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Abstract

Roscovitine (Rosc) and purvalanol (Pur) are competitive inhibitors of cyclin-dependent kinases (CDKs) by targeting their
ATP-binding pockets. Both drugs are shown to be effective to decrease cell viability and dysregulate the ratio of pro- and
anti-apoptotic Bcl-2 family members, which finally led to apoptotic cell death in different cancer cell lines in vitro. It was
well established that Bcl-2 family members have distinct roles in the regulation of other cellular processes such as endo-
plasmic reticulum (ER) stress. The induction of ER stress has been shown to play critical role in cell death/survival decision
via autophagy or apoptosis. In this study, our aim was to investigate the molecular targets of CDK inhibitors on ER stress
mechanism related to distinct cell death types in time-dependent manner in HeLa cervical cancer cells. Our results showed
that Rosc and Pur decreased the cell viability, cell growth and colony formation, induced ER stress-mediated autophagy or
apoptosis in time-dependent manner. Thus, we conclude that exposure of cells to CDK inhibitors induces unfolded protein
response and ER stress leading to autophagy and apoptosis processes in HeLa cervical cancer cells.
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Introduction

Cervical cancer is the fourth common cancer type among
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cervical cancer cases including radiation therapy alone or in
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treatment induced apoptosis through inhibited CDK2, 7, 9
and cyclin A, D and E counterparts [8]. In HeLa cervical
cancer cells, Rosc decreased cell viability and triggered
autophagic or apoptotic processes according to the early
and late time treatments [6]. Similar CDK1, CDK2, CDKS35,
CDK?7 and CDKO inhibition and p53-dependent DNA dam-
age were shown in Rosc-treated head and neck cancer cells
[9]. In breast cancer cells, time-dependent treatment of Rosc
revealed a significant inhibition on cell proliferation depend-
ing on estrogen receptor o status. Pur is a new generation
CDK inhibitor, which exerts its function through blocking
the binding of CDK1 or CDK2 with their specific cyclin
counterparts and targets cell cycle arrest at G1/S or G2/M
phases and apoptotic induction in caspase-dependent man-
ner. Concomitantly, it was shown that Pur treatment caused
the downregulation of anti-apoptotic Bcl-2 and survivin. In
addition, Pur was also found effective to induce endoplasmic
reticulum (ER) stress in HCT 116 colon cancer cells [10,
11]. In breast cancer cells, Pur also induced caspase-depend-
ent apoptosis depending on their estrogen receptor status [9].
Pur has been shown to cause cell cycle arrest and endoplas-
mic reticulum-mediated apoptosis in colon cancer cells. In
addition, different cell death mechanisms were also found
associated with time-dependent Pur treatment in colon can-
cer cell lines. On the other hand, co-treatment of either Rosc
or Pur with rapamycin, the well-known mTOR (mammalian
target of rapamycin) inhibitor, further increased apoptosis
in DU145 and LNCaP prostate cancer cells depending on
their androgen receptor expression levels through suppress-
ing PI3K/AKT/mTOR pathway [12]. Although, both Rosc
and Pur are strong apoptotic inducers, the mechanistic action
of these CDK inhibitors in other cell death related signaling
cascades are not fully understood.

ER is the organelle responsible for regulation of func-
tional protein maintenance such as folding, maturation,
translocation, degradation and post-translational modifi-
cations. Impaired ER functions caused failure of protein
synthesis or transport and Ca®* overload [13]. During ER
stress, unfolded protein response (UPR) could be acti-
vated to regulate protein homeostasis via ER-associated
degradation process (ERAD) or apoptotic cell death to
overcome dysregulated proteins. During UPR, three ER
transmembrane receptors; Protein kinase RNA-like ER
kinase (PERK), Inositol-requiring Enzyme la (IREla) and
Activating transcription factor 6 (ATF6) can be activated
by the disassociation of the stress sensor molecule Glu-
cose-regulated protein/binding immunoglobulin protein
(GRP78/BiP). PERK is a transcriptional regulator which
inhibits the accumulation of newly-synthesized proteins
in ER lumen by phosphorylating Eukaryotic Translation
Initiation Factor 2 (e[F2a) [14]. The phospho-elF2a led
to activation of UPR-dependent genes such as Activating
transcription factor 4 (ATF4) and transcriptional factor C/
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EBP homologous protein (CHOP). The second ER mem-
brane-resident receptor IREla has an endonuclease activ-
ity on X-box binding protein 1 (XBP1) mRNA leading to
removal of its 26 nucleotide intron and creates a splice
variant. This mature form of XBP1 is a transcription fac-
tor for ER chaperones genes such as calreticulin (CALR),
protein disulphite isomerase (PDI), p58, Dnal, etc [15].
IRE1a, apart from XBP1 activation, might also induce the
stress response regulator protein, c-Jun N-terminal kinase
(JNK) resulting the upregulation of certain pro-apoptotic
proteins such as Bim, Bid, and Bax [16]. The latter recep-
tor in ER membrane, ATF®6, serves as a transcription factor
for CHOP, BiP, XBP1 and PDI.

Autophagy is the degradation process of aged or non-
functional cytoplasmic components or mis/unfolded proteins
within autophagosomes following lysosomal fusion step [17,
18]. Recent studies revealed distinct functions of autophagy
in physiological and pathophysiological conditions such
as cell death or survival, starvation adaptation, anti-aging,
development, microorganism elimination. Several proteins
including Ulk1/2 complex and mTOR control autophagy
initiation process via induction of autophagosome forma-
tion through Autophagy-related genes (Atgs), Beclin-1 and
its inhibitory binding partner Bcl-2 or Bcl-x; . Phagophore
formation and maturation could be determined by LC3 and
SQSTM1/p62, the autophagy regulating molecules seques-
tered in the vesicles and degraded [14].

Autophagy activating conditions such as starvation, UPR
and other stress conditions inhibit mTOR via Akt signal-
ing, and activate Ulk1/2 complex, which in turn facilitates
autophagosome formation via modulated expression levels
of ATG proteins and Beclin-1. The phosphorylation of Akt
via phosphoinositide-dependent kinase 1 (PDK1) leads to
the inhibition of TSC2 (tuberous sclerosis complex 2), which
forms a complex with TSC1 and together they are a critical
negative regulator of mTOR [19]. Phosphorylation of Akt
at Ser 241 residue lead to regulation of energy metabolism
to maintain cell survival in the cancer cells [20].

Autophagy has been reported to either inhibit or promote
cancer cell survival depending on the stress level. ER stress
has been shown to be dynamically connected to autophagy
and apoptosis. Moderate ER stress was shown to induce
autophagy to degrade mis/unfolded proteins and increase
chaperone transcription [14]. However, severe ER stress
was found related to the induction of apoptotic cell death
[21-23]. Consequently, ER stress is a very critical process
in the response of cells against cancer chemotherapy.

In this study, our aim was to determine the potential effect
of CDK inhibitors on ER stress players in autophagy and
apoptosis decision of HeLa cervical cancer cells. Our find-
ings suggested that ER stress is induced in both early and
late times of CDK inhibitors exposure to HeLa cells leading
autophagy and apoptosis.
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Materials and methods
Drugs, antibodies and chemicals

Rosc and Pur which were used as CDK inhibitors were
purchased from Tocris Bioscience (Bristol, UK). They
were dissolved in DMSO and 10 mM stocks were prepared
and stored at —20 °C. All primary and secondary antibod-
ies were purchased from Cell Signaling Technology (CST,
Danvers, MA, USA).

Cell culture

HeLa cervical cancer cells (CCL-2) were purchased from
the American Type Culture Collection (ATCC, Manassas,
VA, USA) and were maintained in DMEM (Gibco-Life
Technologies, CA, USA) with 10% fetal bovine serum
(Pan Biotech, Aidenbach, Germany) and 100 U/100 mg/
ml penicillin/streptomycin (PAN Biotech, Aidenbach,
Germany) in humidified incubator at 37 °C with 5% CO,.
(Heracell 150; Thermo Electron Corporation, Waltham,
MA, USA).

MTT cell viability assay

The cytotoxic effects of Rosc and Pur on HeLa cell viabil-
ity were determined by colorimetric MTT 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT;
Roche, Indianapolis, IN, USA) assay. For this purpose,
HeLa cells were seeded at 8 x 10° cells/well in 96-well
plates and were kept in incubator overnight for their
attachment. Then, cells were treated with Rosc and Pur
(0-75 uM) in time-dependent manner. After Rosc or Pur
treatment, 10 ul of MTT reagent (5 mg/ml) was added
to the cell culture medium for 4 h. Meanwhile, formazan
crystals were generated due to mitochondria activation.
Then, cell culture medium was removed and 200 ul DMSO
was added to wells for dissolving the formazan crystals.
The absorbance was determined at 570 nm with a micro-
plate reader (Bio-Rad, Hercules, CA, USA).

Survival assay (Trypan blue dye exclusion assay)

Cells were seeded at 1 x 10° cells per well in six-well
plates and treated with Rosc (20 uM) or Pur (10 uM) for
24, 48 and 72 h. According to the time points, cells were
trypsinized and counted by using 0.4 (w/v) trypan blue dye
at 1:1 ratio. 10 pl of cells were counted by dual-chamber
Neubauer haemocytometer under light microscopy. Data

were platted on graph indicating the number of cells
(y-axis) vs. time (x-axis).

Colony formation assay

To understand the effect of Rosc and Pur on colony forma-
tion, HeLa cells were seeded at 600 cells per well in 6-well
plates and incubated in the presence or absence of CDK
inhibitors for 14 days. After this time period, media was
removed and cells were washed with 1x PBS, fixed with
methanol:acetic acid (3:1) for 5 min. After removal of fixing
agent, cells were stained with 0.5% crystal violet in methanol
for 15 min, then cells were washed by distilled water, and the
morphological images were taken under light microscopy.

Fluorescence microscopy
Pl staining

HeLa cells were seeded at 5 x 10* cells per 12-well plates
and treated with Rosc (20 uM) and Pur (10 uM) for 4, 12, 24
and 48 h. Through Rosc and Pur treatment, HeLa cells were
washed with 1X PBS and propidium iodide (PI) was per-
formed to cells (50 mg/ml stock concentration in 1x PBS)
and incubated for 30 min in the incubator. Dead cells (red
stained cells) which were occurred through drug treatment
was determined by fluorescence microscopy in excitation
535 nm and emission 617 nm (Olympus, Tokyo, Japan).

DAPI staining

Cells were treated with Rosc (20 uM) and Pur (10 uM) for
24 and 48 h. Following drug treatment, cells washed with 1x
PBS. 1 ul/ml 4',6-diamidino-2-phenylindole (DAPI) (1 mg/
ml stock concentration in 1X PBS) was performed for 10 min
in the dark. Nuclear fragmentation (blue stained cells) due
to drug treatment was determined by fluorescence micros-
copy in excitation 358 nm and emission 461 nm (Olympus,
Tokyo, Japan).

DiOCé6 staining

HeLa cells were seeded at 5x 10* density into 12-well plate/
per well. Following exposure of cells to Rosc (20 uM) and
Pur (10 uM), they were washed with 1x PBS, and stained
with 4 nM 3,3’-dihexyloxacarbocyanine iodide (DiOC6)
(40 nM stock concentration in DMSO; Calbiochem, La
Jolla, CA, USA) for 15 min in dark. Mitochondrial mem-
brane potential (MMP) disruption was determined by flu-
orescence microscopy in excitation 482 nm and emission
504 nm (Olympus, Tokyo, Japan).
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FACS flow cytometry experiments
Cell cycle distribution by Pl staining

HeLa cells were seeded in 6-well plates at a density 2 x 10
cells/well and treated with Rosc (20 uM) and Pur (10 uM)
for 4, 12, 24 and 48 h, respectively. Then cells were trypsi-
nized, washed with 1x PBS, centrifuged at 2000xg rpm for
5 min and fixed with 70% ethanol overnight at 4 °C. Then
cells were centrifuged again, supernatant was removed and
cells were stained with 10 pl of 40 pg/ul PI with 50 ul of
20 pg/ml RNase at 37 °C for 30 min in the dark. 10,000 cells
per sample were analyzed by flow cytometer. The cell cycle
distribution was determined by Accuri C6 (BD Biosciences,
Oxford, UK) and data analyses was performed BD Accuri
C6 software (BD Biosciences).

Apoptosis determination by Annexin V/PI staining

HelLa cells were seeded at 2 x 10° cells/well density in 6-well
plates and treated with Rosc (20 uM) and Pur (10 uM) for
12, 24 and 48 h. They were trypsinized, washed with 1x
PBS, centrifuged at 2000xg rpm for 5 min and then Annexin
V/PI staining was performed according to the manufacturer’s
instructions FITC Annexin V Apoptosis Detection Kit I,
(BD Biosciences, Oxford, UK). The apoptosis was deter-
mined by Accuri C6 (BD Biosciences, Oxford, UK) and
data analyses was performed using BD Accuri C6 software
(BD Biosciences).

Determination of ROS generation

Intracellular reactive oxygen species (ROS) were determined
by FACS flow analysis after cell labeling with DCFH-DA
(7'-dichlorodihydrofluorescein diacetate). DCFH-DA is a
non-fluorescent molecule, but once it enters into cells, it is
deacetylated by cellular esterases and rapidly oxidized to
highly fluorescent DCF (2',7'-dichlorodihydrofluorescein)
by ROS. The observed fluorescence intensity is directly
proportional to intracellular ROS levels. After treatment
procedure, cells were stained with DCFH-DA (1 uM final
concentration) and incubated for 10 min at 37 °C, washed
with 1X PBS and then analyzed by a Accuri C6 (BD Bio-
sciences, Oxford, UK) and data analyses was performed by
BD Accuri C6 software (BD Biosciences) (Excitation/Emis-
sion: 495/529 nm).

CHOP activation determination by pmCherry-1 plasmid
transfection

Cells were seeded in 6-well plates and transfected with

the reporter construct CHOP promoter (—649/+136)
pmCherry-1 plasmid (0.5 mg/ml) (Addgene plasmid
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#36035) using the Fugene 6 according to the manufacturer’s
instructions (Promega, Sunnyvale, CA, USA). After a 24 h
transfection, cells were exposed to Rosc (20 uM) and Pur
(10 uM) for 15',30’, 1, 2, 4 h. Following drug treatment,
mCherry-CHOP plasmid-transfected 1 x 10* cells/sample
were determined by Accuri C6 (BD Biosciences, Oxford,
UK) and data analyses was performed by BD Accuri C6
software (BD Biosciences, Oxford, UK) (Excitation/Emis-
sion: 587/610 nm).

Protein extraction and immunoblotting

HelLa cells were treated with Rosc (20 uM) and Pur (10 uM)
in a time-dependent manner. Samples were washed with ice
cold 1X PBS and lysed on ice with M-PER™ Mammalian
Protein Extraction Reagent (Thermo Scientific, Rockford,
IL, USA) and protease inhibitor cocktail (Roche, Mannheim,
Germany) and centrifuged for 20’ at 13,200xg rpm. Protein
concentrations were determined by the Bradford protein
assay (Bio-Rad, Hercules, CA, USA). 30 pg total protein was
separated on a 12% SDS-PAGE and transferred onto PVDF
membranes (Roche, Mannheim, Germany). The membranes
were then blocked with 5% milk blocking solution in Tris
buffer saline (TBS)-Tween 20 (Sigma-Aldrich, St. Louis,
MO, USA) and incubated with primary and horseradish
peroxidase (HRP)-conjugated secondary antibodies (CST,
Danvers, MA, USA) in 5% (v/v) milk blocking solution.
Following the addition of enhanced chemiluminescence
reagent, signals from the HRP-coupled antibodies were
detected using ChemiDoc MP Imaging System (Bio-Rad
Laboratories, Hercules, CA). All results were replicated at
least three times and representative blots were given.

Statistical analysis

The statistical analyses of all the experiments were per-
formed by two way ANOVA using GraphPad Prism 7.00
for Windows, GraphPad Software, La Jolla California USA,
http://www.graphpad.com. Error bars were obtained from
the + standard deviation (SD) of three replicate experiments.

Results

CDK inhibitors decreased cell viability and survival
ratio of HelLa cervical cells in time-dependent
manner

Cells were incubated with various doses (0-75 uM) of each
CDK inhibitors for 24 and 48 h and cell viability was deter-
mined by MTT assay. Both CDK inhibitors induced cell
viability loss in dose- and time-dependent manner in HeLa
cells. 20 pM Rosc and 10 uM Pur decreased cell viability by
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25% within 24 h (Fig. 1a). The same doses were used in a
time dependent-manner (0-72 h) for trypan blue dye exclu-
sion assay. Both CDK inhibitors were able to inhibit cell
survival starting from 24 h significantly (Fig. 1b). We dem-
onstrated that Rosc and Pur are moderate cytotoxic agents
for HeLa cells at selected 20 and 10 uM doses, respectively.
We continued with these doses which cause 25% reduction
in the cell viability for further experiments, instead of IC50
values, to understand the ability of drugs to trigger different
signaling pathways in low doses. Since the moderate cyto-
toxic concentrations were tested in our previous studies and
are known to induce apoptotic cell death, even necrosis in
different cell lines such as HCT 116 colon cancer cells [24] .

We next tested the effect of each drug on colony form-
ing potential of HeLa cells. Rosc and Pur at these con-
centrations significantly inhibited clonogenic survival of

HelL a cells more significantly at 24 h for Rosc and 48 h for
Pur (Fig. 1c). The rate of the colony formation was calcu-
lated according to pixel analysis using ImagelJ software.
Our results indicated that both CDK inhibitors were able
to diminish colony formation significantly after 24 and
48 h treatment (Fig. 1c, right panel).

CDK inhibitors treatment induced cell death, which was
determined following PI staining by fluorescence micros-
copy. PI positive dead cells (red stained cells) augmented
in a time-dependent manner following drug treatment
within 48 h (Fig. 1d). PI positive cell number percentage
augmentation by 31.8 and 36.5 fold after 24 and 48 h,
respectively for Rosc treatment. The increase was found
27.5 and 56 fold for the same time periods respectively
after Pur treatment (Fig. 1d, bottom panel). Finally, we
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Fig. 1 Roscovitine and purvalanol decreased cell survival, prolif-
eration and colony forming potential of HeLa cells. a The time and
dose-dependent effect of Rosc and Pur on HeLa cell viability was
determined by MTT assay. The experiment was analysed by two-
way ANOVA and Tukey’s multiple comparisons test. ***p <0.0001,
**p<0.001. b Cell proliferation analysis with trypan blue dye exclu-
sion assay showed that Rosc and Pur inhibited cell proliferation
in time-dependent manner. Cell proliferation experiment was ana-

lysed by two-way ANOVA and Tukey’s multiple comparisons test.
*#*p<0.001. ¢ Rosc and Pur inhibited the colony formation of HeLa
cells which was determined by colony formation assay. The rate of
the colony formation was calculated according to pixel analysis using
Image] software (left panel). d Cell death promoting role of Rosc and
Pur was detected by PI staining fluorescence microscopy. The quan-
tification of cell death was given as a bar graph for propidium iodide
stained cells (left panel)
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Fig. 1 (continued)

concluded that both CDK inhibitors were able to suppress
cell survival at selected doses and induce cell death.

Roscovitine and purvalonol induced apoptosis
through increasing cell cycle arrest and ROS
generation

In order to determine the apoptotic efficacy of drugs at
selected concentrations in HeLa cervical cancer cells, we
first investigated the effect of Rosc and Pur on cell cycle
phases by PI staining and read results with flow cytometry.
Rosc increased the subG1 population in a time-dependent
manner, more significantly following 48 h (5.3 fold vs. con-
trol). Rosc was also able to diminish S phase population per-
centage time-dependently, at 24 h the decrease was 1.7 fold
compared to control samples. Similar to Rosc, Pur treatment
triggered subG1 population increase by 5.5 fold compared
untreated control samples as well. Unlike Rosc, Pur treat-
ment caused G2/M arrest in HeLa cells. The G2/M popula-
tion augmented by threefold compared to untreated HeLa
cells (Fig. 2). To identify cell death mechanism in detail,
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48 h

we performed Annexin V/PI staining and analyzed samples
using flow cytometer. Rosc was effective to induce apop-
totic population percentage in a time-dependent manner. As
shown in Fig. 3a, in the first 24 h early apoptotic population
ratio was increased. At 48 h, mostly late apoptotic popula-
tion was observed (Fig. 3a). Pur treatment triggered early
apoptotic population time-dependently; conversely, at 48 h
time period necrotic cell percentage was increased (Fig. 3a).
To confirm the apoptotic potential of each CDK inhibitors,
we checked DNA fragmentation and MMP (mitochondrial
membrane potential) disruption by DAPI and DiOC6 stain-
ing, respectively. Time-dependent Rosc and Pur treatment
induced DNA fragmentation, a biomarker for apoptotic cell
death, which was observed by nuclear blue dots following
DAPI staining under fluorescence microscope (Fig. 3b,
left panel). The cells with fragmented DNA significantly
increased following 24 and 48 h with CDK inhibitors treat-
ment (Fig. 3b, right panel). Next we investigated MMP after
CDK inhibitors treatments in HeLa cells via DiOC6 stain-
ing. Both Rosc and Pur induced MMP loss that was observed
by the decrease of green stained cells time-dependently
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Fig.2 Roscovitine and purvalanol induced G2/M accumulation in the
cell cycle. a HeLa cells were treated for 4-48 h with Rosc and Pur.
Propidium iodide (PI) staining and flow cytometry were used for cell

(Fig. 3c, left panel). The decrease of MMP induced by Rosc
and Pur for 24 and 48 h was found significant in HeLa cells
(Fig. 3c, right panel). Finally, we also demonstrated that both
CDK inhibitors were able to induce PARP cleavage time-
dependently. Rosc triggered PARP cleavage starting from
12 h and this effect was very significant at 48 h (Fig. 3d).
Similarly, Pur exerted a time-dependent PARP cleavage
action (Fig. 3d). We also checked the PARP cleavage pro-
file with the same CDK inhibitors concentrations starting
from very early time points. Rosc and Pur induced apopto-
sis starting from 15’ treatment. While Rosc effect continued
until 2 h, Pur treatment was less effective after 15'. However,
PARP cleavage was significant at 4 h in HeLa cells (Fig. 3d).

Since apoptosis is related to increased ROS levels in cells,
we investigated ROS generation following exposure of cells
to CDK inhibitors. For this purpose, cells were stained with
cell-permeable DCFH-DA following Rosc and Pur treat-
ment in HeLa cells and analyzed with flow cytometer. As
shown in Fig. 3e, f, both Rosc and Pur induced ROS gen-
eration time-dependently starting from 15" and within 4 h
of treatment.

CDK inhibitors modulated the expression profiles
of ER stress members in time and drug dependent
manner

To understand the mechanistic action of Rosc and Pur to
increase ROS levels and apoptosis, we checked the expres-
sion profiles of significant ER regulator proteins by immu-
noblotting assay. First, we checked ER resident chaperone
proteins CALR and PDI. CALR expression was downregu-
lated in a time-dependent manner in Rosc-treated HeLa
cells whereas PDI expression level dropped after Rosc
exposure for 15" and remained same for other early time

FL1-A *

FL1-A

FL1

cycle analysis (Ex: 535 nm and Em: 617 nm). Cell cycle distribution
was analysed by two way ANOVA and Tukey’s multiple comparisons
test and *p<0.05

applications (30’-4 h) (Fig. 4a, left panel), except a slight
upregulation in 1 h. Rosc treatment induced IREla and
PERK up-regulation after 30’, until 1 h. After this time
period both proteins down-regulated slightly (Fig. 4a, left
panel). In accordance with this data, the downstream target
of PERK, elF2a was phosphorylated starting from 30" and
deactivated after 1 h (Fig. 4a). The phosphorylation of
elF2a usually causes the activation of ATF4, which in turn
translocate to nucleus in order to start the expression of
its target genes such as pro-apoptotic Bcl-2 family mem-
bers. Since UPR activation could trigger decreased protein
synthesis and growth arrest in G1 phase of cell cycle, we
also investigated the early time CDK inhibitors treatment
response for G1 checkpoint control proteins CDK4 and
cyclin D1. As shown in Fig. 4a, both CDK4 and cyclinD1
were down-regulated following 30’ Rosc in HeLa cells.
On the other hand, until 30’ CDK4 expression was found
upregulated.

Later, we determined the expression profiles of the men-
tioned targets after time-dependent Pur treatment. In con-
trast to Rosc treatment, Pur induced the up-regulation of
CALR expression, especially for 4 h (Fig. 4a, right panel).
We determined a slight up-regulation in PDI expression
until 1 h; though, this effect started to diminish after this
time period for Pur treatment (Fig. 4a, right panel). Unlike
Rosc, Pur treatment triggered a time-dependent increase in
the expression of both IREla and PERK. Concomitantly,
pelF2a expression increased right after 15’ following Pur
treatment; nevertheless, after 15" it was found slightly
decreased starting 30’ till 4 h (Fig. 4a, right panel). The
downstream target of pelF2a, ATF4, exhibited the similar
expression trend (Fig. 4a, right panel). We also observed that
Pur was able to decrease the expression profiles of CDK4
and cyclinD1, as well as Rosc (Fig. 4a, right panel).
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Fig.3 Roscovitine and purvalanol induced apoptosis in time-depend-
ent manner. a HeLa cells were treated with Rosc and Pur, stained
with FITC-conjugated Annexin V/PI and subjected to flow cytometry.
The lower left part represents viable cells, the lower right part repre-
sents early apoptotic cells, the upper left part represents necrotic cells
and the upper right part represents secondary necrotic and late apop-
totic cells. Annexin V/PI analysis performed by two way ANOVA
and Dunnett’s multiple comparisons test and p <0.0001 was consid-
ered significantly different. *p<0.05, ****p<0.0001. b Determi-
nation of apoptosis by DAPI staining observed under fluorescence
microscope following Rosc and Pur treatment in HeLa cells (Ex/Em:
358/461 nm). The quantification of DAPI stained apoptotic cells was
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given as a bar graph (left panel). ¢ MMP loss determined by DiOC6
staining following drug treatment under fluorescence microscope (Ex/
Em: 482/504 nm). The quantification of DiOC6 stained cells was
given as a bar graph (left panel). d Following time-dependent drug
treatment, total proteins were isolated and separated on 12% SDS
gel, transferred onto PVDF membranes and blotted with PARP and
cleaved PARP antibodies. p-tubulin was used as a loading control.
The effect of e Rosc and f Pur on ROS generation was determined
by flow cytometry following DCFH-DA staining and analysed by
two way ANOVA and Tukey’s multiple comparisons test. *p<0.05,
*#%p <0.001, #***p <0.0001
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Fig.3 (continued)

We next investigated the activation of CHOP during CDK
inhibitors-mediated ER stress. For this purpose, we trans-
fected cells with CHOP promoter (—649/4-136) pmCherry-1
plasmid and determined the activation following drug treat-
ment by FACS flow analysis. The optimization of transfec-
tion results were shown in Supplementary Fig. 1. Tunica-
mycin (10 pM) was used as a positive control to induce ER
stress. Due to treatment with each CDK inhibitor, CHOP
was activated in time-dependent manner (15’, 30', 1, 2 and
4 h), in a similar way to tunicamycin treatment, compared
to the untreated control group, resulting the puncta pattern
in HeLa cells (Fig. 4b).

For the next step, we evaluated the expression profiles
of the ER stress biomarkers in HeLa cells exposed to Rosc
and Pur for late periods, 12-48 h. We found that Rosc was
able to induce PDI in a time-dependent manner within 48 h
(Fig. 4c, left panel). On the other hand, BiP expression was
found significantly reduced in the first 12 h of Rosc treat-
ment; conversely, after this time period the upregulation
was lost and the expression came to the same level as con-
trol samples (Fig. 4c, left panel). Similar to PDI expression
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alteration, the ER-membrane bound ER stress sensor IRE1a
was upregulated in a time-dependent manner with Rosc
treatment. In concordance with this data, the unspliced,
inactive form of XBP1, which is a direct target of IREla,
was found down-regulated (Fig. 4c, left panel). Rosc treat-
ment caused increasing phosphorylation of e[F2a and ATF4
upregulation until 48 h. This effect diminished for both pro-
teins when cells exposed to the drug for 48 h (Fig. 4c, left
panel). Nevertheless, the downstream target of ATF4, CHOP
is still active after 48 h, following a time-dependent increase
within 24 h (Fig. 4c, left panel). We also assessed the ER
stress players in response to Pur treatment in HeLa servical
cancer cells. In a similar way to Rosc treatment, Pur was
able to increase the expression profiles of both PDI and BiP
within 48 h. IREla and eIF2a phosphorylation were found
upregulated with time-dependent Pur, correlating with the
decline in the expression of unspliced form of XBP1. In
addition, Pur treatment increased ATF4 expression more
effectively after 12 h, although the scenario was not the same
for 24 and 48 h, the upregulation was still detectable for 24
and 48 h. HeLa cells also exhibited increased CHOP profile
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Fig.4 Roscovitine and purvalanol induced ER stress in a time-
dependent manner in HeLa cells. a After drug treatment, total pro-
teins were isolated and separated on 12% SDS gel, transferred onto
PVDF membranes and blotted with appropriate primary antibodies.
B-tubulin was used as a loading control. b Cells were transfected with
the reporter construct CHOP promoter (—649/4+-136) pmCherry-1.

after time-dependent Pur exposure. Since caspase 12 plays
an important role in carrying-out the caspase-dependent
UPR, we checked the effect of CDK inhibitors treatment

@ Springer

The CHOP activation due to drug treatment was visualized with fluo-
rescence microscopy (Ex/Em: 575/601 nm). ¢ Total proteins were
isolated after 0—48 h drug treatment and separated on 12% SDS gel,
transferred onto PVDF membranes and blotted with appropriate pri-
mary antibodies. f-tubulin was used as a loading control

on caspase-12 activation. Both Rosc and Pur were found
effective time-dependently on caspase 12 cleavage (Fig. 4¢).
Upon activation of the UPR, caspase 12 translocates from
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ER to the cytosol and start the caspase cascade via caspase
9 activation and caspase 3 cleavage. Our experiment set up
clearly demonstrated activation of caspase 3 in time-depend-
ent manner following both Rosc and Pur treatment (Fig. 4¢).

CDK inhibitors modulated autophagy response
in Hela cells

To determine the effect of Rosc and Pur on autophagy, we
investigated the expression profiles of autophagy key players
in time-dependent manner. Exposure of cells to each CDK
inhibitors caused activation of autophagic response starting
with the alterations in PDK-1 and Akt. The phosphoryla-
tion of PDK1 from Ser241, the site for Akt activation, was
found increased after 12 and 24 h Rosc treatment, corre-
lating with the increase in Akt expression levels (Fig. 5).
However, PDK phosphorylation increased after 12 h slightly
diminished in a time-dependent manner with Pur treatment
(Fig. 5). The 12 and 24 h time points were found critical for
Rosc treatment in HeLa cells since Beclin-1, Atg3 upregu-
lations (Fig. 5). On the other hand, Pur treatment caused
decrease in PDK1 phosphorylation at Ser241 residue with
diminishing Akt expression (Fig. 5, right panel). Beclin-1
expression was upregulated at 12 and 24 h in a similar way
to Rosc response in HeLa cells. Atg3, however, after a sharp
expression increase following 12 h Pur treatment, started to
downregulated slightly until 48 h.

Discussion

The cell cycle machinery is under control of CDKs with
their substrates, cyclins, which are dysregulated during can-
cer progression [25]. Therefore, CDK targeting has been
one of the anti-cancer strategies since decades. CDK inhibi-
tors, Rosc and Pur have been shown to arrest cell cycle and

Fig.5 Roscovitine and pur- Rosc

induce apoptosis in different cancer cell lines in vitro [26,
27]. Our aim was to investigate the apoptotic regulation
related with ER stress process triggered by the CDK inhibi-
tors. Our results suggested that both CDK inhibitors were
effective to induce cell viability loss by 25% and inhibition
in the survival rates following 20 uM Rosc and 10 uM Pur
in HeLa cervical cells at 24 h. Our data were correlated
with the latest reports on the effect of each CDK inhibitors
on HelLa cells [6, 28, 29]. In addition, both CDK inhibi-
tors abolished the colony formation potential of the cells in
time-dependent manner, suggesting that Rosc and Pur are
potential tumor growth inhibitors. Similar to our results,
Rosc was suggested as a cell proliferation reducing agent
in hormone therapy-resistant breast cancer cells as well as
mouse hematopoietic progenitors both in vivo and in vitro
[30, 31]. In addition, Pur was able to diminish tumor growth
in Csk™~ ¢-Sre cells, which are lack of Csk (C-terminal Src
kinase) is responsible for the negative regulatory tyrosine
phosphorylation of Src at Tyr-527 and as well as melanoma
cell lines [32, 33]. Rosc and Pur treatments induced apop-
totic cell death mechanism was demonstrated by different
experimental set-ups such as PI and annexin V-PI double
staining which showed that plasma membrane integrity of
HeLa cells were abolished starting from 4 h of exposure,
as well as a rapid mitochondria membrane hyperpolariza-
tion evidenced by the decrease in DiOC6 stained cells. DNA
fragmentation visualized under fluorescence microscopy and
PARP cleavage in a time-dependent manner both in early
and late onset drug treatment confirmed the apoptotic induc-
tion of CDK inhibitors. In this quick responded cell-death
process, we therefore investigated the involvement of ROS
generation since the disruption in mitochondria membrane
potential leads to efflux of ROS starting from the very early
time intervals leading to increased Ca?* levels, activated
protein kinase cascades, global transcription reprogramming
and rapid cell death [34]. We found that both Rosc and Pur
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were able to increase ROS generation significantly when
compared to untreated samples and H,O, treated HeLa cells.
These results also suggest that beginning from the early time
point’s mitochondrial depolarization occurred in response
to CDK inhibitors and the depolarization continued until
the end of 48 h, which was shown by DiOC6 staining. Our
previous reports and other groups’ publications also sug-
gest that CDK inhibition increases ROS generation and ROS
scavengers can prevent CDK inhibitors-induced apoptosis in
different cell lines such as MCF-7, LNCaP, DU145, PC3 and
HCT 116, breast, prostate and colon cancer cells, respec-
tively [11, 35, 36].

The ER lumen environment designates the fate of enter-
ing proteins in terms of folding by PDI, CALR, glutathione
(GSH)/glutathione disulfide (GSSG), NADPH oxidase 4
(Nox4), NADPH-P450 reductase (NPR) with calcium [37].
Evidences suggest that there is an interrelation of ER stress
and ROS generation in cells due to these chaperones, which
are redox-signaling mediators as well. During chaperone-
mediated disulfide bond formation, electrons are provided
to cysteines of the polypeptide chain from PDI active site
leading to oxidation [38]. Therefore, during the folding pro-
cess ER has been shown to generate ROS like mitochondria
[39, 40]. ER is the main compartment responsible for the
synthesis, folding and post-transcriptional modifications of
proteins in eukaryotic cells. Appropriately, processed pro-
teins are exported to the Golgi complex while incompletely
folded ones are retained in the ER to complete the process
or to be targeted for degradation. Any perturbations to these
functions of ER, result in UPR and even cell death. The
UPR coordinates the transcription of ER chaperones, the
rate of protein synthesis and cell cycle [41, 42]. ER mem-
brane stress sensors IREla, PERK and ATF6 make these
regulations. Our results suggested that starting from the very
early time point intervals, 30’ and 1 h, Rosc was able to
induce ER stress via IREla and PERK. The upregulation
in the downstream targets of PERK, ATF4 and p-elF2aq,
were found correlating in terms of treatment time. On the
other hand, Pur caused upregulation of IREla, PERK and
its downstream targets more significantly after 2 h treat-
ment in HeLa cells. Chaperones were found also affected
by CDK inhibitors. Rosc induced the downregulation of
CALR and PDI, while Pur upregulated CALR following 4 h
and PDI after 1 h treatment. All these results suggest that
both CDK inhibitors induced UPR starting different early
time points. Our previous work has shown that exposure
of HCT 116 colon cancer cells to Pur induced ER stress in
a time-dependent manner via PDI and CALNX upregula-
tion [11]. Our experiments also showed the time-dependent
CDK4 and its partner cyclin D1 downregulation, which is
expected response of HeLa cells to CDK inhibitors. On the
other hand, recent reports also suggest that UPR response
leads to accumulation of p27 and cell cycle arrest in different
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cell lines. Therefore, decreasing effect might also be a part
of UPR induction [43-46].

The enhanced expression levels of CHOP, one of the
downstream targets of PERK and IREl«, in response to
CDK inhibitors also indicated that ER stress was induced
in HeLa cells. CHOP has been described as an ER stress-
mediated apoptotic inducer due to its transcription factor
role for pro-apoptotic Bcl-2 family member Bim and repres-
sor for anti-apoptotic Bcl-2 in response to ER stress inducers
such as tunicamycin [47, 48]. In addition, CHOP-induced
apoptosis was found closely related with suppression of cell
cycle. The endogenous CDK inhibitor p21, when activated
in response to a variety of stress conditions, has previously
been suggested to be important in the transition of UPR from
pro-survival to pro-apoptotic pathway. Therefore, Rosc and
Pur treatment might cause the shift of UPR to the apop-
tosis with the crosstalk between cell cycle inhibition and
the PERK/elF2a/ATF4/CHOP pathway [49]. To under-
stand the effect of both CDK inhibitors on prolonged ER
stress, we checked the ER stress and apoptosis key players’
expression profile in HeLa cells. We found that chaperones,
PERK, IREla and its downstream targets are upregulated
in a time-dependent manner starting from 12 h of treat-
ment in response to both Rosc and Pur. We also showed that
caspase-12, which is directly activated by Ca**-dependent
calpains in response to ER stress, was activated after 12 h
leading to the caspase-3 cleavage [50]. This data also dem-
onstrated that CDK inhibitors induce ER stress-mediated
apoptosis in HeLa cells.

Autophagy is a highly conserved process for the degrada-
tion of damaged organelles and un/mis-folded proteins in
cells. It is controlled by a set of evolutionary conserved Atg
proteins. Several studies demonstrated that autophagy has an
important survival-promoting role in stress conditions [51,
52]. Recent publications showed that phosphorylation of
elF2a-ATF4-CHOP pathway contributes to autophagy acti-
vation induced by ER stress [47, 53]. Although autophagy is
generally accepted as a tumor suppressor process to protect
cancer cells from stress and present nutrient source, recent
studies revealed that excessive self-degradation of cellular
components essential for survival, such as mitochondria,
causes cell death [54, 55]. In this context, CHOP has been
shown as a responsible molecule to limit autophagy, induce
apoptosis via upregulating Bim and suppressing Bcl-2 [56].
Our data indicated that Rosc and Pur were able to induce
autophagy after 12 h treatment. Although this effect of Rosc
abolished after 24 h, it was restored following 48 h. On the
other hand, the autophagy response diminished in 24 and
48 h Pur treated HeLa cells.

Taken together, our study revealed that both CDK inhibi-
tors were able to induce ER stress-mediated autophagy start-
ing from early time points. After 12 h drug treatment cells
died from apoptotic cell death, which was demonstrated
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Fig.6 The schematic representation of the CDK inhibitors

with PARP cleavage profile. Unlike Pur, Rosc treatment
recovered autophagy related proteins after 48 h. Especially,
PERK/p-elF2a/ ATF4/CHOP pathway was found critical in
CDK inhibitors-induced autophagy/apoptosis processes. All
these findings could be important for the therapeutic poten-
tial and timing of CDK inhibitors against cervical cancer
(Fig. 6).
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