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BACKGROUND: There is no effective therapy for patients with malignant pleural mesothelioma (MPM) who progressed to
platinum-based chemotherapy and immunotherapy.
METHODS: We aimed to investigate the antitumor activity of CDK4/6 inhibitors using in vitro and in vivo preclinical models
of MPM.
RESULTS: Based on publicly available transcriptomic data of MPM, patients with CDK4 or CDK6 overexpression had shorter overall
survival. Treatment with abemaciclib or palbociclib at 100 nM significantly decreased cell proliferation in all cell models evaluated.
Both CDK4/6 inhibitors significantly induced G1 cell cycle arrest, thereby increasing cell senescence and increased the expression of
interferon signalling pathway and tumour antigen presentation process in culture models of MPM. In vivo preclinical studies
showed that palbociclib significantly reduced tumour growth and prolonged overall survival using distinct xenograft models of
MPM implanted in athymic mice.
CONCLUSIONS: Treatment of MPM with CDK4/6 inhibitors decreased cell proliferation, mainly by promoting cell cycle arrest at G1
and by induction of cell senescence. Our preclinical studies provide evidence for evaluating CDK4/6 inhibitors in the clinic for the
treatment of MPM.

British Journal of Cancer (2021) 125:1365–1376; https://doi.org/10.1038/s41416-021-01547-y

INTRODUCTION
Malignant pleural mesothelioma (MPM) is an aggressive, locally
invasive and currently not curable malignancy of the pleura, which
is associated with occupational and para-occupational exposure to
asbestos [1]. Although asbestos use is banned in many countries,
asbestos-insulated buildings are present throughout the world
and some countries are still manufacturing and using large
quantities of asbestos [2]. Germline mutations in BAP1 and in other
cancer susceptibility genes such as PALB2, BRCA2, CHEK2 and
MLH1 have been identified in about 10–15% of patients with MPM
[3–7].
Treatment options are limited for patients with advanced MPM

[8]. Cisplatin plus pemetrexed has been the standard treatment in

patients with advanced MPM [9]. The addition of bevacizumab to
chemotherapy modestly improved overall survival, but this
treatment is not available in all countries [10]. Single-agent
immunotherapy has demonstrated limited efficacy in the
relapsed setting vs chemotherapy in the PROMISE-meso trial,
while in the CONFIRM trial nivolumab has been superior to
placebo [11, 12]. Recently, in the CheckMate-743 study, dual
immune checkpoint inhibition with nivolumab plus ipilimumab
has demonstrated superiority to platinum plus pemetrexed in the
first-line setting and has been already approved by the Food and
Drug Administration and recently got favourable opinion from
the European Medicines Agency’s Committee for Medicinal
Products for Human Use [13].

Received: 18 April 2021 Revised: 6 August 2021 Accepted: 3 September 2021
Published online: 29 September 2021

1Preclinical and Experimental Research in Thoracic Tumors (PrETT) group. Oncobell Program. Bellvitge Biomedical Research Institute (IDIBELL), L’Hospitalet de Llobregat
(Barcelona), Barcelona, Spain. 2Unit of Bioinformatics for Precision Oncology, Catalan Institute of Oncology (ICO), L’Hospitalet de Llobregat (Barcelona), Barcelona, Spain.
3Chemoresistance group. Oncobell Program, Bellvitge Biomedical Research Institute (IDIBELL), L’Hospitalet de Llobregat (Barcelona), Barcelona, Spain. 4Consortium for Biomedical
Research in Epidemiology and Public Health (CIBERESP), Barcelona, Spain. 5Cancer Genetics Group, Josep Carreras Leukaemia Research Institute (IJC), Badalona, Badalona,
Barcelona, Spain. 6Department of Genetics and Genome Biology, Leicester Cancer Research Centre, University of Leicester, Leicester, UK. 7University of Sheffield Teaching
Hospitals, Sheffield, UK. 8Department of Thoracic Surgery, Glenfield Hospital, Leicester, UK. 9Department of Medical Oncology, Catalan Institute of Oncology, L’Hospitalet de
Llobregat (Barcelona), Barcelona, Spain. 10Department of Respiratory Medicine, Hospital Universitari de Bellvitge, L’Hospitalet de Llobregat (Barcelona), Barcelona, Spain.
11Department of Thoracic Surgery, Hospital Universitari de Bellvitge, L’Hospitalet de Llobregat (Barcelona), Barcelona, Spain. 12Department of Pathology, Hospital Universitari de
Bellvitge, L’Hospitalet de Llobregat (Barcelona), Barcelona, Spain. 13Mesothelioma Research Programme, Department of Genetics and Genome Biology, University of Leicester,
Leicester, UK. 14Department of Clinical Sciences, School of Medicine and Health Sciences, Universitat de Barcelona, L’Hospitalet del Llobregat (Barcelona), Campus Bellvitge,
Barcelona, Spain. ✉email: esnadal@iconcologia.net

www.nature.com/bjcBritish Journal of Cancer

Published on Behalf of CRUK

http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01547-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01547-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01547-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-021-01547-y&domain=pdf
http://orcid.org/0000-0001-5815-5388
http://orcid.org/0000-0001-5815-5388
http://orcid.org/0000-0001-5815-5388
http://orcid.org/0000-0001-5815-5388
http://orcid.org/0000-0001-5815-5388
http://orcid.org/0000-0001-5727-2099
http://orcid.org/0000-0001-5727-2099
http://orcid.org/0000-0001-5727-2099
http://orcid.org/0000-0001-5727-2099
http://orcid.org/0000-0001-5727-2099
http://orcid.org/0000-0002-2197-3325
http://orcid.org/0000-0002-2197-3325
http://orcid.org/0000-0002-2197-3325
http://orcid.org/0000-0002-2197-3325
http://orcid.org/0000-0002-2197-3325
http://orcid.org/0000-0002-9674-5554
http://orcid.org/0000-0002-9674-5554
http://orcid.org/0000-0002-9674-5554
http://orcid.org/0000-0002-9674-5554
http://orcid.org/0000-0002-9674-5554
mailto:esnadal@iconcologia.net
www.nature.com/bjc


Comprehensive genomic analysis of MPM revealed that it is
dominated by the inactivation of tumour suppressor genes by
multiple mechanisms including single-nucleotide variants, copy
number losses, gene fusions and splicing alterations [14, 15].
Commonly inactivated tumour suppressor genes include cyclin-
dependent kinase inhibitor 2A (CDKN2A), BRCA1-associated
protein 1 (BAP1) and neurofibromin 2 (NF2), large tumour
suppressor kinase 2 (LATS2) and SET domain containing 2 (SETD2).
MPM is characterised by chromosomal instability and extensive
somatic copy number alterations with recurrent allelic losses in
regions such as 1p, 3p21, 6q, 9p21, 15q11–15 and 22q [16].
CDKN2A deletions are found in 56–70% of MPM and are

associated with shorter overall survival [17, 18]. The CDKN2A/ARF
locus (9p21) encodes for two cell cycle regulatory proteins: p14ARF
and p16INK4a, the latter being a negative regulator of cyclin-
dependent kinase 4/6 (CDK4/6) [19, 20]. In a recent clinical trial of
personalised therapy in advanced NSCLC, CDKN2A loss was
associated with sensitivity to CDK4/6 inhibitors [19, 21]. Considering
the high frequency of CDKN2A deletions in MPM and the fact that
cell cycle deregulation is a hallmark of this disease, we postulated
that CDK4/6 inhibitors might constitute a novel therapeutic
approach in MPM. In the past decade, several selective CDK4/6
inhibitors, abemaciclib, ribociclib and palbociclib, have been
approved for the treatment of metastatic breast cancer [22–24].
In the present work, we investigated the efficacy of CDK4/6

inhibitors in preclinical models of MPM to investigate their
potential in the treatment of MPM. We also assessed the
prognostic impact of CDK4 or CDK6 overexpression in primary
tumours in patients with MPM using publicly available
transcriptomic data.

MATERIALS AND METHODS
Cell culture and cell lines
Five human MPM cell lines, including H28, H2452, H2052, MSTO-211H and
H226, were purchased from the American Type Culture Collection
(Manassas, VA). Three additional primary cell lines (ICO_MPM1, ICO_MPM2
and ICO_MPM3) were derived from pleural effusions obtained from three
patients with MPM. ICO_MPM1 and ICO_MPM3 were derived from
two patients who progressed to standard chemotherapy with platinum
and pemetrexed, while ICO_MPM2 was derived from a chemotherapy-
naive patient. Primary cells were isolated and cultured as previously
described [25]. All cell lines were incubated and maintained at 37 °C in a
humidified chamber containing 5% CO2. All cells were tested routinely
(after defrosting or every 4 months) for mycoplasma contamination by
PCR. MSTO-211H and ICO_MPM3 cells were used for the in vivo
experiments because they were able to form tumours in athymic mice.

Patient and tissue samples
Patients with confirmed histological diagnosis of MPM were scheduled for
routine surgery involving extended pleurectomy decortication at the
Glenfield Hospital (University of Leicester). Patients were approached 24 h
prior to their operation and provided with patient information regarding
the research. All patients signed informed consent prior to surgery.
Seventy-nine patient MPM samples were obtained at the time of surgery.
Following surgery, all patients were longitudinally tracked until disease
progression with computed tomography monitoring and were monitored
for survival.

Oncoscan analysis
DNA was extracted with the GeneRead DNA FFPE kit (Qiagen, Manchester,
UK). Eighty nanograms of genomic DNA were analysed using the
OncoScan FFPE Assay Kit (Affymetrix, Wooburn Green High Wycombe,
UK). The BioDiscovery Nexus Express 10.0 for OncoScan software was used
to determine copy number alterations and loss of heterozygosity (LOH).

Antibodies and drugs
Antibodies against total Rb (#9313), p-Rb (#8180), CDK4 (#12790), CDK6
(#13331), cyclin D1 (#2922), p16 (#80772) and β-actin (#4970) were

purchased from Cell Signalling Technology (Danvers, MA and were used
following the manufacturer’s instructions for Western blot.
Abemaciclib (LY2835219) was purchased from Selleckchem (Houston,

TX). Palbociclib (PD0332991) was provided by Pfizer, Inc. (San Diego, CA).
Cisplatin, pemetrexed and gemcitabine were obtained at the Catalan
Institute of Oncology Pharmacy.

In vitro and in vivo drug experiments
For in vitro experiments, cell lines were plated into 6-well plates and
treated with abemaciclib or palbociclib with 0 (control), 10, 100, 250 or 500
nM for 1, 3 or 15 days. Doses below micromolar range would be clinically
well tolerated. For in vivo assays, mice were randomly treated with (i)
vehicle, 200 μl of 0.05 N sodium lactate pH 4.0 by oral gavage 5 days a
week; (ii) cisplatin alone, 3.5 mg/kg administered intraperitoneally once a
week or combined with pemetrexed, 100mg/kg administered intraper-
itoneally twice a week; (iii) gemcitabine, 75 mg/kg administered intraper-
itoneally twice a week; (iv) abemaciclib, 150mg/kg by oral gavage 5 days
over 7 days or (v) palbociclib, 150 mg/kg by oral gavage five days over
7 days. Mice with subcutaneous tumours were treated for 26 days, while
mice harbouring orthotopic lung-derived MSTO-211H and ICO_MPM3
xenografts were treated during 40 and 52 days, respectively.

Western blot analysis
Total cell lysates and Western blotting were performed as previously
described [26].

Cell viability, cell cycle and apoptosis analysis
Cell viability was evaluated by cell counting and colony formation assays as
described elsewhere [27]. For colony formation tests, cells were grown for
15 days and the medium was renewed every 4 days. Cell cycle and
apoptosis were analysed by flow cytometry and propidium iodide
incorporation as described in [28]. A minimum of 1 × 104 cells was
analysed per determination. All experiments were repeated at least three
times with similar results: cell counting assay comprised three measure-
ments in three biological replicates; cell cycle comprised three biological
replicates; and apoptosis comprised multiple biological replicates: ten for
MSTO-211H, four for H28 and three for ICO_MPM3. P values were adjusted
using false discovery rate (FDR).

Measurement of cellular senescence
The evaluation of senescence-associated β-galactosidase expression was
performed as previously described [29]. Experiments included three
measurements in at least three biological replicates.

In vivo MPM subcutaneous preclinical drug assays in nude
mice
To investigate the efficacy of palbociclib in the treatment of MPM, we used
the MSTO-211H cell line, which was derived from a patient who had not
received prior chemotherapy and was able to grow in athymic mice. For
subcutaneous xenograft development, 4 × 106 MSTO-211H cells growing
exponentially were suspended in 300 µl phosphate-buffered saline (PBS)
and subcutaneously inoculated into the right flanks of 23 6-week-old male
athymic nude (Hsd:Athymic Nude-Foxn1nu) mice (Envigo, Indianapolis, IA).
Once the tumours reached a homogeneous average volume size of
300–400mm3 as including criteria, mice (n= 21) were randomly assigned
into three groups (n= 7 per group) and treated with (i) vehicle; (ii) cisplatin
combined with pemetrexed or (iii) palbociclib as described above. To
evaluate the efficacy, tumour volumes (V= π/6 × L ×W2) were measured
twice per week with callipers and the weight of each animal was measured
every day. After 26 days of treatment, mice were euthanised by cervical
dislocation and the tumours were excised, weighted and processed for
histologic and RNA studies following standard protocols. The mean
volume ± SD was calculated using R software v.3.5.0 [30]. Daily differences
among treatments were analysed using Kruskal–Wallis tests, with FDR
adjustment.

In vivo MPM orthotopic preclinical drug assays in tumours
nude mice
To investigate the efficacy of CDK4/6 inhibitors in tumours after
progression to standard first-line chemotherapy, we generated two
different chemoresistant MPM orthotopic models by implanting (i)
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MSTO-211H subcutaneous xenografted tumours treated with cisplatin plus
pemetrexed from the previous experiments or (ii) chemoresistant patient-
derived subcutaneous xenografted tumours in the thoracic cavity of 6-
week-old male athymic nude mice following our previously reported
procedures [31]. As we described, mice were anesthetised with a
continuous flow of 1–3% isoflurane/oxygen mixture (2 L/min) and
subjected to a right thoracotomy. Mice were situated in the left lateral
decubitus position, and a small transverse skin incision (5–8mm) was
made in the right chest wall. Chest muscles were separated by sharp
dissection and costal and intercostal muscles were exposed. An intercostal
incision of 2–4mm on the third or fourth rib on the chest wall was made
and a small tumour piece of 2–4mm3 was introduced into the chest cavity
and the tumour specimens were anchored to the lung surface with Prolene
7.0 suture. Next, the chest wall incision was closed with surgical staples,
and finally, chest muscles and skin were closed. The waiting time between
tumour implantation and the beginning of treatments was of 2 weeks
based on our previous experience with orthotopic xenograft MPM models.
For the orthotopic xenograft model, 33 mice were randomised into three
groups (n= 11 per group) and treated with (i) vehicle; (ii) cisplatin alone or
(iii) palbociclib as previously mentioned for 40 days. For the patient-
derived orthotopic xenograft model, 31 mice were randomised into four
groups (n= 7–8 per group) and treated with (i) vehicle; (ii) gemcitabine;
(iii) abemaciclib or (iv) palbociclib as previously described for 52 days. In
both orthotopic experiments, mice were weighed daily and monitored for
the presence of breathing problems. After stopping treatments, all live
mice remained untreated until the human endpoint (defined as presenting
respiratory problems or excessive body weight loss). Orthotopic tumours
were collected from euthanised mice and processed for histological
studies. Survival curves for each cohort of mice were calculated using the
Kaplan–Meier method and the differences between groups were
compared using the Cox proportional-hazards model.

Inmunohistochemistry studies
Paraffin sections of subcutaneous MSTO-211H xenografted tumours
harvested when the mice were euthanised 26 days post-treatment were
used to assess macrophages and natural killer (NK) cells infiltration by
immunohistochemistry. Antibodies used were anti-F4/80 (#70076 from Cell
Signalling Technologies) as macrophage marker and recombinant anti-
NCR1 (ab233558 from Abcam, Cambridge, UK) as NK cell marker. All slides
were coded and examined in a blinded manner.

In silico analysis of publicly available RNA-sequencing
(RNA-seq) data
Public data from RNA-seq cohorts published by Bueno et al. [14] and The
Cancer Genome Atlas (TCGA-MESO) [15] were used to assess differences in
survival. Gene expression (log2(TPM)) was stratified using the median, and
Cox proportional-hazards models adjusted for sex, stage, age and histology
were fitted to assess differences in survival using R software [30].

Whole-exome sequencing (WES) and RNA-seq analysis of
patient-derived cell lines
Paired-end RNA-seq was performed on an Illumina HiSeq 2500, with 100
bp long reads. Genomic DNA and total RNA were submitted to the Centro
National de Análisis Genómico (Barcelona, Spain), for WES and RNA-seq
library preparation and sequencing. All statistical analyses were done using
R software v.3.5.0 [30]. Sequence data have been deposited at the
European Genome-phenome Archive (EGA), which is hosted by the EBI and
the CRG, under accession number EGAS00001005352.

Statistics
Cell proliferation assay was assessed using Wilcoxon’s signed-rank tests
comparing each treatment with vehicle condition and adjusted using FDR
correction. Differences among treatment and vehicle conditions in the cell
death experiment were evaluated using Mann–Whitney U test for each
comparison and Kruskal–Wallis test if three conditions were simultaneously
tested and adjusted afterward using FDR. Cell cycle and senescence
experiments were analysed using proportion tests taking into considera-
tion all the cells counted in the abovementioned experiments. P values
were adjusted using FDR. For in vivo experiments, the analysis of
differences in body weight for orthotopic xenografts was computed using
a Mann–Whitney U test comparing the first and last day of treatment in
each treatment and adjusted with FDR. For subcutaneous xenografts, a
longitudinal analysis testing for differences in treatment slopes was done

using an analysis of covariance. All tests were two-sided, and assumptions
were verified for all tests that required it. Homoscedasticity was also
verified using a Levene test. Regarding survival analysis, the sample size
was not calculated since we used publicly available data Bueno et al. [14].
and TCGA [15]. Cox proportional-hazards models adjusted for sex, stage,
age, and histology were fitted to assess the differences between gene
expression (categorised using the median log2TPM value for each gene).
For in vivo experiments, a Cox proportional-hazards model was fitted to
assess differences among groups. Survival curves were plotted using
Kaplan–Meier curves. P value <0.05 was considered statistically significant.
All statistical analyses were done using R software v.3.5.0 [30].
For additional information about methodology, see Supplementary

material.

RESULTS
Genomic characterisation of patient-derived MPM models and
baseline expression of genes involved in the cell cycle in MPM
cell lines
Clinicopathological characteristics and main genomic alterations
are shown in Table 1. In all three patient-derived cell lines,
CDKN2A/p16 was deleted and NF2 was wild type, while BAP1 was
mutated in ICO_MPM1 (p.K651Yfs*1) and ICO_MPM2 (p.R60X).
Additional information about their mutational profile is provided
in Supplementary Table S1.
We examined by Western blot the expression levels of CDK4,

CDK6, cyclin D1, CDKN2A/p16 and RB proteins in five commercial
and in three patient-derived MPM cell lines (Fig. 1a). p16
expression was not detected in any cell line, while all cell lines
showed some degree of cyclin D1 expression and retained RB
expression. CDK4 was expressed at a relatively high level in most
MPM cells, whereas CDK6 expression appeared to be compara-
tively lower. Additional information about their mutational profile
is provided in Supplementary Table S2.

Antiproliferative effect of CDK4/6 inhibitors on human MPM
cell lines
All MPM cell lines treated with increasing concentrations of
abemaciclib or palbociclib for 72 h showed a decrease in cell
number (Fig. 1b and Supplementary Fig. S1). Treatment with
abemaciclib and palbociclib at 100 or 500 nM significantly
reduced cell number in comparison to control in all cell lines
tested (p < 0.05). At 10 nM, the cell number was significantly
reduced in six out of eight cell lines after treatment with
abemaciclib (p < 0.01), while it was significantly reduced in all cell
lines after palbociclib treatment (p < 0.05).
The reduction in cell number after exposure to CDK4/6

inhibitors at 100 nM was nearly 50% (mean 54.5% ± 5.5 with
abemaciclib and mean 53.4% ± 4.9 with palbociclib). At 500 nM, a
reduction of 64.3% and 64.1% were observed with abemaciclib
and palbociclib, respectively. All primary cell lines were sensitive
to CDK4/6 inhibitors regardless of whether they had been derived
from a patient who was chemotherapy-naive or who had received
prior chemotherapy. ICO_MPM2, which was derived from a
chemotherapy-naive patient, was the most sensitive primary cell
line to palbociclib with a cell number reduction of 45.3% ± 5.2 at
100 nM (Fig. 1b). These antiproliferative effects were confirmed by
cell colony formation assay and crystal violet staining (Supple-
mentary Fig. S2A). The ability to form colonies was prevented
when H226, H2052, ICO_MPM1 and ICO_MPM3 were treated with
abemaciclib and palbociclib at 250 and 500 nM (Fig. 1c).

Effect of CDK4/6 inhibitors on cell cycle in human MPM cell
lines
Three cell lines selected for expressing high levels of CDK4 and
CDK6 proteins (MSTO-211H, H28 and ICO_MPM3) were evaluated
for alterations in cell cycle progression after 24h treatment with
250 or 500 nM abemaciclib or palbociclib. Compared with control,
all cells treated with abemaciclib or palbociclib at 500 nM were
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arrested at the G1 phase (p < 0.001, Fig. 2a). In addition, a
significant decrease in cell percentage in the G2/M phase
(p < 0.001) and in the S phase (p < 0.001) was observed in the
three cell lines after treatments at 250 and 500 nM compared to
non-treated cells (Supplementary Fig. S2B). All changes in the
percentage of cells in each phase of the cell cycle after
abemaciclib and palbociclib treatment are summarised in Fig. 2b.

Effect of CDK4/6 inhibitors on cell death and senescence in
human MPM cell lines
As a next step, we investigated whether treatment with CDK4/6
inhibitors could induce cell death in MPM cells. MSTO-211H, H28
and ICO_MPM3 cells were treated with different concentrations of
abemaciclib and palbociclib, as single agents or in combination
with the apoptosis inhibitor QVD for 72 h and cell death was
quantified by FACS (Supplementary Fig. S3). Neither inhibitor was
able to significantly increase the levels of apoptosis in MSTO-211H,
H28 and ICO_MPM3 cells at any of the doses tested. At the highest
dose (500 nM), the percentage of apoptotic cells reached 12%
with abemaciclib and 8% with palbociclib in MSTO-211H cells, 2%
after abemaciclib and 3% after palbociclib in H28 cells, and around
6% after either treatment in ICO_MPM3 cells.
To investigate whether CDK4/6 inhibitors promote senescence,

both treated and control MSTO-211H, H28 and ICO_MPM2 cells
were stained using β-galactosidase. A significant increase in the
percentage of senescent cells was detected in all cell lines treated
with different concentrations of abemaciclib or palbociclib
(p < 0.001, Fig. 2c). Specifically, the proportion of senescent SA-
β-gal-positive MSTO-211H cells increased from 18 to 54% with
250 nM abemaciclib and to 61% with 500 nM abemaciclib and to
52% with 250 nM palbociclib and to 59% with 500 nM palbociclib.
Likewise, an increase of senescent cells was also observed in H28
cells treated with 250 or 500 nM of either inhibitor. In ICO_MPM2
cells, the percentage of SA-β-gal-positive cells increased from 12%
in control cells to 41% after abemaciclib and to 46% after
palbociclib treatments at 250 and 500 nM, respectively.

Palbociclib reduced tumour growth and improved overall
survival in mice bearing MPM tumours
The effect of palbociclib in vivo was examined by implanting
subcutaneously MSTO-211H cells into the right flanks of athymic
mice. After 26 days of treatment, the mean volume of tumours
implanted subcutaneously in vehicle-treated mice was 1816 ± 795.2
mm3 and in cisplatin plus pemetrexed-treated mice it was 1647.1 ±
733.8mm3, whereas in palbociclib-treated mice it was 524.2 ± 236.6
mm3 (Fig. 3a and Supplementary Fig. S4A). Differences among
palbociclib and the two other cohorts were already statistically
significant at day 16 (p= 0.043, Fig. 3b). At mice sacrifice, 26 days
post-treatment, a significant decrease in the tumour weight was
observed for palbociclib-treated mice with respect to the vehicle
and combined chemotherapy-treated mice (0.35 vs 1.1 and 1.13 g;
p= 0.01 and 0.007, respectively, Fig. 3c, d). No differences were
observed at the histological level (Supplementary Fig. S5). The body
weight of the mice was monitored to evaluate the potential side
effects of treatments (Fig. 3e). In those mice treated with palbociclib,
no body weight loss was observed during the experiment,
suggesting that palbociclib did not exert significant systemic toxicity
at the doses used in this study. After 26 days of treatment, we
quantified the macrophages and NK cell infiltration into the
subcutaneous MPM tumours xenografts (Fig. 3f). A statistically
significant increase in the tumour-associated macrophages (F4/80+

cells) was observed for palbociclib-treated tumours with respect to
vehicle and combined chemotherapy-treated tumours (0.09 vs 0.048
and 0.048; p= 0.041, respectively, Fig. 3g). No significant differences
in the percentage of tumour-infiltrated NK cells (NCR1+ cells) were
found between vehicle, cisplatin plus pemetrexed and palbociclib-
treated tumours (0.04 vs 0.004 and 0.10; p= 0.58, respectively,
Fig. 3h).Ta
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To preclinically investigate the efficacy of palbociclib as second-
line treatment in MPM tumours refractory to conventional
chemotherapy, we re-implanted orthotopically in the thoracic
space small fragments from one of the subcutaneous tumours
derived from MSTO-211H cells previously treated with cisplatin
plus pemetrexed. After 40 days of treatment, no vehicle-treated
mice were alive (0/11; 0%); only three platinum-treated mice were
alive (3/11; 27.3%), while seven palbociclib-treated mice were still
alive (7/11; 63.6%) (Fig. 4a). Animals (93.9%) were sacrificed due to
dyspnoea or excessive weight loss (31/33). Overall survival analysis
showed a significant reduction in the risk of death for palbociclib-
treated mice compared with vehicle (hazard ratio (HR)= 0.04 [95%
confidence interval (CI) 0.01–0.17]) or with cisplatin (HR= 0.11
[95% CI 0.03–0.41]).
Those mice that were alive after 40 days of treatment (n= 10)

were maintained without treatment and followed up until

the endpoint. After 6 days of stopping treatments, all the
remaining platinum-treated mice (n= 3) were dead, whereas
two out of seven palbociclib-treated mice were still alive after
2 months without receiving any treatment. Palbociclib treat-
ment did not exert any substantial change in body weight
between the first and the last day of treatment (Supplementary
Fig. S4B). Representative pictures of MSTO-211H orthotopic
tumours from each group of treatment are shown in Fig. 4b and
Supplementary Fig. S6. Histopathological analysis of the MPM
tumour xenografts grown orthotopically in mice accurately
reproduced the natural history of mesothelioma (Fig. 4c and
Supplementary Fig. S7).
Next, we generated an additional orthotopic model by

implanting into the pleural space of nude mice small tumour
fragments harvested from a xenograft generated by injecting
subcutaneously the patient-derived cell line ICO_MPM3.
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Fig. 1 Quantification of the expression levels of key cell cycle regulators and response to treatment with CDK4/6 inhibitors in a panel of
commercial MPM cell lines and primary patient-derived cultures. a Baseline protein expression levels by Western blot of CDK4, CDK6, cyclin
D1, Rb, phosphor-RB and p16. b Number of viable cells was determined in vitro by cell counting in the panel of cells after 3 days of treatment
with increasing concentrations (0, 10, 100 and 500 nM) of abemaciclib or palbociclib. Bar plots represent the means ± SD of three
measurements in three biological replicates. Adjusted p values were calculated with Wilcoxon’s signed-rank tests. In the graph, the p values
are reported with respect to 0 nM (*p < 0.05; **p < 0.01). c Colony formation assay displaying treatment response to abemaciclib and
palbociclib. A representative image from three biologically independent replicates is displayed.
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Orthotopically implanted mice (n= 31) were allocated in the
different treatment groups and treatment was started 15 days
after implantation, and mice were treated continuously for 52 days.
Then, mice were maintained alive without treatment and followed
up until the human endpoint. (Fig. 4d). Overall survival analysis
shows a significant reduction in the risk of death for palbociclib-
treated mice compared with the vehicle group (HR= 0.23 [95% CI
0.06–0.85]; p= 0.027). No significant differences were observed in
the risk of death for gemcitabine-treated mice (HR= 0.50 [95% CI
0.17–1.40]; p= 0.19) and abemaciclib-treated mice (HR= 0.42
[95% CI 0.14–1.23]; p= 0.12) compared to vehicle. Representative

images of orthotopic tumours from each treatment group are
shown in Fig. 4e, f.

Gene expression profiling in cell lines and xenografts treated
with CDK4/6 inhibitors
To determine the functional consequences of CDK4/6 inhibitor
treatment, we performed a transcriptomic analysis of MSTO-
211H cells treated with abemaciclib or palbociclib at 250 nM for
72 h. In addition, tumour xenografts treated with palbociclib
were also evaluated. After treatment with either CDK4/6
inhibitor, a significant downregulation in the expression levels
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MSTO-211H

Vehicle 66.25 ± 1.89 18.56 ± 2.86 11.11 ± 0.91 1.38 ± 0.51
Abemaciclib 250 nM 74.14 ± 1.37*** 12.72 ± 0.72*** 9.36 ± 1.72*** 2.13± 0.70***
Abemaciclib 500 nM 79.54 ± 2.25*** 8.67 ± 1.09*** 7.34 ± 1.21*** 3.22 ± 0.95***
Palbociclib 250 nM 72.86 ± 0.34*** 13.75 ± 0.31*** 9.45 ± 0.35*** 2.15 ± 0.26***
Palbociclib 500 nM 77.40 ± 2.70*** 11.12 ± 1.15*** 8.11 ± 0.63*** 1.81 ± 0.44***

H28

Vehicle 65.23 ± 3.37 18.40 ± 1.50 11.29 ± 1.43 3.37 ± 2.67
Abemaciclib 250 nM 89.96 ± 1.48*** 5.66 ± 0.32*** 1.97 ± 0.47*** 1.75 ± 0.70***
Abemaciclib 500 nM 89.69 ± 1.50*** 6.59 ± 0.55*** 1.46 ± 0.38*** 1.70 ± 0.26***
Palbociclib 250 nM 91.81 ± 2.64*** 4.59 ± 0.57*** 1.53 ± 0.87*** 1.33 ± 1.44***
Palbociclib 500 nM 91.42 ± 2.10*** 4.70 ± 0.63*** 1.79 ± 0.64*** 1.71 ± 0.42***

ICO_MPM3

Vehicle 65.11 ± 1.12 22.19 ± 0.33 8.72 ± 1.06 0.91 ± 0.27
Abemaciclib 250 nM 91.14 ± 1.88*** 5.71 ± 1.79*** 1.29 ± 0.17*** 0.98 ± 0.17
Abemaciclib 500 nM 88.40 ± 1.45*** 8.22 ± 1.70*** 1.21 ± 0.17*** 0.84 ± 0.41
Palbociclib 250 nM 91.89 ± 1.20*** 4.70 ± 1.17*** 1.60 ± 0.71*** 1.08 ± 0.81*
Palbociclib 500 nM 93.39 ± 1.47*** 4.00 ± 1.05*** 0.98 ± 0.10*** 0.87 ± 0.47

Fig. 2 Effects of CDK4/6 inhibitors in cell cycle and cell senescence in MPM cell lines. Effects of cell line treatments with CDK4/6 inhibitors
abemaciclib or palbociclib at 0, 250 or 500 nM doses to induce (a, b) cell cycle arrest and (c) senescence. a MSTO-211H, H28 and ICO_MPM3
cells were untreated and treated with both inhibitors for 24 h and DNA content was analysed by flow cytometry. Cell cycle arrest at the G1
phase was induced by both CDK4/6 inhibitors in the cell lines. b Percentage of cells in each phase of the cell cycle phase in response to
abemaciclib and palbociclib treatments at doses of 0, 250 or 500 nM for 24 h. Cell cycle phase distribution analysis was done using the FlowJo
software. Each value represents the mean ± SD of three replicates. Adjusted p values were considered significant when the mean differed from
control within each phase of the cell cycle (*p < 0.05; ***p < 0.001). c A significant increase in the number of SA-β-gal-positive cells was
detected in MSTO-211H, H28 and ICO_MPM2 treated. Data are expressed as a percentage of senescent cells obtained from the mean value ±
SD of three replicates. Adjusted p values <0.05 were considered significant.
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was observed in the MSTO-211H cell line for genes related to
cell cycle, such as regulation of transcription genes involved in
G1–S transition of the mitotic cell cycle, nucleus organisation
and mitotic spindle assembly and organisation (Supplementary
Fig. S8 and Supplementary Table S3). On the other hand, there
was a significant upregulation of genes related to interferon

signalling pathways, lymphocyte migration and chemotaxis,
complement activation and antigen presentation pathways,
such as major histocompatibility complex protein. Furthermore,
the transcriptomic analysis of palbociclib-treated tumours in
xenografted mice showed similar results (Supplementary
Fig. S9).
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CDK4 and CDK6 overexpression are associated with poor
prognosis in patients with MPM
Based on these results, we evaluated the prognostic value of CDK4
and CDK6 overexpression using publicly available transcriptomic
data from two cohorts of MPM patients. Patients with CDK4
overexpression (i.e. above the median) had significantly shorter
overall survival in both cohorts (12.6 and 13.3 months, respec-
tively) compared with patients with lower expression (23.5 and
25.9 months, respectively). CDK4 overexpression remained statis-
tically significant after adjusting by age, gender, tumour stage and
histologic subtype in each dataset, as well as in the combined
analysis of both series (HR= 2.10 [95% CI 1.53–2.88];
p= 4.2e–06; Fig. 5a). Patients with CDK6 overexpression (i.e.
above the median) had significantly shorter overall survival
(12.6 months) compared with patients with lower expression
(20.3 months; p= 0.00026) in the Bueno cohort and there was a
trend toward shorter overall survival in the TCGA dataset (15 vs
23.6 months; p= 0.060). Nevertheless, CDK6 overexpression
remained statistically significant in the combined analysis after
adjusting by age, gender, tumour stage and histologic subtype in
the Bueno cohort, and also in the combined cohort (HR= 1.74
[95% CI 1.32–2.29]; p= 5.4e–05; Fig. 5b).
As previously reported [9, 10], low expression of CDKN2A was

associated with shorter overall survival in both cohorts and was
independently associated with worse prognosis in the combined
cohort including Bueno and TCGA (HR= 0.49 [95% CI 0.36–0.66];
p= 3.4e–06; Supplementary Fig. S10A). In the TCGA cohort, only
two tumours harboured an RB1 homologous deletion, while
CDKN2A/p16 deletion was a common event present in 34 out of 74
cases (46%).
CDKN2A copy number was assessed in an independent cohort

of 79 MPM acquired at radical surgery involving extended
pleurectomy decortication. Patient clinicopathological character-
istics are outlined in Supplementary Table S4. Homozygous loss of
9p21.3 encompassing CDKN2A was observed in 40 samples
(50.6%), while copy number loss/LOH was observed in 18
(22.7%). CDKN2A homozygous loss was associated with shorter
median overall survival (10.98 months) compared to euploid
CDKN2A (45.8 months; HR= 0.37 [95% CI 0.22–0.62]; p= 0.0002;
Supplementary Fig. S10B). CDKN2A copy number loss/LOH was
associated with shorter median overall survival (8.52 months)
compared to wild-type CDKN2A (45.8 months; HR= 0.18 [95% CI
0.08–0.40]; p= 0.0001). There were no statistically significant
differences in overall survival among patients harbouring CDKN2A
homozygous deletion compared to those with CDKN2A copy
number loss/LOH (HR= 0.89 [95% CI 0.49–1.59]; p= 0.158).

DISCUSSION
MPM is a rapidly fatal neoplastic disease in which therapeutic
options are limited. We investigated the role of CDK4/6 inhibition
in MPM because cell cycle deregulation is a relevant hallmark in

this disease and CDKN2A/p16 deletion is a common genomic
event associated with worse clinical outcomes in MPM [17, 18].
The efficacy of palbociclib has been previously studied in

in vitro models of MPM [29]. However, the antitumour activity of
CDK4/6 inhibitors has not yet been evaluated using primary
patient-derived cell models of MPM neither in vivo models of
MPM. In our work, we assessed the efficacy of two CDK4/6
inhibitors, abemaciclib and palbociclib, in a subset of five
commercial and three primary patient-derived cell culture models
obtained from pleural effusions of patients with MPM (one
chemotherapy-naive and two after progression to standard first-
line chemotherapy). Furthermore, we performed not only in vivo
basic subcutaneous drug response studies in xenografts derived
from one chemotherapy-naive MPM cell line but also advanced
studies by means of orthotopic implanted xenografts from a cell
line-derived tumour previously treated with cisplatin plus
pemetrexed and from a chemoresistant primary cell line-derived
tumour. Remarkably all the cell lines were sensitive to palbociclib
and to abemaciclib. Treatment with abemaciclib or palbociclib
significantly reduced cell proliferation, as evaluated by cell
number counting or by colony formation ability, in all the cell
lines including in the primary ones derived from pleural liquid
from patients resistant to chemotherapy. In vitro experiments
underscore two important points: (i) no substantial differences
were found in the antiproliferative effect of both inhibitors; and (ii)
the sensitivity to CDK4/6 inhibitors was not correlated with the
endogenous expression levels of CDK4 or CDK6. We consider that
there is still an unmet need for biomarkers able to predict clinical
benefit to CDK4/6 inhibitors. In our work, we confirmed that
CDKN2A/p16 deletion is associated with shorter overall survival in
a cohort of MPM patients with resectable disease. These results
are consistent with previous publications where CDKN2A/p16 loss
predicted worse clinical outcomes in patients with resected and
advanced epithelioid MPM [18].
By analysing publicly available transcriptomic data of MPM, we

found that overexpression of CDK4 or CDK6 is also associated with
shorter overall survival. Together, these findings suggest that cell
cycle deregulation may confer an aggressive biological behaviour
in mesothelioma and reinforce our hypothesis about further
investigating CDK4/6 inhibitors in MPM patients.
We investigated the impact of abemaciclib and palbociclib

treatment on cell cycle progression, cellular senescence and
apoptosis induction. These experiments were performed using
three cell lines that were sensitive to both drugs, including a primary
cell line derived from a patient resistant to chemotherapy. As
expected, the treatment with abemaciclib and palbociclib caused
cell cycle arrest at the G1 phase but also promoted cellular
senescence. However, neither abemaciclib nor palbociclib activated
programmed cell death or apoptosis as indicated by negligible sub-
G1 accumulation or propidium iodide incorporation. The observed
increase in cellular senescence induced by both drugs could be
linked to apoptosis resistance mechanisms [23, 32]. As proposed by

Fig. 3 In vivo treatment with palbociclib in MSTO-211H subcutaneous xenografted MPM model. A xenografted subcutaneous tumour
model was established by inoculation of MSTO-211H cells into the flanks of athymic nude mice (n= 7 per group). Tumours’ volume (a) was
monitored by calliper measure every 4 days (at each time point, a SD bar is shown). b Differences in tumour volume for each day were
represented using boxplots and compared using Kruskal–Wallis test, adjusted by FDR and were significantly different at day 16. At the end of
the experiment, mice were sacrificed and (c, d) the tumours were removed, weighted and photographed. Asterisks indicated the absence of
apparent macroscopic tumour at sacrifice, while residual cells were identified by H&E analysis. e Summary of the body weight values among
first and last day of treatment from all mice in in vivo subcutaneous tumour xenograft growth experiment. Palbociclib did not exert any
substantial change in the mice body weight. Differences were evaluated by Mann–Whitney test and adjusted for FDR. f Representative IHC
images for (F.A) mouse macrophages that express F4/80 (brown staining) and (F.B) mouse NK cells that express NCR1 (brown staining)
infiltrated in the subcutaneous MPM tumours xenografted in athymic nude mice after 26 days of treatment with vehicle, platinum plus
pemetrexed or palbociclib. Inset photos contain the digital whole slide image showing the infiltrated area of tumour. Scale bar= 50 µm. Dot
plots showing (g) the mean F4/80+ intensity per pixel (x-axis) or (h) the percentage of NCR1+ cells over total cells infiltrated in the
subcutaneous MPM tumour xenografted in athymic nude mice after 26 days of treatment with vehicle, platinum plus pemetrexed or palbocilib
(n= 5–7 per group). Data are expressed as single data values (dots)+ the mean. ANOVA test was used to detect statistical differences between
treatments (*p < 0.05).
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Fig. 4 In vivo treatment with CDK4/6 inhibitors in advanced orthotopic MPM models. Two advanced orthotopic models were generated by
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other groups [29, 33, 34], our results reinforce the cytostatic
mechanism of action of CDK4/6 inhibitors and underscore that these
should be given sequentially after completing chemotherapy
treatment [35]. However, the low cell death observed in vitro does
not eliminate the possibility that palbociclib, by inducing senescence
in a few cells, may promote in vivo cytotoxicity mediated by NK cells.
This phenomenon has been described in lung cancer, in which NKs
participate in tumour reduction upon treatment with MEK inhibitors
and palbociclib [36, 37].
To explore potential activation of compensatory pathways, we

performed gene set enrichment analysis of the transcriptome of
MSTO-211H cells treated with abemaciclib or palbociclib in vitro or
subcutaneously implanted in mice. This experiment showed
downregulation of genes involved in G1–S transition of the mitotic
cell cycle, nucleus organisation and mitotic spindle assembly and
organisation. In concordance with studies conducted in other
tumour types, genes encoding interferon signalling and antigen
presentation pathways were upregulated after CDK4/6 pharmaco-
logical inhibition [34]. In melanoma, CDK4/6 inhibition activates
p53 by lowering PRMT5, which leads to altered MDM4 splicing and
significantly reduced protein expression [38, 39]. Other studies
performed in breast cancer cell lines and transgenic mice models
have shown that abemaciclib treatment increased the expression
of antigen processing and presentation and even suppressed the
proliferation of regulatory T cells [24, 34]. In the present study, we
have observed that palbociclib treatment increase the number of
tumour-associated macrophages in subcutaneous MPM tumour
xenografts and there was a trend toward higher NK cell infiltration,
but further studies evaluating the functional consequences of the
treatment with CDK4/6 inhibitors on the tumour immune
contexture are warranted in mesothelioma.
To the best of our knowledge, this is the first time that the

effectiveness of abemaciclib and palbociclib was evaluated
using preclinical in vivo subcutaneous and orthotopic MPM
tumour models. Among the available cell line models, the
MSTO-211H cell line was selected for the in vivo subcutaneous
and orthotopic experiments because (i) it expresses CDK4
and CDK6; (ii) it is the most sensitive cell line to palbociclib

at 500 nM; and (iii) it was tumorigenic in athymic mice. Our
results showed that palbociclib reduced tumour size in a
subcutaneous mouse model of chemo-naïve MSTO-211H cells
compared with standard chemotherapy (cisplatin plus peme-
trexed). An increased expression of anti-apoptotic proteins after
long-term chemotherapy treatment could explain the chemore-
sistance in this model [40]. We tried to replicate a situation
representing treatment after progression to platinum-based
chemotherapy by generating an orthotopic tumour mouse
model and implanting in the pleura small solid fragments of
MSTO-211H xenografted tumours previously treated with
chemotherapy. In this advanced model of MPM, palbociclib
significantly increased the overall survival of mice compared
with cisplatin-based chemotherapy or vehicle; the benefits from
treatment persisted even after stopping the treatment. Our
results reinforce the potential use of palbociclib as a second-line
treatment for patients with MPM that is resistant or has relapsed
after standard chemotherapy doublet treatment. Finally, we also
used ICO_MPM3, a patient-derived cell line also tumorigenic in
athymic mice to test the efficacy of CDK4/6 inhibitors in vivo.
Some limitations of our study are the absence of a wide range of

available commercial MPM cell lines and the need for preclinical
in vivo models representing the heterogeneity of the disease,
including the adaptive immune system. However, in our study, we
have combined commercial and primary patient-derived lines as well
as orthotopic models where mesothelioma grows in its corresponding
microenvironment and can recapitulate the disease behaviour.
A phase II clinical study of abemaciclib in patients harbouring

p16ink4a-deficient, relapsed MPM has recently completed accrual
(NCT03654833). CDK4/6 inhibition in this cohort has been
associated radiological responses; however, the underlying
molecular correlates of response are under investigation. Accord-
ingly, WES of the trial cohort is planned to uncover genomic
determinants of response.
In conclusion, our data support that treatment with CDK4/6

inhibitors, abemaciclib or palbociclib, can reduce cell proliferation
and induce cellular senescence in MPM cell lines and palbociclib
can increase overall survival of mice with orthotopically implanted
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Fig. 5 Overall survival analysis according to CDK4 and CDK6 expression in two cohorts of patients with MPM. Kaplan–Meier plots of
overall survival (OS) in MPM patients according to a CDK4 and b CDK6 gene expression levels based on data obtained from Bueno et al. (left
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MPM cells. A remarkable and sustained response to palbociclib
was observed in xenografts of MPM tumour resistant to cisplatin
and pemetrexed, which was then implanted orthotopically in the
pleural space of mice. Transcriptomic analysis of cell lines and
xenografted tumours treated with CDK4/6 inhibitors showed an
increased expression of interferon signalling pathway and
antigen-presenting processes, suggesting that CDK4/6 inhibitors
may favour potential response to immunotherapy. Our results
warrant further evaluation of CDK4/6 inhibitors as a second-line
treatment in patients with advanced MPM that has failed standard
platinum-based chemotherapy.

DATA AVAILABILITY
All data generated or analysed during this study will be stored in EGA and available
on reasonable request.
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