45 min. After incubation, samples were analyzed
by flow cytometer with FlowJo software.

Colony formation assay

For colony formation assay, a base 0.6% agar gel with 10%
FBS in DMEM was prepared and added to the wells of a six-
well culture plate. Cells were seeded at a density of 5000 cells
per well on top of the base agar for anchorage-independent
growth in 0.4% agar gel with 10% FBS in DMEM supple-
mented with certain drug(s). The cells were maintained at
37 °C and allowed to grow for 3 weeks. Completed medium
with drug(s) was replaced every two days. The colonies were
scored following staining with MTT.

Determination of combination index

The synergistic effect of palbociclib and erlotinib was quanti-
fied by calculation of the combination index (CI), which was
calculated according to the median-effect principle.

The equation for the isobologram was as follows:
CI=(D)1/ (Dx)1 + (D)2/(Dx)2, where (Dx)1 and (Dx)2 indi-
cate the individual dose of palbociclib and erlotinib required
to inhibit a given level of cell growth, and (D)1 and (D)2
indicate the doses of palbociclib and erlotinib necessary to
produce the same effect in combination, respectively. The
combined effects were scored on the following scale: CI< 1,
synergism; CI=1, additive effect; and CI> 1, antagonism.
Data analysis was performed with Calcusyn software.

Western blot analysis

Cells were collected and lysed in RIPA buffer and cell lysate
were collected following 30 min incubation on ice and centri-
fuged for 15 min at 4 °C. Total protein was quantified using
the Bradford reagent, and equal amounts of total protein were
mixed with 4 x SDS sample buffer, incubated at 95 °C for
5 min, and loaded in SDS-PAGE gels. After electrophoresis,
proteins were transferred to nitrocellulose filter membrane and
blocked for 1 h in 5% milk prepared in TBST at room tem-
perature. Each membrane was incubated with primary anti-
body at 4 °C for overnight. The blots were then washed and
incubated with HRP-conjugated secondary antibodies for 1 h,
washed three times with PBST, and visualized using the
Immobilon Western Chemiluminescent HRP Substrate.

@ Springer

Statistical analysis

Data are presented as the mean+ S.D. of three independent
experiments. Statistical evaluation was performed using the
Student’s t-test or one-way ANOVA. Difference was statisti-
cally significant when P < 0.05. All statistical analyses were
performed using Prism software (Graph Pad Software, La
Jolla, CA, USA).
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