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ARTICLE INFO ABSTRACT

Keywords: Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive malignancies, with a 5-year survival rate
PDAC of 5-10 %. The high mortality rate is due to the asymptomatic progression of clinical features in metastatic stages
Palbociclib

of the disease, which renders standard therapeutic options futile. PDAC is characterised by alterations in several

I(\:/[];CIEZR;\IAShb . genes that drive carcinogenesis and limit therapeutic response. The two most common genetic aberrations in
Apopt/osi;n hition PDAC are the mutational activation of KRAS and loss of the tumour suppressor CDK inhibitor 2A (CDKN2A),
Cell cycle which culminate the activation of the cyclin-dependent kinase 4 and 6 (CDK4/6), that promote G1 cell cycle
Senescence progression. Therapeutic strategies focusing on the CDK4/6 inhibitors such as palbociclib (PD-0332991) may
Proliferation potentially improve outcomes in this malignancy. MicroRNAs (miRs/miRNAs) are small endogenous non-coding
RNA molecules associated with cellular proliferation, invasion, apoptosis, and cell cycle. Primarily, miR-21
promotes cell proliferation and a higher proportion of PDAC cells in the S phase, while knockdown of miR-21
has been linked to cell cycle arrest at the G2/M phase and inhibition of cell proliferation. In this study, using
a CRISPR/Cas9 loss-of-function screen, we individually silenced the expression of miR-21 in two PDAC cell lines
and in combination with PD-0332991 treatment, we examined the synergetic mechanisms of CDK4/6 inhibitors
and miR-21 knockouts (KOs) on cell survival and death. This combination reduced cell proliferation, cell
viability, increased apoptosis and G1 arrest in vitro. We further analysed the mitochondrial respiration and
glycolysis of PDAC cells; then assessed the protein content of these cells and revealed numerous Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways associated with PD-0332991 treatment and miR-21 knocking
out. Our results demonstrate that combined targeting of CDK4/6 and silencing of miR-21 represents a novel

therapeutic strategy in PDAC.
1. Introduction leading cause of cancer mortality by 2030 (Rahib et al., 2014), while
only 10-20 % of PDAC are resectable at diagnosis. Response to
Pancreatic ductal adenocarcinoma (PDAC) is the most common type chemotherapy is generally poor (Stark et al., 2016; Strobel et al., 2022)
of pancreatic cancer (PCa), which accounts for about 85 % of pancreatic due to multifactorial reasons such as diagnosis at late stages, rapid
tumours (Sevgin et al., 2021). PDAC is predicted to be the second progression of metastasis, and resistance to conventional therapeutic

Abbreviations: BRCA2, Breast cancer gene 2; CDK, Cyclin-Dependent Kinases; CDK4/6, Cyclin-dependent kinase 4 and 6; CDKN2A, CDK inhibitor 2 A; CycD, D-
cyclins; DMEM, Dulbecco’s Modified Eagle’s Medium; DMSO, Dimethyl sulfoxide; EGF, Epidermal growth factor; ERK, Extracellular signal-regulated kinase; ESCC,
Esophageal squamous cell carcinoma; FBS, Foetal bovine serum; 5-FU, 5-fluorouracil; GO, Gene Ontology; HR+, Hormone receptor-positive; KEGG, Kyoto Ency-
clopedia of Genes and Genomes; KOs, Knockouts; MAPK, microRNAs, Mitogen-activated protein kinasemiRs/miRNAs; mTOR, Mammalian/mechanistic target of
rapamycin; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NF-kB, Nuclear factor-kB; OCR, Oxygen consumption rate; PARP, Poly (ADP-ribose)
polymerase; PBS, Phosphate buffered saline; PCa, Pancreatic cancer; PD-0332991, Palbociclib; PDAC, Pancreatic ductal adenocarcinoma; PDX, Patient-derived
xenografts; PI, Propidium iodide; PI3K, Phosphatidylinositol 3-kinase; PKM2, Isoform M2 of pyruvate kinase; RB, Retinoblastoma; SA-miRs, Senescence-associated
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Fig. 1. CDK4/6 inhibitors for PDAC therapy. D-cyclins (CycD) activate CDK4 and CKD6 in the G1 phase and stimulate cell cycle progression through the phos-
phorylation of the RB. In PDAC, CDK4/6 is overactivated, which leads to uncontrolled cell proliferation. CDK4/6 inhibitors have been shown to promote an effective
therapeutic activity via the repression of CDK4/6 expression and the inhibition of cell proliferation. Using CDK4/6 inhibitors combined with targeting other sig-
nalling pathways may promote a pioneer strategy against therapy resistance. Created with BioRender.com.
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modalities (Ma and Jemal, 2013). Systemic therapy for PDAC includes
chemotherapy drugs such as gemcitabine, taxanes and
molecular-targeted agents such as erlotinib (O’Hayer and Brody, 2016;
Von Hoff et al., 2013). Current therapies also comprise DNA-damaging
agents comprising gemcitabine (6.8 months median survival), folinic
acid (11.1 months median survival), 5-fluorouracil [5-FU], irinotecan,
or oxaliplatin and microtubule poisons such as albumin-bound pacli-
taxel (Nab-paclitaxel), which have limited increase in overall survival
(Conroy et al., 2018; Garrido-Laguna and Hidalgo, 2015).

Large-scale genomic studies have identified recurrent genetic alter-
ations in PDAC, such as activation of oncogenes (mutant KRAS is found
in >90 % of PDAC) and inactivation of tumour suppressor genes tumour

Fig. 2. PD-0332991 decreased cell viability in
Panc-1 and MiaPaCa-2 wt cells and their miR-
21 KOs. Panc-1 (A) and MiaPaCa-2 (B) were
treated with PD-0332991 (2 pM, for 24 hrs).
Cells were incubated for 24 hrs and analysed by
the MTT method. Cellular viability of treated
Panc-1 miR-21 KO2 was also decreased by 50 %
compared to non-treated Panc-1 miR-21 KO2
(n = 3; p <0.01), however mir-21 KO4 did not
show the similar trend. Cellular viability of
treated MiaPaCa-2 miR-21 KO2 and KO4 was
also decreased by 40 % and 59 % compared to
non-treated MiaPaCa-2 miR-21 KO2 and KO4
(n=3; p <0.0001, for all), respectively. The
data are the mean + SD of three technical re-
peats evaluated by One-way ANOVA and Bon-
ferroni’s multiple comparison test. Exact p-
values are indicated * p < 0.05; * * p < 0.01;
* %% p <0.001; **** p<0.0001; error bars
indicate SD.
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protein 53 (TP53), p16/CDK inhibitor 2A (CDKN2A), SMAD4, and
breast cancer gene 2 (BRCA2) in >50 % of PDAC cases) (Bailey et al.,
2016a; Biankin et al., 2012; Cicenas et al., 2017; Jaffee et al., 2002;
Maitra and Hruban, 2008; Waddell et al., 2015; Witkiewicz et al.,
2015a). Specifically, aberrations in the oncogenic KRAS (proto--
oncogene, GTPase) gene result in the activation of the cyclin-dependent
kinases (CDK) and the mammalian/mechanistic target of the rapamycin
(mTOR) signalling pathway, which are further linked to elevated cell
survival (Bryant et al., 2014; Conway et al., 2019). The CDKN2A gene
encodes p14/Arf and p16/Ink4a, which are potent inhibitors of CDK4
and CDK6 (Foulkes et al., 1997; Young et al., 2014). Mutated CDKN2A is
the most common alteration in PDAC mouse models driven by oncogenic
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Fig. 3. PD-0332991 decreased colony formation in Panc-1 and MiaPaCa-2 wt cells and their miR-21 KOs. The colony formation of Panc-1 (A) and MiaPaCa-2 (B) cells
was counted after 10 days of treatment with media replenishment every 2 days. Graphs show the colony numbers quantification as percentages normalised to the
control. The histograms represented the mean =+ SD of three technical repeats; data evaluated by One-way ANOVA and Bonferroni’s multiple comparison test. Panc-1
and MiaPaCa-2 cells were exposed to PD-0332991 (2 uM, for 24 h). Exact p-values are indicated * p < 0.05; * * p < 0.01; * ** p < 0.001; * ** * p < 0.0001; error

bars indicate SD.

KRAS (Mueller et al., 2018), suggesting the relevance of activating
CDK4/6 to promote cell-cycle entry. The loss of CDK2NA (p16) and
tumour suppressor TP53 in the cell cycle leads to uncontrolled cell
proliferation, whereas mutations in KRAS and TP53 play an important
role in glucose metabolism, which disturbs cell maintenance (Bryant
et al., 2014; Regel et al., 2012; Rivlin et al., 2011; Weissmueller et al.,
2014). Hence, altered metabolic machinery in PDAC cells is a promising
strategy for developing an effective therapy and disease management.
Genetic alteration in PDAC results in the dysregulation of CDK4 and
CDK6 through the inactivation of retinoblastoma (RB), which is a
tumour suppressor protein (Cowan and Maitra, 2014; Schutte et al.,
1997; Witkiewicz et al., 2015a).

CDK4/6 inhibitors such as Palbociclib (PD-0332991), Ribociclib
(LEEO11), and Abemaciclib (LY2835219) are being examined as novel
therapeutic agents in more than 300 preclinical and clinical trials for
more than 50 different types of malignancies (Fassl et al., 2022). It has
been shown that PD-0332991 displays antiproliferative activity in PDAC
cell lines and patient-derived xenografts (PDX) (Chou et al., 2018;
Heilmann et al., 2014; Knudsen et al., 2019; Witkiewicz et al., 2015b).
PD-0332991 has been also approved as a therapeutic agent for advanced
metastatic hormone receptor-positive (HR+)/HER2-negative breast
cancer (Eggersmann et al., 2019; Franco et al., 2014; Goel et al., 2018).

Specifically, CDK4/6 inhibitors can induce apoptosis and are linked to
canonical effects, including cell cycle inhibition and proliferation
(Bonelli, 2019, Dhir et al., 2019; Franco et al., 2014; Musgrove et al.,
2011). Recent studies have revealed that PD-0332991 is also associated
with non-canonical functions such as reversible senescence, metabolic
rearrangement, and immunomodulation (Bonelli et al., 2019; Skowron
et al., 2020), which could be pioneer approaches for cancer therapy
(Nardella et al., 2011; Shao et al., 2019). During carcinogenesis, acti-
vating upstream mitogenic pathways, which elevate CDK4/6 activity
leads to therapy resistance (Feng and Kurokawa, 2019; Niu et al., 2019).
Especially, mitogenic signals from receptor tyrosine kinases and down-
stream signalling events including RAS, phosphatidylinositol 3-kinase
(PI3K), mitogen-activated protein kinase (MAPK) and mTOR progress
the quiescent cells from GO or G1 phase into S phase through CDK4 or
CDK6 complex (Lim and Kaldis, 2013; Malumbres and Barbacid, 2001;
Rodgers et al., 2014). Therefore, the continuous activation of cell
cycle-related signalling pathways allows the utility of CDK inhibitors as
therapeutic agents in cancer treatment (Jingwen et al., 2017) (Fig. 1).
MicroRNAs (miRs/miRNAs) are small non-coding RNAs, which can
regulate gene expression at the post-transcriptional level (Krol et al.,
2010). Several studies have shown that miRs play an important role in
numerous biological processes during carcinogenesis, such as
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Fig. 4. PD-0332991 induced cell cycle arrest in Panc-1 (A) and MiaPaCa-2 (B) wt cells and miR-21 KOs. Cells were treated with PD-0332991 (2 pM, for 24 h). After
drug treatment, cells were fixed with 70 % EtOH at +4 °C for a week and stained with PI. The histograms represented the mean + SD of three technical repeats; data
evaluated by One-way ANOVA and Bonferroni’s multiple comparison test. Exact p-values are indicated * p < 0.05; * * p < 0.01; * ** p < 0.001; * ** * p < 0.0001;

error bars indicate SD.

proliferation, differentiation, invasion, migration, and apoptosis
through the modulation of specific target mRNA expressions (Iorio and
Croce, 2009). Evidence demonstrates that miR-21 is an oncogenic miR
presenting the highest specificity (0.80) and sensitivity (0.77) as an
early PDAC diagnostic marker out of 7 key candidates (hsa-miR-31-5p,
hsa-miR-210-3p and hsa-miR-155-5p, hsa-miR-217, hsa-miR-148a-3p
and hsa-miR-375) (Qu et al., 2017; Zhou et al., 2014). Additionally,
miR-21 promotes carcinogenesis by regulating cell cycle, apoptosis, in-
vasion, and metastasis (Asangani et al., 2008; Liu et al., 2009). miR-21
confers resistance against CDK4/6 inhibitors and prevents their thera-
peutic efficiency. Previous reports indicated that thymic tumours of
mTOR knock-down mice were characterised by upregulation of miR-21
and let-7a miRs and undetectable levels of the CDK6 protein. These
tumour cells with reduced mTOR activity demonstrated greater resis-
tance to treatment with PD-0332991 than tumour cells from mTOR
wild-type mice. mTOR inhibition resulted in let-7 and miR-21 upregu-
lation and consequent repression of CDK6 (Gary et al., 2020). Collec-
tively, genetic, or pharmacological downregulation of mTOR resulted in
let-7 and miR-21 increase and subsequently in downregulation of CDK6.
Accordingly, simultaneous inhibition of the mTOR pathway and CDK6
activity by PD-0332991 exerted greater antitumor activity than either

treatment alone, both in vitro in human T-cell acute lymphoblastic
leukaemia/lymphoma and in vivo (Gary et al., 2020).

Since PDAC is a molecularly-diverse disease showing several genetic
alterations, understanding the mechanisms underlying PDAC carcino-
genesis is crucial for early diagnosis, risk stratification, and targeted
therapeutic strategies (Bailey et al., 2016b; Cancer Genome Atlas, 2017;
Jones et al., 2008; Knudsen et al., 2016). In this study, we aimed to
evaluate the therapeutic potential of PD-0332991 in two PDAC cells
lines (Panc-1 and MiaPaCa-2 cells) with different genetic features; and
assess the synergistic effects of PD-0332991 treatment and miR-21
knockout not only in cellular proliferation, survival, cell cycle arrest,
senescence, apoptosis, glycolytic and oxidative metabolism but also the
protein content between the different samples (treated/non-treated wt
control cells, treated/non-treated miR-21 KO2 cells).

2. Materials and methods
2.1. Cell culture and reagents

Panc-1 (ATCC® CRL-1469™) and MiaPaCa-2 (ATCC® CRL-x1420™)
cell lines were cultured according to ATCC’s recommendations to 80 %
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Fig. 4. (continued).
Table 1
Percentage of Panc-1 cell population in cell cycle.
Cell Cycle Phase Control Control + PD-0332991 KO2 KO2 + PD-0332991 KO4 KO4 + PD-0332991
Gl 53.8 % 87.4 % 56 % 91.95 % 54.55 % 87.25 %
S 20.95 % 3.7 % 17.9 % 2.4 % 19.4 % 2.6 %
G2 25.25 % 8.9 % 26.1 % 5.56 % 26.05 % 7.7 %
stock concentration of 10 mM and stored as aliquots at —20 °C.
Table 2
Percentage of MiaPaCa-2 cell population in cell cycle. 2.2. CRISPR/Cas9 assay
Cell Control  Control KO2 KO2 + PD- KO4 KO4 + PD-
Cycle + PD- 0332991 0332991 The CRISPR/Cas9-mediated miR-21 gene editing vectors encoding
Phase 0332991 four different gRNAs, eGFP (control), and Cas9 protein, were kindly
G1 33.9%  94% 56.7% 93 % 2%  92% provided by Dr Junming Yue, University of Tennessee Health Science
S 328% 3% 17.15 % 29%  23% 3% Centre, USA, and produced based on the recommendations of previously
G2 33.3% 3% 26.15 % 41 % 35% 5%

confluence in 75 cm? flasks in complete Dulbecco’s Modified Eagle’s
Medium (DMEM), with 10 % foetal bovine serum (FBS) at 37 °C with 5
% COs. PD-0332991 was purchased from Selleck Chemicals (Houston,
TX, USA) and was dissolved in dimethyl sulfoxide (DMSO) at an initial

published studies (Arisan et al., 2021; Huo et al., 2017; Yue et al., 2010).
Stable cell lines were generated as described before and selected with
puromycin (1-10 pg/mL). The specific clones have been chosen as
previously described (Arisan et al., 2021).
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Fig. 5. PD-0332991 treatment triggered cellular senescence in both Panc-1 (A) and MiaPaCa-2 (B) wt cells and their miR-21 KOs. Panc-1 and MiaPaCa-2 wt cells and
their miR-21 KOs were exposed to Senescence f-Galactosidase Staining following treatment with the CDK4/6 inhibitor PD-0332991 (2 uM, for 24 hrs). After a night
of Senescence p-Galactosidase staining, cells were examined under a light microscope. The scale bar is 200 um. Graphs show the cell numbers quantification nor-
malised to the control. The histograms represented the mean =+ SD of three technical repeats; data evaluated by One-way ANOVA and Bonferroni's multiple
comparison test. Panc-1 and MiaPaCa-2 cells were exposed to PD-0332991 (2 uM, for 24 hrs). Exact p-values are indicated * p < 0.05; * * p < 0.01; * ** p < 0.001;

* %% % p < 0.0001; error bars indicate SD.
2.3. Cell viability assay

The effects of the CDK4/6 inhibitor PD-0332991 on Panc-1 and
MiaPaC-2 cell lines wt and their knockouts (KOs) were determined by a
colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) assay. The cells were seeded at a density of 1 x 10*
cells per well in 96-well plates and treated with PD-0332991 (2 pM, for
24 hrs) as previously described (Mortoglou et al., 2022; Rencuzogullari
et al., 2020). Then, 10 pl of MTT dye [5 mg/mL in phosphate-buffered
saline (PBS), Sigma; St. Louis, MO, USA] was added to the culture me-
dium and incubated at 37 °C for 4 h. To solubilize the formazan crystals
converted from MTT by the mitochondrial enzymes, 100 pl DMSO
(Sigma; St. Louis, MO, USA) was added. The absorbance of the suspen-
sion at 570 nm was measured with a microplate reader (Bio-Rad, Her-
cules, CA, USA).

2.4. Colony formation assay

Panc-1 and MiaPaCa-2 wt and their miR-21 KOs were seeded at
3 x 10% cells/well in 6-well plates and allowed to adhere for 24 hrs.
After attachment, the cells were treated with PD-0332991 (2 pM, for 24
hrs). After 24 hrs, drug-containing media were removed, and the cells
were allowed to form colonies in complete media for 10 days. The col-
ony numbers were quantified by using Image J.

2.5. Caspase activity assay

Measurements of caspase activities in Panc-1 and MiaPaCa-2 wt and
their miR-21 KOs were performed using the commercially available
Caspase-Glo 3/7 Assay (Promega, Madison, WI), according to the
manufacturer’s instructions. Cells were harvested after 24hrs incubation
with PD-0332991 (2 pM) and subjected to caspase-3 activity detection.
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Fig. 6. Effects of PD-0332991 on apoptotic cell death. Panc-1 (A) and MiaPaCa-2 (B) wt cells and their miR-21 KOs were treated with PD-0332991 (2 pM, for 24 hrs),
and the caspase 3-7 activities were analysed. The histograms represented the mean + SD from three technical repeats; data evaluated by One-way ANOVA and

Bonferroni’s multiple comparison test. Exact p-values are indicated * p < 0.05; *

Specifically, Caspase-Glo® 3/7 Assay reagent (100 pl) was prepared
according to the Caspase-Glo® 3/7 Assay Technical Bulletin TB323 and
added to each well. Plates were briefly shaken and incubated at room
temperature for 1 hr. Caspase-Glo® 3/7 luminescent signal was read on
the BMG FLUOstar OPTIMA (BMG Labtech, Ortenberg, Germany).
Background signal (media-only wells) was subtracted from all values
and mean =+ standard deviation (SD) were calculated from triplicates.

2.6. Cell cycle analysis by flow cytometry

Panc-1 and MiaPaCa-2 wt and their miR-21 KOs were seeded at
5 x 10* in 6-well plates and exposed to PD-0332991 (2 puM, for 24 hrs).
Following trypsinization, the cells were centrifuged at 2000 rpm for
5 min. The cells were then fixed with 70 % ethanol and incubated at 4 °C
until the analysis (Rencuzogullar et al., 2020). Later, the cells were
stained with propidium iodide (PI)/RNase staining buffer for 30 min and
analysed by a flow cytometer (BD Accuri Bioscience, Franklin Lakes, NJ,
USA). Results were analysed using BD LSRFortessa X-20 (BD Bioscience,
U.K)).

2.7. Senescence f-galactosidase staining

Panc-1 and MiaPaCa-2 wt and their miR-21 KOs were seeded as
3 x 10° cells in 6-well plates and were treated with PD-0332991 (2 M,
for 24 hrs). After 24 hrs of drug exposure, the medium was removed, and
the cells were washed twice with 1X PBS. Cells were fixed according to
the protocol indicated by Senescence p-Galactosidase (SA-p) Staining Kit
#9860 (CST, Danvers, MA, USA). Then, cells were microscopically
examined after f-gal administration using EVOS FL Auto 2 Imaging
System (ThermoFisher, U.K.) (Dhir et al., 2019; Yuedi et al., 2020). The
cell numbers were calculated by using ImagelJ.

2.8. Wound healing assay

Panc-1 and MiaPaCa-2 wt and their miR-21 KOs were seeded at 80 %
density cells/well in 24-well plates until cells reached monolayer
confluence and then were exposed to PD-0332991 (2 pM, for 24 hrs). A
straight scratch on the cell monolayers was created using a sterile 10 pl
pipette tip to obtain a wound in the monolayer. Detached cells were
washed with 1 x PBS gently, and cells were then supplemented with a
renewed medium containing 5 %/v/v FBS and incubated at 37 °C.
Wound closure was observed every 24 hrs until the wound closed using
EVOS FL Auto 2 Imaging System (ThermoFisher, U.K.) (x10). The pro-
gram was used for analysing the wound area at different time points and

*p<0.01; *

** p < 0.001; * ** * p < 0.0001; error bars indicate SD.
presented by bar graphics using GraphPad software (v.9).
2.9. XF Cell mito stress test

Oxygen consumption rate (OCR) was measured using the Seahorse
XF Cell Mito Stress Test Kit (Aglient, UK) according to the manufac-
turer’s instructions. Briefly, Panc-1 and MiaPaCa-2 wt and miR-21 KOs
cells were seeded in XF24 cell culture microplates at 4 x 10* cells/well
density until cells reached monolayer confluence. After the treatment of
the cells with PD-0332991 (2 pM, for 24 h), the culture medium was
replaced with Seahorse XF Base Medium (Agilent, U.K.), 2 mM gluta-
mine, 1 mM sodium pyruvate and 10 mM glucose, pH 7.4) and the plate
was pre-incubated for 1 h at 37 °C in a non-CO» incubator. OCR was
measured under basal conditions, and then after sequential injections of
different reagents, where their concentrations were optimised for each
cell line as: 1.5 pM oligomycin (respiratory Complex V inhibitor that
allows for the calculation of adenosine triphosphate (ATP) production
by mitochondria), 2.5 pM (Panc-1 cells) and 3 pM (MiaPaCa-2 cells)
carbonyl cyanide-p-trifluoromethoxy-phenyl-hydrazon (FCCP; an
uncoupling agent allowing determination of the maximal respiration
and the spare capacity), and finally a combination of 1 uM rotenone and
1 uM antimycin A (Complex I and III inhibitors, respectively) to stop
mitochondrial respiration enabling the calculation of the background (i.
e., non-mitochondrial respiration driven by processes outside the
mitochondria). Wave Software (version 2.6.3) was used to design, run,
and view results from the MitoStress assay. OCR measurements were
normalised to protein content using the Bradford Assay carried out as
follows: after the measurements, cells were collected, lysed in RIPA
(Sigma-Aldrich, Gillingham, U.K., containing 10 % protease inhibitor
cocktail, Sigma-Aldrich) and quantified by Bradford Assay.

2.10. Protein isolation and LC-MS/MS proteomic analysis

Total protein was extracted from treated and Panc-1 and MiaPaCa-
2 wt cells and their miR-21 KO2 by using RIPA + buffer (Sigma, U.K.),
which was supplemented with 10 % protease inhibitor complex (Sigma,
U.K.). Samples were pipetting gently at regular intervals, while contin-
uously shaking the cell preparation on ice for 2 hrs. Then, the cell
preparations were centrifuged at 16,000 x gat 4 °C for 30 min to collect
the supernatants containing the extracted proteins. In-gel digestion was
used for LC-MS/MS analysis, carried out by the Cambridge Centre for
Proteomics (University of Cambridge, Cambridge, U.K.). The samples
were prepared 1:1 in reducing Laemmli sample buffer (BioRad; con-
taining 5 % p-mercaptoethanol, Sigma-Aldrich, U.K.), boiled and run
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Control + 2uM PD 0332991
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Fig. 7. PD-0332991 decreased the motility of Panc-1 (A) and MiaPaCa-2 (B) wt cells and their miR-21 KOs. Wound healing assay was performed to compare the
motility of Panc-1 and MiaPaCa-2 cells and their miR-21 KOs with/out PD-0332991. Images were obtained by using EVOS FL Auto 2 Imaging System (ThermoFisher,
U.K.) with x10 magnification. The scale bar is 200 um. The average distance of wound area was shown following measurement of at least 5 different areas for 0, 24,
and 48 hrs incubation time. Each data point represents the mean + SD of three technical repeats; data evaluated by One-way ANOVA and Bonferroni’s multiple
comparison test. Exact p-values are indicated * p < 0.05; * * p < 0.01; * ** p < 0.001; * ** * p < 0.0001; error bars indicate SD.

0.5 cm into a 10 % TGX gel (BioRad, U.K.), and then cut out as one
whole band per sample in both Panc-1 and MiaPaCa-2 PDAC cell lines
(treated/non-treated wt control cells, treated/non-treated miR-21 KO2
cells). Proteomic analysis was carried out by the Cambridge Centre for
Proteomics (Cambridge, U.K.) according to previously described
methods (Pamenter et al., 2019). Protein scores are derived from ion
scores as a non-probabilistic basis for ranking protein hits; individual ion
scores >30 indicated identity or extensive homology (p < 0.05). An
R-script was written to analyse the proteins expressed under four
different  conditions (treated/non-treated wt control cells,
treated/non-treated miR-21 KO2 cells) for the two PDAC cell lines
(Panc-1 and MiaPaCa-2). For each cell line, we identified the proteins
that are uniquely expressed for each of these conditions and the ones
that are expressed under all the conditions. This R-script is open access
(GPU v.3 licence) and can be downloaded from https://github.com/d-
sengupt/ProteomicProfileComparison. git.

2.11. Protein interaction network analysis

To identify local network clusters (STRING), gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for pro-
teins from treated with PD-0332991 and non-treated Panc-1 and Mia-
PaCa-2 wt and their miR-21 KO2s, STRING analysis was used (https://
string-db.org/, accessed on October 2022). Predicted protein interaction
networks were built based on hits identified from the LC-MS/MS anal-
ysis using the protein IDs and organism choice Homo sapiens in the
STRING software. For protein lists, “multiple proteins”was selected,
confidence set at “medium,” and network interaction connecting lines
were based on known and predicted interactions. Protein networks were
annotated for pathway analysis and data were exported as labelled
network images for KEGG and/or Excel files for KEGG and Reactome
pathways and STRING network clusters.

2.12. Statistical analysis

All the statistical analysis of the experiments were performed using
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Fig. 7. (continued).

free commercially available software packages GraphPad Prism v9 (La
Jolla, CA, USA). One-way ANOVA and Bonferroni multiple comparisons
tests followed by Tukey’s post-hoc analysis were used, whereas statis-
tical significance was conducted as Tukey at p < 0.05. All the results
were presented as mean =+ SD.

3. Results

3.1. PD-0332991 reduced cell viability and proliferation in PDAC cell
lines and their miR-21 KOs

In our previous studies, we have found that miR-21 was highly
upregulated in both Panc-1 and MiaPaCa-2 cell lines compared to
normal pancreatic cell line (HPDE) (Mortoglou et al., 2022). Therefore,
in this study, we examined the effect of PD-0332991 treatment on
relative cell viability and colony-forming ability in Panc-1 and
MiaPaCa-2 PDAC wt cells and their miR-21 KOs, we used MTT and
colony formation assays. Panc-1 and MiaPaCa-2 wt cells and their
miR-21 KOs were treated with PD-0332991 (2 pM, for 24 hrs) as has
been previously optimised (Sevgin et al., 2021; Rencuzogullar1 et al.,
2020). We found that PD-0332991 treatment significantly decreased
cellular viability of Panc-1 wt cells by 22.9 % (n = 3; p < 0.01), miR-21
KO2 by 77.2 % and miR-1 KO4 cells by 83 % (n = 3; p < 0.0001, for all)
(Fig. 2 A). In MiaPaCa-2 cells, PD-0332991 treatment significantly
reduced cellular viability of MiaPaCa-2 wt cells by 31.7 % (n=3;
p < 0.001), miR-21 KO2 by 49.6 % and miR-21 KO4 by 75.16 % (n = 3;
p < 0.0001, for all). miR-21 deletion alone significantly reduced the
cellular viability of PDAC cells. Panc-1 miR-21 KO2 and KO4 decreased
cellular viability by 52.45 % and 75.6 %, respectively (n=3;
p < 0.0001, for all). MiaPaCa-2 miR-21 KO2 and KO4 showed a similar

trend by reducing cell viability by 15 % and 38.76 %, respectively
(n=3; p <0.01, for KO2; p < 0.001, for KO4). Moreover, a combina-
tion of PD-0332991 treatment and miR-21 deletion resulted in a higher
suppression of cellular viability in both Panc-1 and MiaPaCa-2 cells
(Fig. 2B).

Then, we conducted a colony-forming assay to examine the long-
term effects of both PD-0332991 treatment (2 pM, for 24 hrs) and
miR-21 KO. In line with the MTT assay results, PD-0332991 treatment
significantly reduced the number of colonies in the Panc-1 wt cells, miR-
21 KO2 and miR-21 KO4 by 46 %, 89 % and 90 %, respectively (n = 3;
p <0.0001 for all) compared to non treated Panc-1 wt cells. Panc-1
miR-21 KO2 and KO4 alone also significantly reduced the number of
colony formations by 84.5 % and 83 %, respectively (n = 3; p < 0.0001
for all) (Fig. 3 A). In the MiaPaCa-2 cell line, PD-0332991 treatment
remarkably reduced the potential of colony formation of the treated
MiaPaCa-2 wt cells, miR-21 KO2 and miR-21 KO4 cells by 90 %, 92 %
and 66 %, respectively (n = 3; p < 0.0001 for all). MiaPaCa-2 miR-21
KO2 and miR-21 KO4 alone also significantly reduced the colony
numbers by 52 % (n = 3; p < 0.0001) and 42.5 %, respectively (n = 3;
p < 0.001 for all) (Fig. 3B). The combination of PD-0332991 treatment
and miR-21 KOs presented a more efficient therapeutic effect in the
reduction of the colony formation in Panc-1 and MiaPaCa-2 cells.

3.2. PD-0332991 in combination with miR-21 KOs arrest the cell cycle
and led to senescence

Flow cytometry was used to examine the effect of PD-0332991 on the
cell cycle progression in Panc-1 and MiaPaCa-2 wt cells and their miR-
21 KOs. To assess the effect of the CDK4/6 inhibitor on cell cycle dis-
tribution, we treated Panc-1, MiaPaCa-2 wt cells and their miR-21 KOs
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Fig. 8. Mitochondrial respiration function parameters of (A) Panc-1 cells and (B) MiaPaCa-2 cells and their miR-21 KOs (KO2, KO4) treated with PD-0332991 (2 uM,
for 24 hrs) using the Seahorse XFe24 extracellular flux analyzer. Changes of mitochondrial respiration were analysed with (i) basal respiration, (ii) proton leak, (iii)
maximal respiration, (iv) spare respiratory capacity, (v) non mitochondrial oxygen consumption and (vi) ATP production. The data are the mean =+ SD of three
technical repeats and three biological repeats evaluated by One-way ANOVA and Bonferroni’s multiple comparison test. Exact p-values are indicated * p < 0.05; * *

p <0.01; * ** p <0.001; * ** * p < 0.0001; error bars indicate SD.
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219
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Fig. 9. Venn diagram comparing the accession numbers of proteins (unique and shared protein hits) identified in four different conditions (GFP, GFP + PD-0332991,
miR-21 KO2, miR-21 KO2 +PD-0332991) in both Panc-1 (A) and MiaPaCa-2 (B) PDAC cell lines.

with PD-0332991 (2 pM, for 24 h). In the Panc-1 cell line, PD-0332991
treatment increased G1 cell cycle arrest by 34.45 %, 37.3 % and 35.9 %
in Panc-1 wt cells, miR-21 KO2 and miR-21 KO4, respectively (n = 3;
p < 0.0001, for all), compared to non-treated Panc-1 wt cells. However,
miR-21 deletion alone did not cause a significant G1 arrest in the Panc-1
cells. Additionally, both miR-21 deletion and PD-0332991 treatment
suppressed the S phase. PD-0332991 treatment decreased the popula-
tion of Panc-1 wt cells by 17.25 % (n = 3; p < 0.0001), miR-21 KO2 by
18.45 % (n=3; p < 0.0001), and miR-21 KO4 by 17.83 % (n=3;
p < 0.0001) in S phase. miR-21 KO alone also reduced the population of
Panc-1 miR-21 KO2 cells by 2.9 % (n = 3; p < 0.001) and by 1.6 %
(n = 3; p <0.01) in miR-21 KO4 cells in S phase, compared to Panc-1 wt
cells. PD-0332991 treatment suppressed G2 phase by 16.55 % (n = 3;

p < 0.001) in Panc-1 wt cells, by 21.62 % (n = 3; p < 0.0001) in Panc-1
miR-21 KO2 and by 17.9 % (n = 3; p < 0.001) in Panc-1 miR-21 KO4
cells related to non-treated Panc-1 wt cells. Nonetheless, miR-21
knocking out alone did not show a significant reduction in the popula-
tion of Panc-1 cells in the G2 phase of the cell cycle (Fig. 4A, Table 1).

In the MiaPaCa-2 cell line, we showed that PD-0332991 treatment
raised the G1 phase arrest rate by 60.5 % in MiaPaCa-2 wt cells, by 61.9
% in MiaPaCa-2 miR-21 KO2 and by 60.3 % in MiaPaCa-2 miR-21 KO4
(n =3; p <0.0001 for all), compared to the non-treated MiaPaCa-2 wt
cells. Additionally, miR-21 deletion alone presented a significant
contribution in G1 phase arrest by increasing G1 cell cycle arrest by
25.25 % (n = 3; p < 0.0001) in MiaPaCa-2 miR-21 KO2 cells and by
10.05 % (n = 3; p < 0.05) in MiaPaCa-2 miR-21 KO4 cells compared to

10
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Fig. 10. KEGG and Reactome pathway analysis for protein network analysis for each examined group, presenting predicted protein networks annotating associated
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MiaPaCa-2 wt cells. We have also observed that miR-21 deletion alone
and in combination with PD-0332991 treatment suppressed S cell cycle
phase in MiaPaCa-2 cells. Specifically, PD-0332991 treatment sup-
pressed S phase by 31.45 %, 31.5 % and 31.45 % in MiaPaCa-2 wt cells,
miR-21 KO2 and miR-21 KO4, respectively compared to non-treated
MiaPaCa-2 wt cells (n = 3; p < 0.0001, for all). Similarly, in MiaPaCa-
2 cells, miR-21 deletion alone, repressed S phase by 18.93 % (n = 3;
p <0.0001) and 11.9 % (n = 3; p < 0.001) in MiaPaCa-2 miR-21 KO2
and miR-21 KO4, respectively. A same trend was detected in the G2
phase of MiaPaCa-2 cells, where PD-0332991 treatment suppressed G2
phase by 29.85 % (n = 3; p < 0.0001) in MiaPaCa-2 treated wt cells, by
30 % (n = 3; p < 0.0001) in MiaPaCa-2 miR-21 KO2 cells and by 28.95
% (n=3; p<0.0001) in MiaPaCa-2 miR-21 KO4 cells, compared to
non-treated wt cells. Nevertheless, miR-21 deletion alone did not show
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significant suppression of G2 phase in MiaPaCa-2 cells (Fig. 4B, Table 2).

We further examined the relationship between PD-0332991 treat-
ment and the cellular senescence by performing a SA-f galactosidase
test. After PD-0332991 treatment (2 pM, for 24 h) in Panc-1 and Mia-
PaCa-2 wt cells and their miR-21 KOs compared to non-treated wt cells.
Panc-1 and MiaPaCa-2 treated wt cells and their treated miR-21 KOs
stained positively with SA-p Gal compared to non-treated wt cells.
Moreover, both Panc-1 and MiaPaCa-2 miR-21 KOs alone were stained
positively with SA-p Gal (Fig. 5 A, B). Therefore, our results indicated
that miR-21 KOs alone and in combination with PD-0332991 treatment
triggered further senescence in both PDAC cell lines.
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Table 3
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KEGG and Reactome pathways for total proteomic content of treated and non-treated with PD-0332991 Panc-1 and MiaPaca-2 wt and miR-21 KO2s, as examined by
LC-MS/MS analysis.

Panc-1 GFP Panc-1 GFP+PD Panc-1 KO2 Panc-1 KO2 +PD MiaPaCa-2 MiaPaCa-2 MiaPaCa-2 KO2 MiaPaCa-2
GFP GFP+PD KO2 +PD
Metabolic Citrate cycle (TCA cycle) (6) Cell Cycle (20) Membrane Ribosome (7) Spliceosome (18) Ribosome (8) Ribosome
pathways Trafficking (19) (10)
(45)

Ribosome (10)

RNA transport
10)

Vibrio cholerae
infection (5)

Carbon metabolism (10)

Ribosome (10)

Peroxisome (8)

Huntington disease (14)

Cell Cycle, Mitotic
a7

Metabolism of
proteins (34)
Post-translational

protein modification

(26)
M Phase (12)

Golgi Associated
Vesicle Biogenesis
@

Immune System
(31)

Programmed Cell
Death (8)

Spliceosome RNA transport mRNA RNA transport
@ aa7) surveillance ®
pathway (7)
Ribosome (14) RNA transport (8) Metabolic

mRNA
surveillance
pathway (10)
RNA degradation
@)

Vibrio cholerae
infection (5)

Synaptic vesicle
cycle (5)

pathways (30)

Long-term depression (6) Protein ubiquitination
6)

Metabolism of
nucleotides (6)

Kinesins (5)

Metabolic pathways (37)

Oxidative phosphorylation
(8)

Endocrine and other factor-
regulated calcium
reabsorption (5)
Pathogenic Escherichia coli
infection (9)

Gap junction (6)

Disease (24)

Signalling by Rho
GTPases (11)

RHO GTPase Effectors
[C)]

Protein processing in Infectious disease (16)
endoplasmic reticulum (8)
Pyruvate metabolism (4)
Vascular smooth muscle
contraction (7)

Mitotic Anaphase (8)

() Indicates Observed Gene Count.

3.3. PD-0332991 induced apoptosis

We then investigated the effects of PD-0332991 treatment and miR-
21 KO through the Caspase 3/7 activation assay. Caspase-3/7 activity is
a crucial step in apoptosis induction, and therefore, a Caspase3/7 ac-
tivity assay was performed to determine the apoptotic effects of PD-
0332991 (2 pM, for 24 h) treatment and miR-21 deletion in Panc-1
and MiaPaCa-2 PDAC cell lines. We did not detect any apoptotic in-
duction in both Panc-1 and MiaPaCa-2 wt cells treated with PD-0332991
compared to non-treated wt cells. However, PD-0332991 significantly
induced apoptosis in Panc-1 miR-21 KO2 and KO4 by 350.4 % and 412.2
%, respectively (n = 3; p < 0.01, for all); and in MiaPaCa-2 miR-21 KO2
and KO4 by 291.8 % and 342.33 %, respectively (n = 3; p < 0.01, for
KO2; p < 0.001, for KO4). Similarly, Panc-1 miR-21 KO2 and KO4 alone,
increased Caspase 3/7 activity by 223.5 % and 354.7 %, respectively
(n=3; p<0.05 for KO2; p<0.01, for KO4) (Fig. 6A), whereas
MiaPaCa-2 miR-21 KO2 and KO4 alone significantly induced apoptosis
by 164.1 % and 250.1 %, respectively (n=3; p <0.05, for KO2;
p < 0.01, for KO4) (Fig. 6B).

3.4. PD-0332991 suppressed migration of Panc-1 and MiaPaCa-2 cells
and their miR-21 KOs

We tested the cell motility of the PDAC cells treated with/out PD-
0332991. For that purpose, the wound-healing assay was performed to
confirm the potential effect of PD-0332991 on the migration of Panc-1
and MiaPaCa-2 wt cells and their miR-21 KOs. PD-0332991 treatment
alone and combined with miR-21 KO reduced the wound healing
capability of cells, while both Panc-1 and MiaPaCa-2 wt cells rapidly
closed the wound site (Fig. 7 A, B) within 48 h.

12

3.5. Mitochondrial bioenergetics of PDAC cells following CDK4/6
inhibition and miR-21 deletion

We further exhibited different metabolic characteristics of PDAC
cells, and their miR-21 KOs treated with PD-0332991 by using the
Seahorse MitoStress Test. Parameters calculated in the form of bar chart
included basal respiration, proton leak, maximal respiration, spare ca-
pacity, non-mitochondrial oxygen consumption and ATP-linked respi-
ration (Fig. 8 A, B). In the Panc-1 cells, we observed some alterations in
the basal respiration, proton leak, maximal respiration, and spare res-
piratory capacity of treated with PD-0332991 wt and miR-21 KOs
compared to wt cells, however these changes were not significant. There
was a decrease by 71.6 % (n = 3; p < 0.05) in the non-mitochondrial
oxygen consumption of treated Panc-1 miR-21 KO4 cells (Fig. 8Av)
and a reduction by 50.4 % (n = 3; p < 0.01) in the ATP production of
Panc-1 miR-21 KO4 in relation to Panc-1 wt cells (Fig. 8Avi). In the
MiaPaCa-2 cells, we detected changes in the basal respiration, proton
leak and ATP production, however they were non-significant. Compared
MiaPaCa-2 miR-21 KO2 and KO4 cells with MiaPaCa-2 wt cells, we
detected that miR-21 knockout alone, resulted in the increase of
maximal respiratory capacity by 62.53 % and 60.25 %, respectively
(n=3; p<0.05 for all) (Fig. 8Biii). Furthermore, the non-
mitochondrial oxygen consumption of MiaPaCa-2 miR-21 KO2 cells
was increased by 102.5 % in comparison to MiaPaCa-2 wt cells (n = 3;
p < 0.05) (Fig. 8Biv). Moreover, In the MiaPaCa-2 cell line, there was
not an activity in the spare respiratory capacity.

3.6. Proteomic Profiles of PDAC cells and their miR-1 KO2s with/out PD-
0332991 treatment

Total proteomic content of each group of cells for both Panc-1 and
MiaPaCa-2 cell lines were compared using LC-MS/MS analysis. Protein
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Fig. 11. PD-0332991 and miR-21 KOs as coregulatory partners in cell cycle arrest. Cyclins are synthesised in specific phases of the cell cycle and results in the
activation of CDKs, and the cyclin-CDK complexes, which regulate progression of the cell throughout the cycle. There are two major classes of CDK inhibitors
including the CDK4 (INK4) family (p16™¥44), which blocks the formation of cyclin D-CDK4/6 complexes and the CDK-interacting protein/kinase inhibitory protein
family (p21°'P! and p27%"), which act on all cyclin-CDK complexes. Initiation of the cell cycle occurs in G1 phase, which is mainly regulated by the activation of
CDK4 and CDK®6 kinases that are downstream of mitogenic signals (Baker et al., 2012; Duronio and Xiong, 2013; Morrison, 2012). CDK4 and CDK6 activation are
positively moderated through the binding of several D-type cyclins such as cyclin D2, which are highly expressed during G1/S phase (Pagano et al., 1994). Inhibition
of CDK4/6 by using PD-0332991 in combination with miR-21 knockout, can be an effective mechanism of cell cycle arrest in PDAC cells. PD-0332991 blocks cell
cycle progression from G1 to S phase by preventing the CDK4/6-cyclin D1-mediated phosphorylation of RB and is also closely associated with G2 phase, while
PD-0332991 treatment together with miR-21 KOs are linked to S and G2 phases of cell cycle in PDAC. Created with BioRender.com.

hits (shared and unique - from the analysis using the R-script) are shown
in Fig. 9 and are further listed and summarised in Supplementary
Tables 1-4.

Protein lists for each group were then analysed to STRING (Searching
Tool of Retrieval of Interacting Genes/Proteins; https://string-db.org/,
accessed on October 2022) to illustrate protein-interaction networks
and pathway analysis (Fig. 10A, B). KEGG and Reactome specific
pathways for each group are presented in Table 3. Additionally, com-
mon KEGG pathways between non-treated Panc-1 wt and treated wt
include ribosome and metabolic pathways. In MiaPaCa-2 cells, the
common KEGG pathway between all subtypes was ribosome; spliceo-
some was common between MiaPaCa-2 wt and treated wt, whereas
KEGG pathway specific to MiaPaCa-2 treated wt and MiaPaCa-2 miR-21
KO2 was mRNA surveillance. Another example of a common KEGG
pathway between MiaPaCa-2 treated wt, miR-21 KO2 and treated miR-
21 KO2 was RNA transport.

4. Discussion

In this study we analysed the effect of the CDK4/6 inhibitor, PD-
0332991, in combination with miR-21 KOs. We found that PD-
0332991 could be an effective therapeutic strategy for PDAC, affecting
not only cell proliferation, viability but also apoptosis.

We showed that PD-0332991 reduced cell viability through regula-
tion of cell survival in both Panc-1 and MiaPaCa-2 cells in line with
previous study by Rencuzogullar: et al. (2020). We have also found that
miR-21 KOs alone have decreased cell viability in two different PDAC
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cell lines, while PD-0332991 treatment in combination with miR-21
deletion resulted in a higher reduction of cell viability in PDAC. Previ-
ously, other studies reported that in vitro inhibition of miR-21 can lead
to a significant reduction in cell viability in several cancer types
including PDAC (Chan et al., 2005; Meng et al., 2006; Meng et al., 2007;
Si et al., 2007). To the best of our knowledge, this is the first time that
the synergetic effect of PD-0332991 treatment and miR-21 knocking out
in cell viability of PDAC cells, has been studied. Furthermore, our
findings provide strong evidence that CDK4/6 inhibition alone and in
combination with miR-21 deletion can have subtle effects on the sup-
pression of cellular proliferation in both Panc-1 and MiaPaCa-2 cells. It
has been reported that miR-21 plays a key role in cell proliferation of
PDAC cells by targeting the MAPK/Extracellular signal-regulated kinase
(ERK) and PI3K/AKT signalling pathways (Zhao et al., 2018). Another
study indicated that PD-0332991 treatment reduced the colony numbers
of Panc-1 and MiaPaCa-2 by 25 % and 15 %, respectively (Sevgin et al.,
2021). In our study, for the first time, we showed the combinatory ef-
fects of miR-21 deletion with CDK4/6 inhibition that led to reduction of
colony formation in PDAC, in vitro. CDK4/6 play a central role in
cell-cycle entry and G1 progression and therefore have been considered
as attractive therapeutic targets in numerous tumour types combined
with available drugs, which target other cellular pathways (Asghar
et al., 2015; Malumbres, 2019; Sherr et al., 2016; Turner et al., 2017).
Several studies have noted that the genetic inhibition of CDK4/6 activity
can minimise tumour progression in select models (Landis et al., 2006;
Malumbres and Barbacid, 2006; Santamaria et al., 2007; Yu et al.,
2001). Therefore, the effects on cell cycle arrest following PD-0332991
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treatment observed here, may be of some interest. We found that
PD-0332991 treatment induced cell cycle arrest at the G1 phase in both
Panc-1 and MiaPaCa-2 cells, while synergetic action of PD-0332991 and
miR-21 deletion resulted in a more efficient trigger of G1 arrest in vitro.
These results are in line with the findings of previous studies, where
PD-0332991 promoted cell cycle arrest at the G1 phase and further led
to the accumulation of cyclin D1 (Rencuzogullart et al., 2020; Sevgin
et al., 2021; Zhang et al., 2017). Previously, it was shown that CDK4/6
inhibition stimulates cytostasis via cell-cycle arrest in the G1 phase,
which has as a further consequence cell growth inhibition (George et al.,
2021). Furthermore, in our study we observed that the effective thera-
peutic potential of PD-0332991 was achieved by reducing the number of
PDAC cells in the S phase of cell cycle progression. miR-21 KO alone
resulted in suppression of S phase in PDAC cells, however, in combi-
nation we found a higher decrease of PDAC cells number in S phase. It
has been demonstrated that upregulation of miR-21 prompted the
transition from GO/G1 phase to S phase under epidermal growth factor
(EGF) stimulation in PDAC, therefore, miR-21 may play a regulatory role
in the inducement of G1/S transition in PDAC (Zhao et al., 2018).
Moreover, based on our current study, the synergetic effect of
PD-0332991 treatment and miR-21 deletion arrests PDAC cells in the
G2-phase, which has been demonstrated in a similar trend with previous
studies (Rencuzogullar1 et al., 2020; Sevgin et al., 2021). Cyclin-CDK
complexes moderate cell cycle through the phosphorylation of RB and
has as a result the suppression of E2F transcription factor family that
allows cells to divide (O’Leary et al., 2016). The CDK4/6 inhibitors act at
the Gi-to-S cell cycle checkpoint and this checkpoint is moderated
through D-type cyclins CDK4 and CDK6 (O’Leary et al., 2016), which
prevent the phosphorylation of RB protein (George et al., 2021). Further
non-cell cycle related effects of CDK4/6 include direct activation of
vascular endothelial growth factor (VEGF) transcription, promotion of
angiogenesis and nuclear factor (NF)-xB activation via the p65 tran-
scription factor (Abedin et al., 2010; Handschick et al., 2014; Kollmann
et al., 2013). The need of developing effective therapeutic strategies
based on CDK4/6 inhibitors in combination with other agents, which are
clinically active, is vital (Fig. 11).

Importantly, a previous in vitro study reported that Panc-1 and
MiaPaCa-2 cells treated with PD-0332991 stained positively with SA-B
Gal, which indicates the inducer role of PD-0332991 in terms of senes-
cence (Sevgin et al., 2021). This finding is consistent with our study,
which revealed that PD-0332991 alone and in combination with miR-21
deletion triggered cellular senescence in two different PDAC cell lines.
Several studies have shown that several miRs including miR-21 are
differentially expressed in senescent cells and play a regulatory role in
cellular senescence (Creemers et al., 2012; Jung and Suh, 2014; Wil-
liams et al., 2017). Particularly, miR-21 level is upregulated during the
ageing process and linked to various malignancies including PDAC (Lee
etal., 2007; Nakata et al., 2011; Olivieri et al., 2017). Popov and Mandys
(2022) reported that miR-21 is a senescence-associated miRs (SA-miRs),
which control cell transition during cell cycle (G1/S or G2/M check-
points) through targeting CDKs and CDK inhibitors (Bueno and
Malumbres, 2011). Moreover, a previous study has indicated that cyclin
D-CDK4/6 complexes lead to the phosphorylation and FOXM1, which
protects cancer cells from senescence (Anders et al., 2011). Further-
more, it has been described previously that inhibition of CDK4/6 in
preclinical models leads to the activation of RB, which can further
induce senescent-like arrest (Dean et al., 2012a; Dean et al., 2012b; Finn
et al., 2009; Fry et al., 2004; Konecny et al., 2011; McClendon et al.,
2012; Toogood et al., 2005).

According to a recent study, almost all CDK4/6 inhibitors, including
PD-0332991 can induce apoptosis in numerous malignancies (Franco
et al., 2014). Moreover, cyclin D-CDK4/6 complexes also contribute not
only in apoptosis but also in glucose metabolism and cell differentiation
(Hydbring et al., 2016; Lee et al., 2014). We found that PD-0332991
treatment induced higher apoptotic rate in both Panc-1 and
MiaPaCa-2 miR-21 KOs but not in their treated wt cells, whereas miR-21
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KOs alone triggered apoptosis in PDAC cells. Similarly, a previous study
showed that miR-21 overexpression results in the prevention of
apoptosis (Park et al., 2009), and Buscaglia, Li (2011) reviewed that
miR-21 is closely associated with several stages of oncogenic life
including stimulation of cell proliferation, invasion and metastasis,
genome instability inflammation, immune destruction, abnormal
metabolism, angiogenesis, and suppression of apoptosis. Further studies
have also revealed that CDK4/6 inhibitors contribute to tumour cell
apoptosis (Helsten et al., 2016; Minton, 2017), while a similar study
determined that CDK4/6 inhibitors can stimulate not only
caspase-dependent apoptosis through the regulation of Bax and Bak
proteins in MiaPaCa-2 cells but also caspase-independent apoptosis in
Panc-1 cells through raised cleavage of Poly (ADP-ribose) polymerase
(PARP) (Sevgin et al., 2021).

Overexpression of miR-21 promotes cell invasion in PDAC, while
inhibition of miR-21 reduces cell proliferation, invasion, and chemo-
resistance for gemcitabine (Moriyama et al., 2009). In our study, we
found that the combination of PD-0332991 and miR-21 KO cells
decreased the cell motility significantly when used in combination.
Further studies investigated that miR-21 expression is related to
invasion-related genes such as VEGF (Wey et al., 2005). Previously, it
has been shown that PD-0332991 suppressed migration and invasion in
esophageal squamous cell carcinoma (ESCC) cells (Chen and Pan, 2017).

Mitochondria are key regulators of cellular energy metabolism, with
mitochondrial respiration generating most of the intracellular ATP.
Therefore, we assessed the key parameters of mitochondrial respiration
in PDAC cells following PD-0332991 treatment and miR-21 knocking
out. Specifically, basal respiration represents the energetic demand of
cells under basal conditions, the oxygen consumption of basal respira-
tion used to meet ATP synthesis and leads to mitochondrial proton leak.
ATP-linked respiration is associated with the reduction in OCR after the
injection of the oligomycin, which is the portion of basal respiration.
Proton leak can be described as the remaining basal respiration, which
has not coupled to ATP synthesis after oligomycin injection and can be a
sign of mitochondrial damage. Additionally, maximal respiration rep-
resents the maximum capacity that the electron respiratory chain can
achieve and is measured by the injection of the uncoupler FCCP. We
revealed that MiaPaCa-2 miR-21 KO2 and KO4 increased maximal
respiration compared to MiaPaCa-2 wt cells, whereas a previous study
showed that anti-miR-21-5p-transfected H9C2 cells presented a high
increase in maximal respiration (Nasci et al., 2019). Spare respiration is
the difference between maximal and basal respiration, which indicates
the ability of the PDAC cells to respond to alterations in energetic de-
mand and demonstrates the fitness of the PDAC cells. Besides,
non-mitochondrial respiration is the oxygen consumption caused by
cellular enzymes and not mitochondria after the injection of rotenone
and antimycin A (Gu et al., 2021). In our study, we found slight changes
in the basal respiration, proton leak and spare respiratory capacity rates
(albeit all non-significant). This might be explained by the high vari-
ability between the different biological repeats and wells in each
experiment and by interventions that were introduced to the cells such
as miR-21 deletion and compound treatments (PD-0332991), which can
have as a further result change in the cell numbers during the culture.
One further explanation could be the unequal distribution of cells within
the well, and particularly, in the centre of the well, where the Seahorse
microchamber measures oxygen concentration (Little et al., 2020).

In this current study, we assessed the proteomic profiles of two
different PDAC cell lines (Panc-1 and MiaPaCa-2) following PD-0332991
treatment and miR-21 knock-out, compared with Panc-1 and MiaPaCa-
2 wt cells. We identified large-scale proteomic signatures between wt
and treated cells. Moreover, to further understand changes in the
pathobiological and physiological pathways associated with Panc-1 and
MiaPaCa-2 wt cells versus treated with PD-0332991 and miR-21 KO2s,
protein—protein interaction network analysis was carried out. Several
KEGG pathways were identified as specific to the total proteomic profile
of Panc-1 wt, including vibrio cholerae infection and RNA transport,
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while specific KEGG pathways for Panc-1 treated wt comprised citrate
cycle, pyruvate metabolism, peroxisome, long-term depression, endo-
crine and factor regulated calcium reabsorption, carbon metabolism,
gap junction, oxidative phosphorylation, vascular smooth muscle
contraction, pathogenic E.coli infection, protein processing in endo-
plasmic reticulum and Huntington disease. A recent study has revealed
that PD-0332991 can result in the dysregulation of metabolites in
several metabolic pathways in central carbon metabolism in breast
cancer cells (Warth et al., 2019), whereas PD-0332991 can also affect
the regulation of the isoform M2 of pyruvate kinase (PKM2) (Amelio
et al., 2014). In addition, Reactome pathways relating specific to Panc-1
miR-21 KO2 included kinesins, protein ubiquitination, metabolism of
nucleotides, mitotic anaphase, cell cycle (mitotic), M phase, cell cycle,
RHO GTPase effectors, signalling by Rho GTPases, infectious disease,
post-translational protein modification, metabolism of proteins and
disease. Particularly, miR-21 can moderate cellular proliferation,
migration, invasion, metastasis, and survival through the inhibition of
tumour suppressor RhoB in colorectal and breast cancer (Connolly et al.,
2010; Liuetal., 2011). PD-0332991 can promote GO/G1 cell cycle arrest
through the inducement of senescence in fibroblasts, breast cancer, and
melanoma cells (Jost et al., 2021). Furthermore, Reactome pathways
particular for the Panc-1 treated miR-21 KO2 were Golgi
associated-vesicle biogenesis, programmed cell death, membrane traf-
ficking and immune system. A recent study has indicated that miR-21
controls the apoptosis of cervical cancer cells by tumour necrosis
factor-a (Xu et al., 2017). Specific KEGG pathway for MiaPaCa-2 treated
wt cells was RNA degradation and for MiaPaCa-2 miR-21 KO2 were
Vibrio cholerae infection and synaptic vesicle cycle. A previous study
showed that numerous miRs can regulate synaptic mRNA expression
(Paschou et al., 2012). Additionally, metabolic pathways were specific
for MiaPaCa-2 miR-21 KO2 treated with PD-0332991, whereas no KEGG
pathways were specific to the MiaPaCa-2 wt cells proteome.

5. Conclusions

In conclusion, we found that PD-0332991 could be used as a prom-
ising candidate for combined drug therapy in PDAC. Moreover, our
present study showed a novel function of miR-21 KOs in the regulation
of cell cycle progression, cell proliferation, apoptosis, and senescence,
which may provide a therapeutic potential for PDAC in combination
with PD-0332991 treatment. Therefore, our study provides preliminary
mechanistic insights of PD-0332991, which can be used as a clinical
evaluation for PDAC therapy, as the administration of PD-0332991 as a
single agent is not sufficient enough to decrease poor progression of
PDAC cells. Further studies are needed to understand how specific tissue
and serum biomarkers could predict the effectiveness of this CDK4/6
inhibitor to provide optimal treatment combinations.
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