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Abstract

Glioblastoma multiforme is the most aggressive primary brain tumor. Current knowledge suggests that the growth and recurrence
of these tumors are due in part to the therapy-resistant glioma stem cell subpopulation, which possesses the ability for self-
renewal and proliferation, driving tumor progression. In many cancers, the p16™<*-CDK4/6-pRb pathway is disrupted in favor
of cell cycle progression. In particular, the frequent deregulation of CDK4/6 in cancer positions these kinases as promising
targets. Palbociclib, a potent and selective CDK4/6 inhibitor, has been approved by the FDA as a first-line treatment of advanced
breast cancer and there is currently interest in evaluating its effect on other cancer types. Palbociclib has been reported to be
efficient, not only at halting proliferation, but also at inducing senescence in different tumor types. In this study, we evaluated the
effect of this inhibitor on four patient-derived glioma stem cell-enriched cell lines. We found that Palbociclib rapidly and
effectively inhibits proliferation without affecting cell viability. We also established that in these cell lines CDK6 is the key
interphase CDK for controlling cell cycle progression. Prolonged exposure to Palbociclib induced a senescent-like phenotype
characterized by flattened morphology, cell cycle arrest, increased (3-galactosidase activity and induction of other senescent-
associated markers. However, we found that after Palbociclib removal cell lines resumed normal proliferation, which implies they
conserved their replicative potential. As a whole, our results indicate that in patient-derived glioma stem cell-enriched cell lines,
Palbociclib induces a senescent-like quiescence rather than true senescence.
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Introduction

Glioblastoma multiforme (GBM) is the most prevalent and
malignant form of primary brain cancer. Even with aggressive
combination therapies, the prognosis remains dismal with a
median survival of 15 months after diagnosis [1]. Many tu-
mors, including GBM, are hierarchically organized and
sustained by a minor subpopulation of tumor cells called
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cancer stem cells (CSCs). Glioma stem cells (GSCs) share
several essential features with neural stem cells, including
self-renewal, the formation of neurospheres, expression of
stem cell markers, differentiation potential, and localization
to microenvironment niches [2—4]. Their ability to promote
angiogenesis, tumor invasion and chemo-resistance renders
GSCs a potential target for therapy in order to avoid GBM
relapse.

Excessive cell proliferation induced by aberrant entry into
the cell cycle is a common thread found in all forms of cancer
[5]. Cell cycle progression is orchestrated by particular cyclin
dependent kinases (CDKs) and their interaction with their
regulatory cyclin partners [6, 7]. Whereas mitogenic stimuli
induce cyclins and therefore activate CDKs, anti-mitogenic
signals prevent cell cycle progression principally by inducing
members of two families of CDK inhibitors (CKlIs), the INK4
(pl6™K4a p15™NK4b 151 8INKAe “and p19™K49) and the Cip/Kip
(p21™1 p275P! “and p57P?) families. While INK4 mem-
bers specifically inhibit CDK4/6 catalytic activity, Cip/Kip
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members affect the activities of cyclin D-, E-, and A-
dependent kinases complexes [8]. The uncontrolled prolifera-
tion of several human cancers is associated with the deregula-
tion of CDKs, which frequently consists of aberrant expres-
sion of cyclins, CKlIs, or CDKs. Cyclin D-CDK4/6 complexes
phosphorylate and inactivate retinoblastoma (pRb) family
proteins, leading to release of E2F transcription factors, which
in turn promote progression of cells into the S phase of the
cell-division cycle [9].

In many cancers, the pl6™<*-CDK4/6-pRb pathway is
commonly disrupted in favor of cell cycle progression and
continued growth, rendering this pathway a key target for
cancer therapeutics. Importantly, approximately 78% of
GBM have defects in the pl16™ *-CDK4/6-pRb pathway,
including homozygous deletion of CDKN2A/2B (p16™Vk*)
p1428F/p15™K40) “amplification of CDK4/6 and deletion or
mutation of pRb. These observations highlight the critical role
of the p16™**.CDK4/6-pRb pathway in GBM and suggest
that targeting this pathway might be a promising strategy to
improve the therapeutic efficacy [10].

Deregulation of CDK4/6 in cancer often leads to addiction
to its activities, thus these kinases are emerging as particularly
promising therapeutic targets. In this regard, Palbociclib (PD-
0332991) was reported in 2004 as a potent and selective in-
hibitor of CDK4/6 with no appreciable activity against other
kinases [11]. This inhibitor has been approved by the FDA in
2015 as a first-line treatment combined with endocrine thera-
py of advanced breast cancers [12, 13]. Palbociclib potently
suppresses pRb phosphorylation and inhibit the proliferation
of multiple tumor cells [11, 14]. Consistently, Palbociclib
shows no anti-proliferative activity in pRb-deficient cell lines
where the requirement for CDK4/6 is bypassed [15].
Notwithstanding, it has been shown that depending on the cell
type and the transforming events, after sustained exposure to
Palbociclib some pRb-proficient cells lines undergo quies-
cence and others undergo senescence [16—18]. Unlike quies-
cent cells, senescent cells irreversibly exit cell cycle and ex-
hibit a flattened and enlarged morphology accompanied by an
increased senescence-associated [3-galactosidase (SA-(3-gal)
activity [19].

In the present study, we investigated the effect of impairing
CDK activities in patient-derived glioma stem cell-enriched
cell lines (GSC-ECLs) previously isolated and characterized
in our laboratory. Importantly, these cell lines harbor homozy-
gous deletions of the CDKN2A/ARF gene, which encodes
p16™K4 3 key player in the senescence program [4].
Firstly, we found that unlike CDK4 and CDK2, CDK6 has a
major role in the proliferation of these cells. Then, we deter-
mined that the prolonged treatment of GSC-ECLs with
Palbociclib led to cell cycle arrest and the appearance of se-
nescence features such as enlarged flattened morphology, in-
creased SA-{3-gal activity and upregulation of senescence-
associated secretory phenotype (SASP) molecules. However,

when this inhibitor was withdrawn, cells resumed prolifera-
tion. As a whole, these results demonstrate that the action of
this drug in patient-derived GSC-ECLs effectively inhibits
cell proliferation but fails to induce cellular senescence.

Materials and Methods
Cell Culture and Treatments

Human fibroblasts (HF) were derived from freshly obtained
foreskins and cultured in DMEM plus 10% fetal bovine serum
as previously described [20]. GSC-ECLs, named G02, G07,
GO08, and G09, were isolated from human GBM biopsies and
characterized as described in previous reports [4, 21].
Isolation of HF and GSC-ECLs from human biopsies was
carried out accordingly to relevant guidelines and national
regulations. The use of these cell lines for the experimental
procedures included in this project has been authorized by the
Biomedical Research Ethics Committee “Comité de Etica en
Investigaciones Biomédicas de la Fundacion para la Lucha
contra Enfermedades Neurologicas de la Infancia (FLENI)”.
Written informed consent was received from patients whose
samples were used. Neural progenitors (NP) were derived
from human embryonic stem cells WAQ9 (cell line ID:
WAe009-A) (WiCell Research Institute, Madison, WI, USA)
[20]. GSC-ECLs and NP were cultured in serum-free condi-
tions that comprise: Neurobasal medium supplemented with
B27, N2, 20 ng/ml basic fibroblast growth factor (bFGF),
20 ng/ml epidermal growth factor (EGF) and plated onto
Geltrex-coated plates (10 pg/ml). All cell culture reagents
were obtained from Thermo Scientific, Rockford, IL, USA.

Palbociclib, Roscovitine, GSK690693, and Rapamycin
were purchased from Sigma St. Louis, MO, USA. For hydro-
gen peroxide (H,O,) (Merk, Kenilworth, NJ, USA) treat-
ments, cells were exposed to either 150 uM (GSC-ECLs) or
90 uM (HF) of H,O, for 1 h on 3 consecutive days, after
which cells were cultured in the appropriate fresh medium
for 11 days before experimental determinations.

Reverse Transcription Polymerase Chain Reaction

RNA extractions were carried out using TRIzol reagent
(Thermo Scientific, Rockford, IL, USA) according to manu-
facturer’s instructions. cDNA synthesis was performed using
the MMLYV reverse transcriptase (Promega, Madison, WI,
USA). Quantitative RT-PCR assays were conducted using
SYBR® Green-ER™ qPCR SuperMix Universal (Thermo
Scientific, Rockford, IL, USA). Primer sequences: CDK?2 for-
ward 5'-CCCTTTCTTCCAGGATGTGA-3', reverse 5'-
TGAGTCCAAATAGCCCAAGG-3'; CDK4 forward 5'-
TGCAACACCTGTGGACATGTG-3', reverse 5-'
ATTTGCCCAACTGGTCGG-3'; CDK6 forward 5'-TCCC
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TCCTTTGAAGTGGATG-3’, reverse 5'-GTCA
CCTGGGGCTAAATGAA-3'; IL-6 forward 5'-CCTG
AACCTTCCAAAGATGGC-3', reverse 5'-TTCA
CCAGGCAAGTCTCCTCA-3’; IL-8 forward 5'-ACTG
AGAGTGATTGAGAGTGGAC-3’, reverse 5'-AACC
CTCTGCACCCAGTTTTC-3'; PAI-1 forward 5'-ACCG
CAACGTGGTTTTCTCA-3', reverse 5'-TTGA
ATCCCATAGCTGCTTGAAT-3'; bFGF forward 5-AGAG
CGACCCTCACATCAAG-3', reverse 5'-GCCA
GTAATCTTCCATCTTCCTTC-3"; EGF forward 5'-CATC
GTGGTGGCTGTCTG-3', reverse 5'-GCTT
CTGAGTCCTGTAGTAGTG-3"; RPL7 forward 5-AATG
GCGAGGATGGCAAG-3'; reverse 5'-TGAC
GAAGGCGAAGAAGC-3 VEGF forward 5'-CATC
TTCAAGCCATCCTGTGTG-3', reverse 5'-CCGC
ATAATCTGCATGGTGAT-3'.

Western Blotting

Cells were lysed in radio immunoprecipitation assay (RIPA)
buffer supplemented with a protease inhibitor mixture. Protein
concentration was determined using Bicinchoninic Acid
Protein Assay (Pierce™, Rockford, IL, USA).
Immunoblotting was done as previously described [21]. The
following primary antibodies were used: o-Actin (C-2) (sc-
8432); x-CDK2 (M2) (sc-163); a-CDK4 (H-22) (sc-601); -
CDKG6 (C-21) (sc-177) all from Santa Cruz Biotechnology,
CA, USA. IR-Dye labeled secondary antibodies were used
to detect antigen/primary antibody complexes (LI-COR
Biosciences, Lincoln, NE, USA).

Cell Viability Assay (Trypan Blue Staining)

Cellular suspensions were mixed with a trypan blue solution
(0.4%) at a 1:5 ratio and incubated for 5 min. Cells were
analyzed in a hemocytometer without delay. Results were
expressed as the percentage of cells that displayed trypan blue
staining (non-viable) of the total number of cells processed.

Flow Cytometric Analysis of BrdU Incorporation
and Cell Cycle Distribution

BrdU Flow Kit (BD Biosciences, San Jose, USA) was used to
determine the fraction of cells capable of incorporating BrdU
and characterize the distribution of cells throughout the cell
cycle phases. After treatments, cells were exposed to BrdU
(10 uM) for 2 h. Cells were then processed according to man-
ufacturer’s instructions and analyzed on a BD Accuri C6 flow
cytometer (BD Biosciences, San Jose, USA) using the BD
AccuriC6 software.

@ Springer

Cell Transfection and RNA Interference

Cells were transfected with small interfering RNA (siRNA)
using Lipofectamine RNAIMAX (Thermo Scientific,
Rockford, IL, USA) according to manufacturer’s instructions.
2.5 x 10° cells/well (6-well plate) were transfected with silenc-
er select negative control #2 (cat#4390846); CDK2 siRNA
(ID: s205); CDK4 siRNA (ID: s2822); CDK6 siRNA (ID:
s51). All siRNAs were obtained from Thermo Scientific,
Rockford, IL, USA. Final concentrations of siRNA ranged
between 2.5 and 5 nM. The corresponding assays were per-
formed between 24 and 48 h after transfection.

Immunostaining and Fluorescence Microscopy

Immunostainings were performed as described in a previous
report [21]. In brief, cells were fixed in a 4% formaldehyde
solution for 15 min. Then, fixed cells were rinsed and perme-
abilized with 0.1% Triton X-100 in PBS plus 0.1% bovine
serum albumin plus 10% fetal bovine serum for 30 min.
Finally, cells were incubated overnight with the primary anti-
body in permeabilization buffer. Fluorescent-dye conjugated
secondary antibodies (Thermo Scientific, Rockford, IL, USA)
were used to detect the antigen/antibody complexes. Nuclei
were stained with DAPI. Immunostained cells were examined
under a Nikon Eclipse TE2000S microscope and images were
obtained with a Nikon DXN1200F digital camera controlled
by software EclipseNet version 1.20.0 build 61. Primary anti-
bodies used x-Ki67 (NCL-Ki67-MM1) (Novocastra
Laboratories, Newcastle, UK) and «x-GFAP (AB5804)
(Millipore, Billerica, MA, USA).

SA-B-Gal Staining

Cells were washed in PBS, fixed for 3—5 min in 4% formal-
dehyde, washed and incubated at 37 °C (no CO,) with SA-3-
Gal stain solution: 1 mg/ml of 5-bromo- 4-chloro-3-indolyl (3-
D-galactoside (X-Gal) (Promega, Madison, WI, USA),
40 mM citric acid/sodium phosphate (pH 6.0), 5 mM potassi-
um ferrocyanide, 5 mM potassium ferricyanide, 150 mM
NaCl, 2 mM MgCl,. Staining was evident in 12—16 h. Fixed
cells were examined under a Nikon Eclipse TE2000S micro-
scope and images were obtained with a Nikon DXN1200F
digital camera controlled by software EclipseNet version
1.20.0 build 61.

Growth Rate Estimation

Cells were plated at low density (3 x 10* cells per well in 24
well plates) in order to minimize the effect of density on cell
growth, and treated as indicated in figure legends. After treat-
ment cells were allowed to re-grow in fresh medium. On in-
dicated days, cells were fixed, stained with DAPI and nuclei
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were quantified to determine daily growth rate (percentage of
population growth per day) using a standard growth rate
formula.

Results

CDK4/6 Inhibition Induces Cell Cycle Arrest
in GSC-ECLs

Initially, we examined the mRNA expression levels of CDK2,
CDK4, and CDKS6 in four GSC-ECLs and two non-tumor cell
lines used as reference; HF as non-neural cells and NP as un-
transformed neural cells. In the case of CDK2 and CDK4 ex-
pression, real-time RT-PCR analysis revealed slight differences
(although in some cases significant) between GSC-ECLs and
non-tumor cell lines (HF and NP). However, CDK6 mRNA
expression levels were markedly higher in GSC-ECLs than
those detected in HF and NP (Fig. 1a). Western blot analysis
showed reduced expression levels of CDKs in HF when com-
pared with the rest of the cell lines. Importantly, as with mRNA
levels, protein levels of CDK6 were markedly higher in GSC-
ECLs than in the non-tumor cell lines (Fig. 1b). We also exam-
ined the CDK transcriptional pattern of HF, NP, and GSC-
ECLs. In all studied cell lines, CDK2 was found to be the less
expressed interphase CDK. However, the relative expression
levels of CDK4 and CDK6 varied among cell types. In HF and
NP, CDK4 resulted in the most abundant interphase CDK. On
the other hand, in four GSC-ECLs, the most abundant CDK
was by far CDK6 (Fig. 1c).

Then, we decided to explore the consequences of attenuating
the CDK activities in NP and GSC-ECLs. To address this issue,
we used Palbociclib, a specific CDK4/6 kinase inhibitor, and
Roscovitine, a broad-range purine inhibitor that preferentially
targets CDK1, CDK2, CDKS5, and CDK?7 [22, 23]. Initially,
we evaluated the effect of these inhibitors on NP and GSC-
ECLs viability. To do so, we performed a dose-response viabil-
ity curve after 14 days of the corresponding treatments.
Palbociclib and Roscovitine significantly affected NP and
GSC-ECLs viability only when used at concentrations of
10 uM and 20 uM (or higher) respectively (Fig. 2a). Then, to
elucidate whether non-toxic concentrations of these CDK inhib-
itors (Palbociclib 1 M and Roscovitine 10 M) cause changes
in cell proliferation, we measured BrdU incorporation after 48 h
of CDK inhibitors exposure. In all tested cell lines, Palbociclib
strongly inhibited BrdU incorporation, while Roscovitine only
led to partial inhibition of cell proliferation (Fig. 2b).

CDK6 Mainly Governs Proliferation of GSC-ECLs

We next used siRNA-mediated gene silencing to further dis-
sect the individual contributions of CDK2, CDK4, and CDK6
in NP and GSC-ECLs proliferation (Fig. 3a). We found that in

NP single downregulation of these CDKs did not affect cell
proliferation, while simultaneous silencing of CDK4 and
CDKG6 significantly decreased the percentage of cells in S
phase (Fig. 3b). As in NP, in GSC-ECLs CDK2 or CDK4
downregulation was insufficient to affect proliferation of
GSC-ECLs. However, siRNA-mediated silencing of CDK6
led to a significant decrease in the proportion of BrdU* cells.
Of note, simultaneous downregulation of CDK4 and CDK6
caused an effect similar to the one observed using only CDK6-
specific siRNA (Fig. 3b). These results indicate that GSC-
ECL proliferation is particularly reliant on CDK6 catalytic
activity. In this regard, the fact that the expression of CDK6
is significantly higher in GSC-ECLs than in NP supports this
finding (Fig. 1).

Sustained Palbociclib Treatment Induces
a Senescent-like Phenotype in GSC-ECLs

Recent reports have shown that prolonged exposure to
Palbociclib can induce senescence in some cancer cells [16,
18, 24]. Bearing this in mind, we sought to determine if this is
the case in GSC-ECLs. Firstly, by immunostaining of glial fi-
brillary acidic protein (GFAP), an intermediate filament protein
marker of astroglial cells, we explored whether treatments with
Palbociclib or Roscovitine for 14 days affects the cellular mor-
phology of GSC-ECLs. We found that prolonged exposure of
GSC-ECLs to Palbociclib led to the appearance of enlarged and
flattened cytoplasms, reminiscent of senescent cells (Fig. 4a).
Then, to evaluate the effect of sustained exposure to
Palbociclib or Roscovitine in cell proliferation, we determined
Ki67 expression by immunostaining. We found that a 14-day
treatment with Palbociclib provokes cell cycle exit in GSC-
ECLs (Fig. 4b). Finally, we determined that the vast majority
of Palbociclib-treated cells were positive for SA-[3-gal staining
(blue-green), a distinctive hallmark of cellular senescence (Fig.
4c). This SA-(3-gal staining was also observed in the rest of
studied cell lines (Suppl. Fig. 1). Therefore, extended
Palbociclib treatment not only causes a sustained growth arrest
but also induces senescent features. On the contrary, inhibition
of CDKs by Roscovitine does not promote this senescent-like
phenotype in GSC-ECLs (Fig. 4a—).

It has been reported that pharmacological inhibition of
mechanistic target of rapamycin (mTOR) suppresses the ac-
quisition of the senescent-like phenotype triggered by CDK4/
6 inhibition [18]. Thus, we sought to determine whether sig-
naling through the protein kinase B (PKB)/mTOR pathway is
involved in the induction of the observed senescent-like phe-
notype. To this end, we treated cells with specific inhibitors of
PKB or mTOR (GSK690693 and Rapamycin respectively),
both in the presence or absence of Palbociclib for 14 days. As
seen in Fig. 4 d, exposure of GSC-ECLs to GSK690693 or
Rapamycin led to the appearance of cells showing enlarged
cell bodies but did not induce the expression of (3-gal activity.
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Fig. 1 Interphase CDK expression in HF, NP and GSC-ECLs. a mRNA
expression levels of cdk2, cdk4, and cdk6 were analyzed by RT-qPCR.
Graph shows mRNA expression fold change relative to HF. Each bar
represents the mean + S.E.M. of three independent experiments. A
Student’s ¢ test was used to detect significant differences between HF
(*) or NP (#) and each GSC-ECL. *P<0.05, **P < 0.001,

Moreover, we found that these inhibitors effectively sup-
pressed the SA-P-gal™ phenotype induced by Palbociclib
(Fig. 4d and Suppl. Fig. 2).

Prolonged Exposure to Palbociclib Induces a SASP
in GSC-ECLs

A combination of several different features is necessary to
confirm the existence of cellular senescence. Thus, at this

@ Springer

*##kP < (0.0001. a.u.: arbitrary units. b Western blot analysis showing
CDKs expression levels. Actin was used as loading control. ¢
Transcriptional profile of CDKs by RT-qPCR. Results represent mRNA
expression levels of each CDK relative to the corresponding RPL7
mRNA expression levels. Each bar represents the mean + S.E.M. of
three independent experiments

point of our study, we still need to conduct additional
assays to evaluate whether Palbociclib induces senescence
in GSC-ECLs. In order to set up a reference model, we
utilized a widely accepted protocol for inducing senes-
cence consisting of exposing HF to H,O, [25]. As expect-
ed, H,O, treatment caused a marked increase in SA-3-gal
activity in both HF and GSC-ECLs (Suppl. Fig. 3). Thus,
in the subsequent experiments, we used this H,O,-based
protocol as a reference of senescence.
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increasing concentrations of Palbociclib or Roscovitine. Results represent
the percentage of cell death in each condition. The data express the mean
+ S.E.M. of three independent experiments. A Student’s 7 test was used to
compare inhibitor-treated cells to untreated controls. ***P < 0.0001. b
Cells were treated or not with Palbociclib or Roscovitine during 48 h.
Cells were pulse-labeled with BrdU for 2 h, harvested, and stained with
an anti-BrdU APC-conjugated antibody and with 7-amino-actinomycin
D (7-AAD) for determination of DNA synthesis and DNA content re-
spectively. A representative flow cytometry plot is shown for each exper-
imental condition. The percentage of cells in S phase was determined by
quantifying BrdU™ events

One of the characteristics associated with senescence is the
presence of a SASP, which is characterized by an increase in
the expression of several factors involved in signaling path-
ways [26]. Even though cytokines, chemokines, and growth
factors are defining components of the SASP, they can vary
depending on the tissue, cell type, and stimulus used to induce
senescence. Bearing this in mind, we examined the expression
levels of six molecules known to be upregulated in the SASP:
interleukin-6 (IL-6), interleuquin-8 (IL-8), plasminogen acti-
vator inhibitor-1 (PAI-1), bFGF, EGF, and vascular endothe-
lial growth factor (VEGF). Initially, we analyzed the expres-
sion levels of these factors in H,O,-treated HF and found that
they were all upregulated with the exception of EGF. This was
not surprising as EGF is expressed mainly in epidermal tis-
sues. When analyzing GSC-ECLs, we observed that both in
H,0,- and Palbociclib-treated cells, the three growth factors
(bFGF, EGF and VEGF) were significantly induced (Fig. 5).
In the case of PAI-1 expression, although only H,O, treatment
caused a significant increase, Palbociclib exposure also
showed a similar trend. Notably, IL-6 and IL-8 exhibited a
cell line-specific behavior. While in G09 cell line both inter-
leukins were upregulated in both treatments, in GO8 cell line
no significant changes were observed. These differences can
be explained, at least in part, by the high inter-tumor hetero-
geneity described in GBM.

Palbociclib Treatment Does Not Eliminate Replicative
Potential of GSC-ECLs

In spite of the fact that many cellular features are used as
markers of senescence, the defining characteristic of this pro-
cess consists in irreversible cell cycle exit. Considering this,
we decided to evaluate the replicative potential by measuring
growth rate and Ki67 expression in GSC-ECLs after a 14-day
treatment with Palbociclib. Additionally, given that
Rapamycin was able to suppress the Palbociclib-induced
SA-B-gal” phenotype, we also evaluated the replicative po-
tential after 14 days of Rapamycin, and a combination
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Fig. 3 CDKG6 is a key regulator of GSC-ECL proliferation. a mRNA
expression levels of cdk2, cdk4, or cdk6 of single- or double-siRNA
transfected cells were analyzed by RT-qPCR 24 h post-transfection.
rpl7 expression was used as normalizer. Graphs show mRNA expression
fold change relative to non-targeting (NT) siRNA transfectants. Each bar
represents the mean + S.E.M. of three independent experiments. A
Student’s ¢ test was used to detect significant differences. **P < 0.001,

treatment of Palbociclib plus Rapamycin. Finally, just as in
previous experiments, we included treatments with H,O, as a
reference, both in HF and in GSC-ECLs.

As expected, in H,O,-treated HF, we observed a permanent
cell cycle arrest, marked by an almost complete reduction of
cellular growth and a drastically diminished Ki67 staining.
This behavior was also observed in GSC-ECLs exposed to
H,0, (Fig. 6). However, after treatment with Palbociclib,
arrested GSC-ECLs recovered normal growth rate and Ki67
expression after between a 7 and 14 days lag period, indicating
that replicative potential was conserved. This behavior was
observed not only in GO8 and GO09 but also in the remaining
tested GSC-ECLs (Suppl. Fig. 4). After the combined treat-
ment of Palbociclib and Rapamycin, cells also recovered their
growth rate and expression of Ki67; however, they did it later
than the cells treated with Palbociclib alone. This result was
somehow unexpected as Rapamycin suppresses the
Palbociclib-induced senescent-like phenotype (Fig. 4d and
Suppl. Fig. 2). In the presence of only Rapamycin, for 14 days,
GSC-ECLs halted their proliferation and, after drug removal,
resumed normal growth rate with kinetics similar with
Palbociclib-treated cells. These results indicate that
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##4P < (0.0001. a.u.: arbitrary units. b Cells were transfected with NT-
siRNA or specific CDK-siRNAs as indicated in the figure and BrdU
incorporation was evaluated 36 h post-transfection. Graphs show the
percentage of BrdU" cells. Each bar represents the mean + S.E.M. of
three independent experiments. A Student’s 7 test was used to detect
significant differences of BrdU incorporation between CDK- and NT-
siRNA transfectants. **P < 0.01, ***P<0.001

Palbociclib-and Rapamycin-treated cells stop proliferation
but, unlike H,O,-treated cells, preserve their replicative
potential.

Discussion

GBM frequently harbor genetic alterations that cause aberrant
activation of cyclin D-CDK4/6 complexes [10]. Hence, it ap-
pears that direct inhibition of CDK4/6 activity results in a
promising strategy to treat cancers.

In this study, we analyzed the inhibitory effect of
Palbociclib on GSC-ECLs. We found that Palbociclib signif-
icantly suppresses proliferation of all tested cell lines.
Importantly, we determined that knockdown of CDK6, but
not of CDK4, mimicks the effects of Palbociclib on cell
growth. This finding suggests that CDK6 is a major player
in cell cycle progression in GSC-ECLs. In fact, it has been
shown that CDK6 is over-expressed in hematopoietic malig-
nancies, gliomas, and other several cancer types. [27].
Interestingly, herein, we found that all studied GSC-ECLs
exhibit significantly higher levels of CDK6 than NP and HF.
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Fig. 4 Palbociclib induces a a
senescent-like phenotype in GO8
GSC-ECL (a and b).

Immunofluorescent images of

cells treated or not with

Palbociclib or Roscovitine for

14 days. Cells were stained with
anti-GFAP and anti-Ki67 anti-

bodies respectively. Nuclei were
counterstained with DAPI (¢ and

d). Inhibition of the PKB/mTOR
signaling pathway impairs the b
Palbociclib-induced (3-gal* phe-

Control

GFAP/DAPI

Control

notype. Representative images of
GO8 cells treated or not with the
indicated inhibitors for 14 days o
and stained for (3-gal activity. <
Scale bar: 50 pm Q

N~

©

92

c Control

d Control

Palbociclib 1uM

Prolonged exposure to Palbociclib has been reported to
induce a SA-3-gal phenotype in a wide range of cell types.
On the other hand, it has been proved that Rapamycin inhibits
senescence in human fibroblasts [28]. However, Rapamycin
exerts opposing effects on different types of cancer cells.
mTOR inhibitors have been shown to be effective against

Palbociclib 1uM

Roscovitine 10uM

Palbociclib 1uM Roscovitine 10uM

Palbociclib 1uM Roscovitine 10uM

GSK690693 1uM Rapamycin 100nM

Palbociclib 1uM

+ Palbociclib 1uM
GSK690693 1uM

Rapamycin 100nM

radio-resistant cancer cells by inducing a senescent-like
growth arrest [29]. Moreover, Yoshida et al. observed that
inhibition of mTOR signaling by Rapamycin cooperates with
Palbociclib to induce senescence in melanoma cells [30].
However, this synergism appears to be cell-type specific as
in the same study researchers found that Rapamycin exposure
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Fig. 5 Palbociclib induces a senescent-associated secretory phenotype in
GSC-ECLs. mRNA expression levels of different components of the
SASP were analyzed by RT-qPCR in HF and GSC-ECLs after a
14 day-exposure to Palbociclib or an H,O, treatment (described in
“Materials and Methods”). Graph shows mRNA expression fold change

reverted Palbociclib-induced senescence in esophageal cancer
cell lines. Given these diverse responses, we were prompted to
explore the effect of Rapamycin in Palbociclib-treated GSC-
ESCs and found that this mTOR inhibitor considerably im-
paired the appearance of SA-3-gal activity.

Numerous studies have shown that inhibition of CDK4/6
can induce either cellular quiescence or senescence, depend-
ing on the tumor cell type [16, 18, 31, 32]. In fact, it has been
reported that Palbociclib can induce senescence in a wide
range of glioma cell lines [17]. However, in this publication,
the claim of senescence relies only on SA-[3-gal activity. For
this reason, we decided to evaluate if after prolonged exposure
to Palbociclib GSC-ECLs also exhibit a SASP. We found that
Palbociclib- or H,0,-treated GSC-ECLs activate a SASP-like
program that includes up-regulation of bFGF, EGF and VEGF
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relative to control (untreated) cells. Each bar represents the mean +
S.E.M. of three independent experiments. A Student’s ¢ test was used to
detect significant differences. *P < 0.05, **P < 0.001, and ***P < 0.0001
a.u.: arbitrary units

which, within the tumor microenvironment, may help to main-
tain stemness, proliferation, and induce angiogenesis respec-
tively. Moreover, H,0, led to a marked increase of PAI-1,
which is associated with a shorter overall survival in patients
with GBM [33]. We also determined that in GO9 cell line IL-6
and IL-8, which are considered key regulators of glioma cell
growth and invasiveness, were induced [34]. Therefore, the
activation of a SASP, regardless of the attainment of true se-
nescence, may promote tumor progression.

Given that the defining feature of senescent cells is the loss
of proliferative potential, we evaluated whether these cells
have effectively acquired an irreversible growth arrest. We
measured cell growth after Palbociclib treatment and deter-
mined that GCS-ECLs recover their proliferative capacity
within 21 days. These results indicate that Palbociclib-
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Fig. 6 GSC-ECLs maintain its proliferative potential after a 14-day treat-
ment of Palbociclib, Rapamycin, or a combination of both. a Daily
growth rate and b proportion of Ki67" cells (normalized to values of

treated GSC-ECLs enter into a quiescent state rather than a
senescent one. Contrary to our findings, it has been reported
that prolonged exposure to Palbociclib in certain cancer cell
types induces a permanent loss of proliferative potential [16,
18, 30, 35]. The fact that Palbociclib may have a cell-type
specific action, probably associated with each molecular con-
text, could explain these discrepancies. For instance,
Kovatcheva et al. described that the glioma cell line SNB19,
which expresses a point mutation of p5S3 (R273H), was able to
senesce after prolonged exposure to Palbociclib [16]. Of note,
none of our GSC-ECLs harbor this p53 mutation [4].
However, another explanation for these differences could con-
sist in the period after which proliferative potential was
assessed. For example, Leontieva et al reported that normal
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untreated cells) were measured at different points after the end of the
indicated treatment. Each point represents the mean + S.E.M. of three
independent experiments

retinal pigment epithelial cells (RPE) and melanoma cells
(MEL10) did not resume proliferation by 6 or 7 days after
Palbociclib removal respectively [18]. In our study, GSC-
ECL did not resume proliferation after the first week of recov-
ery either, but did between 14 and 21 days post-treatment.
Taking into account that Rapamycin reverted the SA-f3-
gal™ phenotype, we wondered whether this inhibitor would
accelerate the recovery of the proliferative capacity of
Palbociclib-treated cells. We found that in GSCE-ECLs ex-
posed to the combination of Palbociclib plus Rapamycin, the
addition of Rapamycin not only did not accelerate the recov-
ery period, but actually delayed it compared with cells treated
with Palbociclib alone. Moreover, in GSC-ECLs exposed to
Rapamycin alone, the recovery period was similar to that
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observed with Palbociclib. This was surprising considering
that Rapamycin did not induce SA-{3-gal activity. The fact
that the recovery times of GSC-ECLs treated with
Rapamycin, with or without Palbociclib, were similar or more
extended than those observed in Palbociclib-treated cells rein-
forces the concept that Palbociclib-treated GSC-ECLs were in
a quiescent state rather than in a senescent one.

Finally, we wondered whether the failure of Palbociclib to
induce senescence in our GSC-ECLs is due to an intrinsic
inability of Palbociclib to induce senescence in certain glioma
cell lines or it is due to a general incapacity of these cells to
senesce (which could be given, for example, by the absence of
p16™5*)_ So, to evaluate if these cells are able to senesce at
all, we exposed them to H,0, and found that all tested cell
lines entered an irreversible growth arrest concomitantly with
a marked increase of SA-[3-gal activity and the appearance of
a SASP. Thus, herein, we determined that GSC-ECLs are able
to enter senescence. Therefore, the identification of proteins
controlling the transition from quiescence into senescence in
glioma stem cells may help to develop more effective thera-
pies for GBM. Recently, it has been shown that Palbociclib
monotherapy is not an effective treatment for recurrent GBM
[36]. However, in this study, selected patients were heavily
pre-treated and the retinoblastoma (RB) gene status was not
evaluated by sequencing techniques. Therefore, the effective-
ness of targeting the CDK4/6 pathway in GBM patients with
wild type RB in earlier stages of the disease needs to be
investigated.

In brief, we found that GSC-ECLs are highly reliant on
CDKG6 for proliferation and that inhibition of its activity with
Palbociclib leads to a transient growth arrest but not to perma-
nent cell cycle exit. Despite this, we found that Palbociclib is
very effective at halting glioma stem cell proliferation and thus
is not without merit. Therefore, specific CDK6 inhibitors
could be used in order to delay tumor progression, prolonging
patient survival.
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